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ABSTRACT

Multidrug resistance is a global public health pro-
blem. In 2017, in Mexico, Salmonella caused 192,771 food-
borne zoonosis cases. Sonora, Hidalgo, Mexico State and
Jalisco have reports of multi-resistant Salmonella strains in
chicken and beef carcasses in slaughterhouses; however, the
prevalence in livestock herds is unknown. From January 2012
to October 2013, 144 diarrheal stool samples were collected
from bovine hatchlings from the Altos Sur region of the Jalis-
co State. As a result, the presence and serotype of Salmonella
was determined, as well as the antibiotic resistance profile,
and the genetic relationship, using PFGE. The Salmonella pre-
valence was 4.16 % (6/144) in feces, identifying the serotypes
Anatum, Pullorum, Poona, Typhi, Gallinarum and Salmonella
enterica subsp. arizonae. All the strains showed resistance
to ampicillin, cephalothin, trimethoprim-sulfamethoxazole,
and some of them, additionally, to amikacin, cefotaxime
and/or ceftriaxone. In addition, the persistence and potential
spread of two Salmonella Anatum strains was discovered in
one herd. This is the first study conducted in neonate bovine
in the Jalisco State, Mexico, to detect multidrug resistant
Salmonella. Continuous monitoring of multi-drug resistance
in animal biota for human food and ongoing training of vete-
rinary doctors are key elements for efficient prophylaxis and
antimicrobial pharmacotherapy.
Key Words: Salmonella spp.; Multidrug-resistantance; Bovine
cattle.

RESUMEN

La multifarmacorresistencia es un problema mundial
de salud publica. En el 2017, en México, Salmonella caus6
192,771 casos de zoonosis de origen alimentario. Sonora,
Hidalgo, Estado de México y Jalisco tienen reportes de
Salmonella multirresistente en canales de pollo y res en
mataderos. Sin embargo, se desconoce la prevalencia en
animales en hatos ganaderos. De enero-2012 a octubre-2013
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Recibido: 6 de septiembre de 2020

Aceptado: 16 de febrero de 2021

se recolectaron 144 muestras de heces diarreicas de neo-
natos bovinos de la regién Altos Sur del estado de Jalisco.
Se determinaron los serotipos de Salmonella, el perfil de
multifarmacorresistencia y el genotipo mediante PFGE. Se
encontré una prevalencia del 4.16% (6/144) de Salmonella
en heces, recuperandose los serotipos Anatum, Pullorum,
Poona, Typhi, Gallinarum y Salmonella enterica subsp. ari-
zonae. Todas las cepas mostraron resistencia a ampicilina,
cefalotina, trimetoprim-sulfametoxazol y adicionalmente al-
gunas a amikacina, cefotaxima y/o ceftriaxona. Se descubrié
una persistencia y propagacion de dos cepas de Salmonella
Anatum en un hato. Este es el primer estudio realizado en
bovinos recién nacidos en el estado de Jalisco, México, para
la deteccion de Salmonella multirresistente. Es necesario el
monitoreo continuo de la multi-farmacorresistencia en la
biota de animales para alimento humano y una capacitacion
continua de médicos veterinarios para una eficiente profi-
laxis y farmacoterapia antimicrobiana.

Palabras claves: Salmonella spp.; Multifarmacorresistencia;
Ganado bovino.

INTRODUCTION

World beef production grew annually at an average
rate of 0.6 percent during the recent decade, reaching a
record high of 62.48 million tons of carcass meat in 2018 (Uni-
ted States Department of Agriculture; USDA, 2019). Mexico
ranked as the eighth meat producer, with 3.2 percent of the
total production (USDA, 2019). In Mexico, the Ministry of
Agriculture and Rural Development, through the Agri-Food
and Fisheries Information Service, reported a steady growth
in beef production over the past decade, at an average
annual rate of 1.7 percent, reaching a historical maximum of
1.98 million tons of carcass meat in 2018. Estimates indicate
that in 2019 national production increased 2.4 percent, with
what could be 2.03 million tons, while projections suggest
that in 2020 it will only grow 1.9 percent (USDA, 2019). The
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national consumption of bovine meat decreased at an annual
average rate of 0.8 percent in the last decade, reaching 1.87
million tons in 2018. In 2019 this increase hit 2.02 million
tons, which means the tendency is growing at an annual
average rate of 0.43 percent, and it will reach 0.5 percent in
2020 (COMECARNE, 2019). Per capita consumption of beef in
Mexico increased between 2015 and 2019, from 15.2 to 15.4
kilograms per year. Since 2015, Mexico recorded a surplus
balance in the beef trade balance, which historically had
been in deficit. In 2019, net exports of 273.5 thousand tons
of beef were reported, the highest volume in the last five
years, with an annual increase of 36.9 percent (COMECARNE,
2017; SADER, 2019; COMECARNE, 2019). According to USDA
Foreign Agricultural Trade of the United States table, the
surplus balance in the trade balance could increase 32.6 per-
cent in 2021 (FATUS-USDA, 2020). The most purchased cuts
are steak and milanese, followed by pulp, piece and ground
meat (COMECARNE, 2019). Jalisco state is the second largest
producer of bovine meat in Mexico, with 13.2 % of the 1,915
million tons of national production in 2019, and this amount
represents the mobilization and slaughtering of approxima-
tely 280 thousand heads of cattle (SADER, 2019). The Jalisco
regional livestock union, in its 2019 annual report noted that
the northeast area of the state, which includes the Altos Norte
and Altos Sur regions, participates with 46.4% of the state li-
vestock production (UGRJ, 2019). Livestock production in the
Altos Sur region maintained an increasing trend during the
2013-2018 period, with 2018 being the year with the highest
growth in the value of livestock production in the region, re-
presenting 34.4% of the entire state production (lIEG, 2019).
Among the livestock products for whose production the
Altos del Sur region stands out, the eggq is in first place with
47.4% of the total value of the region’s production, followed
by pork meat with 19.4 %, bovine milk with 17.2 %, bovine
carcass meat with 11.3 % and poultry meat with 4.6 % (IIEG,
2019). In the region, from 2013 to 2019, the number of cattle
herds producing beef cattle rose from 106 to 159 (lIEG, 2019).

Salmonella is the most important foodborne patho-
genic bacteria worldwide. In Mexico, Salmonella is the most
commonly reported bacterial pathogen in gastrointestinal
infections, with 192,771 salmonellosis cases reported in
2019 to the National Center for Epidemiological Surveillance
and Control of Diseases (Secretaria de Salud, 2017). Food
producing animals are the main reservoir of non-typhoidal
Salmonella (Elder et al., 2000; Callaway et al., 2008). These
pathogens can originate from the animal’s intestinal con-
tents and hides in carcasses during harvesting and dressing
process (Barkocy-Gallagher et al., 2003).

The emergence of multidrug-resistant (MDR) Sal-
monella isolates among animals and humans has been
documented, and represents a public health concern (Arthur
et al., 2008). Some reports have indicated that the use of
antimicrobials in animal production for disease therapy, pro-
phylaxis, and growth enhancement promotes the selection
of resistant bacteria, although the impact of these uses on
human health is not clearly understood yet (Mathew et al.,
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2007; WHO, 2008). Resistance of pathogenic bacteria to an-
timicrobials used in human therapy may result in lower effi-
cacy of these drugs against infections and may subsequently
threaten public health (Geornaras et al., 2012).

Guidelines for prudent use of antimicrobial agents may
help to slow down the selection for resistance, and should
be based on knowledge regarding the normal susceptibility
patterns of the causative agents and consider the potential
human health problems (Aarestrup, 2005). According to the
World Health Organization (WHO, 2008), surveillance pro-
grams are needed to monitor the antimicrobial prevalence
and resistance of Salmonella isolates from animals, humans,
and food (Aidara-Kane et al., 2018).

In Mexico, there are no surveillance reports of Sal-
monella strains with antimicrobial resistance in newborn
cattle. It is necessary to generate monitoring programs for
MDR Salmonella presence in the main livestock areas. These
programs can be useful to develop public health policies for
the regulation of drugs used in food-producing animals and
to design control measures to prevent the spread of MDR
bacteria (Whichard et al., 2010). The purpose of this study
was to determine the frequency, territorial distribution and
antimicrobial resistance of Salmonella on cattle feces from
the Altos Sur region of Jalisco State, Mexico.

MATERIALS AND METHODS
Design of the investigation

This is a descriptive cross-sectional study to determi-
ne the frequency, territorial distribution and antimicrobial
resistance of Salmonella spp., on bovine cattle feces from
the Altos Sur region in the Jalisco State, Mexico, during the
period from January-2012 to October-2013.

Sample collection

A total of 144 diarrheal feces samples were collected
from cattle from fourteen different herds, located in eleven
of the twelve municipalities in the Altos Sur region of Jalisco
State, Mexico, during a 21-month period (January-2012
to October-2013), on the condition that the cattle did not
exceed four months of age. Samples were collected from at
least one herd of cattle in each of the municipalities of the
region; unfortunately, it was not possible to collect a sample
from San Ignacio Cerro Gordo. Five grams of cattle diarrheal
feces were collected in sterile bags (Speci-Sponge, Nasco
Whirl-Pak, Modesto, CA) with 20 mL of buffered peptone
water (BD, Franklin Lakes, NJ), thus fulfilling the procedure
described by the U.S. Department of Agriculture Food Safety
and Inspection Service (USDA-FSIS, 1996).

Salmonella isolation

Each sample was added to 40 mL of buffered peptone
water for a total volume of 60 mL, homogenized for 2 min
with a bag mixer (Stomacher® 80 Biomaster), and incuba-
ted at 35 °C for 18 to 22 h. After incubation, 1.0 and 0.1 mL
aliquots were inoculated into 9 and 9.9 mL of tetrathionate
broth (BD) and Rapapport-Vassiliadis broth (BD), respectively.
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Both selective enrichment broths were incubated at 42 °C for
16 h. After incubation, 1.0 mL aliquots of each enrichment
broth were individually transferred to tubes containing 10
mL of M broth (BD) and incubated at 35 °C for 6 to 8 h. After
incubation, 0.5 mL aliquots of M broth culture from each
tube were combined for an enzyme-linked immunosorbent
assay (Salmonella VIA, TECRA International) (Hughes et al.,
2003) according to the manufacturer’s instructions. Aliquots
from tetrathionate and Rapapport-Vassiliadis cultures from
samples that were positive for Salmonella with the enzyme-
linked immunosorbent assay were individually streaked
onto brilliant green sulfa agar (BD), bismuth sulfite agar
(Bioxon), and xylose lysine Tergitol 4 agar (BD). All plates were
incubated at 35 °C for 24 to 48 h. From each selective agar
type, we selected and streaked at least three colonies with
characteristics typical for Salmonella, onto triple sugar iron
agar (BD) and lysine iron agar (BD) and incubated at 35 °C for
24 h. Isolates with typical biochemical reactions were then
streaked onto Tryptic Soy agar (TSA; BD), incubated at 35 °C
for 24 h, and tested for slide agglutination using polyvalent
serum A-Vi (BD). Isolates that produced nontypical triple su-
gar iron agar and lysine iron agar reactions, and/or negative
serological reactions, were tested for additional biochemical
analysis in Methyl Red-Voges Proskauer medium, Simmons
Citrate agar, Urease Rustigian and Stuart broth, motility
medium, and Phenol Red Salicin and Dulcitol Fermentation
broths (Bioxon) (USDA-FSIS, 2008). One isolate from each
positive sample was randomly chosen for serotyping and
antimicrobial susceptibility testing.

Serotyping

Salmonella cultures were reactivated in TSB at 35 °C for
24 h and then individually streaked on Brilliant Green Sulfa
agar (BD) plates. From each culture, one colony with typical
Salmonella characteristics was individually inoculated on TSA
slants, incubated at 35 °C for 24 h, reconfirmed by bioche-
mical and serological testing as previously described, and
then shipped to the Institute of Epidemiological Diagnosis
and Reference “Dr. Manuel Martinez Baez” (InDRE, Mexico
City, Mexico) for serotype identification, according to the
Kauffman-White scheme (1974).

Pulsed-field gel electrophoresis (PFGE) for subtyping of
Salmonella serotypes

Individual bacterial colonies of Salmonella strains,
grown over 24 h at 37 °C on Trypticase Soy Agar (BD) plates
were directly suspended using cotton swabs in 3 mL of TE
buffer (100 mM Tris and 100 mM EDTA, pH 8.0). Cell sus-
pensions were adjusted with TE buffer to 0.700 absorbance
using a Varian Cary 50 Scan UV-visible spectrophotometer.
Cell suspension aliquots (400 L) were transferred to 1.5 mL
microcentrifuge tubes. Lysozyme (10 mg/mL stock solution)
and proteinase K (20 mg/mL stock solution) were added at
a final concentration of 1 mg/mL each, and mixed several
times by pipetting up and down. The bacterial suspensions
were incubated at 37 °C for 15 min. UltraPure™ Agarose gel

(Invitrogen) was prepared in 0.5X TBE to a final concentration
of 1 % and maintained at 55 °C in a water bath. Following
the lysozyme-proteinase K incubation, 7 pL of 20 % sodium
dodecyl sulfate and 140 pL of 1 % UltraPure™ Agarose gel
(Invitrogen) were mixed with each bacterial suspension with
the help of a pipette. This bacterium-agarose mixture was
immediately added to plug molds (Bio-Rad Laboratories).
The plugs were allowed to solidify for 10 min at 4 °C, then
transferred to 2 mL round-bottom tubes containing 1.5 mL
of TESP buffer (50 mM Tris, 50 mM EDTA, pH 9.0; 1 % sodium
lauryl sarcosine; 1 mg of proteinase K per mL), and incubated
with gentle mixing in a shaker water bath at 55 °C for 2 h. Af-
ter the completion of proteolysis, the plugs were transferred
to 1.5 mL microcentrifuge tubes containing 200 pL of sterile,
preheated (50 °C) distilled water and incubated for 10 min
at 50 °C with gentle mixing in a shaker water bath. Subse-
quently, four 50 °C washes were done in a shaker water bath
for 15 min each with 400 pL of preheated (50 °C) TE buffer
(10 mM Tris, pH 8.0; 1 mM EDTA, pH 8.0), and plugs cooled to
room temperature in TE buffer. For restriction endonuclease
digestion, two 1 mm thick slices of each plug were incubated
at 37 °C for 3 h with 3 uL of Xbal (Invitrogen), in 100 pL of
the restriction enzyme buffer (containing 4 uL of restriction
enzyme buffer (10x), 0.1 % BSA and 29 pL of sterile DNase/
RNase-Free Distilled Water) as recommended by the manu-
facturer.

The plug slices of the samples were loaded and elec-
trophoresed in 1 % UltraPure™ agarose (Invitrogen) with 2
liters of standard 0.5X TBE running buffer. Electrophoresis
of the prepared samples was performed on the CHEF-DR llI
system (Bio-Rad). The electrophoretic conditions used were
as follows: initial switch time, 2.16 s; final switch time, 55 s;
run time, 22 h; angle, 120 °; gradient, 6.0 V/cm; temperature,
14 °C; ramping factor, linear. After electrophoresis, the gels
were stained for 30 min in 1 liter of sterile distilled water
containing 50 mL of ethidium bromide (10 mg/mL) and des-
tained with three 1-liter distilled water washes (30 min each);
then, photographed under UV illumination with Kodak film
(Edas 290) in 8-bit negative format in gray scale. Additional
analysis and construction of dendrograms and trees were
done with GelCompar Il software (version 2.0; Applied Maths,
Sint-Martens-Latem, Belgium). The molecular size marker
(Xbal-digested DNA from S. enterica serotype Braenderup
H9812) was included in all runs as a control. The consistency
of the control DNA patterns confirmed the reproducibility of
the procedure.

Antimicrobial susceptibility testing

Antimicrobial susceptibility was determined accor-
ding to the disk diffusion method on Mueller-Hinton agar as
described by the Clinical and Laboratory Standards Institute
(CLSI, 2009; CLSI, 2010). Antimicrobial susceptibility test disks
(BBL, BD, Sparks, MD) were used for the following antimicro-
bials of veterinary and human health importance: ampicillin
(AMP, 10 ug), gentamicin (GEN, 10 pg), amikacin (AN, 30 pg),
trimethoprim-sulfamethoxazole (SXT, 1.25 and 23.75 ug),
ceftriaxone (CRO, 30 pg), cefotaxime (CTX, 30 ug), polymyxin
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B (PB, 300 units) and cephalothin (CEP, 30 pg). Escherichia coli
ATCC 25922 was used as a quality control. Inhibition zones
were measured as MIC breakpoints according to the M100-
S20, (CLSI, 2010). Multidrug resistance was reported when
resistance to three or more antimicrobials was observed (Mi-
randa et al., 2009). It is worth mentioning that the antibiotics
selection was made according to the therapeutic recommen-
dation against suspected gastrointestinal diseases caused by
resistant and non-resistant Salmonella (CDC, 2009).

Complementary study

Additionally, in October 2013 and January 2017, a
survey was conducted to evaluate the sale frequency of the
different groups of antibiotics in veterinary pharmacies of the
region, with the aim of explaining the possible resistance of
isolated Salmonella strains. Thirty-six veterinary pharmacies
were included in this study. The number of sold vials of each
antibiotics group in the last two months was recorded, as an
indicator of the pharmacological preferences of the region’s
veterinary doctors or livestock farmers.

Data analysis

The differences significance (p< 0.05) in Salmonella
isolation frequency by cattle farm were evaluated with the
Kruskal-Wallis test and the Fisher’s LSD test and the pre-
ference for the best-selling antimicrobials in the region’s
veterinary pharmacies were evaluated with the chi-square
test in the Statistical Package for Social Science, version 11.5
for Windows (SPSS, Chicago, IL).

RESULTS

Frequency and territorial distribution of Salmonella in
cattle

Salmonella spp. was isolated from 6 (4.16 %) of 144
diarrheal feces samples of bovine neonates of exploitation,
collected from eleven municipalities from the Altos Sur
region in Jalisco State, Mexico (Table 1). The isolated Salmo-
nella enterica subsp. enterica serotypes were Anatum, Pullo-
rum, Poona, Typhi and Gallinarum, and a sample contained
Salmonella enterica subsp. arizonae. Salmonella was isolated
in bovine diarrheal stool samples from four of the eleven
municipalities that were included in the study (Figure 1).

Antimicrobial susceptibility and PFGE patterns of Salmo-
nella serotypes

Seven Salmonella strains were characterized to de-
termine their antimicrobial susceptibility and PFGE patterns
(Figure 2). The antimicrobial resistance criterion is represen-
ted by gray scale boxes. Five antibiotypes were identified. All
Salmonella strains have resistance to AMP, CEP and STX. The
Salmonella Anatum, Typhi and Gallinarum serotype strains
additionally showed resistance to AN, CTX and/or CRO. The
Salmonella Anatum strains identified as 15A44 (obtained in
July 2012) and 21A52 (January 2013) showed a similar sus-
ceptibility pattern, and these strains were identified by PFGE
as clones.

Sale frequency of the different antibiotic groups in vete-
rinary pharmacies of the region

Table 2 shows the trends for the antibiotics demand
in veterinary pharmacies of the region in 2013, and the chan-
ges in preferences after an equal evaluation four years later.

Table 1. Frequency of Salmonella serotypes in cattle feces from the Altos Sur region in Jalisco State, Mexico (Jan-2012 to Oct-2013).

Tabla 1. Frecuencia de los serotipos de Salmonella en heces de ganado de la regidn de Altos Sur en el estado de Jalisco, México (ene-2012 a oct-2013).

No. of stool No. of Salmonella spp. positive samples Salmonella
Municipalities Cattle samples of (Percentage with respect to tl:e total serotype isolate and
herd cattle feces samples analyzed per herd, %)’ /No. of another subsp. (No. of
per herd strains isolated strains isolated)
Pullorum(1)
Mexticacan A 13 2(15.38)°/2 Salmonella enterica subsp.
arizonae(1)
B 9 0c =
San Julian C 3 (5 -
Capilla de Guadalupe D 4 0¢ -
Jesus Maria E 13 0c =
Valle de Guadalupe F 6 0c =
Jalostotitlan G 7 0¢ -
San Miguel El Alto H 16 0c -
Tepatitldn de Morelos | 24 0 -
J 10 1(10.00)°/1 Gallinarum(1)
Yahualica de Gonzélez Gallo K 14 2(14.29)°/3 Anatum(Z)
Typhi(1)
Arandas L 18 0c -
M 6 0c¢ =
Canadas de Obregén N 1 1(100)% /1 Poona(1)
Total 144 6 (4.16) /7

"Within these columns, values with different letters are significantly different (p<0.05) by Kruskal-Wallis test and Fisher’s LSD test.
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Figure 1. Territorial distribution of samples positive for Salmonella in the Altos Sur region in Jalisco. 1. Acatic, 2. Arandas, 3. Ca-
Aadas de Obregodn, 4. Jalostotitlan, 5. Jesus Maria, 6. Mexticacan, 7. San Julidn, 8. San Miguel el Alto, 9. Tepatitlan de Morelos, 10.
Valle de Guadalupe, 11. Yahualica de Gonzélez Gallo and 12. San Ignacio Cerro Gordo (not included in the study).

Figura 1. Distribucion territorial de las muestras positivas para Salmonella, en los Altos Sur de Jalisco. 1. Acatic, 2. Arandas, 3.
Cafadas de Obregodn, 4. Jalostotitlan, 5. Jesus Maria, 6. Mexticacan, 7. San Julian, 8. San Miguel el Alto, 9. Tepatitlan de Morelos,
10. Valle de Guadalupe, 11. Yahualica de Gonzélez Gallo y 12. San Ignacio Cerro Gordo (municipio no incluido en este estudio).
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Figure 2. Antimicrobial susceptibility patterns and PFGE of Salmonella serotypes. AMP: Ampicillin, AN: Amikacin, GEN:
Gentamicin, CEP: Cephalothin, CTX: Cefotaxime, CRO: Ceftriazone, PB: Polymyxin B and, SXT: Trimethoprim-Sulfamethoxazole.
Figura 2. Patrones susceptibilidad a antimicrobianos y PFGE de los serotipos de Salmonella. AMP: Ampicilina, AN: Amikacina,
GEN: Gentamicina, CEP: Cefalotina, CTX: Cefotaxima, CRO: Ceftriazona, PB: Polimixina B y, SXT: Trimetoprim-Sulfametoxazol.

Based on observations, the most requested chemical groups
in veterinary pharmacies are aminopenicillins, sulfonamides
(with and without dihydrofolate reductase inhibitors), peni-
cillins, cephalosporins and first, third and fourth-generation
fluoroquinolones. The 2014 results were reported to the
Commission for the Protection against Sanitary Risks of the
State of Jalisco (COPRISJAL), which in 2015, with the support
of the College of Veterinary Doctors of the State of Jalisco
(Civil Association), started an awareness and training cam-
paign on the public health impact of multi-drug resistant

pathogens, the use of antibiotics in livestock feed and antimi-
crobial therapeutic alternatives for farm cattle. In early 2017,
the veterinary pharmacies survey in the Altos Sur region of
Jalisco was repeated to observe changes in the trend of the
veterinary doctors’ preferences for the different antimicrobial
drugs. The results of the survey indicate that the demand
for aminopenicillins and sulfonamides (with and without
dihydrofolate reductase inhibitors) has increased. These are
the antimicrobial drugs recommended by the FDA National
Antimicrobial Resistance Monitoring System (NARMS, 2010)
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Table 2. Changes in the antimicrobials dispensing preference in veterinary pharmacies at the Altos Sur region of Jalisco State, Mexico.
Tabla 2. Cambios en la preferencia de dispensacién de antimicrobianos en farmacias veterinarias en la regién de Altos Sur del estado de Jalisco, México.

Number of veterinary
pharmacies’ (Relative

Change in acquisition

Class of drugs Antibiotics frequency)? Braterenea:
October2013  January 2017
Aminoglycoside Amikacin 2(5.6 %) 2(5.6 %) Without changes
Aminoglycoside Gentamicin © 3(8.3 %) 3(8.3 %) Without changes
Aminopenicillins Ampicillin 2 15(41.7 %) 18(50.0 %) Increase
Beta-lactam Penicillin G2 8(22.2 %) 7(19.4 %) Reduction
Beta-lactam Oxacillin 2 1(2.8 %) 0(0 %) Reduction
Beta-lactam/beta-lactamase inhibitors Amoxicillin with clavulanic acid @ 5(13.9 %) 8(22.2 %) Increase
Cephalosporin (First-generation) Cephalothin 4 8(22.2 %) 5(13.9 %) Reduction
Cephalosporin (Third-generation) Ceftriaxone P4 7(19.4 %) 5(13.9 %) Reduction
Cephalosporin (Third-generation) Cefotaxime P4 4(11.1 %) 1(2.8 %) Reduction
Cephalosporin (Fourth-generation aminothiazolyl) Cefquinome ©f9 2(5.6 %) 3(8.3 %) Increase
Cephalosporin (Fourth-generation) Cefepime b4 9(25.0 %) 4(11.1 %) Reduction
Cyclic non-ribosomal polypeptide Polymyxin B ® 2(5.6 %) 1(2.8 %) Reduction
Fluoroquinolone Ciprofloxacin ¢ 1(2.8 %) 1(2.8 %) Without changes
Fluoroquinolone Danofloxacin ¢ 7(19.4 %) 9(25.0 %) Increase
Sulfonamide Sulfadiazine 2¢ 14(38.9 %) 19(52.8 %) Increase
Sulfonamide/inhibitor of dihydrofolate reductase Trimethoprim-Sulfamethoxazole 2><f 17(47.2 %) 18(50.0 %) Increase
Tetracycline Oxytetracycline 1(2.8 %) 1(2.8 %) Without changes
Tetracycline Minocycline ® 2(5.6 %) 0(0 %) Reduction
Tetracycline Doxycycline ® 0(0 %) 3(8.3 %) Increase

' Number of veterinary pharmacies that reported it as one of the three best-selling antibiotics of 36 veterinary outlets surveyed. 2 (No. of veterinary pharma-

cies that reported it as one of the three best-selling antibiotics/36 veterinary outlets surveyed) x 100. >Changes with statistical significance (p< 0.05).

For wounds treatment

bFor gastrointestinal infections treatment

“In livestock feed to prevent diseases and infections in cattle
dIs contraindicated in neonates cattle

¢For respiratory disease treatment

fFor mastitis treatment in dairy cattle

9t is only used in veterinary applications

for veterinary use in wounds, mastitis, gastrointestinal and
respiratory infection treatments. In contrast, there was a
reduction in the demand of first and third-generation cepha-
losporins, while the consumption of cefquinome raised,
which is a fourth-generation cephalosporin recommended
exclusively for veterinary use.

DISCUSSION

As an infectious, contagious pathogen, Salmonella
is probably rivaled just by bovine viral diarrhea virus in its
ability to cause clinical diseases, such as enteritis, septicemia,
pneumonia, and reproductive losses (Holschbach and Peek,
2018). The increasing prevalence of Salmonella presents new
challenges to meat producers and veterinarians. No current
discussion on bovine salmonellosis is complete without ack-
nowledging the increasing public health concern. Increasing
antimicrobial resistance among enteric pathogens brings
the use of antimicrobials by veterinarians and producers
under an increasingly strict scrutiny. There are no studies
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in Mexico on this pathogen prevalence in newborn cattle.
However, the presence of the pathogen can be assumed as
a commensal biota in their intestine, which will accompany
them during their life to the slaughterhouse. Hence, it can
be also assumed that the contamination of the carcass can
be configured, if hygienic practices are not maintained in the
gutted during the slaughter. In this respect, there are studies
on the prevalence of this pathogen in slaughterhouse meat
that report the contamination of the carcass.

In Mexico, Narvaez et al., (2013) and Pérez-Montano
et al., (2012) reported information related to the presence
of Salmonella on beef carcasses in abattoirs and cattle feed-
lots, indicating a Salmonella presence of 5.2 % and 55.56 %,
respectively. They also reported that all abattoirs included
in her study had failed to comply with good manufacturing
practices (GMPs) and sanitation standard operating pro-
cedures (SSOPs), and none had implemented a food safety
system. Fecal contamination on beef carcasses was visible
and cross-contamination was common during operations
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at all abattoirs. Without excluding GMPs and SSOPs during
rearing, dressing and slaughter, it is important to evaluate
and control the presence of Salmonella and other pathogens
in farm cattle at the different stages of their life (neonate,
reproductive age and prior to slaughter). In addition to this,
Barkocy-Gallagher et al. (2003) reported that Salmonella
prevalence on pre-eviscerated beef carcasses was higher
during summer and fall (19.7 to 24.9 %) than in winter and
spring (3.0 to 4.1 %). During the wet season, cattle hides are
more likely to be soiled with mud and feces, increasing the
possibility of carcass contamination during hide removal
and evisceration (Rivera-Betancourt et al., 2004). It is worth
mentioning that the mere presence of the pathogen in the
intestine of the animal of origin and, unfortunately, in its car-
cass, does not necessarily have an impact on the consumer’s
disease, cross contamination with other raw or cooked foods
must occur and/or an inadequate thermal elimination of
the pathogen in the food of meat origin. However, all the
Salmonella serotypes and Salmonella enterica subsp. arizonae
that were isolated in this study have been previously related,
as ethological agents, to disease outbreaks due to poorly
cooked meats intake (Geimba et al., 2004; Gould et al., 2004;
Duggan et al., 2012; Evangelopoulou et al., 2014).

Regarding geographical distribution, the municipa-
lities that present cattle carrying Salmonella make up the
western area of the region, connected by federal highways
71 and 207. Here, six of the fourteen studied cattle ranches
are located, and is the only land route by which feed and
supplies for the livestock feeding are distributed, as well as
the products of its exploitation. Therefore, it will be necessary
to evaluate if there is any source or mechanism of Salmonella
contamination in the bovine feeding sources in this area of
the region and in the particular practices of antimicrobial
treatment and prophylaxis of veterinary doctors who take
care of livestock in the area.

All of the above results because of the process of
animal food production, which involves large amounts
of antimicrobial agents either for therapy, metaphylactic,
prophylaxis of bacterial infections or, in feed, to promote
growth (Van Broeckel et al., 2015). Globally, intensive lives-
tock farming has increased food production at a low cost
per unit, but perhaps at the unrecognized price of increased
antimicrobial resistance (FDA, 2010a).

Linking antimicrobial consumption in animals to drug-
resistant infections in humans is inherently complex, due to
the ecological nature of selection pressure for drug-resistant
pathogens, as well as to the existence of indirect routes of
transmission through the environment (Roca et al., 2015).

In the United States, the use of antimicrobial for ani-
mal feeding is estimated to account for 80% of the nation’s
annual antimicrobial consumption (FDA, 2010b). A signifi-
cant fraction of this, involves antimicrobials that are impor-
tant for the treatment of common human infections, and
for performing medical procedures such as major surgeries,
organ transplantation, and chemotherapy (Laxminarayan et
al., 2013). Modern animal production practices are associated

with the regular use of antimicrobials, potentially increasing
selection pressure on bacteria to become resistant (Van
Boeckel et al., 2015).

Van Boeckel et al. (2015) report that in 2010, the five
countries with the largest shares of global antimicrobial use
for animal food production were China (23 %), the United
States (13 %), Brazil (9 %), India (3 %), and Germany (3 %).
However, by 2030, this ranking is projected to be China (30
%), the United States (10 %), Brazil (8 %), India (4 %), and
Mexico (2 %). With this trend and without particular actions
for its containment, the problem of drug multiresistance will
increase. In Mexico, particularly in the Sonora, Hidalgo, Jalis-
co and State of Mexico, studies have shown the presence of
multidrug-resistant Salmonella in chicken and beef carcasses
and cooked foods (Miranda et al., 2009; Pérez-Montaho et
al., 2009; Camacho et al., 2010; Gordillo-Benavente, 2019). It
is worth mentioning that all the Salmonella strains isolated
from neonatal cattle from the Altos Sur region of the state
of Jalisco show multiresistance to drugs, according to the
criteria of Miranda et al. (2009). Particularly, the strains show
resistance to drugs (AMP, CEP, STX, AN, CTX and CRO) that
belong to the chemical groups of greater use in human and
veterinary antibiotherapy. In addition, it is striking those
two samples of diarrheal feces from the same cattle herd
belonged to the same Salmonella Anatum clone. The two
samples were recovered from different calves, on different
sampling dates (July 2012 and January 2013), which indica-
tes an operating source of contamination in the cattle herd.
Likewise, between strain 15A44 (from July 2012) and strain
21A52 (from January 2013), an increase of resistance to CTX
(transition from and intermediate category to a resistant one)
was observed, even though the use of CTX is contraindicated
in newborn cattle.

Finally, the high demand for aminopenicillins, sulfona-
mides (with and without dihydrofolate reductase inhibitors),
penicillins, first, third and fourth-generation cephalosporins
and fluoroquinolones might relate to the multidrug resistan-
ce shown by Salmonella strains in diarrheal feces of newborn
cattle. Although the awareness campaign offered to veteri-
nary doctors was useful to modify the consumption prefe-
rences of veterinary drugs in favor of those recommended
by the FDA (FDA, 2010b), we also recommend to raise aware-
ness among farm livestock producers, to limit the spread of
multi-resistant strains and the consumption of feed prepared
with antibiotics for prophylactic or growth improvement
purposes. We recommend reducing the prophylactic use of
antimicrobials, eliminating the use of antimicrobial agents
as development promoters and making the choice of anti-
microbials more efficient, selecting alternatives for exclusive
veterinary use.

CONCLUSIONS

In conclusion, this study is, as far as we know, the first
study conducted in neonate bovine in the Jalisco State, Mexi-
co, for detecting multidrug resistant Salmonella. Our findings
call for initiatives to preserve antibiotic effectiveness while
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ensuring food security in low and middle-income countries,
as ours. Information on the occurrence of resistance is crucial
at local, regional and international levels to guide policy and
detect changes that require a response strategy. In order to
fulfil this requirement, we need systems for the continuous
monitoring on the changes in the occurrence of resistance.
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ABSTRACT

Amaranth is a crop adapted to arid and semi-arid
agroclimatic conditions. Its grain yield can be increased with
fertigation, but there is limited information on growth para-
meters and crop yield under this system. The objective of this
work was to characterize growth, accumulation and distribu-
tion of biomass of two varieties of amaranth (Frondosa and
Dorada) with fertigation. The experimental phase was carried
out is Salinas, San Luis Potosi, at a density of 25 plants per m.
Organomineral fertilization was applied to soil, and chemical
fertilization through irrigation, whose total water sheet was
321 mm. Frondosa compared to Dorada, reached faster ma-
turity and presented higher values of: leaves number, panicle
length and dry biomass, as well as harvest index (gain/total
dry biomaas). Thermal requirement was 910.7 °C and 968.6 °C
for Frondosa and Dorada, respectively. Frondosa had higher
water use efficiency (WUE) (7.1 kg mm') in grain production
(2.3 t ha™), but WUE for fresh biomass (69.6 t ha) was higher
in Dorada (216.6 kg mm™). Environmental conditions in Alti-
plano Potosino are favorable to produce amaranth with high
yield (grain or forage) under fertigation.
Keywords: Amaranthus spp, growth dynamics, yield compo-
nents, fertigation, water use efficiency

RESUMEN

El cultivo de amaranto se adapta a condiciones agro-
climaticas de regiones éridas y semidridas. Su rendimiento de
grano puede incrementarse con fertirriego, pero es necesario
generar mas informacién sobre pardmetros de crecimiento
y rendimiento del cultivo bajo este sistema. El objetivo fue
caracterizar el crecimiento, acumulacién y distribucién de
materia seca de dos variedades de amaranto (Frondosa y Do-
rada) bajo fertigacion. La fase de campo se realizé en Salinas,
San Luis Potosi, con una densidad de 25 plantas por m2 Se
aplico fertilizante organomineral al suelo y nutricién quimica
en el agua de riego, cuya ldamina total fue 321 mm. Frondosa,
respecto a la Dorada, llegd més rapido a madurez y mostré
valores mayores en: numero de hojas; longitud y biomasa
seca de panoja; e indice de cosecha (grano/biomasa total).
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El requerimiento térmico total fue de 910.7 °Cy 968.6 °C para
Frondosa y Dorada, respectivamente. Frondosa tuvo mayor
eficiencia en el uso del agua (EUA) (7.1 kg mm™) en grano (2.3
tha'), pero la EUA para biomasa fresca (69.6 t ha) fue mayor
en Dorada (216.6 kg mm™). Las condiciones ambientales del
Altiplano Potosino son favorables para producir Amaranto
con alto rendimiento de grano o forraje con fertigacion.
Palabras clave: Amaranthus spp, dinamica de crecimiento,
componentes de rendimiento, fertigacidn, eficiencia de uso
de agua

INTRODUCCION

El género Amaranthus L. pertenece a la familia Ama-
ranthaceae e incluye cerca de 75 especies, el 44% de las cua-
les son originarias de América y el resto de Australia, Africa,
Asia y Europa (Costea et al., 2001). Algunas especies de este
género son malezas; por ejemplo, A. spinosus, A. tuberculatus
y A. retroflexus; mientras que las especies, A. hypocondriacus,
A. caudatus y A. cruentus tienen un interés agronémico, ya
que su grano supera nutrimentalmente al de maiz, arroz
y trigo (Paredes-Lépez et al., 2006; Maurya y Arya, 2018).
A. hypocondriacus y A. caudatus son utilizadas con doble
propésito (grano y forraje), A. blitum, A. dubius y A. tricolor se
aprovechan como verdura por sus propiedades nutrimenta-
les similares a la espinaca (Spinacia oleracea) y la acelga (Beta
vulgaris); algunas, por su color, son utilizadas también como
plantas de ornato (Akubugwo etal., 2007; Abalone et al., 2004;
Arellano et al., 2004; Brenner et al., 2000). Recientemente se
ha investigado el potencial de la harina de amaranto como
antioxidante y como bebidas funcionales o energéticas, con
el fin de promover la salud de los consumidores y para me-
jorar la resistencia fisica de deportistas (Almirudis-Echeverria
et al., 2020; Arglielles-Lépez et al., 2018; Espino-Gonzélez et
al, 2018).

El rendimiento promedio de grano de amaranto es
1.31 tha' (SIAP, 2017), por lo que el cultivo de esta especie
es econémicamente viable (Ayala-Garay et al., 2014). En San
Luis Potosi, la producciéon de amaranto inicid recientemente
(Gonzalez et al., 2014), y por ello existe poca informacion

*Autor para correspondencia: Margarita Torres-Aquino
Correo electrénico: maquino@colpos.mx
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sobre su dinamica de crecimiento, la cual es importante para
calendarizar labores agricolas apropiadas para el cultivo
(Sifuentes et al., 2015).

El crecimiento es el incremento irreversible en el ta-
mano de las plantas, que estd acompanado por los procesos
de morfogénesis y diferenciacion (Radosevich y Holt, 1984)
y puede representarse mediante curvas de crecimiento
(Gimplinger y Kaul, 2009). Estos procesos se pueden medir
mediante la tasa absoluta de crecimiento, en funcion de la
cantidad de materia seca acumulada y la tasa de funciona-
miento de ésta (Goudriaan y Van Laar, 1994) en relacién con
la influencia del ambiente (Milthorpe y Moorby, 1982).

La acumulacién de materia seca es el criterio mas utili-
zado para medir el crecimiento y la magnitud del sistema de
asimilacion de la planta, el cual es referido frecuentemente al
area foliar total (Taizy Zeiger, 1991). Dicha acumulacién varia
através del ciclo de vida del cultivo, por lo que la materia seca
y area foliar son muestreadas a intervalos de dias o semanas
para cuantificar efectos ambientales o analizar diferencias
genotipicas entre variedades de cultivos (Shibles, 1987).

Es importante sefalar que los fotosintatos pueden
usarse para crecimiento vegetativo, sintesis de material de al-
macenamiento y respiracion; asimismo la proporcién dirigida
hacia estas tres demandas dependen de la etapa fisioldgica
de la planta. En plantas jovenes, el crecimiento estructural
domina, por lo que mas de la mitad de los fotosintatos asi-
milados son usados para el crecimiento; en plantas maduras,
la mayor proporcidon de fotosintatos son empleados en
sintetizar material de almacenamiento; y durante el periodo
de formacién y llenado de grano o fruto aproximadamente
el 80% de los fotosintatos transportados son usados como
metabolitos para estos sitios de demanda (Mengel y Kirkby,
1978).

El amaranto puede desarrollarse en zonas éridas y
semiaridas (Schahbazian et al., 2006); sin embargo, su po-
tencial productivo es limitado principalmente por la escasez
de agua, ya sea de lluvia o de riego (Ejieji y Adeniran, 2010),
situaciéon que puede superarse con la aplicaciéon de tecnolo-
gias enfocadas al uso eficiente del agua, tales como el riego
por goteo y la fertigacion.

La presente investigaciéon tuvo como objetivo estu-
diar la dinamica de crecimiento, acumulacién y distribucion
de materia seca, asi como la produccién de forraje y grano en
dos variedades de amaranto bajo condiciones de fertigacion.

MATERIALES Y METODOS

El presente trabajo se realizé en la comunidad de
La Palma Pegada, municipio de Salinas, San Luis Potosi, en
las coordenadas geograficas 22°43'08.0"N 101°48'19.1"W
y a 2,070 msnm. El suelo utilizado se caracterizé por ser de
textura franco-arenosa, pH alcalino (7.7), conductividad eléc-
trica baja (0.13 dS m™), presentar valores de materia orgdanica
(2.4%), nitrégeno (0.12%), potasio (46.8 ppm) y fosforo (98.8
ppm), que se clasifican como medio, bajo, bajo y alto, respec-
tivamente (Moreno, 1978).

Material biolégico y siembra

Se utilizd semilla de dos especies de amaranto: A.
hypochondriacus, var. Frondosa derivada de la raza Mercado
(Torres et al., 2006); y A. cruentus, var. Dorada derivada de la
raza Mexicana (Maldonado, 2014). La siembra se realizé el
21 de agosto de 2015. Ambas variedades fueron los trata-
mientos evaluados bajo un disefio experimental de parcelas
divididas en bloques completamente al azar, con seis repe-
ticiones. Donde la parcela grande fueron las variedades y la
parcela chica las diferentes fechas de muestreo. Cada unidad
experimental fue de 5.6 m? (7.0 x 0.8 m) de longitud con
camas de cultivo de 40 x 30 cm (ancho x profundidad) a 80
cm de separacién entre camas. Cada cama tuvo dos hileras
de plantas. La distancia entre éstas fue de 20 cm y de 10 cm,
respectivamente (25 plantas m).

Fertilizacion de fondo

Previo a la siembra, se preparé una formula érgano-
mineral la cual consistié en 9.6 de t ha' de estiércol de
borrego (previamente cribada) y la formula de fertilizacion
mineral 60-60-60 (kg ha' de N, PO,y K,0, respectivamente),
dicha fertilizacion fue adicionada al suelo a una profundidad
aproximada de 30 cm.

Fertigacion

Durante el desarrollo del cultivo se suministré la
férmula de fertilizacion mineral 64-37-71 en un volumen de
agua total de 3210 m?ha distribuido en 15 fertiriegos. Esta
solucion nutritiva tuvo valores de conductividad eléctrica y
de pH de 2.55 dS my 6.1, respectivamente.

Muestreos de planta

Se realizaron cinco muestreos destructivos por
variedad, colectando tres plantas en cada una de las seis
repeticiones, a los 33,47, 61, 76, 96 y 103 dias después de la
emergencia (DDE); los primeros cuatro durante la floracion y
formacion de grano; y el ultimo a madurez fisioldgica (cose-
cha).

Variables

Se evalué: altura de planta (cm), nimero de hojas,
area foliar (cm?), longitud de panoja (cm), diametro de tallo
(cm); peso fresco y seco de raiz, hoja, tallo, panoja y granos
(g planta™), rendimiento de grano (t ha) e indice de cosecha
(IC = [Rendimiento de grano/Biomasa total]*100) (Reinaudi
etal, 2011), de acuerdo con la etapa fenoldgica.

Analisis estadistico

Los datos obtenidos de cada variable fueron procesa-
dos estadisticamente mediante andlisis de varianza (ANOVA),
prueba de Tukey 0.05 y regresion. En el ANOVA las fuentes
de variacion fueron variedades, muestreo e interaccion
variedades*muestreo. Debido a que no fue significativa esta
interaccién (p<0.05) y fue consistente la tendencia entre una
variedad y otra a lo largo del ciclo, los promedios (por varia-
ble) de las variedades fueron comparados en cada muestreo,
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mediante pruebas de Tukey 0.05 (Di Rienzo et al., 2016). Las
curvas de crecimiento y sus ecuaciones de regresién se ob-
tuvieron con los programas “Microsoft Excel” (Version 16) y
Curve expert 1.4 (Hyams, 2010).

RESULTADOS Y DISCUSION

En la Tabla 1 se presentan las temperaturas promedio
maximas (Tmax) y minimas (Tmin) de los meses de agosto a
diciembre en el periodo de 2000-2011 (12 afos), asi como
las registradas durante el experimento (agosto a diciembre,
2015). Durante el periodo de 12 afos, la Tmax (24.1°C) fue
menor con respecto a 2015 (28.4 °C). Durante los meses de
octubre, noviembre y diciembre de 2015 se registraron Tmin
mas bajas (6.5, 4.5 y 0.1°C, respectivamente), con respecto
al periodo de 12 afos. Sin embargo, estas temperaturas no
afectaron irreversiblemente al cultivo; lo que difiere con lo
sefialado por Nieto (1989) y Cristaudo et al. (2007), quienes
establecen una Tmin de 8 °C para que este cultivo cese su
crecimiento y de 4 °C para que sufra danos fisioldgicos.

Tabla 1. Temperaturas maximas y minimas promedio de agosto a diciem-
bre de los afios 2000-2011 y del 2015 en el que se desarrollé el experimen-
to.

Table 1. Average maximum and minimum temperatures for the August-De-
cember 2000-2011 period, and along the period of this study.

Temperatura promedio

Maxima Minima
Mes 2000-2011 2015  2000-2011 2015
°C
Agosto 26.2 283 12.6 10.5
Septiembre 25.1 304 12.0 8.2
Octubre 24.5 29.1 8.9 6.5
Noviembre 23.0 28.0 5.1 45
Diciembre 21.8 26.4 2.8 0.1
Promedio 241 284 83 6.0

Dinamica de crecimiento de las dos variedades de ama-
ranto

La duracién del ciclo de desarrollo fue de 103 dias para
A. cruentus y de 96 dias para A. hypochondriacus (Tabla 2), lo
cual se puede asociar con las condiciones climaticas bajo
las cuales se desarrolld el presente estudio, aunque Rivelli
et al. (2008) establecen un ciclo de cultivo mas largo para A.
cruentus (115 dias) y para A. hypochondriacus (150 dias) en el
periodo junio a septiembre, en el que regularmente se regis-
tran temperaturas minimas menos frias.

En altura final (96 DDE), Dorada (173.8 cm) no se dife-
rencié de Frondosa (162.2 cm), en contraste con lo registrado
a los 75 DDE, cuando la primera variedad superé en tamafio
a la segunda (Tabla 2). Torres et al. (2006) reportan que Fron-
dosa presenta porte intermedio (170.0 cm). Sin embargo,
Mapes et al. (1995) encontraron una menor altura para esta
variedad (144.1 cm); estos mismos autores encontraron una
altura similar (172.6 cm) a la de este estudio para la variedad
Dorada.
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La mayor tasa de crecimiento (altura/DDE) se obtuvo
a los 33 y 47 DDE con la variedad Frondosa (3.17 cm dia™) y
Dorada (3.77 cm dia™), respectivamente (Figura 1); periodo
durante el cual la temperatura méxima (30.4 °C) y minima (8.9
°C) se mantuvieron dentro del rango de crecimiento éptimo
propuesto por Cristaudo et al. (2007).

El nimero total de hojas (Tabla 2) se alcanzé a los 76
DDE y fue diferente entre variedades: 46 y 37 para Frondosa
y Dorada, respectivamente. A los 47 DDE se observaron las
mayores tasas de crecimiento en altura y en nimero de hojas
en ambas variedades, que a dicha etapa de desarrollo habian
acumulado el 48.9 y 46.04% de su requerimiento térmico
total, expresado en unidades calor °C (UCQ), el cual fue de
910.7 y 968.6 para Frondosa y Dorada, respetivamente (Tabla
2). Estos valores son similares a los reportados por Garcia-
Pereyra et al. (2007) para A. hypochondriacus (959.0 — 977.3
UQ) y A. cruentus (959.5 UC) durante el mismo periodo en que
se desarrollé el presente estudio, e inferiores a lo encontrado
(1629 UC) en los Valles Altos (Diaz-Ortega et al., 2004). El pre-
sente resultado constituye la primera referencia de UC para
el cultivo de amaranto en el Altiplano Potosino en el ciclo
otofo-invierno bajo condiciones de fertigacion.

Los valores mas altos de biomasa fresca (forraje fresco)
se obtuvieron a los 76 DDE, siendo superior (P<0.05) Dorada
(278.4 g planta™ 0 62.6 t ha™), respecto a Frondosa (201.2 g
planta® 0 45.2 t ha) (Tabla 2). Los resultados obtenidos se
encuentran dentro del rango reportado para forraje freso
de Amaranthus spp, que va de 10 a 70 t ha™' en funcién de
la variedad, condiciones ambientales y manejo agronémico
(Stordahl et al., 1999; Svirskis, 2003). Con A. hypochondriacus,
bajo condiciones de riego para el ciclo primavera-verano, el
rendimiento de forraje fresco es de 53 t ha (Chavez-Servin et
al., 2017), aunque puede variar entre 22.7 a 72.5 t ha™ (Pere-
yra et al., 2004).

El 4rea foliar de A. hypochondriacus variedad Frondo-
sa se incrementd de los 33 a 63 DDE (de 1002 a 1827 cm?
planta™); posterior a este periodo, disminuyé gradualmente
debido a la disminucién de hojas ocurrida a la madurez
fisioldgica, llegando a 325.9 cm? planta™ al final del ciclo; A.
cruentus variedad Dorada tuvo la misma tendencia, pero con
el valor maximo a los 76 DDE (Figura 2). Los valores obtenidos
en A. cruentus (1521 cm? planta’) durante la etapa de flora-
cion coinciden con los encontrados por De la Cruz-Guzman
et al. (2010). Con base en la presente investigacion se infiere
que A. hypochondriacus tuvo mayor capacidad de producir
fotoasimilados, y por lo tanto generé mayor rendimiento de
grano.

Dinamica de crecimiento y acumulaciéon de materia seca

La materia seca acumulada al final del ciclo de cultivo
no fue diferente (P<0.05) entre Frondosa (46.93 g planta™) y
Dorada (42.53 g planta™); sin embargo, su dindmica durante
dicho ciclo fue desigual. La mayor tasa de acumulacién de
materia seca ocurrié durante el periodo de 47 a 61 DDE para
Frondosa (1.18 g planta dia™) y de 61 a 76 DDE para Dorada
(1.09 g planta dia™).
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Tabla 2. Evaluacién de variables por planta y unidades calor durante el ciclo de cultivo de las variedades de amaranto Frondosa y Dorada.
Table 2. Plant variables and heat units measured during the growth cycle of Frondosa and Dorada amaranth varieties.

Dias después de la emergencia (DD)

Variedad Variable Unidades
33 47 61 76 96 103

Frondosa 58.5a 103.0a 136.5a 1444 b 16217a -

Altura cm
Dorada 62.1a 115.0a 152.1a 172.2a 173.4a 173.8
Frondosa 15a 30a 40a 46a 12b

Hojas No.
Dorada 14a 21b 24b 37b 20a 10
Unidades calor (UC) o 292.5 153.5 141 140 183.7 57.9
UC acumuladas 2925 446 587 727 910.7 968.6
Frondosa Biomasa 50.2a 141.2a 191.6a 201.2b 160.8 a =
Dorada J 86.8 a 185.1a 258.2a 278.4a 195.8a 141.2

Medias con la misma letra en cada columna y variable no son estadisticamente diferentes (Tukey P<0.05). Means with the same letter are not statistically

different (Tukey P<0.05).
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Figura 1. Altura de planta durante el ciclo de cultivo de dos variedades de
Amaranto.

Figure 1. Plant height during the growth cycle of two varieties of ama-
ranth.

En general, se espera que la materia seca se acumule
en mayor proporcion en las estructuras reproductivas (grano,
frutos) y en menor cantidad en las estructuras vegetativas;
sin embargo, el desarrollo de un cultivo depende de la es-
pecie, época del afio y condiciones ambientales (Andriolo y
Falcao, 2000).

En el presente estudio, la panoja incrementé su lon-
gitud linealmente en ambas variedades, pero aparecié en
menor tiempo (47 DDE) y presenté mayor tasa de elongacion
(0.38 cm dia) en Frondosa respecto a Dorada (0.19 cm dia™)
(Figura 3 a). Frondosa también tuvo la panoja mas larga, con
mas peso y mayor produccién de grano como se presentara
adelante (Tabla 3).

La acumulacién de materia seca en hoja y tallo (Figura
3 b y ¢) tuvo incrementos decrecientes, que se ajustaron a
una ecuacion cuadrética, cuyo maximo valor coincidié con
la etapa de formacién de grano (76 DDE), ya que éste desde
su aparicién demanda productos para su desarrollo (Vaieretti
et al., 2007). En la Figura 3 (b y c) se observa que los valores
maximos de acumulacién en estas dos variables correspon-
den a Frondosa, coincidente con mayor rendimiento de
biomasa fresca (Tabla 1). Adelante, en acumulacion relativa

y =-0.024x3+4.06x3-201.58x+4091.3
R?=0.99

1000

y =-0.02x3+2.52x2-82.35x+1629.
200 ~ R?=0.98

# Frondosa

Area foliar (cm-2planta®)

M Dorada

30 40 50 60 70 80 90 100 110

Dias Después de Emergencia

Figura 2. Modelos matematicos para el area foliar durante el ciclo de culti-
vo de dos variedades de amaranto.

Figure 2. Mathematical models for leaf area during the growth cycle of two
amaranth varieties

de biomasa seca se presentara que la suma de hoja+tallo es
mayor (P<0.05) en Dorada, en tanto que el peso seco de la
panoja es mayor en Frondosa.

La acumulacién de materia seca en la raiz es de tipo
sigmoidal y polindmica (cubica) en Dorada y Frondosa, res-
pectivamente, con incrementos mas pequefos en ambos
modelos a partir de la floracion (Figura 3d), lo cual puede
asociarse a la demanda de fotosintatos de la panoja para la
formacion de grano (Nielsen y Veierskov, 1998). Los modelos
mostraron que la raiz tiene un desarrollo en peso similar en
ambas variedades desde la emergencia hasta la aparicion de
la panoja y posteriormente Dorada tuvo una mayor acumu-
lacion de biomasa seca.

Particion de biomasa total

La particién relativa de la biomasa seca, la suma de
raiz, tallo, hoja y panoja, se presentan en la Figura 4. En el
analisis de los resultados, la mayor asignacién de biomasa en
la panoja inicié desde los 47 DDE en la variedad Frondosa,
con un 4.09% y llegando hasta un 47.13% a los 96 DDE. Estos
valores fueron superiores (P<0.05) a los cuantificados en la
variedad Dorada, en la que la asignaciéon de materia sinteti-
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Figura 3. Acumulacion de materia seca en funcién de los dias después de la emergencia (DDE): (a) panoja, (b) hoja, (c) tallo y (d) raiz de dos

variedades de amaranto.

Figure 3. Dry mass accumulation in panicle (a), leaves (b), stem (c), and root (d) of two amaranth varieties vs days after emergence.

Tabla 3. Longitud y peso final de la panoja, nimero de granos g™, rendimiento de grano e indice de cosecha de dos variedades de amaranto.
Table 3. Final length and weight of panicle, number of grains g™, grain yield, and harvest index of two amaranth varieties.

Panoja Granos por g Grano indice de cosecha
Variedad
cm g tha' %
Frondosa 39.0a 22.7a 1131b 230a 18.0a
Dorada 333a 12.7b 1206 a 1.40 b 120b

Medias con la misma letra en cada columna no son estadisticamente diferentes (Tukey P<0.05).

Means with the same letter are not statistically different (Tukey P<0.05).

zada en la misma etapa (47 DDE) s6lo present6 un 0.58%y al
final del ciclo (103 DDE) alcanzé un coeficiente de particidon
de materia seca en panoja de s6lo 29.79%.

Asimismo, en ambas variedades se observé que el
porcentaje de particion de materia seca de las hojas fue
mas alto a los 33 DDE (alrededor del 38%), disminuyendo a
medida que se desarroll6 el cultivo. Los valores mas bajos se
tuvieron al final del ciclo de crecimiento (6.93 y 11.70%, 96 y
103 DDE, Frondosa y Dorada, respectivamente). Lo anterior
ocurre debido a que los fotoasimilados estén involucrados en
la produccidn foliar y viceversa; conforme trascurre el ciclo de
vida de la planta disminuye progresivamente la cantidad de
fotoasimilados involucrados en la produccion foliar (Vaieretti
et al., 2007) y consecuentemente la cantidad de fijacién de
carbono y la acumulacién de materia seca.

En cuanto a tallo, con excepcién del porcentaje de
particion, a los 96 DDE, de la variedad Frondosa (39.1%), la
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particion de biomasa seca durante todo el ciclo fue mayor
hacia esta estructura, alcanzando valores de hasta 57.63% y
58.58% a los 61 DDE en las variedades Frondosa y Dorada;
respectivamente. Esto coincide con lo reportado por Rivelli
etal. (2008) en especies de amaranto cultivadas en el Medite-
rrdneo en los meses de junio a septiembre.

En ambas variedades se observd que la panoja para
su desarrollo demanda fotoasimilados, causando reduccion
relativa en las demandas de las otras partes de la planta,
siendo mas significativa en la raiz, que de acuerdo con Niel-
sen y Veierskov (1998) puede deberse principalmente a la
distancia entre el sistema radical y el aparato fotosintético,
dando como resultado una baja prioridad en la particidn
de demanda de fotosintatos; resultado que sugiere que el
efecto primario de un incremento en la demanda por causa
de la panoja ocasiona una disminucién del crecimiento rela-
tivo de la raiz; lo cual puede tener relacién incluso con una
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Figura 4. Particion relativa de biomasa en las variedades de amaranto
Frondosa (a) y Dorada (b) en funcién de los dias después de la siembra
(DDE).

Figure 4. Relative partition of biomass in two amaranth varieties Frondosa
(a) Dorada (b) vs days after emergence (DDE).

mayor eficiencia energética ejercida por la planta, dirigida
a la mayor produccién de frutos y semillas para asegurar la
reproduccion.

Al considerar sélo las partes reproductivas (panoja)
y vegetativa (hoja y tallo) de la planta, se observé que a lo
largo del ciclo Frondosa aporta mayor acumulacién de bio-
masa a su estructura reproductiva, logrando a los 96 DDE
una acumulacién relativa de 47.13%, respecto a los 45.94%
que acumula en la parte vegetativa en el mismo momento.
En tanto, Dorada muestra un comportamiento diferente,
presentando una acumulacién de 60.85% en la parte vege-
tativa a los 103 DDE, comparado con 29.79% en panoja. Este
comportamiento coincide por lo reportado en otros trabajos
(Becerra, 2000; Morales et al., 2014), donde se menciona que
A. cruentus 'y A. hypochondriacus son especies productoras de
grano, siendo que las variedades derivadas de la primera ge-
neralmente presentan tendencia a generar follaje, en tanto
que las variedades derivadas de la segunda concentran su
produccién en grano.

Componentes del rendimiento del grano

En la Tabla 3 se presentan los componentes del
rendimiento de las variedades estudiadas. A la cosecha, en
longitud de panoja no existio diferencia (P<0.05) entre am-

bas variedades, con valores de 39 y 33 cm para Frondosa y
Dorada, respectivamente, que son inferiores a los reportados
por Diaz-Ortega et al. (2004) (61 cm). El peso de la panoja de
Frondosa fue significativamente superior al de Dorada (23.8
vs 14.0 g planta™) y con menor nimero de granos g (1131
vs 1206 g por planta™). El rendimiento de grano fue mas alto
en Frondosa (2.3 t ha') que en Dorada (1.4 t ha) lo cual esta
relacionado con el peso promedio de granos. SIAP (2016)
reporta para Amaranthus spp bajo riego rendimientos de
grano de 2.13 y 0.9 t ha, para los ciclos Primavera-Verano
y Otono-Invierno, respectivamente. En la presente investiga-
cién se obtuvieron valores superiores en 155% y 55% para
Frondosa y Dorada, respectivamente, lo cual se atribuye
al uso de Fertirriego. Diaz-Ortega et al. (2004) reportan un
menor rendimiento para la variedad Frondosa (1.8 t ha') en
el ciclo primavera-verano, utilizando mayor volumen de agua
y fertilizacion, con la misma densidad de poblacién que la
utilizada en el presente estudio. Chavez-Servin et al. (2017)
obtuvieron un rendimiento de 1.4 t ha con 150000 plantas
ha"'en el ciclo primavera-verano bajo condiciones de riego.

El indice de cosecha (IC) fue superior (P<0.05) en la
variedad Frondosa (18.0%) con respecto a la variedad Dorada
(12.0%). Estos valores se encuentran en el rango encontrado
en la literatura de amaranto: 11.4% para raza azteca (Diaz-
Ortega et al,, 2004) y 10.5-22.5% en especies domésticas
(Reinaudi et al., 2011).

Uso eficiente del agua

En referencia a la eficiencia en el uso del agua (EUA),
considerando una lamina de 321.4 mm en el ciclo, ésta fue
mayor (P<0.05) en la producciéon de biomasa fresca en la
variedad Dorada 216.6 kg mm™ con respecto a Frondosa
(156.5 kg mm™); para la produccién de grano, la EUA fue ma-
yor (P<0.05) en la variedad Frondosa (7.15 kg mm™) que en
Dorada (4.35 kg mm™). En grano, la EUA de ambas variedades
fue mayor al reportado por Diaz-Ortega et al. (2004).

La EUA de la variedad para forraje y grano, respectiva-
mente, confirma el uso primordial que puede darse a cada
una de las variedades, produccién de grano o forraje, bajo las
condiciones en que se desarrollaron.

CONCLUSIONES

Durante la etapa vegetativa, a los 47 DDE, la acumu-
lacion de UC del amaranto fue: 49% de 910.7 °C (Frondosa)
y 46% de 978.6 °C (Dorada). Estos resultados son la primera
referencia para dicha planta en el Altiplano Potosino. La
variedad Dorada, comparada con la Frondosa, presentd: cre-
cimiento mas rapido; mayor altura (173.8 vs 162.2 cm); mayor
biomasa fresca total (278.4 vs 201.2 g planta™) y seca de raiz.
Frondosa alcanzo la maxima area foliar en menor tiempo. La
variedad Frondosa, respecto a la Dorada, mostré: mayor nu-
mero de hojas (46 vs 37) y longitud de panoja (29 vs 33.3 cm);
mayor biomasa seca en panoja (22.1 vs 12.7 g), tallo y hojas;
formacién de panoja en menor tiempo; mayores indice de
cosecha (18 vs 12%) y rendimiento (2.3 vs 1.4 t ha™).

Volumen XXIIl, Ndmero 3
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sa,

En rendimiento de grano, la EUA fue mayor en Frondo-
respecto a Dorada (7.15 vs 4.35 kg mm™). En produccién

de forraje, la EUA fue mayor en Dorada, respecto a Frondosa
(216.6 vs 156.5 kg mm™). Las condiciones ambientales del
Altiplano Potosino son favorables para producir amaranto
para grano (Frondosa) y forraje (Dorada) con fertigacion.
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RESUMEN

La vainilla (Vainilla planifolia) es considerada como
el saborizante de mayor importancia en el mundo. Sin
embargo, su aplicacion en alimentos esta limitada, ya que
se comercializa principalmente como extractos etandlicos,
debido a su naturaleza lipofilica. El objetivo de este trabajo
fue elaborar nanoemulsiones de vainilla libre de alcohol, a
partir de un extracto natural mediante homogenizacion por
altas presiones, como estrategia para mejorar su solubilidad
y estabilidad. El efecto de la presidn y el nimero de ciclos se
evaluaron mediante un disefio factorial de 23*3. Las emulsio-
nes 6ptimas se almacenaron a 15, 25y 35 °C durante 42 dias.
A las emulsiones obtenidas se les evalué tamafno de particula
e indice de estabilidad (TSI). La formulacidon éptima para
generar una emulsion estable sin azucar requirié 5 ciclos a
una presién de 40 MPa, mientras que para la emulsién con
azucar fueron necesarios 9 ciclos a una presién de 20 Mpa,
con un contenido de 17 % de glicerol. La emulsién se mantu-
vo estable a 15y 25 °C durante 42 dias. Los hallazgos de este
estudio conduciran a la posibilidad de que esta formulacion
se utilice como uno de los métodos para mejorar su solubili-
dady estabilidad.
Palabras clave: Vainilla planifolia, emulsion, alta presion,
estabilidad.

ABSTRACT

Vanilla (Vanilla planifolia) is considered the most
important flavoring in the world. However, its application in
foods is limited, since it is mainly commercialized as ethano-
lic extracts, due to its lipophilic naturalization. The objective
of this work was to elaborate alcohol-free vanilla nanoemul-
sions, from a natural extract by means of high pressure
homogenization, as a strategy to improve its solubility and
stability. The effects of pressure and number of cycles were
evaluated by means of a 23*3 factorial design. The optimal
emulsions were stored at 15, 25 and 35 °C for 42 days. The
obtained emulsions were evaluated for particle size and
stability index (TSI). The optimum formulation to prepare a
stable emulsion without sugar required 5 cycles at a pressure
of 40 MPa, while for the emulsion with sugar, 9 cycles were
necessary at a pressure of 20 MPa; with a content of 17 %
glycerol. The emulsion remained stable at 15 and 25 °C for
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42 days. The findings of this study will lead to the possibility
for the use of this formulation as a method to improve its
solubility and stability.

Keywords: Vanilla planifolia, emulsion, high pressure, stabil-

ity.

INTRODUCCION

La vainilla es considerada como uno de los saborizan-
tes mas populares del mundo; es obtenida principalmente
de Vanilla planifolia, una especie de orquidea trepadora tro-
pical. México es el centro de origen y su domesticacion, pero
actualmente se cultiva en muchos paises (Gonzalez-Arnao
et al., 2009). La vainillina natural se extrae de las vainas de
vainilla mediante un proceso de extraccion de alcohol etilico
adecuado. La FDA definié un extracto de vainilla como una
solucién que contiene no menos de 35 % de alcohol etilico
extraido de 13.35 oz de vainas de vainilla y que contiene mas
de 25 % de humedad en un galén de producto terminado,
y sin adicién de vainillina sintética (Waliszewski et al., 2007).

El sabor y aroma caracteristico del extracto de vainilla
es desarrollado en las vainas debidamente curadas, y es el
resultado de una serie de transformaciones bioquimicas,
donde se han identificado mas de 200 componentes, siendo
el acido p-hidroxibenzoico, el p-hidroxibenzaldehido y el
acido vainillico los principales compuestos que le otorgan el
sabor y el aroma caracteristico a vainilla (Sostaric et al., 2000;
Sinha et al., 2007; Khoyratty et al., 2018).

Se usa regularmente en la industria artesanal, tabaco,
cosméticos, farmacéutica, de alimentosy bebidas (Sinhaetal.,
2007). Sin embargo, debido a su naturaleza moderadamente
lipofilica, generalmente es utilizada como extracto etanélico,
lo que limita su uso dentro de la industria alimentaria. El uso
de emulsiones, es una estrategia tecnolégica que permite
mejorar la solubilidad en agua y reducir la degradacién o
disminucién de aroma, sabor y propiedades fisicoquimicas,
nutricionales y funcionales durante el procesamiento y alma-
cenamiento, proporcionando durabilidad y proteccién frente
a factores externos como calor, luz y humedad (Jafari et al.,
2017).

Las emulsiones de acuerdo con su tamafo de parti-
culay propiedades se pueden clasificar en macroemulsiones
de diametros de gota mayores a 1 um, microemulsiones de
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didmetros de gota en el rango entre 10y 50 nm, y nanoemul-
siones con un tamano de gota tipicamente entre 20 nmy 500
nm (Yal¢indz y Ercelebi, 2018).

La formulacién de nanoemulsiones consiste en mez-
clar al menos tres componentes, siendo fase oleosa y acuosa
mads un estabilizador. En general, las nanoemulsiones se
pueden preparar utilizando métodos de alta o baja energia
(Anton et al., 2008). Los métodos de baja energia se basan
en la formacién espontanea de diminutas gotas de aceite
dentro de sistemas mixtos de aceite, agua y emulsionantes
cuando se alteran la solucidn o las condiciones ambientales,
como la composicion o la temperatura (Qian y McClements,
2011). Mientras que, los métodos de alta energia, consisten
en aplicar altas fuerzas disruptivas con dispositivos mecani-
cos, como homogeneizadores de alta presién o sonificado-
res, capaces de provocar la rotura de las gotas de aceite y
dispersarlas en la fase acuosa (Tadros et al., 2004).

La estabilidad de las nanoemulsiones se puede me-
jorar incorporando estabilizadores como tensoactivos de
moléculas pequenas (Tweens o Spans), polisacaridos (goma
arabiga o almidén modificado), fosfolipidos (lecitina de soya,
huevo o lacteos) y proteinas anfifilicas (caseinatos o aislados
de proteina de suero); también se pueden utilizar modifica-
dores de textura, empleando sustancias que aumentan la
viscosidad como proteinas (aislados de proteina de suero,
gelatina o aislados de proteina de soya), polisacaridos (ca-
rragenanos, xantana, pectina, alginato), polioles (sorbitol o
glicerol) y azlcares (jarabe de maiz con alto contenido de
fructosa o sacarosa) (Salem y Ezzat, 2009).

No obstante, el disefio exitoso y su estabilidad, depen-
den de una serie de factores, como la seleccién adecuada de
los componentes de la mismay el método de procesamiento.
(Kralova y Sjoblom, 2009). Por lo que el objetivo de este estu-
dio fue optimizar la formulacién y el proceso de emulsifica-
cién de vainilla generadas por altas presiones a partir de un
extracto no alcohdlico, y estudiar su estabilidad.

MATERIALES Y METODOS

Todos los compuestos quimicos y solventes utilizados
fueron grado analitico o HPLC: 4cido acético glacial (Baker),
Metanol (Burdick y Jackson®), Agua (Burdick y Jackson®),
Etanol (Merck) y Glicerol (Golden Bell). Los estandares de

Tabla 1. Formulaciéon de las emulsiones de vainilla con y sin azucar.
Table 1. Formulation of vanilla emulsions with and without sugar.

vainillina, acido vainillico, p-hidroxibenzaldehido y acido
p-hidroxibenzoico, fueron obtenidos de Sigma (Sigma Che-
micals, St. Louis, MO). Los emulsificantes empleados fueron
lecitina de Soya (Pronot ultra), Tween 20 (Sigma) y Goma
Guar (Sinergum).

Disefio experimental

El estudio se llevé a cabo en dos etapas. En la primera
etapa, se evalué el efecto de la formulaciéon (Tabla 1), y pro-
cesamiento sobre la estabilidad de las emulsiones durante
7 dias. En la segunda etapa, las emulsiones 6ptimas fueron
almacenadas a temperaturas controladas, 15, 25y 35 °C, du-
rante 42 dias, para estudiar el efecto de la temperatura sobre
la estabilidad de la emulsién.

Para desarrollar una formulacién éptima de emulsio-
nes de vainilla preparadas por altas presiones, se realizé un
disefo de experimentos 233, por lo que en la primera etapa
se evaluo el concentrado de vainilla con y sin aztcar (dos va-
riables), presién, nimero de ciclos y concentracién de glicerol
(3 niveles) * 3 temperaturas de almacenamiento. En la Tabla
2, se muestra el tratamiento que recibié cada una de las 24
emulsiones, evaluando la concentracién de glicerol, presion
y el nimero de ciclos en las emulsiones con y sin azucar.

Concentrado de vainilla

Para eliminar el etanol presente en el extracto de
vainilla, se realizé un proceso de evaporacion a un lote de 60
L de extracto alcohélico de vainilla con un equipo rotavapor
(BUCHI R-210, Biichi Corp., New Castle, DE), ejerciendo una
evaporacién al vacioen unrango de 7 a 2.5 kPa y temperatura
constante de 25 °C, procesando 1 L/h de extracto de vainilla
con alcohol.

Analisis cromatografico

Se efectud la cuantificacion de los componentes
quimicos presentes en el extracto alcohélico de vainilla por
HPLC, de acuerdo con lo descrito en el Método Oficial de
la AOAC 990.25 (AOAC, 1996), con algunas modificaciones.
Las separaciones de cromatografias de HPLC se realizaron en
un equipo Waters (Milford, MA) a un flujo de 1 mL/min, usando
una bomba binaria Waters 1525, deteccion a 254 nm con
un detector UV-visible Waters 2487. Se inyectaron 10 pL de
muestra mediante un auto-muestreador Waters 717 plus. La

Composicion (%)

Formulacion Concentrado de Vainilla Lecitina Tween 20 Goma guar Glicerol Azucar Agua
A 335 0.5 1.0 0.25 35 5 56.25
B 335 0.5 1.0 0.25 3.5 = 61.25
@ 335 0.5 1.0 0.25 7 5 52.75
D 335 0.5 1.0 0.25 7 = 57.75
E 335 0.5 1.0 0.25 10 5 49.75
F 335 0.5 1.0 0.25 10 = 54.75
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Tabla 2. Disefio experimental para la preparacion de emulsiones a partir de
concentrado de vainilla con y sin azUcar.

Table 2. Experimental design for the preparation of emulsions from vanilla
concentrate with and without sugar.

Presion ity Glicerol
Emulsion Formulacion (MPa) (%)
1 A 20 5 3.5
2 C 40 5 7
3 E 20 5 10
4 A 40 5 3.5
5 C 20 5 7
6 E 40 5 10
7 A 20 9 35
8 C 20 9 7
9 E 20 9 10
10 A 40 9 35
11 C 40 9 7
12 E 40 9 10
13 B 20 5 3.5
14 D 40 5 7
15 F 20 5 10
16 B 40 5 3.5
17 D 20 5 7
18 F 40 5 10
19 B 20 9 3.5
20 D 20 9 7
21 F 20 9 10
22 B 40 9 3.5
23 D 40 9 7
24 E 40 9 10

fase movil se formé por gradiente con 800 mL agua con 1 mL
acidoacéticoenlabombaBy95 % de metanol en labomba A.
El programa comienza con 100 % de By pasa a 95 % de A en
35 min; se mantiene por 5 min mas y se regresa a la condicion
inicial. Se utiliz6 una columna de fase reversa C18 Dionex
(Sunnyvale, CA) de 4.6 mm x 150 mm, con 5 pm de tamano
de particula. Previo a la inyeccidn, se realizé una dilucion 1:10
de la muestra en etanol al 99.9 % en un matraz aforado de
10 mL, y fue filtrada a través de microfiltros de membrana
de 0.45 pym de polifluoruro de vinilo (PVDF, Millipore Corp.,
Bellington, MA).

Preparacién de las emulsiones

Siguiendo la metodologia de Monroy (2013), con
algunas modificaciones, se prepararon pre-emulsiones, con
azucar (5 %) y sin azucar, con un homogeneizador tipo rotor-
estator UltraTurrax T-25 (IKA Werke, Stauffen, Alemania) a
15,000 rpm durante 5 min a 15 °C, mezclando lecitina de soya
(0.5 %), Tween 20 (1.0 %), goma guar (0.25 %), concentrado
de vainilla (33.5 %), glicerol (3.5, 7 y 10 %), y agua, de acuerdo
con lo descrito en la Tabla 1. La emulsién final se preparé con
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un homogeneizador de piston de alta presién APV 1000 Lab
Series (Crawley, West Sussex, UK). Las condiciones de trabajo
se muestran en la Tabla 2.

Medicion del tamaiio de particula

El tamafio medio de particula de las emulsiones se de-
terminé de acuerdo con lo descrito por Qian y McClements
(2011), con algunas modificaciones, mediante dispersion
de luz dindmica (DLS), utilizando un equipo Zetasizer Nano-
7590 (Malvern Instruments, Worcestershire, UK) en un angulo
detector fijo de 90°. Para minimizar los multiples efectos de
dispersion, antes de cada medicién, las dispersiones se dilu-
yeron usando un factor de dilucién de 1:1000. Los resultados
se describieron como el didametro medio acumulado (expre-
sado en nm) para el tamafo de particula.

Estabilidad fisica

Para estudiar la estabilidad fisica de las emulsiones,
se llevaron a cabo mediciones de retrodispersion (BS) a dife-
rentes tiempos de almacenamiento, utilizando Turbiscan Lab
Expert (Formulaction, Toulouse, Francia) (Santos et al., 2020).
Los mecanismos de desestabilizacion fueron cuantificados
por el Turbiscan Stability Index (TSI). Este indice es un valor
estadistico y su valor se calcula como la suma de todos los
procesos de desestabilizacién en la celda de medicion y estd
definido por:

TSI = 2|scan,ef(hj) - scani(hj)|
J

donde scan_y scan, son el valor de transmision inicial
y el valor de transmisién en un momento especifico, respecti-
vamente, y hjes una altura especifica en la celda de medicion.

Estabilidad de almacenamiento

La estabilidad de las nanoemulsiones se determind
midiendo el indice de estabilidad (TSI), diariamente durante
el almacenamiento a 15, 25 y 35 °C durante 42 dias.

Analisis estructural

Las muestras estudiadas por microscopia electrénica
de transmisién fueron preparadas siguiendo el protocolo
reportado por Lu et al. (2014), con modificaciones. Se agre-
garon 10 pL de emulsidn en una rejilla de cobre cubierta
con carbén durante 1 minuto; posteriormente, se hizo una
tincién adicionando 10 pL de acido fosfotingstico a pH 7,
secando la muestra a temperatura ambiente durante 1 h. La
microestructura de las emulsiones se observo utilizando un
microscopio electrénico de trasmision JEOL TEM-1400 (JEOL,
Ltd, Tokyo, Japon), alcanzando hasta 120 kV con una camara
de alta resolucion Gatan ES1000W (Pleasantown, CA), de 11
megapixeles y montaje lateral elevado. Las imagenes fueron
manejadas en el software de control Digital Micrograph.

Analisis Estadistico
Todos los experimentos se realizaron por duplicado,
y los datos se presentan como promedios + desviacién es-
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tandar. El andlisis estadistico se realizé mediante el software
Minitab v. 16.1 (Minitab Inc., State College, PA). Se hizo un
analisis de varianza de una via (one-way ANOVA), usando la
prueba Tukey de rangos multiples para determinar las dife-
rencias significativas entre los tratamientos con un nivel de
significancia de a= 0.05.

RESULTADOS Y DISCUSION
Analisis cromatografico

A partir de un extracto etandlico de vainilla y median-
te un proceso de rota-evaporacion se obtuvieron 15 L de
concentrado de vainilla, el cual fue utilizado para la elabora-
cién de las emulsiones. Los compuestos quimicos presentes
en el concentrado de vainilla se muestran en la Figura 1. Se
identificaron cuatro componentes principales: el acido p-
hidroxibenzoico, el p-hidroxibenzaldehido, el 4cido vainillico,
y la vainillina con tiempos de retencién de 26.7, 28.7, 29.3
y 30.6 minutos, respectivamente. Estos compuestos ya han
sido previamente identificados y son caracteristicos de V.
planifolia. Ademas, son los responsables de proporcionar el
sabor y aroma caracteristico (Pérez-Silva et al., 2006; Walis-
zewski et al., 2007).

La Tabla 3 muestra las concentraciones de dichos
compuestos, asi como los pardmetros de regresién lineal

obtenidos para las cuatro curvas de calibracion realizadas
previamente. EIl método HPLC utilizado para este estudio
logré una adecuada separacion entre los cuatro compuestos.
La concentracién de compuestos en el extracto etandlico
de V. planifolia oscil6 entre 0.033 y 0.407 g/mL. En general,
la concentracién de vainillina resulté ser la mas alta segui-
da por el 4cido vainillico, el acido p-hidroxibenzoico y el
p-hidroxibenzaldehido (Tabla 3). Estos datos concuerdan
con reportes previos, siendo la concentracién del aldehido
vainillina la que regularmente se encuentra en concentracio-
nes mas altas (Brunschwig et al., 2009; Maruenda et al., 2012;
Ferrara, 2020).

Condiciones de procesamiento

De forma preliminar se elaboré una emulsién de vai-
nilla para determinar las condiciones de presién y nimero de
ciclos, que posteriormente serian evaluadas. La formulacion
constd de 10 % de concentrado de vainilla, 1 % de Tween
20, 0.5 % de lecitina de soya, 0.25 % de goma guar, y 30 %
de glicerol. La influencia del nimero de ciclos y la presion
sobre el tamano de particula, durante el procesamiento para
el desarrollo de emulsiones se muestra en la Figura 2. Para
investigar el efecto de la presién de homogeneizacién sobre
el tamafo de particula, la presién de homogeneizacién se va-
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Figura 1. HPLC de fase reversa del extracto de Vanilla planifolia (1) acido 4cido p-hidroxibenzoico; (2)
p-hidroxibenzaldehido; (3) acido vainillico; (4) vainillina.
Figure 1. Reversed-phase HPLC of a Vanilla planifolia extract (1) p-hydroxybenzoic acid; (2) p-hydroxy-

benzaldehyde; (3) vanillic acid; (4) vanillin.

Tabla 3. Concentracidn de los compuestos aromaticos encontrados en Vanilla planifolia utilizando HPLC.
Table 3. Concentration of the aromatic compounds in Vanilla planifolia using HPLC.

Compuesto Tiempo de retencion Concentracion (g mL™") Regresion lineal
y=mx+b r
Acido p-hidroxibenzoico 26.7 0.045 +£0.01 5710 — 60 0.9999
p-hidroxibenzaldehido 28.7 0.033 £0.04 2710 - 34 0.9983
Ac. Vainillico 293 0.139 +0.01 8% + 6 0.9988
Vainillina 30.6 0.407 £0.01 3710 — 1+ 0.9995

2 Coeficiente de correlacion

Los datos estan expresados como la media y + error estandar.
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Figura 2. Influencia del nimero de ciclos sobre el tamario de particula en la
emulsién de vainilla.

Figure 2. Influence of the number of cycles on the particle size of the
vanilla emulsion.

ri6 de 20 a 60 MPa, y el nimero de ciclos evaluado fue hasta
12. El tamafio de particula disminuyé cuando la presién au-
menta, mostrando comportamientos similares a 20 MPa y 40
MPa. La disminucién del tamano de particula se debe a que
la energia aportada por el proceso de homogeneizacion fue
suficiente para reducir el tamano de las gotas (Hakansson,
2018). Los tamainos medios de particula mas pequerios a las
presiones mas grandes son una consecuencia de las tensio-
nes de cizallamiento mas altas, representando mas energia,
mayor turbulencia, e induciendo una tasa de disrupcién mas
alta (Marie et al., 2002; Kotta et al., 2015; Hidajat et al., 2020).

Las emulsiones de vainilla procesadas a 20 MPa con
5y 9 ciclos mostraron tamanos de particula de 184.2 y 154
nm, respectivamente, siendo estos los valores de tamafo
de particula mas bajos logrados. Sin embargo, se observé
un aumento significativo de tamano de particula a 60 MPa a
partir del ciclo 5, aumentando de 230 hasta 526.7 nm. Tam-
bién, de manera similar se observé un aumento en el tamano
de particula de la emulsién procesada a 40 MPa en el ciclo
12, mostrando un tamano de 263 nm. Estos aumentos en el
tamano de particula a presiones y ciclos mas altos, puede
deberse al fenédmeno denominado sobreprocesamiento o
recoalescencia (Qian y McClements, 2011; Hakansson, 2018).
Esto se ha informado anteriormente en otros estudios: Ali et
al. (2016), obtuvieron tamanos de gotas de hasta 200 nm de
una nanoemulsién estabilizada con B-lactoglobulina (3-1g),
cuando se aplicd una presion de homogeneizacién de 100
MPa, durante 4 ciclos. Sin embargo, la eficiencia de emulsifica-
cién de B-Ig se redujo a presiones de homogeneizacion mas
altas (200 MPa y 300 MPa). Por su parte, Santos et al. (2020),
desarrollaron emulsiones de aceite esencial de mandarina es-
tabilizado por dos surfactantes de grado alimenticio (Tween
80y Span 80), y goma guar, y encontraron que los didametros
de las gotas cambiaron hacia tamafos mas grandes de uno
a dos ciclos, independientemente de la presién de homoge-
neizacién, siendo 25000 psi y un ciclo, los que aportaron la
energia suficiente para obtener nanoemulsiones de 192 nm
y evitar el fenédmeno de sobreprocesamiento.
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Existen diversos motivos relacionados con el sobre-
procesamiento; los principales estan relacionados con la
concentracion y tasa de adsorcién del emulsionante, ya que
el drea de superficie de las gotas aumenta drasticamente
durante la homogeneizacién a elevadas presiones, y la
concentracion del emulsionante deberia ser suficiente para
cubrir toda la interfaz y su tasa de adsorcion mas alta para
evitar la coalescencia, y por lo tanto el aumento en el tamafio
de particula (Jafari et al., 2007).

En este estudio, se encontré que las mejores con-
diciones de procesamiento para la emulsién de vainilla, de
acuerdo con los valores de tamanos de particula mas bajos se
encuentran en el rango de los 20 a 40 MPa, y de 5 a 9 ciclos,
por lo que estas condiciones fueron elegidas para el resto de
los experimentos.

Estabilidad fisica

Para evaluar la estabilidad de las nanoemulsiones
con y sin azucar se determiné el indice de estabilidad. Las
emulsiones fueron preparadas de acuerdo a la formulacion
y procesamiento que se encuentra descrito en la Tabla 2.
Cada punto en la Figura 3 representa una cinética de 7 dias
para cada emulsién. Los resultados muestran diferencia
significativa entre las emulsiones evaluadas. Se observé una
mayor influencia sobre la estabilidad, por el nimero de ciclos
probados y la concentracién de glicerol. La estabilidad se vio
afectada con la disminucién de la concentracién de glicerol
y el aumento de ciclos en el procesamiento. La emulsion 11
fue la menos estable, mientras que las que mostraron mayor
estabilidad fueron las emulsiones 1y 8. Sin embargo, la emul-
sion 1 se descart6 para la siguiente evaluacién, debido a que
exhibié floculacion.

El efecto de la formulacién y procesamiento en la es-
tabilidad de las emulsiones sin azucar se observa en la Figura
4. En las emulsiones sin azucar, la concentracién de glicerol
ejercié un papel importante en la estabilidad. La emulsién
menos estable fue la 19y las de mayor estabilidad, las 14, 20
y 21. Las emulsiones mas estables fueron las formuladas con
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Figura3.TSI , alos 7 dias de almacenamiento, en funcion de las
diferentes formulaciones de vainilla con azucar. Letras diferentes indican
diferencias significativas entre las emulsiones a P<0.05

Figure 3.TSI at7 days of storage as a function of the different emulsion
formulations of vanilla with sugar. Different letters indicate significant
difference between emulsions at P<0.05
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Figura 4. TSI a los 7 dias de almacenamiento, en funcién de las diferen-

global
tes formulaciones de vainilla sin azucar. Letras diferentes indican diferencias

significativas entre las emulsiones a P<0.05

Figure 4. TS0 @t 7 days of storage as a function of the different emulsion
formulations of vanilla without sugar. Different letters indicate significant
difference between emulsions at P<0.05

mayor concentracién de glicerol (7 y 10 %); esto puede deber-
se a que al aumentar la concentracién de glicerol se produce
un cambio en la viscosidad, retardando la difusion de las
moléculas del soluto a través de la solucion, que promueve
la estabilidad; es decir se favorece la formacién de sistemas
mono-dispersos (McClements, 2004; Chanasattru, 2009).
Qian y McClements (2011), modificaron la concentraciéon de
glicerol de la fase continua, encontrando una reduccién de
tamano al incrementar la concentracién de glicerol obte-
niendo tamanos de hasta 80 nm. Hamed y Abo-Elwafa (2020),
reportaron que la viscosidad de la fase continua aumento al
incrementar la concentracion de glicerol; sin embargo, este
no afecté significativamente las caracteristicas de la nanoe-
mulsién producida. Tales variaciones en los resultados fueron
atribuidas a las diferencias en el tipo de emulsionantes o en
el equipo de homogeneizacién utilizado.

Estabilidad de almacenamiento

Para investigar el efecto de la temperatura sobre
la estabilidad de la emulsién, las emulsiones 8, 12, 14y 23
fueron elegidas como las mejores, y fueron almacenadas
a 15, 25 y 35 °C, durante 42 dias. Los cambios en el indice
de estabilidad de las nanoemulsiones de vainilla durante el
almacenamiento se muestran en la Figura 5, donde el valor
de TSI alto corresponde al sistema mas inestable. El indice de
estabilidad aumenté durante los 42 dias a las tres temperatu-
ras de almacenamiento. Las emulsiones fueron mas estables
atemperaturas mas bajas. Es sabido que la tensién superficial
de la mayoria de los liquidos disminuye al aumentar tempe-
ratura (Chen y Tao, 2005; Li y Lu, 2016). En sistemas que no
estan en equilibrio, las emulsiones tienden a reducir sus areas
interfaciales y la energia libre a través de varios procesos de
descomposicién, como cremado, sedimentacion, floculacién,
maduracién de Ostwald y coalescencia (Chantrapornchai et
al., 2001; Karthika et al., 2017).

En el presente estudio, la emulsiéon 8, almacenada a
15 °Cy 25 °C fue mas estable durante los 42 dias, mientras
que a 35 °C, en el dia 21 hubo un incremento de tamaiio de
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Figura 5. Efecto de la temperatura sobre la TSlgIobalde las emulsiones con 'y
sin azucar, durante un almacenamiento de 42 dias. Letras diferentes en el
grafico indican diferencia significativa entre temperaturas a P<0.05.

Figure 5. Effect of temperature on the L. of the emulsions with and

without sugar, during a storage of 42 days. Different letters in the graphs
indicate significant difference between temperatures at P<0.05.

particula (datos no mostrados). En la emulsién 14, ocurrio el
mismo efecto de inestabilidad que en la emulsién con azicar
a 35 °C, ocurriendo este a los 28 dias de almacenamiento; las
emulsiones a 15y 25 °C no manifestaron algun fenémeno de
inestabilidad durante el tiempo de almacenamiento.

Microscopia

El estudio morfolégico de las emulsiones mas estables
(8y 14) se realizé mediante microscopia electrénica de trans-
misién (TEM). Los resultados de TEM permitieron demostrar
la formacién de las nanoemulsiones y validar los didmetros
medios de gota alcanzados. En la emulsién 8 (Figura 6A), se
observan estructuras casi esféricas con tamafos de particula
que van de 0.14 um a 0.86 um, mientras que para la emulsion
14 (Figura 6B), se observan tamanos de gota de 0.14 um a
0.77 pm. Estos resultados muestran similitud con los tama-
Aos que fueron alcanzados por la homogeneizacion de altas
presiones y medidos por dispersién de luz dindmica (Figura
2). Dichos valores se encuentran en el rango de 20 a 500 nm,
caracteristico de las nanoemulsiones (Ho et al., 2021). En
ambas emulsiones se observaron floculos credndose aglo-
merados; esto indica que probablemente la emulsién tienda
a desarrollar sedimentacién inversa al pasar los dias.

. .

Figura 6. Imdgenes de las emulsiones de vainilla obtenidas por un Micros-
copio electrénico de trasmision. (A) Emulsion 8; (B) Emulsién 14.

Figure 6. Transmission electron microscopy photographs of vanilla emul-
sions. (A) Emulsion 8; (B) Emulsion 14.
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CONCLUSION

El presente estudio confirmé que la estabilidad de
la emulsién de vainilla se vio influenciada por la presién de
homogeneizacién y el nimero de ciclos, asi como la formu-
lacion de la misma. Se observé que el proceso en un rango
de presion entre 20 y 40 MPa, es adecuado para evitar el
sobreprocesamiento. El incremento en la concentracion de
glicerol también permitié disminuir el tamafo de particula
y aumentar la viscosidad, contribuyendo con ello en la es-
tabilidad en ambas emulsiones. Una de las observaciones
mas importantes que se destaca es la estabilidad que le
proporcionan el azucar y el glicerol a las emulsiones, permi-
tiendo extender su tiempo de almacenamiento hasta 42 dias
con temperaturas menores a 25 °C. Estos hallazgos podrian
facilitar su aplicacion en diferentes matrices alimentarias,
utilizando las nanoemulsiones como una estrategia para
preparar ingredientes bioactivos mas estables y dispersables
en diferentes medios.
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ABSTRACT

The increase in shrimp aquaculture production relates
to the development of increasingly efficient formulated feeds
and feed management strategies. Protein, considered the
most important ingredient in feeds, represent the highest
economic and environmental cost. Therefore, determining
the appropriate amount of protein is essential to maintain
a balance between performance, cost, and environment
in aquaculture systems. The objective of this study was
to determine the mathematical functions of Daily Protein
Intake (DPI), to evaluate feeds with different Carbohydrate/
Crude protein (CBH:CP) ratio and low inclusion of fishmeal
for L. vannamei juveniles culture. The adjusted mathematical
function that best represented aquaculture feeding practices
was DPI=44.7(BW)°7'4, In the first experiment, four variants
of DPI (80, 100, 120 and 140 %) at a constant CBH:CP ratio
was carried out, finding the best performance at 120 %. In
the second experiment, diets with five levels of CBH:CP (g
CBH: g crude protein; 2.1, 1.5, 1.1, 0.8 and 0.6) with constant
Lip:CP were evaluated using the same DPI function. The
CBH:CP levels variation had a significant effect on growth
parameters, feed conversion rate, nitrogen retention and
protein, determining that feed with 2.1 CBH:CP ratio presents
the best results when using DPI=53.64(BW)%7'4,
Keywords: Daily protein intake, nitrogen retention, L. vanna-
mei performance, carbohydrates:protein rates.

RESUMEN

El aumento de la producciéon acuicola de camarén se
ha logrado gracias al desarrollo de alimentos balanceados
y estrategias de alimentacidn mas eficientes. La proteina es
considerada el insumo mas importante para el desarrollo
de los organismos, y representa el mayor costo econémico
y ambiental. El objetivo de este estudio fue determinar las
funciones matematicas de ingesta diaria de proteina (IDP),
con objeto de utilizarlas para evaluar dietas con diferentes
proporciones de carbohidratos/proteina cruda (CHO:CP)
y baja inclusiéon de harina de pescado en juveniles de L.
vannamei. El modelo matematico que representé de mejor
manera las practicas de alimentacién acuicolas evaluadas
fue IDP=44.7(PC)°7'4, En el primer experimento se utilizaron
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cuatro niveles de variacién de IDP (80, 100, 120 y 140 %) a
una proporcion CHO:CP constante, encontrando el mejor
rendimiento con IDP 120 %. En el segundo experimento;
se evaluaron dietas con cinco niveles de CHO:CP (g CHO:g
proteina cruda; 2.1, 1.5, 1.1, 0.8 y 0.6) usando la mejor funcion
de IDP. La variacién de los niveles de CHO:CP tuvieron un
efecto significativo en crecimiento, el factor de conversién
alimenticia, retencién de nitrégeno y eficiencia proteica, de-
terminando que la dieta con CHO:CP de 2.1 present6é mejores
resultados con IDP=53.64(PC)*°7'4,

Palabras clave: Ingesta diaria de proteina, retencién de
nitrégeno, desempeno de L. vannamei, proporcién carbohi-
drato: proteina.

INTRODUCTION

Shrimp aquaculture production has shown an accele-
rated increase in the last two decades, reaching 4.966 million
tons in 2018 for L. vannamei, corresponding to 54 % of crusta-
cean aquaculture (FAO, 2020). These production levels have
been possible thanks to the culture intensification, where the
use of formulated feeds and feed management has been a
fundamental strategy (Wasielesky et al., 2006). Shrimp feed
quality include protein, fatty acids, carbohydrates, vitamins,
minerals, and additives (Wang et al., 2015). Protein is one of
the most important nutrients required for growth (Hu et al.,
2008) and accounts the major economic and environmental
cost in diets formulation, favoring the increase of nitrogen
residuals to the environment (Tacon and Akiyama, 1997; Lee
and Lee, 2018; Gil-Nufez et al., 2020). The proper use of pro-
tein favors rapid growth (Guroy et al., 2012) and water quality
in aquaculture systems (Limsuwan and Junratchakoo, 2004).
A minimum dietary protein level is required to supply amino
acids for normal maintenance of metabolism (Lee and Lee,
2018). Several studies have evaluated the adequate protein
requirements in terms of protein levels in feeds, finding the
best yields feeding with 36 % (Yaemssoksawat et al., 2008)
and 40 % (Liu et al., 2005). Kureshy and Davis (2002) deter-
mined the daily protein intake (g DP kg' BW d7) for main-
tenance and maximum growth for L. vannamei juveniles at
different body weights (g) and protein retentions. In addition
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to protein, the development of aquaculture systems requires
a precise evaluation for the rest of the energy substrates.

The protein in the diet can be reduced if the energy
required comes from another source such as carbohydrates
or lipids, which can reduce the emission of residual nutrients
and feed costs (Zainuddin et al., 2014). Shrimp require lipids
in their diet to perform a series of metabolic functions, where
the recommended lipid levels in the diet range between
6 and 10 %, with negative effects on growth with values
greater than 10 % (Gonzalez-Félix et al., 2002; Xu et al., 2017;
Jannalhulla et al., 2019). Zhang et al. (2013) determined that
the effect of lipids could vary depending on the protein,
reporting highest growth rates at high inclusion percentages
in diets with 34 % protein. Despite the low digestibility of
carbohydrates by the shrimp (Shiau, 1997), carbohydrates
are often used in formulated feeds as an energy source
through the protein-sparing mechanism (Wang et al., 2015),
where feeding with frequency of four times per day, diets
carbohydrate-rich presents a good performance (Zainuddin
etal.,, 2014).

The importance of protein amount provided is clear in
aquaculture, also related to other different nutrients in the fe-
eding of shrimp. On the other hand, there is a lack of studies
related to the growth of L. vannamei with fixed amounts of
protein anchored to different ratios of other nutrients. Thus,
the aim of this study was to determine the daily protein in-
take (DPI) mathematical functions related to body weight, in
order to use in experiments to evaluate carbohidrate:crude
protein ratios in feeds with low inclusion of fishmeal that
present the best performance in terms of growth, protein
efficiency and nitrogen retention. The use of mathematical
functions for the supply of protein will favor the use of the
appropriate amount of this, reducing economic and environ-
mental costs while maintaining good performance, allowing
evaluate feed formulas and variation of other energetic subs-
trates such as carbohydrates.

MATERIAL AND METHODS
Shrimp feeding tables

Different shrimp feeding tables reported for L. van-
namei aquaculture in several countries or recommended by
relevant feed companies were reviewed. Feeding tables used
in this study were based on biomass percentages (%Biomass)
for different shrimp Body Weights (g).

DPI mathematical model

Daily protein intake (g protein/kg biomass/day)
mathematical function related to L. vannamei Body Weight
(BW) in grams, was adjusted in this study from experimental
data reported by Kureshy and Davis (2002), using selected
DPI data for different BWs where Protein Retention (%) was
similar (37.2 % in average).

Data from different feeding tables reviewed in this
study were transformed to Daily Protein Intake DPI (g protein
/Kg Biomass/day) related to individual BW and were analyzed
to determine the best fit for mathematical functions between

both variables, using the same mathematical model mentio-
ned previously. The best fit for DPI mathematical function for
all the data reported for L. vannamei in an explicit or implicit
manner (through feeding tables) was DPI=a(BW)?, where DPI
is expressed in g protein/Kg biomass/day and BW in grams.

The mathematical function adjusted from data repor-
ted by Kureshy and Davis (1992) was considered as 100 %
DPI, and four functions were developed as a variation in 20 %
between them (80, 100, 120 and 140 %) to cover the explicit
or implicit DPI data reviewed for L. vannamei aquaculture
at different body weights. These mathematical functions
were evaluated experimentally at different levels of DPI and
same BW respect to growth, protein efficiency and nitrogen
retention using feeds with fixed carbohydrate: crude protein
(CBH:CP) and lipid:crude protein (Lip:CP) ratio.

First trial: DPI mathematical functions related to 80, 100,
120, 140 % DPI levels

The experiment was carried out in the experimental
nutrition laboratory at the Centro de Investigaciones Biol6-
gicas del Noroeste S.C. (La Paz, Baja California Sur, México). L.
vannamei juveniles (1 = 0.5 g) from Aquacultura Mahr local
company, kept under laboratory conditions for one week,
were randomly distributed in three experimental units (60
L fish tanks) (n=12) for each DPI level. Shrimp were reared
under controlled conditions of salinity 37 +0.5 psu (practical
salinity units), dissolved oxygen (6 + 1.0 mg 0, L"), tempera-
ture (28 £1 °C) and photoperiod (12:12h light:dark).

Shrimp were fed with a commercial diet (40 % protein
and fixed CBH:CP ratio) in four daily rations (9:00, 12:00, 15:00
and 18:00 h) to decrease the amount of feed not eaten accor-
ding to four DPI levels (80, 100, 120 and 140 %) for 35 days.
The DPI levels were adjusted weekly according to the shrimp
body weight and biomass. The shrimp tanks were siphoned
every day to remove uneaten food, with a weekly water
exchange (80 %), to remove organic carbon, nitrogen and
phosphorous residuals accumulated during the week. Also,
the experimentally selected DPI mathematical function was
used to evaluate five experimental low fishmeal feeds with
different CBH:CP ratios using the same Lipid:Crude protein
level and DPI mathematical function.

Formulated diets

For the second experiment, five diets were formulated
with Nutrion® software, using a low inclusion of fish meal (6.5
%; table 1), yeast and soybean meal as protein, sardine oil for
lipids and wheat flour as carbohydrate source, to obtain five
CBH:CP (2.1, 1.5, 1.1, 0.8 and 0.6) ratios with the same Lip:CP
ratio (table 1). The ingredients were ground in an ultrafine
sprayer set at 250 um and mixed with water and a fermen-
ted mix of marine yeasts and lactobacilli selection. Once
extruded and dried, the diets were subjected to two steps
of organic acid and fish oil baths. Table 2 shows the proximal
composition of the diets.
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Table 1. Diets composition formulated with five different carbohydrate:pro-
tein (crude protein) (CBH:CP) ratios with same lipid:protein (Lip:CP) ratio for
L. vannamei. Ingredients are expressed in dry weight (%).

Tabla 1. Composicion de dietas formuladas con cinco proporciones
diferentes carbohidrato:proteina (proteina cruda) (CHO:CP) con la misma
proporcién lipido:proteina (Lip:CP) para L. vannamei. Los ingredientes se
expresan en base seca.

Diet 1 2 3 4 5
CBH:CP 2.1 1.5 1.1 0.8 0.6
Lip:CP 0.2 0.2 0.2 0.2 0.2
Wheat meal 51.4 374 23.6 16.6 8.4
spC! 0 0 10 324 49.1
Soybean meal 219 36 36.8 204 11.5
Fishmeal 6.5 6.5 6.5 6.5 6.5
Fish oil 0.7 1 1.5 1.8 2.2
Yeast 2 4 4 4.5 4.5 4.5
PM vit® 2.6 26 26 2.6 26
PM min* 6.3 6.1 5.8 5.9 5.7
Soybean lecithin 24 3.1 338 4.4 5
Aminoacids mix* 0.4 0.14 0.3 0.3 0.5
Alginic acid 2 2 2 2 2
Probiotic Mix® 1 1 1 1 1
Cellulose 0.8 0.16 1.6 1.6 1

100 100 100 100 100

1.- Soybean protein concentrate, 2.- Saccharomyces cerevisiae, 3.- Choline,
DL-alpha-tocopherol, retinol, butilated hydroxytoluene, astaxanthin, as-
corbic acid, biotin, inositol, folic acid, cholecalciferol, menadione, thiamine,
riboflavin, niacin, pantothenic acid, pyridoxine, cobalamin, carnitine. 4.-
NaH,PO,, CaCO,, KH,PO,, MgSO,-7H,0, ZnSO,-7H,0, CuSO,-7H,0, CoCl,,
Na2SeO,, KI. 5.- Methionine, arginine, tryptophane. 6.- Formic, propionic,
acetic and citric acid.

Second trial: Different levels of CBH:CP ratio using same
DPI model

L. vannamei juveniles (2.5 + 0.5 g) were randomly
distributed in 15 experimental tanks with 60 L (12 organisms
per aquarium) by triplicate. The feeding was based on the DPI
mathematical function selected in the first trial. The shrimp
tanks were daily siphoned to remove uneaten feed, with a
weakly water exchange (40 %) and environmental conditions
like the experiment mentioned above.

Statistical analysis

The following zootechnical parameters were obtained
in both experiments: Weight gain (%) (WG) = ((final weight
(g) - initial weight (g))*100)/ initial weight (g); Specific growth
rate (%) (SGR) = 100 * (In final weight (g) - In initial weight
(g))/days of experiment; Survival rate (%) = ((shrimp initial
number - dead shrimp number)/shrimp initial number) x
100; Feed conversion ratio (FCR) = feed intake (dry matter)
(g)/weight gain (g); Protein efficiency ratio (PER) = wet weight
gain (g) / dry protein intake (g).

Homoscedasticity of variances and normality of data
were verified by Bartlett and Shapiro Wilk’s test. The effect of
DPI in the first experiment and dietary CBH:CP in the second
one on zootechnical parameters was analyzed separately
using one way ANOVA. Differences were considered signifi-
cant at p<0.05 and were indicated to the end of the tables.
Differences between means for each group (individual
means) were determined using a post hoc Tukey’s HSD test.

RESULTS
Feeding tables review

In all the shrimp feeding tables reviewed the daily
ration based on biomass (%) diminish as the Body Weight
increase. A greater variability in DPI was found in the feeding
ratio based on Biomass percentage for shrimps with BW lower
than 5 grams in all analyzed cases; from BW 5 to 12 grams
most cases show similar DPI levels. Feeding tables reported
for México by Quintero and Roy (2010) and for Honduras by
Teichert-Coddington and Rodriguez (1995) show greater
feeding ratios from 2 to 18 grams compared to other feeding
tables (figure 1).

Table 2. Proximate chemical analysis for formulated diets with five different carbohydrate:protein (crude pro-
tein) (CBH:CP) and same lipid:protein (Lip:CP) ratio for L. vannamei.

Tabla 2. Andlisis quimico proximal de dietas formuladas con cinco proporciones diferentes de
carbohidrato:proteina (proteina cruda) (CHO:CP) con la misma proporcién lipido:proteina (Lip:CP) para L. vanna-

mei.
Diet CBH:CP  Lip:CP Moisture Crude protein Crude lipids Crude Ash NFE Energy
(9/9) (9/9) (%) (%) (%) fiber (%) (%) (%) (cal/g)

0 1.07 0.2 6.4+0.1 40.4+0.2 8.1+0.1 1.0+£0.1 7.2£0.04 43.3 4809.6%3.1

1 2.1 0.2 8.8+0.10 26.5+0.24 5.1£0.03 0.4£0.10 10.0£0.01 57.9 4091%0.61

2 1.5 0.2 11.5+0.1 32.7£0.1 6.3+0.1 0.6+0.00 10.8+0.1 49.6 4276.8+3.9

3 1.1 0.2 9.1£0.1 37.9+0.1 7.5%0.1 1.0£0.1 10.6£0.1 429 4398.1+6.1

4 0.8 0.2 11.2+0.1 42.2+0.1 8.5+0.03 1.8+0.0 10.34+0.1 37.1 4488.0+4.8

5 0.6 0.2 9.7+0.1 46.1%0.1 9.1+0.1 0.7+£0.1 10.2+0.01 33.8 4608.1+1.2

Diet 0: Commercial Feed for First trial, diets 1-5: Experimental formulated feeds for second trial.
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Figure 1. Feeding rates as % Biomass related to shrimp L. vannamei body
weight (g) for different cases reported by Clifford (1992) and Teichert
Coddington and Rodriguez (1995) for Honduras, Davis et al. (2006) para
Nicovita, Quintero and Roy (2010) for Ecuador, Colombia and México,

Purina 2021 https://www.nutrimentospurina.com/archivos_aplicaciones/
files_fkceditor/file/Acuacultura/Guia_Alimentacion.pdf

Figura 1. Tasas de alimentacion en porcentaje de biomasa en funcion del
peso corporal (g) del camaroén L. vannamei para diferentes casos analizados
que incluyen datos reportados por; Clifford (1992) y Teichert Coddington
and Rodriguez (1995) para Honduras, Davis et al (2006) para Nicovita,
Quintero y Roy (2010) para Ecuador, Colombia y México, Purina 2021
https://www.nutrimentospurina.com/archivos_aplicaciones/files_fkceditor/
file/Acuacultura/Guia_Alimentacion.pdf

DPI mathematical functions related to body weight (BW)

The DPI mathematical function developed in this
study from experimental data reported by Kureshy and Davis
(2002) with similar protein efficiency levels, was DPI = 44.7
BW°714 (Figure 2).
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Figure 2. Daily protein intake (g prot/kg biomass/day) mathematical
function (DPI=44.7(BW)*°7') related to L. vannamei Body weight (BW) in
grams, obtained in this study from experimental data reported by Kureshy
and Davis (2002), using selected DPI data for different shrimp sizes only
where protein retention (%) was similar (37.2 % in average).

Figura 2. Funcién matemética de la Ingesta Diaria de Proteina (g prot/ kg
biomasa /dia), IDP=44.7PC-0.714, en funcion del peso corporal (PC) en gra-
mos, obtenida en este estudio a partir de datos experimentales reportados
por Kureshy and Davis (2002), utilizando datos de IDP seleccionados para
diferentes pesos corporales donde la retencién de proteina (%) fue similar
(37.2 % en promedio).

Figure 3 show the DPI mathematical functions adjus-
ted from transformed data obtained from the different fee-
ding tables, compared with the DPI mathematical function
reported in figure 2.

DPI mathematical functions: DPI = 65.58 BW-%7'4 DPI
= 53.64 BW?7'% DPI = 44.7 BW7'* and DPI = 37.76 BW°7"4,
corresponding to 80, 100, 120 and 140 % DPI respectively,
were DPI = 44.7 BW27 for L. vannamei is considered 100 %,
are presented in figure 4 and compared to the transformed
DPI data obtained from feeding tables reviewed in this study.

70 DPI =43.174 BW28¢
R2=0.999
Clifford 1992

DPI =59.008 BW2577
R?=0.9817
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= Clifford 1992
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Kureshy & Davis 2002

SFR Feed Company

Daily Protein Intake DPI (g prot tot/kg biomass/day)
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Body weight BW (g)

Figure 3. Daily protein intake (g prot/kg biomass/day) mathematical
functions related to L. vannamei Body weight (g) adjusted from transfor-
med data contained in different feeding tables based on %Biomass related
to Body Weight (Clifford 1992, Davis et al., 2006 and Quintero and Roy 2010,
for Ecuador, Colombia and México), compared with DPI=44.7(BW)?°74,
Figure 3. Funciones matematicas de la ingesta diaria de proteina (g prot/
kg biomasa/dia) en funciéon del peso corporal (g) de L. vannamei ajusta-
das a partir de datos transformados provenientes de diferentes tablas de
alimentacion de %Biomasa en relacién con el Peso Corporal (Clifford 1992,
Davis et al 2006 y Quintero and Roy 2010 para Ecuador, Colombia y México)
comparadas con DPI=44.7BW°74,

First trial: Daily protein intake (DPI)

Significant differences were found in weight gain with
different DPI functions (Table 3), with organisms fed 80 and
100 % DPI showing significantly less growth than those fed
120 and 140 %. At the end of the experiment, no significant
differences were found between 120 and 140 %. We found
significant differences in specific growth rate, average weekly
growth, feed conversion rate, protein efficiency and nitrogen
retention (Table 4). The organisms fed with 80 and 140 %
DPI rates showed the lowest and highest values respectively
in all cases. Three homogeneous groups were found in the
Table 3. L. vannamei Weight gain (g) under laboratory conditions fed with
80, 100, 120 and 140 % (crude protein) Daily Protein Intake (DPI).

Tabla 3. Ganancia en peso (g) de L. vannamei bajo condiciones de laborato-

rio alimentados con 80, 100, 120 y 140 % (proteina cruda) de ingesta diaria
de proteina (IDP).

Time Daily Protein Intake (%)

(Week) 80 100 120 140
1 0.62+0.11a 0.62+0.01a 0.71+0.04a 0.79+0.17a
2 1.24+0.07a 1.31+0.06ab 1.53£0.07b 1.73+0.18c
3 3.03+0.10a  3.08+0.06ab 3.39+0.15b 3.79+0.21¢
4 3.77+0.19a 4.02+0.08a 4.58+0.21b 5.00+0.30b
5 3.84+0.16a 4.3+0.18a 5.01+0.28b 5.60+0.37b
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Table 4. Performance of L. vannamei under laboratory conditions fed with
80, 100, 120 and 140 % (crude protein) Daily Protein Intake (DPI).

Tabla 4. Desempeiio de L. vannamei en condiciones de laboratorio ali-
mentados con 80, 100, 120 y 140 % (proteina cruda) de Ingesta Diaria de
Proteina (IDP).

Daily Protein Intake (%DPI)

80 100 120 140

WG (%) 481.14+13.98a 526.34+6.87ab 602.55+34.10bc  636.81+61c

SGR (%)  3.14+0.06ab 3.32+0.03ab 3.59+0.11bc 3.7+0.20c
AWG (g) 0.76%0.03a 0.85+0.36a 1.00+0.5b 1.12+0.07b
S (%) 95.83+4.81a 88.8+4.81a 97.2+4.81a 94.4+4.81a
FCR 1.12+0.02a 1.26+0.03ab 1.32+0.07b 1.41£0.09b
PER 2.37+0.12a 2.09+0.1b 2.01£0.05b 1.89+0.05b
NR 40.45+0.90a 35.76+0.03b 34.38+£1.92b  32.26+2.09b

WG=Weight gain, SGR=Specific growth rate, AWG=Average weekly growth,
S=Survival rate, FCR=Feeding conversion ratio, PER=Protein efficiency ratio.
C:N ratio of diet=7.98.

specific growth rate, showing significantly differences at 140
%. A higher feed conversion rate was found in treatments
with 120 and 140 %. The protein efficiency ratio and nitrogen
retention showed two homogeneous groups, where (120
%) DPI= 53.64 BW°7'* was better in growth, PER and NR. No
differences were found in survival rate due to DPI at any level.

Second trial: Bioassay with five CBH:CP ratios using same
DPI level and Lip:CP ratio

We found a significant effect by CBH:CP ratio on weight
gain, specific growth rate, feed conversion rate, protein effi-
ciency ratio and nitrogen retention (Table 5). No significant
differences were found in the survival rate. Significant diffe-
rences were observed between treatments with 2.1 and 1.5
compared to the rest CBH:CP ratios. The specific growth rate
also presented significant differences between treatments,
with higher values in 2.1 and 1.5 CBH:CP. The feed conversion
rate and protein efficiency ratio showed the highest values
at the highest levels of CBH:CP (2.1 and 1.5). The weekly
average growth showed an effect by Carbohydrate:Crude
protein rate, with higher values in 2.1, 1.5 and 1.1 CBH:CP.
Nitrogen retention was statistically higher in 2.1 and lower

in 0.6 CBH:CP respectively. Survival rate was not affected by
CBH:CP ratios.

DISCUSSION

The review of the feeding tables shows great variabi-
lity in %Biomass for Shrimp BW lower than 5 grams (Figure
1), mainly due to the variability in the protein content (level
or percentage) in feeds recommended for small shrimps. In
this sense, feeding tables not necessarily represent the real
amount of protein provided to the aquaculture system, since
they are not related with the protein content in feeds. When
different protein levels in feeds are tested (25-45 % CP), the
use of feeding tables as a protocol to feed the shrimps, with
same feeding ratio based on % Biomass and BW, implicitly
provide different amounts of protein according to the feed
protein level (%), generating differences not necessarily due
to the protein level, but the real amount of protein provi-
ded for shrimps. Kureshy and Davis (2002), using the same
approach, tested different amounts of protein (g protein/
kg shrimp biomass/day) as DPI for different shrimp BW and
found a growth rate increase related to DPI increase, but also
found an increase in Protein Efficiency (PE) from lower to me-
dium DPI, but a decrease in PE at greater amount of DPI. The-
refore, the maximum growth at high DPI have consequences
in lowering PE and Nitrogen retention (NR), with side effects
on nitrogen residuals in the aquaculture environment.

For this reason, in this study, we select the DPI data
provided by Kureshy and Davis (2002), for different BWs with
the better Protein retention (37.2 % in average) to adjust the
mathematical model DPI=44.7(BW)*°7'* (Figure 2). Using this
mathematical model, we adjust the transformed data provi-
ded by the feeding tables from different sources and found
not only high correlation (>0.9501), but surprisingly a similar
trend between the adjusted DPI model obtained in this study
from data reported by Kureshy and Davis (2002), compared
to the DPI adjusted from Clifford (1992) data, recommen-
ded by relevant shrimp feed companies like Nicovita and
Purina (Figure 3). The four different variants in DPI mathe-
matical functions (DPI=37.76(BW)°7'%, DPI=44.7(BW)°74,
DPI=53.64(BW)?7%, and DPI=65.58(BW)°7'%), respectively
corresponding to 80, 100, 120 and 140 % DPI=44.7(BW)°7'4

Table 5. Performance of L. vannamei cultured in laboratory with five experimental diets with different CBH:CP ratios and same Lip:CP ratio (crude

protein).

Tabla 5. Desempefio de L. vannamei cultivado en laboratorio con cinco dietas experimentales con cinco proporciones diferentes CHO:CP y una

proporcién Lip:CP (proteina cruda)

CBH:P  Lip/P CN WG SGR AWG S FCR PER NR
(g/9) (g/9) (%) (%.day") (9) (%)

2.1 0.2 12.15 3233+#157a 23+0.10a  1.27+0.12a 86.5+5.8a  2.25+0.08a 1.84+0.07 a 30.65+1.93a
1.5 0.2 9.87  297.4+7.6ab  22+0.10ab  1.14+0.06ab 944+28a  2.16+0.04ab  1.60+0.03 b 25.87+0.78 b
1.1 0.2 851  267.0+15b  20+0.10b  1.14+0.19b 89.5+6.7a  2.07+0.0lab  1.40+0.001bc 23.33+0.13bc
0.8 0.2 7.64  269.0£97b  20£0.10b  1.22+0.12ab 923+7.7a  1.95+0.08b 1.37£0.06 22.28+1.67 ¢
0.6 0.2 7.00 2853#52ab  2.1+0.03ab  1.04+0.05b 89.3+23a  1.66+0.02¢ 1.45+0.02bc 23.91+0.58bc

WG=Weight gain, SGR=Specific growth rate, AWG=Average weekly growth, S=Survival rate, FCR=Feeding conversion ratio, PER=Protein efficiency

ratio. C:N ratio of diet=7.98
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for L. vannamei, cover and represent the different DPI data
calculated from the feeding tables reviewed in this study
(Clifford, 1992; Kureshy and Davis, 2002; Davis et al., 2006;
Quintero and Roy, 2010). For this reason were used to se-
lect the DPI mathematical model to evaluate the different
Carbohydrate:Crude Protein ratios with same DPIl and shrimp
BW (Figure 4).
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Figure 4. Daily Protein Intake (g prot/kg biomass/day) mathematical
functions: DPI=37.76(BW)-0.714, DPI=44.7(BW)-0.714, DPI=53.64(BW)-0.714
and DPI=65.58(BW)-0.714, respectively corresponding to 80, 100, 120 and
140 % DP1=44.7(BW)-0.714 for L. vannamei, where BW is Body weight (g),
compared with DPI data calculated from different feeding tables (%Bio-
mass related to Body Weight).

Figura 4. Funciones matematicas de Ingesta Diaria de Proteina (g

prot/kg biomasa/dia): IDP=37.76(PC)-0.714, IDP=44.7(PC)-0.714,
IDP=53.64(PC)-0.714 e IDP=65.58(PC)-0.714, corresponden respectivamen-
te a 80, 100, 120 y 140 % IDP=44.7(PC)-0.714 para L. vannamei Donde PC
es el peso corporal (g), comparadas con datos de IDP calculados a partir de
datos provenientes de diferentes tablas de alimentacion (%Biomasa con
relacién al Peso Corporal).

We observed that variations in DPI levels using the
same protein and CBH:CP ratios have a direct effect on
growth, PER and NR, showing a linear increase in all growth
parameters with DPI. In survival, this trend was not obser-
ved. A variation of the optimal protein requirements of L.
vannamei from 20 to 45 % has been reported (Kureshy and
Davis, 2002, Hu et al., 2008; Yaemssoksawat et al., 2008; Sui
et al., 2015, Lee and Lee, 2018), where these variations are
influenced by the stocking density and aquaculture system
(Brito et al., 2001). Xia et al. (2010) reported that adequate
protein values in diet under high-density conditions, in the
absence of natural productivity, must be at least 43 %, results
in a linear growth as protein increases with a slight decrease
at higher percentages. Similarly, Jang et al. (2014) found a
greater weight gain and specific growth rate feeding with 40
and 45 % protein, not having significant differences between
them, and suggesting that values higher than 40 % are not
necessary.

In the experiments with variants of the DPI mathema-
tical model, we find an increase in growth parameters and
feed conversion rates, but a decrease in protein efficiency and
nitrogen retention with the increase in DPI level. Although
no significant differences were found between the highest
DPI (120 % and 140 %), in terms of growth parameters and
nitrogen retention, these results suggest that the change in
the feed protein levels must be adjusted by DPI mathema-
tical functions to compare feeds with different formulas or

CBH:CP ratios. In this study, a decrease in protein efficiency
and nitrogen retention was found with the increase in DPI at
similar levels of protein content and CBH:CP ratio, suggesting
that the rest of the energy substrates in the diet provided
favor the adequate use of this.

Regarding DPI, the levels used agree with the daily
protein level required by L. vannamei determined by Kureshy
and Davies (2002), Clifford (1992) and Tacon (2002), as well
as the recommendations by relevant shrimp feed companies
such as Nicovita (Clifford, 1992) and Purina (2021). In addi-
tion, the flexibility in the mathematical model may favor their
adjustment to obtain better performance of the different
aquaculture systems in economic and environmental terms,
also testing different genetic linages and proportionality
between different ingredients and protein.

Modern aquaculture requires maximum growth with
a reduction in protein intake and nitrogen residuals. The
protein in the diet can be reduced if the energy required
comes from another source such as carbohydrates, which
can reduce the emission of residual nutrients and feed costs
(Zainuddin et al., 2014). The results obtained in this study
shows that increasing the proportion of carbohydrates/
protein in feeds, with the same DPI mathematical model that
meets the requirements of the organisms, will significantly
favor the performance of the system without cost in survival.
Carbohydrates can provide important energy content and
can be used by shrimp for the synthesis of chitin, however,
their ability to use them is limited, due to their low capacity
to digest and regulate plasma glucose concentrations (Guo
etal.,, 2006).

It has been observed that the best performance is at
levels around 40 %. Zainuddin et al. (2014) determined the
best growth for L. vannamei with 38 % carbohydrates compa-
red to lower levels, suggesting that high carbohydrates levels
can be used if it is fed with a high frequency in small amou-
nts, which favors the use of carbohydrates and increases fat
reserves with a more efficient lipogenesis process. Pascual
et al. (2004) found better immunological performance with
high carbohydrates levels, determining that these can favor
the functioning of the organisms feeding appropriately. In
this sense, we observed that by supplying the same DPI and
Lip:CP ratio, the differential contribution of carbohydrates
increasing CBH:CP ratio to 2:1 has a significant effect on
growth, protein efficiency and nitrogen retention without
cost in survival.

CONCLUSION

Feeding based on DPI=53.64(BW)?°”"* corresponding
to 120 % DPI=44.7(BW)°7"4, is sufficient to achieve optimal
growth of L. vannamei juveniles, at least within a range of 2
to 8 g in clear water systems without natural productivity.
DPI mathematical model show elasticity to adapt to different
shrimp feed management scenarios and can be used to eva-
luate feed formulations in the context of genetic linages. A
significant effect on weight gain, specific growth rate, feed
conversion rate, protein efficiency and nitrogen retention
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were found due to DPI levels and CBH:CP ratios. Growth para-
meters and feed conversion rates increase in both cases, but
protein efficiency and nitrogen retention diminish with DPI
levels using feeds with similar protein level and CBH:CP ratio
and increases with CBH:CP ratios at same DPI level using feeds
with low fishmeal content, with potential benefits to decrea-
se risks of contamination and eutrophication. Satisfying the
protein needs of the organisms, it allows the use of CBH:CP
ratios to maximize the use of protein in feeds and performan-
ce of the aquaculture system without complications, such as
decreases growth and mortality or environmental impacts
like pond or ecosystem eutrophication.
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RESUMEN

El objetivo de la investigacion fue evaluar el compor-
tamiento de la emergencia y caracteristicas agronémicas del
cultivo de pepino (Cucumis sativus L.) ante la aplicacion de
quitosano, hongos micorrizicos y acidos humicos en condi-
ciones protegidas. La investigacién se realizé en un inver-
nadero y laboratorio de Biologia Molecular y Microbiologia
de la Universidad Técnica Estatal de Quevedo, Ecuador. El
material vegetativo fueron las variedades comerciales de pe-
pino (Inivit y Racer), con tratamientos de quitosano (3 g L),
Glomus cubense (20 esporas/100 g de suelo) y 4cidos himicos
(1:30 v/v). Se evalué emergencia, variables morfométricas,
indicadores de crecimiento e indicadores de produccion. Los
resultados indicaron que la variedad Racer registré el mayor
porcentaje de emergencia, el hongo Glomus cubense presen-
t6 la mayor emergencia (71.7%). Mientras el Glomus cubense
en la variedad Inivit mostré la mayor biomasa fresca (22.6 g).
En tanto que el quitosano (285.8 g) y el Glomus cubense (277.9
g) influyeron en el peso del fruto. A su vez el quitosano en la
variedad Inivit generé el mayor rendimiento (5,703 kg ha™).
En general se comprobd que la aplicacion del hongo Glomus
cubense induce a incrementos en la emergencia, biomasa
fresca, biomasa seca del cultivo de pepino, por su parte la
aplicacién de quitosano en ambas variedades generd mayor
rendimiento.
Palabras claves: Bioestimulantes, biofertilizaciéon, produc-
cién, germinacién, biomasa.

ABSTRACT

The objective of the research was to evaluate the
emergence behavior and agronomic characteristics of the
cucumber (Cucumis sativus L.) crop with the application of
chitosan, mycorrhizal fungi and humic acids under protected
conditions. The research was carried out in a greenhouse and
a laboratory of Molecular Biology and Microbiology of the
State Technical University of Quevedo, Ecuador. The vegetati-
ve material was the commercial varieties of cucumber (Inivit
and Racer), with chitosan (3 g L"), Glomus cubense fungi (20
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spores/100 g of soil) and humic acids (1:30 v/v) treatments.
Emergence, morphometric variables, growth indicators and
production indicators were evaluated. The results indicated
that the Racer variety registered the highest percentage of
emergence, and the Glomus cubense fungi presented the
highest emergence (71.7%). On the other hand, the Glomus
cubense fungi showed the highest fresh biomass (22.6 g) in
the Inivit variety. Chitosan (285.8 g) and the Glomus cubense
fungi (277.9 g) influenced fruit weight. Chitosan in the Inivit
variety (5703.7 g) generated the highest yield. In general, it
was found that the application of the Glomus cubense fungi
induces an increase in emergence, fresh biomass, dry bio-
mass of the cucumber crop, while the application of chitosan
in both varieties generated higher yields.

Keywords: Biostimulants, biofertilization, production, ger-
mination, biomass.

INTRODUCCION

El pepino (Cucumis sativus L.), es una planta cultivada
en casi todo el mundo y cuyo fruto tiene bastante aceptacion
entre la poblacion, originario de la India y domesticado en
Asia (Lépezetal,.2011; Reyes et al., 2017). Las variedades mas
comunes del pepino son el americano, el europeo, el holan-
désy el pepino oriental (Leiva, 2018). Por lo que es uno de los
cultivos con mas demanda mundial, al ser muy utilizado en la
dieta del ser humano, ya que al consumir un pepino equivale
a beberse un vaso de agua, debido a el 96 % de su peso es
agua y el 4 % restante es materia sélida con un gran valor
nutritivo, pues es una gran fuente de minerales y vitaminas
(Flores, 2017).

En el Ecuador el pepino es una hortaliza cultivada
principalmente por pequefos grupos de productores en
areas reducidas de terreno agricola, que, aun asi, asumen la
responsabilidad de mantener disponibles esta hortaliza en
los mercados nacionales, sin embargo, el problema, es no
poseer alternativas agroecolégicas que se introduzcan en
el proceso de produccién y que sean accesible para los mis-
mos. Segun el Sistema de Informacién Publica Agropecuaria
(2018), actualmente el area de siembra en Ecuador, se ha
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incrementado desde el afo 2010, de tal manera que existen
aproximadamente 1,842 ha cosechadas.

A nivel mundial y en el Ecuador la agricultura, que
entre sus procesos productivos requiere del uso de insumos
diferentes a los cominmente utilizados como los fertilizantes
quimicos, por lo que el aumento de productos que tiendan a
reducir el impacto ambiental y que cada vez se vuelvan mas
rentables, esto debido a la eficiencia y accesibilidad a otras
alternativas, entre las que figuran el uso de bioestimulantes
como el quitosano, hongos micorrizicos arbusculares (HMA)
y acidos humicos (Torres et al., 2018; Baker et al., 2020).

Durante la ultima década los estudios enfocados a la
aplicabilidad del quitosano en otras dreas como la agricul-
tura se han incrementado debido principalmente al mejora-
miento del crecimiento y productividad y calidad de frutos
de diferentes cultivos (Domini, 2018, Basit et al., 2020).

Por otra parte, el uso de los acidos hiimicos en plantas,
estan relacionados con la pontencializacién de la fisiologia de
las plantas, promover el crecimiento y mejorar la respuesta al
estrés (Veobides et al,, 2018), formacion de raices adventicias
(Baldotto et al., 2012), elongacién de la raiz y la formacion
de pelos de la raiz (Canellas et al. 2015). Todos estos factores
incrementan el area de la masa de raices (volumen de raices)
y la superficie de las raices, lo que contribuye a una mayor
absorcion de agua y nutrientes (Eyheraguibel et al., 2008).

El uso de las micorrizas arbusculares mejoran el
crecimiento vegetal (Medina, 2016), en el mismo sentido
Arias et al. (2019) mencionan que la colonizacién micorrizica
produce cambios fisicos, bioquimicos y fisioloégicos en las
raices que conducen a un mejor estado general de la planta
y contribuyen a aliviar las situaciones de estrés de caracter
abidtico (metales pesados, salinidad) y bioticos (ataques de
patégenos, cambios microbianos en la rizosfera) (Moreno et
al., 2018). Por estos motivos mencionados anteriormente y la
necesidad de buscar opciones diferentes, y con beneficio a
la salud humana, ambiental, social, y nuevas tecnologias de
produccion agricola, se desarrollé una investigacién donde
el objetivo fue evaluar el comportamiento de la emergencia
y caracteristicas agronémicas del cultivo de pepino (Cucumis
sativus L.) ante la aplicacion de quitosano, hongos micorri-
zicos (Glomus cubense) y acidos humicos en condiciones
protegidas

MATERIALES Y METODOS

El desarrollo de la investigacion se llevo a cabo en el
invernadero del Campus Experimental “La Maria” ubicado en
el km 7.5 de la via Quevedo-Mocache en la zona del cantén
Mocache, provincia de Los Rios, ubicada en el kilbmetro 7.1/2
de la via Quevedo - El Empalme. La ubicacidn geografica es
1°04'48.6" latitud Sur y 79°30°04.2"longitud Oeste, a una alti-
tud de 75 m sobre el nivel del mar. El predio se encuentra en
una zona climatica tropical himeda, con temperatura media
anual de 24,8 °C, precipitacion media anual de 2252 mm; 84
% de humedad relativa y 894.0 h de sol al aio. Los cultivares
estudiados fueron: Inivit y Racer. Las semillas se desinfec-
taron con Ca(ClO), al 5 %, imbibiéndose por 5 min, lavado
(agua destilada), dejandose en reposo por 4 horas sin agua.

Disefio experimental

Se evaluaron 6 tratamientos (Tabla 1), donde se
incluyé un testigo de cada variedad con agua destilada, el
diseno experimental utilizado fue un completamente al azar
con arreglo factorial 2 x 4 en 3 repeticiones, siendo el primer
factor las variedades y el segundo factor los bioestimulantes,
con su respectivo control.
Tabla 1. Tratamientos del uso de Quitosano, Glomus cubense y 4cidos
hdmicos en pepino.
Table 1. Treatments for the use of Chitosan, Glomus cubense and humic
acids in cucumber.

Factor A

Variedades . Faf:tor e Tratamientos
X (Bioestimulantes)
pepino
V1T1: Inivit + Quitosano
V1T2: Inivit + Glomus
T1: Quitosano cubense
(3gL'deagua) V1T3: Inivit + Acidos
humicos
V1: Inivit T2: Glomus cubense .
’ (20 esporas/100 g de suelo) V1T4: Inivit + Agua
: i V2T1: Racer + Quitosano
VPR lEEEr T3: Acidos hiimicos
(1:30 v/v) V2T2: Racer + Glomus
cubense
T4: Control V2T3: Racer + Acidos
hdmicos

V2T4: Racer + Agua

Desarrollo del experimento

El trabajo se llevé a cabo en invernadero casa sombra
con una superficie de 20 m de largo x 6m de ancho con
una superficie total de 120 m?, primeramente se preparo el
sustrato para el semillero, con una mezcla de 4:2:1, cuatro
partes de tierra, dos partes de materia orgdnica obtenida
de vermicomposta y una parte de cascarilla de arroz, pos-
teriormente, se realizaron los tratamientos de las semillas,
estas imbibieron de los bioestimulantes por un lapso de 10
minutos, para luego dejarse secar por un periodo de 4 horas
antes de la siembra. La siembra se realiz6 de forma directa
en bolsas de plastico de 60 x 60 cm, con una densidad de 10
macetas por m2

Aplicacion de los tratamientos

La aplicacion del quitosano 3 g L' se realizé de acu-
erdo a lo propuesto por Gonzalez et al. (2015), mientras que
los hongos micorrizicos arbusculares se empleé la especie
Glomus cubense en dosis de 20 esporas/100 g suelo segun la
metodologia de Rivera et al. (2003), mientras que los 4cidos
humicos fueron 1:30 v/v de acuerdo a Chen et al. (2004), la
primera aplicacion se realizd a los 7 dias después de la siem-
bra, posteriormente se realizaron 3 aplicaciones mas después
de la primera en intervalos de 7 dias.

Manejo del cultivo

El tutorado se realiz6 a los 20 después de la siembra,
se realizé una poda a los 30 dias después de la siembra,
eliminando los brotes axilares, dejando los ejes productivos,
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seguidamente se aplicé oxicloruro de cobre Cuz(OH)3CI 39
L' de agua) en aspersion foliar. Cuando se presentaron insec-
tos plaga se efectuaron dos aplicaciones (7 y 15 después de
la siembra), de Actara (IA: Thiamethoxam) en dosis de 0.3 kg
ha', mientas que para el control de enfermedades se aplicé
Daconil (IA: Clorotalonil) en dosis de 1.50 L ha™. Por su parte
la cosecha se realizd a los 60 dias después de la siembra al
alcanzar la madurez comercial.

Variables estudiadas

Las variables evaluadas fueron: Porcentaje de emer-
gencia (E) de acuerdo a Maguire (1962) , , la biomasa fresca
y seca considero la planta completa (tallos, hojas y raices),
esta se determiné al pesar cada plantula, en una balanza
analitica expresdndose en gramos de materia vegetal fresca
por su parte la biomasa seca se determiné al colocar la bio-
masa fresca en una estufa de secado, a temperatura de 80
°C durante 72 h. En cuanto a los indicadores de crecimiento
evaluados fueron: Altura de planta (cm), se consideraron 10
plantas por cada unidad experimental a los 35 después de
siembra, didmetro de tallo (mm) igualmente a los a los 35
después de siembra mediante un calibrador de vernier, el
numero de hojas a los 45 después de siembra, en cuanto al
numero de flores por planta se realizé cuando la floracién fue
al 50 %, esto ocurrié entre los 40 y 45 después de siembra. En
lo referente a los indicadores de produccién, fueron el nime-
ro de frutos por planta, se contaron por planta de cada trata-
miento. Previamente para el desarrollo de la investigacion se
establecié el registrar esta variable solo con datos obtenidos
de la primera cosecha, en cuanto a masa fresca del fruto (g),
se procedio al registro de la masa en balanza analitica, por
ultimo, el rendimiento (kg ha), se obtuvo al pesar los frutos
cosechados por cada tratamiento, para posteriormente ex-
trapolar a kg ha™.

Procesamiento estadistico

Los datos se procesaron a través del Paquete Estadis-
tico Statistica v. 10.0 empleando un andlisis de varianza de
clasificacion simple. En el caso de los datos en porcentaje
fueron trasformados mediante la férmula Arc Sen Vx. Een los
casos en que las variables mostraron diferencias estadisticas
significativas, se utilizé la prueba de comparacién multiple
de medias de Tukey (p<0,05).

RESULTADOS Y DISCUSION
Emergencia

En la emergencia, el quitosano (T1) fue similar a los
acidos humicos (T3), mientras que el Glomus cubense (Tabla
2), jugd un papel importante en la emergencia, la variedad
Racer (V2) logré el mayor porcentaje de emergencia superan-
do a la variedad Inivit (V1) en 8.9 % (p<0,05). En lo referente
a los bioestimulantes el porcentaje de mayor emergencia, se
mostré con la aplicacion del Glomus cubense (T2) (Tabla 2),
pero en igualdad estadistica con el control (T4) y los &cidos
hdmicos (T3), sin embargo mientras que las interacciones
entre variedades y bioestimulantes, todos los tratamientos
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Tabla 2. Porcentaje de emergencia en variedades de pepino a la aplicacién
de Quitosano, Glomus cubense y dcidos humicos en condiciones protegidas.
Table 2. Germination emergence in cucumber varieties after the appli-
cation of Chitosan, Glomus cubense and humic acids under protected
conditions.

Tratamientos PE
Variedades

V1: Inivit 57.5 b
V2: Racer 66.4 a

Tratamientos

T1: Quitosano 48.4 b
T2: Glomus cubense 71.7 a
T3: Acidos humicos 60.5 ab
T4: Agua 67.2 a
Interacciones

V1T1: Inivit + Quitosano 30.0 b
V1T2: Inivit + Glomus cubense 733 a
V1T3: Inivit + Acidos huimicos 52.2 ab
V1T4: Inivit + Agua 74.4 a
V2T1: Racer + Quitosano 66.7 a
V2T2: Racer + Glomus cubense 70.0 a
V2T3: Racer + Acidos hdmicos 68.9 a
V2T4: Racer + Agua 60.0 a
Promedio 61.9

Coeficiente de variacion (%) 13.6

PE: Porcentaje de emergencia. T1: 3 g L' de agua; T2: 20 esporas/100 g de
suelo; T3: 3 g L' de agua; T4: Agua destilada. * Promedios con la misma letra
en cada grupo de datos no difieren estadisticamente seguin la prueba de
Tukey P<0.05.

fueron estadisticamente iguales presentando valores que
fluctdan entre 73.3 y 52.2 %, a excepcién del tratamiento de
la variedad Inivit con la aplicaciéon de Quitosano (V1T1) que
presentd el menor porcentaje de emergencia.

Los resultados encontrados entre variedades podrian
explicarse debido a que posiblemente se tenga diferencias
de reserva energética para la germinacién embrionaria y no
directamente por la viabilidad de los embriones, debido a la
heterogeneidad en la madurez de la semilla (Doria, 2010). En
este mismo sentido Ellis y Roberts (1980) indican que, efec-
tivamente la viabilidad también depende de las variaciones
genéticas dentro de una misma especie y de las condiciones
previas al almacenamiento. Lo cual concuerda plenamente
con los resultados encontrados en el presente estudio, dado
que mientras la variedad Inivit presenté menor emergencia
que la variedad Racer, estos resultados concuerdan con lo re-
portado por Ramirez et al. (2018), donde mencionan que con
HMA se ve influida la germinacidn y emergencia de plantulas
de arboles en vivero. Por su parte Vital et al. (2018) en semillas
de girasol con HMA, sefalan que la germinacién de estas
semillas se ve influenciada por el genotipo y el tiempo de
almacenamiento. En este sentido Flores et al (2020), afirman
que la expresion de diferentes respuestas de las semillas a la
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colonizacién de HMA es determinada por el caracter genoti-
pico del huésped y del hospedero.

Biomasa fresca y biomasa seca

En los promedios de biomasa fresca de planta, el
analisis de varianza (p<0.05) determiné, que tanto, varieda-
des, tratamientos e interacciones entre bioestimulantes y
variedades presentaron significancia (Tabla 3). El mayor peso
fresco de planta se obtuvo en la variedad Inivit (V1) superan-
do a la variedad Racer (V2), mientras en la aplicacién de los
bioestimulantes, el Glomus cubense (T2) presenté el mayor
valor, pero estadisticamente similar a los dcidos himicos (T3)
y al control, donde la aplicacién con Quitosano (T1) registré
el menor valor (Tabla 3).

En cuanto a la interaccién entre variedades y bioes-
timulantes en la variable biomasa fresca el Glomus cubense
en la variedad Inivit (V1T2) registré la mayor biomasa fresca
por planta, sin embargo este tratamiento fue similar estadis-
ticamente a los V1T3 y V1T4 (control), donde la aplicacién
del bioestimulante quitosano en la variedad Racer (V2T1)
registr6 el menor valor.

La variable biomasa seca de planta, presenté diferen-
cias estadisticas (p<0.05) entre los tratamientos e interac-
ciones tratamientos con variedades, entre variedades no se

Tabla 3. Biomasa fresca y seca en variedades de pepino a la aplicacion de
Quitosano, Glomus cubense y 4cidos hiimicos en condiciones protegidas.
Table 3. Fresh and dry biomass in cucumber varieties after the application
of Chitosan, Glomus cubense and humic acids under protected conditions.

Tratamientos BF (g) BS (g)
Variedades

V1: Inivit 17.7 a 7.00a
V2: Racer 142 b 6.70 a
Tratamientos

T1: Quitosano 1343 b 6.30ab
T2: Glomus cubense 18.17 a 840a
T3: Acidos humicos 15.57ab 530 b
T4: Agua 16.53ab 760a b
Interacciones

V1T1: Inivit + Quitosano 135 b 580a b
V1T2: Inivit + Glomus cubense 226a 9.33a
V1T3: Inivit + Acidos hiimicos 16.1a b 550a b
V1T4: Inivit + Agua 184a b 750a b
V2T1: Racer + Quitosano 134 b 6.70a b
V2T2: Racer + Glomus cubense 137 b 743a b
V2T3: Racer + Acidos humicos 150 b 513 b
V2T4: Racer + Agua 146 b 770a b
Promedio 15.9 6.80
Coeficiente de variacion (%) 15.04 20.26

BF: Biomasa fresca, BS: Biomasa seca.T1: 3 g L de agua; T2: 20 esporas/100
g de suelo; T3: 3 g L' de agua; T4: Agua destilada. *Promedios con la misma
letra en cada grupo de datos no difieren estadisticamente segun la prueba
de Tukey P<0.05.

presenté diferencias, sin embargo nimericamente la varie-
dad Inivit (V1) mostré6 mayor biomasa seca que la variedad
Racer (V2), posiblemente debido el genotipo y el tiempo de
almacenamiento. En lo que concierne a los bioestimulantes
el T2 (Glomus cubense) presenté mayor biomasa seca, pero
sin diferencias estadisticas con T1 y T4, siendo la aplicacion
con acidos humicos (T3) la que registrd el valor menor. Por
su parte las interacciones entre variedades y bioestimulan-
tes, el V1T2 a base de Glomus cubense en la variedad Inivit
registré la mayor biomasa seca de planta, mientras las demas
interacciones que presentaron valores que oscilanentre 7,7 g
a 5,5 g fueron similares estadisticamente, mientras que el tra-
tamiento V2T3 (acidos humicos en la variedad Racer) mostrd
el menor promedio de biomasa seca (Tabla 3).

El efecto de los bioestimulantes quitosano, el Glomus
cubense y acidos humicos, como promotores de crecimiento
vegetal en pepino fueron estadisticamente diferentes (p <
0.05) en la mayoria de las variables de crecimiento evalua-
das; con respecto a la variable altura, los promedios en el
analisis de varianza arrojé (Tabla 4), que en las variedades,
tratamientos e interacciones variedades con bioestimulantes
no presentaron significancia (p<0.05).

Tabla 4. Altura, didmetro del tallo, biomasa fresca, nimero de hojas y
numero de flores en variedades de pepino a la aplicacion de Quitosano,
Glomus cubense y acidos humicos en condiciones protegidas.

Table 4. Height, stem diameter, fresh biomass, number of leaves and
number of flowers in cucumber varieties after the application of Chitosan,
Glomus cubense and humic acids under protected conditions.

Tratamientos A(cm) DT(mm) NH NF
Variedades

V1: Inivit 253a 45a 93a 7.0a
V2: Racer 243a 41 b 75 b 6.5a
Tratamientos

T1: Quitosano 252a 44a 88a 6.7 a
T2: Glomus cubense 248a 46a 77 b 6.5a
T3: Acidos himicos 251a 45a 83ab 7.0a
T4: Agua 242a 37 b 87a 7.0a
Interacciones

V1T1: Inivit + Quitosano 274 a 48a 10.1a 74a
V1T2: Inivit + Glomus cubense 242a 47 a 77 bc 7.1a
V1T3: Inivit + Acidos hiimicos 250a 47ab 92 a 6.7a
V1T4: Inivit + Agua 245a 3.7 bc 10.2a 7.0a
V2T1: Racer + Quitosano 229a 4.1 abc 75 b 6.0a
V2T2: Racer + Glomus cubense 254a 44 abc 7.7 59a
V2T3: Racer + Acidos htimicos ~ 25.1a

b
4.2 abc 74 b 73a
b

V2T4: Racer + Agua 238a 37 ¢ 7.3 7.0a

Promedio 24.8 43 8.4 6.8

Coeficiente de variacion (%) 11.18 7.8 53 13.1

A: Altura de planta, DT: Didametro del tallo, NH: Nimero de hojas por planta,
NF: Nimero de flores por planta

(cm).T1:3 g L' de agua; T2: 20 esporas/100 g de suelo; T3: 3 g L' de agua;
T4: Agua destilada. *Promedios con la misma letra en cada grupo de datos
no difieren estadisticamente seguin la prueba de Tukey p< 0.05.

Volumen XXIIl, Ndmero 3



Reyes-Pérez et al: Biotecnia / XXIII (3): 38-44 (2021)

Diametro del tallo y Nimero de hojas

La variable diametro de tallo en la variedad Inivit (V1)
mostro ser diferente a la variedad Racer (V2). En cuanto a las
aplicaciones de los bioestimulantes con Quitosano (T1), el
Glomus cubense (T2) y acidos humicos (T3) fueron estadis-
ticamente iguales (p < 0.05), pero superior al tratamiento
control (T4). En lo que concierne a las interacciones variedad-
bioestimulantes, los tratamientos V1T1 (variedad Inivit con
la aplicacién de Quitosano) y el tratamiento V1T2 (Inivit con
Glomus cubense) registraron los mayores promedios de dia-
metro de tallo, siendo superiores a las demas interacciones,
la menor respuesta al didmetro se presentd en la variedad
Racer con el tratamiento control (V2T4).

La variable nimero de hojas (Tabla 4) presenté
diferencias (p<0.05) entre variedades, tratamientos e inte-
racciones bioestimulantes-variedad. La variedad Inivit (T1)
mostré el mayor nimero de hojas por planta, superando a la
variedad Racer (V2). Por su parte el Quitosano (T1) y control
(T4) fueron los que registraron los mayores promedios por
planta, donde la aplicacion del Glomus cubense quien regis-
tré el menor promedio con 7.7 hojas. Las interacciones de la
variedad Inivit con la aplicacién de Quitosano (V1T1), acidos
hdmicos (V1T3) y tratamiento control (V1T4) registraron los
mayores promedios.

El uso de bioestimulantes en los procesos de pro-
duccioén agricola va en aumento, dado a sus beneficios que
aportan mediante hormonas vegetales como giberelinas,
auxinas, citocininas, compuestos, y/o microorganismos,
cuyo uso funcional va desde mejorar el metabolismo en el
crecimiento y desarrollo de las plantas (Brown y Saa, 2015).
Segun Moreno (2018) cuando se aplican los HMA a las plan-
tas o la rizosfera, implica la mejoria del desarrollo del cultivo,
vigor, rendimiento y/o la calidad mediante la estimulacién
de procesos naturales que benefician el crecimiento y las
respuestas a estrés bidtico y/o abidtico.

Las respuesta positiva del Glomus cubense se hicieron
presentes en el peso de la biomasa fresca de la planta, en
donde el Glomus cubense en la variedad Inivit registré el ma-
yor peso fresco de planta, esto segun Medina (2016), se da
porque la colonizacién micorrizica produce cambios fisicos,
bioquimicos y fisiolégicos en las raices que conducen a un
mejor estado general de la planta, y por ende da como resul-
tado una mayor biomasa en las plantas con las que forman
simbiosis. En este mismo sentido Barrer (2009) y Calderén
(2013), establecen que el uso de HMA en la agricultura con-
tribuye a mejorar el nivel nutricional de la planta lo que se ve
reflejado en mayor masa seca, crecimiento y area foliar de la
planta.

Por su parte Monirul et al. (2018), reportan que con la
aplicacién de quitosano en tomate incrementa el crecimien-
to del cultivo, ademas mayores nimeros de flores, resultados
similares a lo encontrado en nuestro trabajo. De la misma
manera Shehata et al. (2012), reportaron que la aplicacién
de quitosano foliar incrementdé el crecimiento vegetativo y
el rendimiento de pepino. Asi mismo Monirul et al. (2018)
reportan que la aplicaciéon de quitosano en chile incrementé
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las caracteristicas morfoldgicas como altura, didmetro del
tallo entre otras. Esto es similar a los resultados obtenidos de
nuestra investigacion demuestran que el quitosano posee
beneficios en el cultivo del pepino en las caracteristicas mor-
fologicas y rendimiento, tal como lo menciona Pichyangkura
y Chadchawan (2015), donde mencionan que este se utiliza
como bioestimulante, tanto para estimular el crecimiento de
las plantas, como para inducir tolerancia al estrés abiotico o
resistencia a patégenos. En este mismo sentido Muscolo et
al. (2013) y Canellas et al. (2015), mencionan que los acidos
humicos exhiben efectos estimulantes en el crecimiento, el
metabolismo y desarrollo de células vegetales en cualquier
tipo de planta, generalmente debido a la absorcion de las
células vegetales superiores por su intervencion en la acele-
racion de nutrientes.

En este sentido Araujo et al. (2012), reportaron en ta-
baco resultados similares a los nuestros, donde no se encon-
traron diferencias entre quitosano y el control en el nimero
de hojas. Sin embargo, los resultados de nuestro trabajo
son similares a los presentados por Mujica y Fuentes (2012),
donde mencionan que la influencia de la inoculacién de los
HMA en los indicadores del desarrollo vegetativo del cultivo
del tomate (altura, biomasa seca aérea) se incrementaron.
En ambos casos se pudo comprobar que los tratamientos
inoculados superaron al testigo, ya sea en forma liquida o
sélida, sin embargo difiere en el nimero de flores de nuestra
investigacion, donde Mujica y Fuentes (2012) encontraron
que la aplicaciéon de los hongos micorrizicos indujeron la
estimulacién del niumero de flores, mientras que nuestra
investigacion no presento diferencias.

Los resultados de la variable nimero de frutos por
planta presentaron diferencias significativas (p < 0.05) en las
variedades, donde la variedad Inivit (V1) super6 a la variedad
Racer (V2). Mientras que la aplicacion de los bioestimulates
no presentd significancia, sin embargo, quitosano (T1) fue
superior nimericamente con 1,7 frutos por planta (Tabla 5).

En lo que respecta a las interacciones variedades y
bioestimulantes el tratamiento V1T1 (variedad Inivit con
quitosano) presenté los mayores promedios de nimero de
frutos por planta, sin embargo sin diferencias entre los de-
mas los bioestimulantes.

En este sentido la variable peso del fruto en las var-
iedades presenté diferencias (p < 0.05), siendo la variedad
Inivit (V1) la de mayor peso de frutos, mientras que los
bioestimulantes aplicados, el quitosano (T1) produjo frutos
de mayor peso (Tabla 5), pero en igualdad estadistica con
el Glomus cubense (T2) y acidos humicos (T3), mientras que
en las interacciones variedad y bioestimulantes la aplicacién
de quitosano en la variedad Inivit (V1T1) produjo frutos de
mayor peso, pero sin diferencias entre los tratamientos V1T2
y V1T3, el tratamiento control en la variedad Inivit (V1T4) y
Racer (V2T4) presentaron los menores valores.

Rendimiento y peso de frutos
El rendimiento fue mayor para la variedad Inivit (V1),
superando en 826.1 kg ha™ a la variedad Racer (V2). En lo que
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Tabla 5. Numero de frutos, rendimiento y peso del fruto en variedades de
pepino a la aplicacién de Quitosano, Glomus cubense y acidos humicos en
condiciones protegidas.

Table 5. Number of fruits, yield and weight of the fruit in cucumber variet-
ies after the application of Chitosan, Glomus cubense and humic acids under
protected conditions.

Tratamientos NFP PF R

(9) (kg ha™)
Variedades
V1: Inivit 1.7 b 287.6a 4751.0 a
V2: Racer 14a 2573 b 39249 b
Tratamientos
T1: Quitosano 1.7a 285.8a 4807.3 a
T2: Glomus cubense 16a 2779a 4656.0 a
T3: Acidos htimicos 1.6a 275.7ab 44029 a
T4: Agua 14a 2503 b 34856 b
Interacciones
V1T1: Inivit + Quitosano 18a 306.5 a 5703.7 a
V1T2: Inivit + Glomus cubense 17ab 300.6ab 4949.7 ab
V1T3: Inivit + Acidos hiimicos 17ab 2947abc 47693 abc
V1T4: Inivit + Agua 14a 2485 d 35812 bc
V2T1: Racer + Quitosano 17a 265.0abcd 43622 abc
V2T2: Racer + Glomus cubense 17a 2567 bcd 40364 bc
V2T3: Racer + Acidos humicos 17a 2553 «cd 3911.0 bc
V2T4: Racer + Agua 13a 2521 cd 33899 ¢
Promedio 1.6 272.4 4337.9
Coeficiente de variacion (%) 11.5 5.9 9.2

NFP: Numero de frutos por planta, PF: Peso del fruto, R: Rendimiento; T1:3 g
L' de agua; T2: 20 esporas/100 g de suelo; T3: 3 g L' de agua; T4: Agua des-
tilada. *Promedios con la misma letra en cada grupo de datos no difieren
estadisticamente segun la prueba de Tukey P< 0.05..

respecta a la aplicacion de los bioestimulantes, el quitosano
(T1), el Glomus cubense (T2) y acidos humicos (T3) presenta-
ron mayores rendimientos que el tratamiento control (T4). El
promedio en que superaron los tratamientos al control fue
de 1136.46 kg ha (Tabla 5). En lo referente a las interaccio-
nes el tratamiento V1T1 con la aplicacién de Quitosano en
la variedad Inivit registré el mayor rendimiento superando a
los tratamientos V1T2, VIT3 y V2T1 con 745, 934.4 y 1341.5
kg ha”, pero sin diferir estadisticamente, el tratamiento de
menor rendimiento fue V2T4 (control en variedad Racer).

En lo que se refiere a la variable peso del fruto,
también se vio influenciado con la utilizacién de el Glomus
cubense, este caso en la variedad Inivit, que obtuvo el mayor
peso promedio de fruto frente a los demds promedios de
las otras interacciones. La utilizacién de estos microorganis-
mos resulta factible para cualquier sistema de produccién
agricola debido a las funciones que realizan una vez que se
asocian con las plantas; entre ellas encontramos: incremento
en la absorcién de nutrientes minerales y agua a partir de un
aumento en el volumen de suelo explorado (Urgiles, 2019). El
desarrollo de esta investigaciéon permitié obtener resultados
sobre la incidencia del quitosano, Glomus cubense y acidos
humicos en el desarrollo del cultivo de pepino, desde la eta-
pa de emergencia hasta la produccién.

En este sentido Arias et al. (2012) mencionan que la
inoculacién de HMA en tomate, tuvo efecto en el rendimien-
to del cultivo y el numero de frutos por planta, obtuvieron,
que en los tratamientos inoculados los resultados fueron
superiores comparados con el testigo, resultados similares
a los de nuestra investigacion. En el mismo sentido Sheikha
y Malki (2011), mencionan que la aplicacién de quitosano
en frijol incremento el rendimiento y la calidad del ejote.
Asi mismo Sabreen et al. (2015), reportan incremento en el
rendimiento y variables de crecimiento en calabaza, debido a
procesos metabolicos en la interaccion bioestimulante de los
tratamientos a la semilla, el tipo de aplicacién, y a la concen-
tracion utilizada. Por su parte Reyes et al. (2020) mencionan
que el quitosano incrementa los rendimientos en tomate. En
este mismo sentido Monirul et al. (2018) mencionan que con
aplicacién de quitosano en chile y tomate se encontré un
nivel 6ptimo de rendimiento.

CONCLUSIONES

Las aplicaciones a base de quitosano y Glomus cu-
bense influyeron, en el numero de frutos, peso del fruto y
rendimiento en ambas variedades.

La aplicacién del bioestimulante a base de Glomus
cubense presentaron incrementos en la emergencia, biomasa
fresca, biomasa seca del cultivo de pepino.

La aplicacién del bioestimulante a base de Glomus
cubense en la variedad Inivit mostré el mayor peso fresco de
planta a los 13 dias después de la siembra, mientras que la
aplicacién de quitosano en la variedad Inivit generé6 el mayor
rendimiento en pepino.
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ABSTRACT

Wine is a worldwide known beverage, and even
though its consumption has been associated with the re-
duction of heart diseases and the extent of lifespan, it also
has compounds that might cause adverse effects on human
health such as methanol and acetaldehyde. The aim of this
study was to determine the effect of time, temperature, and
pectic enzymes over wine methanol and acetaldehyde con-
centrations during vinification. Three temperatures (20, 30,
and 35 °C) and three pectic enzyme concentrations (0, 9, and
18 pL/Kg) were tested, allowing fermentation to stop due
to sugar depletion. Both methanol and acetaldehyde were
quantified throughout the fermentation process. Tempera-
ture reduced methanol production, observing the lowest
methanol concentration (53.543 £ 3.267 mg/100 mL of wine)
at 35 °C in the absence of pectic enzyme. Acetaldehyde was
not affected by these variables. Alcohol, methanol, and ac-
etaldehyde concentrations were adjusted to mathematical
models with high correlations.
Keywords. Toxic compounds, wine, mathematical modeling,
fermentation.

RESUMEN

El vino es una bebida conocida a nivel mundial, y
aun cuando su consumo ha sido asociado a la reduccién de
enfermedades cardiacas y la extensién de la esperanza de
vida, también posee compuestos que pueden tener efectos
adversos a la salud humana tales como el metanol y el acet-
aldehido. El objetivo de este estudio fue determinar el efecto
del tiempo, temperatura y la adicién de enzimas pécticas en
las concentraciones de metanol y acetaldehido durante el
proceso de vinificacion. Se utilizaron temperaturas (20, 30 y
35°C) y tres concentraciones de enzimas pécticas (0, 9y 18
pL/Kg), dejando que la fermentacion se detuviera por el ag-
otamiento del azucar. Tanto el metanol como el acetaldehido
fueron cuantificados durante el proceso de fermentacion. La
temperatura redujo la producciéon del metanol, observan-
dose la concentracién mas baja (53.543 + 3.267 mg/100 mL
de vino) a los 35°C en la ausencia de enzimas pécticas. El
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Recibido: 2 de febrero de 2021
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acetaldehido no se ve afectado por las variables. Se ajustaron
el alcohol, metanol y acetaldehido a modelacién matematica
con altos valores de correlacion.

Palabras clave. Compuestos téxicos, vino, modelacién
matematica, fermentacion.

INTRODUCTION

Wine is a worldwide known beverage; in 2019, 258
millions of hectoliters were produced worldwide (OIV, 2019).
Wine is the product of grape fermentation by different yeast
species, mainly Saccharomyces cerevisiae; in this process, glu-
cose and fructose are transformed mainly into ethanol and
carbon dioxide, nevertheless, this is a much more complex
process (Moreno-Arribas and Polo, 2009). There are over 500
different compounds that have been reported in wine, most
of them are already present in grape, but some are generated
during vinification process (Leighton and Urquiaga, 2000). As
it is well known, some of these compounds have been asso-
ciated to human health improvement, but the real effect has
been a topic of discussion since these bioactive compounds
are consumed along with ethanol (Iriti and Varoni, 2014),
moderate consumption of red wine is associated with the
reduction of heart disease and prolonged lifespan (Xiang et
al,, 2014).

On the other hand, there are other substances that in
certain quantities may be considered toxic, such as arsenic
and heavy metals, which are present in wine by grape con-
tamination (Hu, 2002). Also, mycotoxins such as ochratoxin
A, are products by fungal contamination, that can be found
in wine and has been reported as a possible carcinogen for
humans (IARC, 1993).

On the other hand, some toxic compounds that
are produced during fermentation such as methanol and
acetaldehyde. Methanol is a one-carbon alcohol that, at
room temperature, is liquid and uncolored with a soft smell
(Cabaroglu, 2005). During wine production, methanol is first
found directly bound to pectic substances in grape and, du-
ring fermentation, these substances undergo an enzymatic
degradation process, leading to the formation of methanol,

Volumen XXIIl, Ndmero 3



Parra-Vergara et al: Biotecnia / XXIII (3): 45-49 (2021)

whose concentration has been directly associated with the
use of pecinesterase, polygalacturonase, and pectinliase
enzyme (Andraous et al., 2004). These enzymes are usually
applied to enhance color and produce phenolic compounds
in wine (Wightman and Wrolstad, 1996). On the other hand,
acetaldehyde is also produced by Saccharomyces cerevisiae
during fermentation as a by-product during pyruvate glyco-
lytic fermentation (Herrero et al., 2003). Also, even though
acetaldehyde is considered as a component of a high quality
wine (Romano et al., 1994), the International Agency for Re-
search on Cancer (IARC) has classified it into the 2B category
as a probable carcinogenic agent (IARC, 1999). Based on
the above, the present research work explore the way these
compounds are affected by vinification process variables, an
issue that is highly important for the wine industry.

Considering this information, this study aimed to
mathematically determine the effect of time, temperature,
and pectic enzyme used, on methanol and acetaldehyde
production.

MATERIALS AND METHODS
Testing species

Carignane red grape (Vitis vinifera) was obtained from
local vineyards in Hermosillo, Sonora, México, and transpor-
ted to the laboratory. For each experiment, 20 Kg-sample of
grapes, cleaned and milled in an equipment designed and
built specially for the fermentation laboratory were used. A
200 mL-aliquot of grape juice was taken and then prepared
with the addition of 0.16 mg of commercial yeast (Saccha-
romyces cerevisiae) and 0.40 mg sodium phosphate (to a final
concentration of 20 ug/Kg). While grape juice was being pre-
pared, milled grape was treated with pectic enzyme at diffe-
rent concentrations (0, 9, and 18 uL/Kg) in order to enhance
the breaking of pectin bondages and the release of juice.

Grape broth and milled grape were combined after
4 h and stirred for 2 min to homogenize the mixture. Then,
the grape was pressed using a lab-scale designed and built
equipment to separate solids from the liquid phase. Juice
was then filtered (grape must) and placed on a lab-designed
fermenter and set at different temperatures (20, 30, and 35
°C), selected according to the optimum temperature range
for the yeast strain. At this time, a sample was taken from
each set of treatments in order to carry out all the analysis
att=0min.

Fermenter design

Lab-scale fermenters were designed and built, to
have controlled conditions for the vinification process. Three
fermenters were built up with stainless steel (recommended
material for fermentations according to Vine et al. (2002)), in
order to have three replicates for each treatment. Fermen-
ters were 35 cm tall with 28 cm of internal diameter. The
container lids were adaptable to the fermenters and closed
with the aid of screws to simulate a tank. The cover had an
electrical stirrer working at 80 rpm when needed. On the
cover of the container, a vent was set to allow the expulsion
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of fermentation gases. An installed thermocouple monitored
the fermentation temperature. Fermenters were placed at a
room with controlled temperature.

Sugar measurement

Sugar was measured indirectly with a digital refrac-
tometer (HI 96801, Hanna Instruments, USA) (Greer and
Weedon, 2013), at 20 °C.

Alcohol volume percentage

The amount of alcohol was determined calculating
the volume of alcohol in 100 mL of a hydroalcoholic sample.
This was accomplished by distilling musts and wines and
collecting the alcohols. Once recovered all the alcohol, dis-
tilled samples were cooled down to 20 °C and measured with
calibrated alcoholmeters.

Methanol and acetaldehyde analysis by gas chromato-
graphy

Quantification of methanol and acetaldehyde was
carried out by gas chromatography using an HP 5890 series
Il gas chromatographer equipped with a capilar carbowax
HP column (0.25 mm i.d.). A flame ionizing detector, N, as a
carrier gas, and 2-pentanol as internal standard, were used.

Analytical curves for methanol and acetaldehyde
were done using external standards, prepared by dilution of
a stock solution in tri-distilled water.

Distilled samples were used to determine the concen-
tration of acetaldehyde and methanol, which were calculated
according to the standard curve.

Experimental Design

Data were analyzed using analysis of variance (ANOVA)
with Tukey-Kramer and Duncan’s multiple comparison test
(JMP 5.1). Grape must was subjected to three fermentation
temperatures (15, 25, and 35 °C) and three pectic enzyme
concentrations were used (0, 9, and 18 uL/Kg).

Statistical analysis

Data were analyzed using an analysis of variance
(ANOVA) with Tukey-Kramer and Duncan’s multiple com-
parison tests (Number Cruncher Statistical Software (NCSS
2000)). Mathematical models were determined with JMP 5.1.

RESULTS AND DISCUSSION

Data analysis was carried out to describe fermentation
behavior through de description of sugar concentration, alco-
hol production, and acetaldehyde and methanol production
throughout the vinification process, as well as to determine
how these variables were affected by temperature and pectic
enzyme concentration.

Fermentation

Carignane grape was fermented under three different
temperature conditions, as described in the experimental
section. Temperature was monitored, and it was kept at



Parra-Vergara et al: Mathematical modeling for ethanol, methanol / XXIII (3): 45-49 (2021)

20.02 + 1.12, 30.22 + 1.73 and 35.02 % 2.2 °C; as expected,
the time of fermentation was temperature dependent, and
they lasted 117,42 and 28 h at 25, 30, and 35 °C, respectively.
This variation is attributed to the activity and reproduction
of Saccharomyces cerevisiae, whose metabolism is tempera-
ture-dependent, having an optimum temperature of 37 °C
(Mesonides et al., 2002).

In order to monitor fermentation variables (alcohol
volume (%), methanol, and acetaldehyde), samples were
taken every 12, 6, and 4 h for 20, 30, and 35 °C, respectively.

Sugar consumption

The initial amount of fermentable sugar, measured in
°Brix, was within the range of 17.0 and 17.8; which were with-
in the recommended range for wine (Vine et al., 2002). The
reduction of fermentable sugar was periodically measured,
depending on the temperature. Samples were taken every
6, 3, and 2 h. The mathematical fit of °Brix reduction was
described with a natural logarithm, using time as the nonde-
pendent variable and °Bx as the dependent variable (Table
1); all mathematical fits described fermentation behaviors
with high correlation values.

Table 1. Mathematical fits for °Bx reduction in Carignane grape fermenta-
tion.

Tabla 1. Ajuste matematico para la reduccién de °Bx en la fermentacion de
uva Carignane.

Temperature (°C) Mathematical fit R?

20 °Bx=34.06—7.19In(t) 0.9888
30 °Bx=40.59—10.59In(t) 0.9980
35 °Bx=36.15—10.93In(t) 0.9979

Mathematical variables °Bx and t represent amount of sugar and time (h),
respectively. Mathematical fits were calculated with the data obtained from
9 separate fermentations. Mathematical formula and correlation was given
by the mathematical program.

Alcohol production

Alcohol content is expressed as alc/vol, mainly repre-
sents the production of ethanol, since this is the alcohol pro-
duced in the highest percentage and constitutes the main
purpose of fermentation (Delfini and Formica, 2001). Alcohol
production was dependent on sugar concentration, oscilla-
ting between 8.6 and 9.3 alc/vol; nonetheless, the amount
°Bx necessary to increase 1 % the amount of alcohol did not
show statistical difference among them (Table 2), showing
that this variable is not temperature nor pectic enzyme de-
pendent.

Ideally, for every mol of glucose, 2 moles of ethanol
and 2 moles of carbon dioxide are produced; nevertheless,
the real amount produced varies (Morales et al., 2015). A
mathematical fit for the final production of alcohol according
to the °Bx content on grape was calculated with a R? of 0.990
as follows:

%AV = —0.0198 + 0.52°Bx

Table 2. °Bx necessary to increase 1 % the alc/vol relationship.
Tabla 2. °Bx necesarios para incrementar en 1 % la relacién alc/vol.

Temperature Pectic enzyme °Bx/alc-vol
(°C) (uL/Kg)
0 1.906 + 0.012 2
20 9 1.906 + 0.012 @
18 1.941 £ 0.012°
0 1.918 + 0.065 ®
30 9 1.896 + 0.051 @
18 1.945 + 0.043 ®
0 1.943 + 0.038 °
35 9 1.943 £ 0.022®
18 1.928 + 0.033 @

Data represents the mean + standard deviation out of three independent
experiments. Different letters represent statistical difference.

Where:
%AV is the final concentration of alcohol-volume
°Bx the amount of Brix in grape

In order to describe the fermentation process,
mathematical fits were calculated for every temperature,
associating the amount of alcohol produced (alc/vol) to the
fermentation time (Table 3).

Table 3. Mathematical fits for alc/vol production in Carignane grape
fermentation.

Tabla 3. Ajuste matematico para la produccién de alc/vol en la fermenta-
cién de uva Carignane.

Temperature (°C) Mathematical fit R?

20 AV, =3.2x10°+0.16 t —7.0x10° t? 0.9888
30 AV,,=2.9x10°+ 0.28 t—1.3x107 0.9980
35 AV, =7.8x10°+0.38 t—2.3x107 {2 0.9979

Mathematical variables °Bx and t represent amount of sugar and time (h),
respectively. Mathematical fits were calculated with the data obtained from
9 independent fermentations. Mathematical formula and correlation were
given by the mathematical program.

Methanol Production
Methanol production was monitored during fermen-
tation, and data expressed as fermentation progress (%FP),

was calculated with the formula:
°Bxy — °Bx;
%FP = <1 -

Bx,

Where:

%FP represents fermentation progress
is Bx, vthe initial °Brix value on grape
is Bx, the®Brix value at a given time

)xlOO

This transformation was used as a dependent variable
instead of time; this transformation allowed us to compare
the amount of methanol at any given fermentation progress
since fermentation time was different for each temperature.
All fermentation showed an exponential behavior, where the
maximum concentration was achieved at the beginning of
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the fermentation and was maintained during the rest of the
process. Final methanol concentrations (Figure 1) demon-
strate that both, temperature and enzyme concentration, ex-
ert an effect on this variable. The lowest concentrations were
obtained at 35 °C with no addition of pectic enzyme, while
the highest were at 20 °C; however, no significant differences
were observed among methanol concentrations obtained
at 30 °C. The effect of enzyme addition is only significant
at 35 °C, this might be due to the fact that Saccharomyces
cerevisiae exerts its highest activity at 37 °C (Mesonides et al.,
2002) and can produce pectinesterase enzyme. This specific
enzyme has a higher optimum temperature than commercial
enzymes (Jayani et al., 2005), and this production could be
enough to promote an increase in methanol generation.

None of the fermentation processes generated metha-
nol concentrations above the permitted levels established by
international regulations (EEC, 2008), which is 200 mg/100
mL; this means that, regarding the amount of methanol,
wine consumption (under experimental conditions) would
not represent a health risk. These results are in agreement
with those reported by Coelho et al., (2015), who fermented
different fruits to obtain fruit wines.

100 20°C 30°C 35°C
an a ab

s
m
)

&

Methanol (mg/100 mL of sample)
wn
&

0 ug'Kg SugKg 18 ug/Kg(0 ug/Kg 9 ugdKg 18 ug/Kg|0 ug/Kg 9 ua'Kyg 18 ug'Kg

Enzyme concentration

Figure 1. Temperature and pectic enzyme concentration effect on wine
methanol concentration. Data represents the mean =+ standard deviation
of three independent experiments. Different letters represent statistical
difference

Figura 1. Efecto de la temperatura y la concentracion de enzimas pécticas
en la concentraciodn de metanol en vino. Los datos representan la media +
desviacion estandar de tres experimentos independientes. Diferentes letras
representan diferencia significativa.

Acetaldehyde production

Acetaldehyde was also monitored along the fermen-
tation process. The final acetaldehyde concentration was
not temperature, nor enzyme concentration dependent
(Table 4). This compound might be formed in wine by two
different processes; the first one is glycolysis performed by
Saccharomyces cerevisiae (Romano et al, 1994), the other
one is through oxidation of ethanol when this interacts with
phenolic compounds and oxygen (Saucier et al., 1997). Even
though acetaldehyde final concentration achieved in this
study does not represent a hazard for human health (since
national and international legislation establish the higher
limit for acetaldehyde at 40 mg/ 100 mL of wine), the acetal-
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able 4. Temperature and pectic enzyme concentration effect on wine
methanol concentration.

Tabla 4. Efecto de la temperatura y concentracion de ezimas pécticas en la
concentracion de metanol en el vino.

Temperature (°C) Enzyme concentration Methanol
i (1L/Kg of grape) (mg/100mL of wine)
0 6.02+2.35°
AL 9 3.67+£279°2
18 5.63+ 1352
0 552+2.112
0 9 411+1.78°
18 6.34+0.52°
0 6.42 +2.66°
=2 9 477+201°
18 6.41+137°

Data represents the mean + standard deviation of three separate experi-
ments. Different letters represent statistical difference

dehyde concentration through experimental fermentation
process was 35 mg/100 mL at 35 °C.

This high acetaldehyde concentration may be due to
enzyme activity of Saccharomyces cerevisiae, which shows its
highest activity at 37 °C (Mesonides et al., 2002). Therefore,
acetaldehyde production behavior was shown to be time
dependent, and it can be described in a plot, starting at 0
mg/100 mL. It achieves the highest concentration at the
middle of the fermentation process, and then decreasing to
low concentrations; this phenomena might be due acetalde-
hyde evaporation, which has a boiling point of 21 °C (Figure
2) (Mauer and Welle, 2008).

20°C

®0mL/grape Kg
25 i 1 L @9 ml/grape Kg
s
20 ‘\ 18mL/ grape Kg

Acetaldehyde (mg/100 mL of sample)
———
!
i
2

0 20 40 60 80 100 120
Time ()

30°C
®0ml/grape kg

©9mL/ grape Kg

18mL/ grape Kg Jf

Time (h)
35°C
©0mL/grape Kg
©9mL/grape Kg J

18mL/ grape Kg

Time (h)

Figure 2. Acetaldehyde concentration through vinification process
influenced by temperature and pectic enzyme concentration.
Figura 2. Concentracion de acetaldehido durante el proceso de
vinificacion influenciado por temperatura y concentracion de
enzimas pécticas.
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The behavior of the production of both, methanol
and acetaldehyde, during the experimental fermentation
processes can be mathematically described (Table 5), where
methanol production can be obtained with an exponential
equation, with fermentation percentage as the independent
variable and methanol concentration measured, as mg/100
mL of sample, as the independent variable. On the other
hand, acetaldehyde follows a quadratic behavior where the
independent variable is time and the dependent variable
is acetaldehyde concentration measured in mg/100 mL of
sample.

Table 5. Mathematical fit to describe the production of acetaldehyde and
methanol compounds on vinification process.

Tabla 5. Ajuste matematico para describer la produccion de acetaldehido y
metanol en el proceso de vinificacion.

Temp. Enzyme

Acetaldehyde R? Methanol R?
c) (uL/Kg) 2
0 Ac=1.18+1.06t-0.009 2 0.817 Met=24.24(1—e %) 0.9851
20 9 Ac=-0.03+1.03 t-0.009 t? 0.9918 Met=26.13(1—e*%*F) 0.9583

18 Ac=1.18+0.96t-0.008 > 0.867 Met=25.92(1—e%¥) 0.9931

0 Ac=0.34+2.25t-0.005 > 0.7621 Met=25.16(1—e %7 0.9988

30 9 Ac=0.75+2.331t-0.05t* 0.8314 Met=24.46(1—e%F) 0.9907
18 Ac=0.68+2.431-0.05t? 0.9299 Met=24.12(1—e %) 0.9997
Ac=0.34+2.251-0.05t? 0.8619 Met=18.59(1—e %) 0.9878

35 9 Ac=0.75+2.33t-0.05t* 0.8475 Met=19.05(1—e%") 0.9997

18 Ac=0.68+2.43t-0.05t* 0.9290 Met=21.44(1—e°%*) 0.9954

CONCLUSIONS

In this research, under experimental fermentation
conditions, the achieved concentration for both compounds
is below the recommended levels for wine. Methanol concen-
tration is time, temperature, and enzyme dependent, while
acetaldehyde depends only on time. The fermentable sugars
reduction and the alcohol, methanol, and acetaldehyde
production, can be described through mathematical models
with a high correlation coefficient, and even though sugar
depletion and alcohol production have been mathematically
described before, to our knowledge, there are no previous
methanol and acetaldehyde mathematical modeling ap-
proaches reported.
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ABSTRACT

Juvenile Litopenaeus vannamei (1.05 + 0.1 g) were fed
during a 4-week period with four experimental diets: control
(Ctrl), inulin as prebiotic (5 g kg™) (Pre), Bacillus subtilis and
Lactobacillus sp. as probiotic (1 x 10° CFU g™') (Pro), and a mix
of inulin + B. subtilis and Lactobacillus sp. (5 g kg™+ 1 x 10° CFU
g™) (Syn). Syn diet fed shrimps showed a significantly better
utilization of feed and higher growth than those in control
diet (P < 0.05). The probiotic employed induced higher in-
testinal bacterial richness, whereas inulin induced higher
bacterial diversity in shrimp intestine. The most dominant
bacterial phylum in the shrimp intestine among treatments
was Proteobacteria with an abundance ranging between 80
and 84 %. Prebiotic diet (Pre) increased relative abundance
of Firmicutes in shrimp intestine (2 %) compared to the rest
of the treatments (0.6 %). When probiotics were included
in the feed (Pro and Syn), a reduction between 3 and 13 %
in the relative abundance of Vibrio sp. in shrimp intestine
was observed with respect to the control treatment, which
represent an advantage to control potential pathogens of
this genus.
Keywords: Functional feed, Shrimp, Bacterial modulation.

RESUMEN

Juveniles de Litopenaeus vannamei (1.05 + 0.1 g) fue-
ron alimentados durante cuatro semanas con cuatro dietas
experimentales: control (Ctrl), inulina como prebiético (5 g
kg™) (Pre), Bacillus subtilis y Lactobacillus sp. como probiético
(1 x10° UFC g7 (Pro), y una mezcla de inulina + B. subtilis y
Lactobacillus sp. (5 g kg + 1 x 10° UFC g) (Syn). Los cama-
rones con la dieta Syn resultaron en un crecimiento signifi-
cativamente mayor y una mejor eficiencia de utilizacién del
alimento que los camarones control (P < 0.05). El probidtico
empleado indujo una mayor riqueza bacteriana intestinal,
mientras que la inulina resulté en una mayor diversidad bac-
teriana en el intestino del camardn. A nivel de filo, Proteobac-
teria fue el mas dominante en todos los tratamientos, entre
80y el 84 %. La dieta Pre aument¢ la abundancia relativa de
Firmicutes en el camarén (2 %) en comparacién con el resto
de los tratamientos (0.6 %). El uso del probiético (Pro y Syn),
resulté en una reduccién de entre 3y 13 % en la abundancia
relativa de Vibrio sp. en intestino de camarén respecto al tra-
tamiento control, que representa una ventaja para el control

Volumen XXIIl, Nimero 3

50

de potenciales patégenos de este género.
Palabras clave: Alimentos funcionales, Camarén, Modula-
cion bacteriana.

INTRODUCTION

The rapid worldwide expansion of farmed shrimp has
faced different challenges in terms of pathogen outbreaks
and demand for functional feeds that promote optimal
growth and health. In the past decades, the control of shrimp
diseases has been through chemicals and antibiotics; howe-
ver, their indiscriminate use, as preventive strategy, resulted
in the resistance by pathogens and environmental problems
(Martinez, 2009). In different studies, the use of probiotics,
natural prebiotics and synbiotics (combination of probiotics
and prebiotics) added to the feed or in the culture water con-
ferred health benefits to the host (Hai, 2015; Ringg et al., 2010;
Olmos et al.,, 2020). Furthermore, this has been proposed to
replace the use of chemicals and antibiotics to control and
prevent shrimp diseases (Luna-Gonzalez et al., 2012; Jamal et
al., 2019; Partida-Arangure et al., 2013).

In the case of probiotics, some criteria to select bene-
ficial microorganisms are the mode of action to enhance the
immune response, production of inhibitory compounds to
exclude pathogens, growth enhancement and improvement
of water quality (Kesarcodi-Watson et al., 2008; Verschuere et
al., 2000). Another determinant factor in the effectiveness of
probiotics in aquaculture, is the origin of the microorganisms
employed, where non-native bacteria from the marine envi-
ronment may have poor success (Ninawe and Selvin, 2009)
or represent a risk for the marine microbial ecology (Vargas-
Albores et al., 2017). It has also been suggested that multiple
probiotic strains have better results than a single probiotic
strain in relation to growth and health of shrimp (Wang et
al.,, 2019). Two of the most studied bacterial genus employed
as probiotics for farmed shrimp are Bacillus and Lactobacillus,
which have been described to improve shrimp growth when
supplemented in the feed (Kongnum and Hongpattarakere,
2012; Zheng et al., 2017; Wang et al,, 2019). This is attributed
in part to an increase in digestive enzymes activity (Liu et al.,
2009; Zheng and Wang, 2017; Zhou et al., 2009). In addition,
the administration of Bacillus sp. to water has been conside-
red to improve survival rate and growth of shrimp larvae and
water quality (Liu et al, 2010; Zhou et al., 2009). The use of
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Lactobacillus sp. and Bacillus subtilis as probiotics, has also
proved to protect against pathogenic bacteria in shrimp
(Balcazar and Rojas-Luna, 2007) and brine shrimp culture
(Quiroz-Guzman et al., 2018).

On the other hand, prebiotics are non-digestible com-
plex carbohydrates that promotes growth of beneficial bac-
teria in the intestinal tract of the host (Manning and Gibson,
2004). Among prebiotics used in shrimp diets, inulin may
promote shrimp growth (Zhou et al., 2020) as well as the im-
mune defense in infected shrimp (Luna-Gonzalez et al., 2012;
Partida-Arangure et al., 2013). The mix of different probiotics
and prebiotics (synbiotics) included in shrimp feed has also
shown improvement on growth, feed conversion ratio (FCR),
and the immune response (Wongsasak et al., 2015; Zubaidah
etal.,, 2015).

Microorganisms contribute to the biosecurity, nutri-
tion, animal health, and other management aspects that are
crucial in productivity of shrimp culture ponds (Kumar et al.,
2015; Martinez-Coérdova et al., 2015). Nevertheless, the lack
of capacities for the culture of most bacteria species makes
difficult the study of microbial communities and their interac-
tion with the host (Rashid and Stingl, 2015). The knowledge
of how prebiotics and probiotics, or a mix of them, influence
bacterial communities in shrimp gut is scarce. However, the
probiotics and prebiotics in shrimp culture promote differen-
tial gastrointestinal communities compared to basal diets (Li
et al.,, 2007; Vargas-Albores et al., 2017), increasing bacterial
population and diversity, and, in some cases, promoting in-
testinal colonization of the probiotic employed (Wongsasak
et al, 2015; Zubaidah et al., 2015). Different studies revealed
that Vibrionaceae are ubiquitous in aquatic environments
including culture ponds (Alagappan et al., 2010; Thompson
etal., 2004), and considered causal agents of a major disease
that causes high mortalities of farmed shrimps, including
Litopenaeus vannamei (Novriadi, 2016; Zhou et al., 2012).

Using 16S rRNA next-generation sequencing, this
study aims to contribute to the understanding of the impact
and importance of prebiotics, probiotics or synbiotics in feed
on the intestinal bacterial communities of the white shrimp
L.vannamei.

MATERIAL AND METHODS
Bacterial strains and encapsulation

The probiotic bacteria Bacillus subtilis (BSB) (Bal-
cazar and Rojas-Luna, 2007) and Lactobacillus sp. (Cb-Lta)
(Garcia-Rodriguez 2003) were previously isolated from
farmed L. vannamei. Both strains were grown on marine agar
(MA) plates (seawater at 0.5 % meat peptone, 0.1 % yeast
extract, and 1.7 % agar), at 35 °C during 24 h. The optical
density of each bacteria was adjusted in a 2.5 % NaCl buffer
to 1at 600 nm (OD, = 1) using a BioPhotometer (Eppendorf
D30, NY, USA), to standardize the number of bacteria at ~1 x
107 CFU mL™". The probiotics encapsulation was performed
by mixing equal parts of both bacteria in a sterile solution of
2 % low viscosity alginic sodium (Sigma Aldrich). The mixture
was added dropwise using a syringe (0.55-mm diameter) into

a 2 % CaCl, solution while stirring magnetically. After filtered
and washed with distilled water, capsules were stored at 4 °C
in a sterile flask.

Experimental diets

Four balanced experimental diets were formulated
for shrimp: a control diet (Ctrl), a prebiotic diet with inulin
included at 0.5 % (Pre), the third diet with the encapsulated
probiotic at a final concentration of 1 x 10° CFU g™ of each
bacteria (Pro), and finally a synbiotic diet containing the same
ratio of both prebiotic and probiotic (Syn) (Table 1). Manu-
factured diets were prepared as follows: all dry ingredients,
including probiotic and prebiotic if applicable, were mixed
(KitchenAid® 4.7 L mixer, Michigan, US) to obtain a homoge-
neous blend, followed by the incorporation of the oil-based
ingredients and remixed. Then, distilled water was incorpo-

Table 1. Ingredients and proximate composition of experimental diets.
Tabla 1. Ingredientes y composicién proximal de los alimentos experimen-
tales.

Experimental feeds

Ingredients (g kg™ as is) Ctrl Pre Pro Syn
Fish meal ® 220 220 220 220
Soybean meal® 304 304 304 304
Wheat meal 3924 387.4 392 387
Fish oil ® 25 25 25 25
Soy lecithin ¢ 35 35 35 35
Carboxymethyl cellulose © 15 15 15 15
Vitamin-mineral premixf 5.3 53 53 53
Vitamin C¢ 1 1 1 1
Choline Chloride " 1.5 1.5 15 1.5
Z?g;’:’hph“phate’ 05 0.5 0.5 05
Antioxidant BHT " 0.3 0.3 0.3 0.3
Inulin (prebiotic)’ 0 5 0 5
?;rcc:ltl)Lil;Ii_ca)ctobacﬂlus 0 0 04 04
Proximate composition (g 100 g dry matter + SD)

Dry matter 91.7+0.5 91.5+04 91.3+0.5 91.8+0.3
Protein 38.1£0.2 37.9+0.1 37.8+0.2 37.9+0.1
Lipids 7.9+0.1 7.9£0.1 8.0£0.1 8.0+0.1
Crude fiber 1.2£0.04 15006 1.2+0.03 1.5+0.06
Ash 84+0.03 84+0.03 84+0.01 8.4+0.03
NFE 443 443 44.6 44.2

2PMA S.A. de C.V,, Jalisco, MX.

PPIASA S.A. de C.V,, Baja California Sur, MX.
¢ Molino San Cristobal, Sonora, MX.
4Suministros AZ, Baja California Sur, MX.

¢ IMSA SA de CV, Mexico City, MX.
fVitamin-mineral premix: detailed content in Elizondo-Gonzélez et al. (2018)
9Rovimix Stay C 35%, DSM, Heerlen, NL.
hSigma Aldrich, St. Louis, Missouri, US.
iCasa Alma de Provinciana, Jalisco, MX.

’ Nitrogen-free extract

SD: standard deviation.
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rated and homogenized (~350 mL kg™), and finally passed
through a 2-mm die (Torrey® M-12-FS, Nuevo Leon, MX). The
pelleted diets were dried in an oven at 35 °Cfor 12 h (~10 %
moisture) and kept in plastic bags at 4 °C until further use.
Proximate composition analysis of shrimp diets was conduct-
ed as follows: dry matter was estimated by gravimetric anal-
ysis using a force-air oven at 100 °C for 24 h (Method 930.15;
AOAC, 2005). The crude protein content was estimated by
the Dumas combustion method (Ebeling, 1968) with a LECO®
FP-528 analyzer (LECO Inc., Michigan, US). The ether extract
content was determined using a micro Foss Soxtec® Avanti
2050 (Foss, Hogands, SE) (Method 2003.05; AOAC, 2005). Ash
content was analyzed gravimetrically at 550 °C for 6 h with a
furnace (Method 942.05; AOAC, 2005). Crude fiber (Method
978.10; AOAC, 2005) was determined using a Fibre Tec® M6
System (Foss, Hogands, SE). Nitrogen-free extract (NFE) was
estimated by difference (100% less the percentages of lipids,
crude protein, ash and crude fiber). Gross energy was ana-
lyzed with an adiabatic calorimeter (Parr Instruments, model
1261, llinois, US). All experimental diets presented similar
protein, lipid, and ash contents with a slight increase of crude
fiber when inulin was included (Pre and Syn diets) (Table 1).

Feeding trial

Juvenile shrimp L. vannamei were kindly donated by
Larvas Gran Mar, S.A. de C.V. (Baja California Sur, Mexico), ac-
climated to laboratory indoor conditions (28 £ 0.6 °C, > 4 mg
L' DO, 16:8 h dark:light photoperiod and 37 %o salinity) for
one week prior feeding trial. Experimental dietary treatments
were evaluated by triplicate during 28 days; each replicate
corresponded to a 50-L aerated fiberglass tank containing 10
shrimps (initial avg. wt. of 1.05 + 0.1 g). Shrimps were fed to
satiety for all treatments with two initial rations correspond-
ing to 5 % of shrimp biomass (09:00 and 15:00 h). Every day,
the feed ration was adjusted according to consumption in
each tank. Every day 50% water was exchanged, to keep
water parameters of dissolved oxygen (4 + 1.1 mg L") and
temperature (28 = 0.5 °C) which were measured daily with
a multiparameter YSI model 85. Twice a week, pH (7.9 + 0.1)
was analyzed using a Bluelab® pHmeter, and NH,-N (< 0.25
mg L), NO,- (<0.5mg L"), and NO,(<0.5mg L") were mea-
sured with an API® saltwater colorimetric kit. At the end of
the feeding trial, shrimp performance was evaluated in terms
of percentage of growth, specific growth rate (SGR), and per-
centage of survival; feed efficiency utilization was evaluated
as feed conversion ratio (FCR) and protein efficiency ratio
(PER).

The results of shrimp performance parameters were
evaluated for normality (Shapiro-Wilk test) and homoscedas-
ticity (Levene's test) using the software SPSS Statistics version
17.0. Data were subjected to one-way analysis of variance
(ANOVA), followed by Tukey’s multiple comparison tests if
applicable (95% confidence).

16S library preparation and sequencing
After 28 days of the experimental feeding period,
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shrimp intestines carefully removed using sterile scissors and
dissection forceps, were washed with sterile nuclease-free
water. Each intestine was placed in absolute ethanol and
stored at -80 °C. The quality of DNA extracted from intestine
tissue as described by Pefia-Rodriguez et al. (2020), was
determined by electrophoresis in 1.2 % agarose gels, and
quantified with a Qubit® 3.0 fluorometer (Thermo Fisher Sci-
entific). The PCR amplification was performed targeting the
V3-V4 region of the bacterial 16S rRNA gene using primers
V3 (5-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTAC-
GGGNGGCWGCAG-3) and V4 (5'-GTCTCGTGGGCTCG-
GAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-3")
(Klindworth etal., 2013). PCR was carried out as follows: initial
denaturation step at 95 °C (5 min), followed by 35 cycles of
denaturation at 95 °C (30 s), annealing at 55 °C (30 s), and
elongation at 72 °C (1 min), followed by a final extension
step at 72 °C (5 min). The amplicon size (550 bp) was verified
by electrophoresis in 1 % agarose gels, and purified using
AMPure XP (A63881, Beckman Coulter, California, US). The
second PCR reaction was performed using Nextera index kit
v2 (FC-121-1011, lllumina). Amplification was performed as
follows: initial denaturation step at 95 °C (3 min), eight cycles
of denaturation at 95 °C (30 s), annealing at 55 °C (30 s), and
elongation at 72 °C (30 s), and a final extension at 72 °C (5
min). The final PCR product was purified using AMPure XP.
Library normalization of the 12 libraries (4 per treatment)
was performed as described by Pefia-Rodriguez et al. (2020).
Libraries were sequenced on a MiSeq sequencing system
(CIBNOR, La Paz, B.C.S., Mexico) using the Nano v2 flow cell of
300 cycles (MS-103-1001, lllumina).

Bioinformatic analyses

The raw reads were quality-trimmed using the Galaxy
version 20.09 (The Institute for CyberScience at Penn State,
and Johns Hopkins University) (http://usegalaxy.org) and
aligned using the SILVA v138 database (Yilmaz et al. 2014).
The sequences were randomly subsampled to normalize the
number of sequences and assigned to operational taxonomic
units (OTUs) based on 97% similarity. The structural diversity
of the microbial communities was calculated with three
indices, including Chao, Shannon, and Simpson, calculated
by a binary matrix using PAST software (Hammer et al., 2001)
(http://palaeo-electronica.org).

RESULTS

After 28 days of the feeding trial, all treatments re-
sulted in at least 1.0 g weight gain per week, nevertheless
shrimp fed Syn diet resulted in significantly higher growth
rate, and SGR compared to shrimp under Ctrl and Pre feeding
treatments (P < 0.05). The Syn diet showed a significant im-
provement in feed utilization in terms of FCR and PER com-
pared to the Ctrl diet (P < 0.05), but it was not significantly
different from Pre and Pro treatments. Survival of shrimp was
> 93 % for all treatments (P > 0.05) (Table 2).

Each library had 36,278-59,857 raw reads, and after
quality control, 33,199-53,250 reads remained per library
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Table 2. Growth, feed efficiency and survival of Litopenaeus vannamei
shrimps fed experimental diets after 4-weeks.

Tabla 2. Crecimiento, eficiencia de utilizacion de alimento y supervivencia
de Litopenaeus vannamei después de 4 semanas de alimentacién con las
dietas experimentales.

Diets
Ctrl Pre Pro Syn
Growth rate (%) 381+4° 378+11° 390+12%® 403+3°
SGR (% day ) 5.61+£0.03° 5.58+0.08" 5.68+0.09®® 5.77+0.02°
FCR 1.56+0.03°  1.50+0.05®® 1.47+0.02®*  1.45+0.03°
PER 1.84+0.03* 1.94+.0.07®® 1.97+0.02*® 2.01+0.04°
Survival (%) 97+6 93+6 93+6 97+6

Values are given as mean + SD of triplicate determinations. Values in the
same row with different superscripts are significantly different (P < 0.05).
Growth rate = (final wt - initial wt) + initial wt x 100.

SGR: Specific growth rate = 100 (In avg final wt — In avg initial wt)/ d.
FCR: Feed conversion ratio = dry weight of pelleted feed consumed (g) +
wet wt gain (g).

PER: Protein efficiency ratio = wt gain/feed protein intake.

Survival = final number of shrimp/initial number shrimp x 100.

with a total of 538,446 reads (n = 12). One library of the
prebiotic treatment was identified as an outgroup replicate
according to a principal component analysis, and was eli-
minated from subsequent analyses. The analyses clustered
the sequences into 9,247 OTUs. At phylum level, shrimps
fed with the four treatments (Figure 1) revealed that the
most dominant bacterial phylum of the shrimp intestine
was Proteobacteria with 80 % in Ctrl diet, 82 % in Pre and
Pro diets, and the highest percentage was in Syn diet with
84 %. Within Proteobacteria phylum, control diet showed the
highest relative proportion (42 %) in Gammaproteobacteria
class compared to the rest of treatments, in which Pro diet
presented a significant reduction of this bacteria group (23
%). In contrast, Alphaproteobacteria in control diet resulted
in the lowest relative proportion (34 %) respect to the other
diets (41-53 %). The second dominant bacterial phylum was
Bacteroidetes, with the highest proportion in control diet (16
%), and the rest of the treatments resulted in the range of 11
to 13 %. The third dominant phylum was Actinobacteria with
2-3 % among treatments. Firmicutes phylum includes the
probiotics used, where the highest proportion was present
in the prebiotic-treatment group with 2 %, whereas the rest
of treatments showed 0.6 %.

At Order taxa level (Figure 2), Rhodobacteriales was
the most abundant bacteria in shrimp among treatments,
and mostly represented by Rhodobacteraceae bacterial
family (> 97 %). Shrimps fed with Pro diet probiotic showed
the highest proportion of Rhodobacteraceae (53 %), followed
by prebiotic and synbiotic treatments (41 and 40 %, respec-
tively), and the lowest abundance was found in the control
diet (34 %). The most abundant genus present in Rhodobac-
teraceae among treatments was Octadecabacter with 11 % of
abundance for control, 12 % for prebiotic, 14 % for synbiotic,
and 19 % for probiotic treatment.

The second most abundant bacteria order among
treatments was Vibrionales (Figure 2), manly from Vibriona-

100-

75 Phylum

Actinobacteria
Bacteroidetes
Firmicutes

Others

Proteobacteria - Alpha
Proteobacternia - Gamma
Proteobacternia - Others

Relative_abundance

25-

cil Pre Pro Syn
Diet

Figure 1. Relative abundance (%) of bacterial, at phylum level (Proteobac-
teria divided at class taxa level), in shrimps fed during 4-weeks with the
control (Ctrl), prebiotic (Pre), probiotic (Pro), and symbiotic (Syn) diets.
Figura 1. Abundancia relativa (%) de bacterias a nivel de filo (Proteobacteria
dividido a nivel de clase) en camarones alimentados durante 4 semanas
con las dietas control (Ctrl), prebiotica (Pre), probiética (Pro) y simbidtica
(Syn).
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Figure 2. Relative abundance (%) of bacteria, at order level, in shrimps fed
during 4-weeks with the control (Ctrl), prebiotic (Pre), probiotic (Pro), and
symbiotic (Syn) diets.

Figura 2. Abundancia relativa (%) de bacterias a nivel de orden en cama-
rones alimentados durante 4 semanas con las dietas control (Ctrl), prebioti-
ca (Pre), probidtica (Pro) y simbiotica (Syn).

ceae family. In this regard, the Pro treatment presented the
lowest proportion among treatments with 16 %, followed by
the synbiotic with 26 %, and prebiotic and control with 28
and 29 %, respectively; in all cases, this family was represen-
ted entirely by the Vibrio genus. In the case of Flavobacteriales
order level, represented by the Flavobacteriaceae family, con-
trol treatment showed 15 % relative abundance in contrast to
13 % in Pro, and 11 % in Pre and Syn treatments.

In the case of probiotic bacteria related to diets, at
class taxonomic level, Bacilli bacteria were more abundant in
prebiotic treatment (2 %) than in probiotic, synbiotic (0.5 %
each), and control (0.4 %). In terms of genus abundance, Lac-
tobacillus was absent in shrimp fed with control treatment,
whereas those fed with prebiotic represented 0.02 % of total
bacteria, and < 0.01 % in probiotic and synbiotic treatments.
In the case of Bacillus, probiotic and synbiotic treatments
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showed 0.05 and 0.04 % abundance, prebiotic 0.03 %, and
control 0.01 %. Among different treatments, 20 species
were identified including five species of Vibrionaceae; Vibrio
furnissii was the most abundant for control treatment (3 %);
whereas Vibrio antiquarius was the dominant species present
for the rest of treatments (3-4 %).

According to the Chao index, bacterial richness esti-
mator index values among treatments ranged from 1,567 to
2,123, where Pro and Syn treatments, both with probiotics in
the feed, resulted with higher values than those presented in
Ctrl and Pre dietary treatments (Table 3). In terms of diversity
assessed by the Shannon index among treatments, values
ranged from 3.03 to 3.57. Simpson index values ranged from
0.14 to 0.23, where Pre and Syn treatments showed higher
diversity among treatments.

Table 3. Number of OTUs, richness estimation (Chao1), and diversity esti-
mation (Shannon and Simpson) of intestinal community bacteria, of shrimp
fed experimental diets after 4-weeks.

Tabla 3. Numero de OTUs, estimacion de riqueza (Chao1), y estimacion

de diversidad (Shannon y Simpson) de las comunidades bacterianas del
intestino del camardn, alimentado con las dietas experimentales durante 4
semanas

Diets
Ctrl Pre Pro Syn

OTUs 34080 496+12 687+115 65030
Richness

estimator

Chao1 1,567+£0.57 1,719+£0.57 1,938+0.57 2,123%1.15
Diversity

estimators

Shannon 3.03+0.14 3.52+0.07 3.30+0.40 3.57+0.12
Simpson 0.17+£0.12  0.20+0.03  0.19+0.08  0.23+0.09
DISCUSSION

The importance of gastrointestinal microbiota on host
health and growth has been documented. The objective of
probiotics and prebiotics in the feed is to induce favorable
intestinal bacteria to promote growth, improve pathogen
resistance and the immune response. The inclusion of 0.2-
0.8% inulin has proved to enhance shrimp growth (Li et al.,
2020; Zhou et al., 2020), however, in the present work no
difference on shrimp growth was evident, when included
without probiotic, compared to Ctrl diet as reported by other
authors with inulin inclusion levels between 0 and 1% (Lu-
na-Gonzalez et al., 2012; Partida-Arangure et al.,, 2013). This
discrepancy may be associated to microorganism communi-
ty present in the culture system. The use of inulin has been
proven to be a good source of nutrients to promote probiotic
bacteria from Lactobacillus and Bacillus genus (Savedboworn
et al.,, 2018; Zherebtsov et al., 2002), providing a wide range
of exoenzymes, including inulinase, that allow using inulin as
source of carbon (Saha, 2006; Zherebtsov et al., 2002). Bacillus
sp. and Lactobacillus sp. included in feed may also enhance
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shrimp protease, lipase, amylase, and cellulase activities,
which suggests a better use of the nutrients contained in
the feed and reflected in improvement of growth and feed
efficiency utilization (Kongnum and Hongpattarakere, 2012;
Zhengetal., 2017).

In the present study, the final weight of shrimps fed
Pro treatment was higher than shrimps fed the control diet
(Ctrl), but not significantly different (P > 0.05). Wang et al.
(2019) described that the inclusion of Lactobacillus pentosus
or Bacillus subtilis at ~1 x 10° CFU g™ in feed, improved weight
gain in white shrimp. Similar effect was shown when the in-
clusion of probiotic Bacillus (B. subtilis and B. licheniformis) in
the diet at 1 x 10*and 1 x 108 CFU g significantly improved
growth performance and feed utilization efficiency in L. van-
namei (Sadat Hoseini Madani et al., 2018). In the case of the
synbiotic treatment (Syn), shrimp growth and feed utilization
efficiency improved in contrast to the Ctrl diet. Similar results
were shown by Huyn et al. (2018), when shrimp fed with a
synbiotic diet composed of Lactobacillus plantarum and
galactooligosaccharide improved shrimp weight gain; never-
theless, the use of the probiotic alone showed no significant
differences compared to the control diet, highlighting the
importance of the presence of the prebiotic in the diet. The
synergism between prebiotics and probiotics to improve
shrimp growth (Boonanuntanasarn et al., 2016; Munaeni
et al, 2014) has been suggested by the indirect and direct
release of extracellular bacterial digestive enzymes and bio-
active compounds that, in conjunction with the activation of
the digestive enzymes of the host, improve the efficiency of
feed utilization (Huynh et al., 2017).

After sequencing analysis, between 35 and 40 % of the
reads were classified within a genus or species. The use of the
probiotic in the feed (Pro and Syn treatments) increased the
shrimp intestinal bacterial richness according to the Chao
index. Inclusion of prebiotic (Pre and Syn) in the feed promot-
ed higher bacterial diversity according to both Shannon and
Simpson indices. The increase of species richness in intestinal
microbiota in L. vannamei has been also reported with the
use of synbiotic composed of galactooligosaccharide and L.
plantarum (Huynh et al., 2019), Bacillus sp. probiotic, honey
prebiotic or a mix of them (synbiotic) (Hasyimi et al., 2020),
suggesting that synbiotics in feed may modulate intestinal
bacterial community.

The dominant bacterial group in shrimps fed the four
treatments was the phylum Proteobacteria, which has been
reported to be highly abundant in both healthy or diseased
shrimp (Daiet al., 2018; Zheng et al., 2017), and also in shrimp
fed probiotics and synbiotics included in the diet (Hasyimi et
al., 2020). Differences in the Proteobacteria abundance due
to the diet effect may also relate to shrimp size as observed
by Dai et al. (2018), who found a temporal variation in shrimp
gut microbiota composition (between 8 to 9 g). Microbiome
changes also occur between culture stages, as observed in
L. vannamei larvae, being Proteobacteria the most abundant
phylum (Zheng et al., 2017). Some bacteria from the Proteo-
bacteria phylum serve as a direct source of nutrients (Moss,
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2002), and could improve feed digestion due to their diges-
tive enzymes that may enhance nutrient utilization in shrimp
(Wainwright and Mann, 1982). A diverse microbial communi-
ty has been suggested to improve the degradation of low or
indigestible substrates, which may increase the efficiency of
feed utilization (Cottrell and Kirchman, 2003).

Shrimps fed the four treatments presented a high
abundance of Bacteroidetes (8-19 %) and Actinobacteria (2-3
%), the last reported as abundant in healthy shrimps (5.6
%), compared to diseased shrimps (0.1 %) (Dai et al., 2018).
Proteobacteria, Bacteroides, Actinobacteria, and Firmicutes
were found in all treatments, and are considered natural
microbiota in the penaeid shrimp gut (Rungrassamee et al.,
2014; Tzucetal., 2014).

At family taxonomic level, a similar abundance of
Flavobacteriaceae was found among treatments, which
has been described as abundant in healthy farmed shrimp
(Xiong etal., 2015; Zheng et al., 2017). Likewise, some specia-
lized bacteria belonging to this family can degrade complex
compounds including structural polysaccharides such as
chitin from shrimp exoskeleton (Kirchman, 2002; Williams et
al., 2013), implying a beneficial effect on pond water quality.

The nutrition strategy, including diets with prebiotics,
probiotics, and synbiotics, represents an alternative to the
use of antibiotics to control pathogenic bacteria including
some Vibrio species (Johnson, 2013; Kewcharoen and Sri-
sapoome, 2019). According to our results, shrimps fed with
probiotics decreased the abundance of Vibrio sp. compared
to the control treatment, as reported in the freshwater prawn
Macrobrachium rosembergi fed with the inclusion of the pro-
biotic Lactobacillus that showed an inhibitory effect on the
gram-negative bacteria in the intestine (Venkat et al., 2004).
Moreover, a previous study with the inclusion in feed of B.
subtilis at 10° CFU g, produced antimicrobial activity against
pathogenic Vibrio species, with a reduction on shrimp morta-
lity (Balcazar and Rojas-Luna, 2007). In the same way, the ino-
culation of 10% CFU ml" of Lactobacillus sp. in water reduced
the prevalence of pathogenic Vibrio in brine shrimp culture
(Quiroz-Guzman et al., 2018). The Vibrionaceae reduction in
shrimps fed the probiotic diet (Pro) resulted in an increase
of Rhodobacteraceae family, which has been reported at hig-
her abundance in healthy shrimp as compared to diseased
shrimps (Dai et al., 2018).

In the case of the Syn treatment, a reduction in Vibrio
sp. abundance compared to the control treatment was
observed. This result agrees with that observed in the same
species, when L. plantarum and galactooligosaccharide syn-
biotic was included in the diet (Huynh et al., 2019), as well
as for Penaeus japonicus (Zhang et al., 2011) fed a Bacillus
sp. and isomaltooligosaccharides supplemented diet. The
use of a mix of B. subtilis with -glucan as prebiotic included
in feed, also reduced the prevalence of Vibrio sp. in shrimp
intestine, in contrast to $-glucan alone (Boonanuntanasarn
et al., 2016). The reduction of Vibrio abundance by the use
of synbiotics in the diet (oligosaccharides from sweet potato
and Bacillus sp. NP5) has been related to an increase of total

bacterial count in L. vannamei (Munaeni et al., 2014). Never-
theless, in the present work, Vibrio in the prebiotic treatment
was similar to the control treatment. Vibrionaceae abundance
may be affected by the source of the prebiotic employed; in
the case of B-glucan, it has been reported that Vibrio abun-
dance in shrimp gut is not affected when included alone in
feed (Boonanuntanasarn et al., 2016). In turn, some Vibrio
species may efficiently use inulin as a source of carbon to
proliferate, as reported by Mahious et al. (2006) in turbot lar-
vae. In this regard, the potential benefits of including inulin
to the shrimp diet seems to be closely related to the natural
microbial community and the introduced microorganism
(probiotics) in the culture system.

CONCLUSIONS

In conclusion, we found that the synbiotic included
in the diet improved shrimp growth, and the probiotic em-
ployed (B. subtilis and Lactobacillus sp.) reduced the relative
abundance of Vibrio sp. in the shrimps’ intestine; neverthe-
less, when combined with a prebiotic (inulin), this effect was
reduced.
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ABSTRACT

Osmoregulation in crustaceans is under neuroendo-
crine control by the crustacean hyperglycemic hormones
(CHHs), which modify water and ion concentrations in diver-
se species. Previous studies suggested that CHH variant B1
(CHH-B1) has effects on the osmoregulatory responses of the
Pacific white shrimp Litopenaeus vannamei. For a better un-
derstanding of the molecular action mechanisms of CHH-B1
in osmoregulation, in this work, a biological assay was done
by injecting different dosages (5, 10, 50, 100, 250, 500, and
1000 pmol) of recombinant CHH-B1 (rCHH-B1) into bilaterally
eyestalk-ablated shrimp under hyper-osmotic conditions.
The gene expression of Na*/K*-ATPase (NKA) was quantified
by RT-gPCR in gills of shrimp injected with rCHH-B1. In addi-
tion, osmoregulatory capacity (OC) of shrimp was estimated
as the difference between the osmotic pressure (OP) of the
external medium and that of hemolymph. The results indi-
cate that CHH-B1 regulates the OC of shrimp during hypo-
regulation by modulating Na*/K*-ATPase at transcriptional
level in a dose-dependent way. Our results suggest that CHH
has direct participation in the control of osmo-ionic regula-
tion mechanisms, not only in L. vannamei but in crustaceans
in general.
Keywords: Litopenaeus vannamei, shrimp, crustacean hyper-
glycemic hormone, osmoregulatory capacity, Na*/K*-ATPase

RESUMEN

La osmorregulacién en crustaceos esta bajo control
neuroendécrino por las hormonas hiperglucémicas de
crustaceos (CHHs), las cuales han mostrado modificar las
concentraciones de agua e iones en diversas especies. Estu-
dios previos sugieren que la CHH variante B1 (CHH-B1) tiene
efectos en las respuestas osmorreguladoras del camardn
blanco Litopenaeus vannamei. Para una mejor compresion
sobre los mecanismos de accién moleculares de CHH-B1
en osmoregulacion, en este trabajo, se realiz6 un ensayo
biolégico inyectando diferentes dosis (5, 10, 50, 100, 250,
500 y 1000 pmol) de CHH-B1 recombinante (rCHH-B1) a ca-
marones bilateralmente ablacionados del peduinculo ocular
bajo condiciones hiper-osméticas. La expresidn génica de
la Na*/K*-ATPasa se cuantificé por RT-qPCR en branquias de
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camarones inyectados con rCHH-B1. Ademas, se estimé la
capacidad osmorreguladora (CO) de los camarones como la
diferencia entre la presion osmotica (PO) del medio externoy
la de la hemolinfa. Los resultados indican que CHH-B1 regula
la CO de camarones durante la hipo-regulacién mediante
la modulacién de la NKA a nivel transcripcional de manera
dosis-dependiente. Nuestros resultados sugieren que CHH
tiene una participacion directa en el control de los mecanis-
mos de regulacién osmo-idnica, no solo en L. vannamei sino
en crustaceos en general.

Palabras claves: Litopenaeus vannamei, camarén, hormona
hiperglucémica de crustaceos, capacidad osmoreguladora,
Na*/K*-ATPasa

INTRODUCTION

The white shrimp (Litopenaeus vannamei) is a commer-
cial penaeid species with a distribution range throughout the
Pacific coast of Sonora, Mexico, and the north of Peru (Holth-
ius, 1980), which tolerates a wide range of environmental sa-
linities (~1-40 ppt). At salinities under iso-osmotic point (~26
ppt), penaeid shrimp hyper-regulate solute concentrations
in hemolymph, whereas at high salinities they behave as
hypo-regulators (Diaz et al., 2001; Chong-Robles et al., 2014).

Osmoregulation in crustaceans involves the adjust-
ment of the osmotic pressure (OP) of the intra- and extracel-
lular fluids (e.g., hemolymph) (Péqueux 1995; Charmantier
et al., 2009). In euryhaline species, such as L. vannamei, the
extracellular regulation comprises changes in active ion
transport, urine production, and permeability of the body
surface to water and salts (Henry et al., 2012). The osmoregu-
lation is subjected to a neuroendocrine control. The X-organ/
sinus gland complex (XO/SG) located in eyestalks appears
essential for the regulation of osmoregulatory mechanisms
(Kamemoto, 1976; Charmantier et al., 1984; Mantel, 1985).
The crustacean hyperglycemic hormones (CHHs) are the most
abundant neuropeptides produced in the XO/SG complex
(Webster et al., 2012). Classic gland ablation experiments in
lobsters and crayfish have shown that eyestalk removal alters
water and ion concentrations in crustaceans, an effect that
can be restored by the injection of CHHs purified from SG
tissue (Charmantier-Daures et al., 1994; Serrano et al., 2003).
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Moreover, chromatographic fractions containing CHH raised
Na*influx in isolated gills from crabs (Spanings-Pierrot, 2000).
This evidence suggests that CHHs may have a prime role in
controlling the osmoregulatory processes in decapod crus-
taceans.

In L. vannamei, the cDNAs encoding different CHH
variants isolated from the eyestalks were cloned and se-
quenced (Lago-Lestén et al, 2007; Ventura-Lépez et al.,
2016). The variants named CHH-B1 and CHH-B2 are originat-
ed from the same gene through alternative splicing events
(Lago-Leston et al., 2007). Notably, the expression of CHH
variant B1 (CHH-B1) is strongly influenced by environmental
salinity and temperature (Lago-Lestén et al., 2007). Moreover,
the ability of CHH-B1 peptide to elicit hyperglycemia and
hyperlipidemia in shrimp hemolymph has been proven by
the injection of recombinant peptides (Sdnchez-Castrején
et al.,, 2008; Camacho-Jiménez et al., 2015, Montiel-Arzate et
al., 2020). Administration of recombinant CHH-B1 also has
demonstrated to restore the osmoregulatory capacity (OC)
of L. vannamei acclimated to hyper-osmotic salinity (Cama-
cho-Jiménezetal., 2017a), suggesting that this variant partic-
ipates in the response to salinity stress and the hydromineral
balance in white shrimp.

The Na*/K*-ATPase (NKA) pump is a main driving force
for ion transport in the cells of aquatic organisms, including
crustaceans (Lucu and Towle, 2003). In L. vannamei, NKA
a-subunit mRNA expression in posterior gills responds to
changes in salinity conditions, suggesting its importance for
shrimp survival to osmotic stress (Sun et al., 2011). Moreover,
we have recently demonstrated that NKA mRNA expression
in posterior gills of intact L. vannamei shrimp maintained at
iso-osmotic salinity (26 ppt) was significantly up-regulated
3 h post-injection of rCHH-B1. However, the acute transfer-
ence of shrimp from 26 ppt to hypo-osmotic salinity (8 ppt)
showed a significant decrease of the NKA expression 1 h
post-injection of rCHH-B1. In contrast, the NKA transcripts
were significantly up-regulated 1 h post-injection of rCHH-B1
in animals acutely exposed to hyper-osmotic conditions (45
ppt). These results suggested that CHH-B1 could be directly
involved in regulating ion transport mechanisms (Cama-
cho-Jiménez et al., 2018).

Due to the importance of this molecular mechanism
for the osmo-ionic regulation, we examined in vivo the
dose-dependent effects of rCHH-B1 on the hemolymph OC
and its relation with the mRNA expression of the NKA cata-
lytic a-subunit in gills of bilaterally eyestalk-ablated shrimp
acclimated to hyper-osmotic salinity.

MATERIAL AND METHODS
Animals

L. vannamei post-larvae (PL) were brought to CICESE's
Marine Biotechnology wet laboratory from a shrimp farm
located in La Paz, Mexico. The PL were grown to sub-adults
in 2000 L reservoirs filled with seawater (35 + 1 ppt, 28 + 1°C)
under constant aeration. Sub-adult shrimp were individually
placed within 3.5 L containers inside 200 L reservoirs with re-

circulated seawater (35 ppt, 26°C) with aeration. Shrimp were
fed once a day with commercial pelleted feed, and remanent
food and feces were siphoned from the containers. Animals
were maintained under these conditions for 10 days until the
assays.

Expression and purification of rCHH-B1

Recombinant CHH-B1 (rCHH-B1) was expressed in
the methylotrophic yeast Pichia pastoris and purified by
reversed-phase high-performance liquid chromatography
(RP-HPLC) as previously reported, with minor modifications
(Camacho-Jiménez et al., 2015). Briefly, P. pastoris (strain X-33)
with the pPicZaA-CHH-B1a plasmid for CHH-B1 expression
integrated into its chromosomes was cultured in YPD medi-
um for 18 h (30 °C and 200 rpm). The YPD culture (0.5 mL) was
used to inoculate BMGY medium (500 mL), which was main-
tained until an OD, = 4. The BMGY culture was centrifuged
(2,500 x g, 5 min), and cells were in BMMY medium (100 mL)
supplemented with 2% methanol as an inducer for recom-
binant protein expression. The induction was maintained for
24 h (30 °C, 200 rpm) with methanol supplementation every
12 h. After induction, culture supernatant was collected by
centrifugation (2,500 x g, 5 min). Proteins from the superna-
tant were precipitated with 50% ammonium sulfate, and the
concentrate was dialyzed with phosphate-buffered saline
(PBS) 1X. The recombinant protein was separated from other
dialyzed proteins by RP-HPLC using a C18 column (TSKgel®
Octadecyl-4PW 4.6 mm x 150 mm, Tosoh, Tokyo, Japan)
and a gradient of acetonitrile (0-55%) with 0.1% TFA. The
recovery of recombinant protein was confirmed through
Westen blot immunodetection using an anti-CHH-B1/B2
antibody. Proteins recovered after RP-HPLC were separated
by Tricine-SDS-PAGE (12.5%), transferred to a nitrocellulose
membrane (0.45 um) (Bio-Rad, San Diego, CA, USA), and
then incubated with the rabbit anti-CHH-B1/B2 polyclonal
antibody (1:500) (GenScript, Piscataway, NJ, USA) followed
by incubation with a peroxidase-conjugated goat anti-rabbit
IgG antibody (Sigma-Aldrich, Saint Louis, MO, USA) (1:5000).
Visualization of positive bands was done with the 1-Step TMB
Blotting reagent (Pierce, Rockford, IL, USA). The BCA Protein
Assay Kit (Pierce) was used to determine the concentration of
rCHH-B1. The recombinant protein was stored at -80°C until
dose-response experiment.

Biological assay and sample collection

A dose-response in vivo assay was done as described
by Camacho-Jiménez et al. (2015) using bilaterally eyestalk-
ablated shrimp . This experiment had the aprovation from
CICESE's ethical committee. Fifty-four sub-adult shrimp
(12.89 + 2.41 g) were transferred to individual containers (3.5
L) inside tanks (200 L) filled with seawater (35 + 1 ppt, 26
1 °C) under constant aeration. Daily, animals were fed with
shrimp pelleted diet (4% of their wet weight), debris and fe-
ces were siphoned from containers, and seawater was totally
exchanged. The intermolt stage was calculated as half of the
time between two consecutive molting events indicated by
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exoskeleton deposition in the containers. During the first
counted intermolt, one eyestalk was extirpated from each
shrimp by cutting and cauterization, whereas the remaining
eyestalk was removed at the second registered intermolt
stage. Some of the removed eyestalks were collected for
sinus gland (SG) extract preparation. SG were dissected from
eyestalks, frozen (-80 °C) and homogenized in cold PBS 1X
with a pestle. The homogenized sample was centrifuged
(10,500 x g, 4 °C, 15 min), and the collected supernatant
was lyophilized and resuspended in 50 pL of PBS 1X every
2 glands. The SG extract was stored at -80 °C before activity
assay.

Bilaterally eyestalk-ablated shrimp in intermolt were
fasted for 24 h before the experiment. To establish the
dose-dependent effect of rCHH-B1 on osmoregulation, var-
ious doses of rCHH-B1 peptide (5, 10, 50, 100, 250, 500, and
1000 pmol) were diluted in 50 pL of PBS 1X and injected into
shrimp through the arthrodial membrane with a 1 mL sterile
syringe (31 G). As a negative control, a group of animals was
injected with 50 pL of PBS 1X. The positive control group con-
sisted of shrimp injected with a pair of SG extracted in PBS
(50 pL). One hour after injection, six shrimp from each dos-
age treatment and control (n= 6) were sampled. Hemolymph
was collected from shrimp with a sterile syringe (1 mL, 27 G)
and immediately placed on ice before analysis. After that,
posterior gills (~50 mg) were dissected from each animal and
immersed in RNA stabilizing solution (25 mM sodium citrate,
10 mM EDTA, 70% (NH,),SO4 (w/v), pH 5.2). Tissue samples
were stored at -80°C before RNA isolation.

Osmoregulatory capacity (0C)

The osmotic pressure (OP) was measured from hemo-
lymph samples with a vapor pressure osmometer (VAPRO
5520, Wescor, South Logan, UT, USA). The OP of the external
medium was also determined from seawater in the experi-
mental reservoirs. The osmoregulatory capacity (OC) was
calculated by subtracting OP of the external medium from
that of hemolymph. Because penaeid shrimp are hyper-reg-
ulators of hemolymph OP under hyper-osmotic conditions of
salinity, the OC data was expressed as hypo-OC (Lignot et al.,
1997).

NKA mRNA quantification by RT-qPCR

The effect of rCHH-B1 on NKA mRNA expression in L.
vannamei gills was measured by real-time quantitative PCR
(RT-gPCR) according to Camacho-Jiménez et al. (2018). Gill
samples of shrimp from each treatment and control (n= 6)
were pooled in groups of two organisms (n= 3) to add ~50
mg of tissue (same amount per shrimp). Total RNA was iso-
lated from qills tissue samples and treated with DNAse | with
the Direct-zol™ RNA MiniPrep kit (Zymo Research, Irvine, CA,
USA). Total RNA (~1 pg) was reverse-transcribed for cDNA
synthesis with SuperScript” lll Reverse Transcriptase and oli-
go (dT)20 primer (Invitrogen, Life Technologies, Carlsbad, CA,
USA). A specific fragment for NKA catalytic a-subunit (122 bp)
was amplified by RT-gPCR in a StepOnePlusTM Real-Time PCR
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System (Applied Biosystems, Life Technologies, Carlsbad, CA,
USA). The reaction mix (10 pL) included 5 pL of Power SYBR’
Green PCR Mix (Applied Biosystems, Life Technologies), cDNA
(25 ng), 0.1 uM of LvaATP_F forward primer (5'-AGCAAGGC-
CATCAACGATCT-3") and 0.1 uM of LvaATP_R reverse primer
(5'-GCCCACTGCACAATCACAAT-3") (Li et al., 2009). Cycling
conditions were as follows: an initial denaturation cycle at 95
°C for 10 min, followed by 40 cycles at 95 °C for 20 s and 60
°C for 1 min. Each cDNA sample was analyzed in triplicates.
In each run, a non-template control (negative control) was
included in triplicates. After the last extension step, a melting
curve was run from 60 to 95 °C with an increase of 0.3 °C each
15 s to validate the amplification specificity. The absolute
copy number of NKA transcripts in samples was assessed
by interpolating the quantification cycle (Cq) values of each
sample to a standard curve (R? = 0.99) constructed with serial
dilutions (107-102 copies) of a pCR™ 2.1-TOPO’ plasmid (Life
Technologies) carrying the 122 bp NKA fragment (Cama-
cho-Jiménez et al., 2018). The copy number of NKA transcripts
in each sample was reported per ng of cDNA. The efficiency
of primers was calculated using raw fluorescence data from
the standard curve with LinRegPCR Software 2016.0 (Ruijter
etal., 2009), which was 91.6%.

Statistical analyses

Data were analyzed for normality and homoscedastic-
ity by Shapiro-Wilk and Brown-Forsythe tests, respectively. To
determine statistical differences in OC between PBS control
and neuropeptide doses, one-way ANOVA with Fisher’s
LSD test was performed. Because NKA expression data did
not satisfy normality and homoscedasticity criteria, a Kru-
skal-Wallis test with Dunn’s post hoc test was performed to
find differences between hormone treatments and negative
control. All the statistical analyzes were done with SigmaPlot
14.0 (Systat Software) with a significance level settled at p <
0.05. The data were plotted as mean * standard deviation.

RESULTS
Expression and purification of rCHH-B1

The expression and purification of the native recombi-
nant protein were corroborated by Western blot analysis (Fig.
1). The results showed rCHH-B1 as a ~10 kDa band, which is
close to the predicted mass of 8.8 kDa. This band was identi-
fied as rCHH-B1 by N-terminal sequencing in a previous study
(Camacho-Jiménez et al., 2015). No additional bands were
detected during the analyses, confirming the elimination of
contaminating proteins.

Effect of rCHH-B1 dosage on the hypo-OC of eyestalk
ablated shrimp

The effect of the purified rCHH-B1 on the osmoregu-
latory capacity was evaluated in bilaterally-eyestalk ablated
shrimp acclimated to 35 ppt salinity by a dose-response in
vivo assay. Compared to PBS control (-287.27 + 13.35 mmol
kg'), rCHH-B1 increased the hypo-OC of the shrimp (Fig.
2) due to a decrease in the osmotic pressure of the hemo-
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Figure 1. Immunodetection of rCHH-B1 by Western blot. M, molecular
weight marker Precision Plus Protein All Blue (Bio-Rad); 1, recombinant
protein purified by RP-HPLC. The arrow indicates the band corresponding
to rCHH-B1.

Figura 1. Andlisis por Western blot de rCHH-B1. M, marcador de pesos
moleculares Precision Plus Protein All Blue (Bio-Rad); 1, proteina recombi-
nante purificada por RP-HPLC. La flecha indica la banda correspondiente a
rCHH-B1.
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Figure 2. Dose-response effect of rtCHH-B1 on the hypo-OC of L. vannamei.
PBS, negative control; SG, sinus gland extract; rtCHH-B1, doses of rCHH-B1
(5-1000 pmol). Data are expressed as mean * standard deviation (n= 6, per
dosage or control). Asterisks (*) indicate significant differences with respect
to PBS control (p < 0.05).

Figura 2. Efecto dosis-respuesta de rCHH-B1 sobre la hipo-CO de L. van-
namei. PBS, control negativo; SG, extracto de glandula del seno; rCHH-BT1,
dosis de rCHH-B1 (5-1000 pmol). Los datos se expresan como media +
desviacion estandar (n = 6, por dosis o control). Los asteriscos (*) indican las
diferencias con respecto al control PBS (p < 0.05).

lymph. The effect was significant (p < 0.05) starting from the
100 pmol dose (-311.78 £ 19.15 mmol kg™') and showed no
differences (p > 0.05) with the effect of higher doses of hor-
mone (250-500 pmol). The shrimp injected with SG showed
a significant decrease (p < 0.05) in the hypo-OC (-245.00 +
22.63 mmol kg') with respect to PBS due to an increase of
the hemolymph OP.

Effect of rCHH-B1 dosage on NKA expression

The expression of NKA in the posterior gills decreased
in response to rCHH-B1 injection in a dose-dependent man-
ner (Fig. 3). The reduction in NKA mRNAs was significant (p
< 0.05) with respect to the PBS control (15.76 + 4.39 x103
copies of NKA transcript per ng of cDNA) starting from the 50
pmol dose (9.51 + 2.88 x103 copies of NKA transcript per ng
of cDNA), which was lower than the effective dose found for
the OC. The expression reached minimum values (p < 0.05)
by injecting 1000 pmol of rCHH-B1 (3.68 + 0.81 x10° copies of
NKA transcript per ng of cDNA). Conversely, the SG extract in-
creased the NKA transcripts (41.95 £ 0.92 x103 copies of NKA
transcript per ng of cDNA) in comparison to the PBS control
(p < 0.05).
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Figure 3. Dose-response effect of rtCHH-B1 on NKA expression in posterior
gills of L. vannamei. PBS, negative control; SG, sinus gland extract; rCHH-B1,
doses of rCHH-B1 (5-1000 pmol). Data are expressed as mean + standard
deviation (n= 3, per dosage or control). Asterisks (*) indicate significant diffe-
rences with respect to PBS control (p < 0.05).

Figura 3. Efecto dosis-respuesta de rCHH-B1 sobre la expresion de NKA en
branquias posteriores de L. vannamei. PBS, control negativo; SG, extracto de
gléandula del seno; rCHH-B1, dosis de rCHH-B1 (5-1000 pmol). Los datos se
expresan como media + desviacion estandar (n = 3, por dosis o control). Los
asteriscos (*) indican las diferencias con respecto al control PBS (p < 0.05).

DISCUSSION

The CHHs are neuropeptides of crustaceans with a
well-established role in carbohydrate metabolism (Fanjul-
Moles, 2006). Experiments injecting rCHH-B1 into eyestalk-
ablated L. vannamei have demonstrated its participation
in controlling the hemolymph glucose levels (Camacho-
Jiménez et al., 2015). The CHH-mediated hyperglycemia has
been proposed as an adaptive response to cope with increa-
ses in the energy needs of tissues during stressful situations

Volumen XXIIl, Ndmero 3



Camacho-Jiménez et al: Biotecnia / XXIIl (3): 58-65 (2021)

(Chang, 2005). Nonetheless, the CHHs are recognized as
pleiotropic hormones with multiple functions proposed in
the physiology of crustaceans, including osmo-ionic regula-
tion (Chung et al., 2010; Webster et al., 2012). Interestingly,
CHH-B1 mRNA levels were up-regulated in L. vannamei
eyestalks during exposure to extreme salinities, pointing to
a role in osmoregulation under osmotic stress (Lago-Leston
et al., 2007). Additionally, the relative expression of the chh
transcripts showed to be sensitive to salinity, being higher at
salinities far from iso-osmotic point (26 ppt). Recent studies
have shown that rCHH-B1 injection into L. vannamei shrimp
acutely exposed to iso-osmotic (26 ppt) and hyper-osmotic
salinity (45 ppt) increased NKA a-subunit mRNA expression in
posterior gills (Camacho-Jiménez et al., 2018). However, since
this study was done with non-ablated shrimp, the effect of
other endocrine molecules present in the eyestalks could not
be ruled out. Diverse biogenic amines that are produced in
the eyestalks may affect metabolism and osmoregulation in
a way that can be or not dependant on CHH action (Liu et
al., 2008; 2009; Lorenzon et al., 2005). Moreover, according to
experiments in Penaeus monodon, other eyestalk peptides,
like the red concentrating hormone, can elicit changes in
NKA activity in gills, suggesting that it may exert an overlap-
ping endocrine function to CHHs in osmoregulation (Satha-
pondecha et al. 2014). Eyestalk ablation is used to eliminate
the primary source of neuropeptides in crustaceans to test
their individual effects. Although this surgical procedure
causes impairments in metabolism and osmoregulation by
itself (Charmantier-Daures et al., 1994; Sainz-Hernandez et al.,
2008), it is still a classic approach for the functional characte-
rization of CHHs, as it completely eliminates XO-SG, which is
the main tissue secreting CHH (Chang et al., 2010; Liu et al.,
2014; Mosco et al., 2015).

In this study, the experiments were performed with
bilaterally eyestalk-ablated sub-adult shrimp acclimated to
hyper-osmotic conditions (35 ppt), in which organisms are
hypo-osmotic with respect to the external medium. Inter-
estingly, rCHH-B1 treatment increased the hypo-OC of eyes-
talk-ablated shrimp after 1 h within a dose range of 100-500
pmol due to a reduction in the hemolymph OP. These results
agree with a previous study in which the injection of 226
pmol (2 pg) of rCHH-B1 increased hypo-OC of non-ablated
shrimp after 1 h (Camacho et al., 2018). Thus, the evidence
herein confirms that CHH-B1 acts on the osmoregulatory
performance of shrimp during hypo-osmoregulation at high
salinities besides its metabolic effects. Considering that in L.
vannamei, the Na* and Cl-ions comprise ~80% of the hemo-
lymph OP at 35 ppt (Castille and Lawrence, 1981), the effect
of rCHH-B1 on the hypo-OC could be related to changes
in their concentrations, in part by modifying branchial ion
transport. The rCHH-B1 peptide suppressed NKA expression
in gills of eyestalk-ablated shrimp in a dose-dependent way,
starting at a dosage that is a half lower than the effective do-
sage for the OC (100 pmol). These results indicate that CHH-
B1 might regulate the OC of shrimp during hypo-regulation
by modulating NKA activity. NKA modulation could occur
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through a signal transduction pathway that triggers changes
at a transcriptional level.

In euryhaline hyper-osmoregulator crustaceans,
the catalytic a-subunit of NKA located in the basolateral
membrane of epithelial cells from gills provides the prima-
ry driving force for the uptake of Na* from diluted media
by exchanging K* (Lucu and Towle, 2003). The NKA mRNA
expression was stimulated in L. vannamei gills in response
to salinity stress (Sun et al., 2011; Wang et al., 2012). A high
NKA gene expression level has also been observed in the gill
tissue of black tiger shrimp (P. monodon) exposed to high sa-
linity conditions (55 ppt) (Shekhar et al., 2014). Additionally,
a transient induction of the mRNA levels for the a-subunit
of NKA has been reported during acclimation of the eury-
haline blue crabs Callinectes sapidus from 35 ppt to 10 ppt
salinity (Lovett et al., 2006). NKA expression in the euryhaline
crab Eriocheir sinensis gills showed adaptive up-regulated
expression response to the salinity changes (Zhang et al.,
2018). In contrast, NKA expression in the E. sinensis gills was
significantly downregulated in organisms acclimated to
seawater (25 ppt) compared with the freshwater group (Yang
et al., 2019). Nonetheless, in animals capable of hypo-osmo-
regulation, like L. vannamei, branchial NKA could also drive
the movement of ions through the Na*/K*/2Cl" cotransporter
and other transport proteins in cell membranes, as has been
suggested in some marine teleosts (Evans et al., 2005). These
results suggest the importance of tight regulation of NKA
activity for the survival of crustacea to osmotic stress caused
by both high and low salinities. The effect of rCHH-B1 on NKA
expression found in this work, in which organisms were accli-
mated at 35 ppt, contrast with those reported in a previous
study in which a transitory up-regulation in transcript copy
number occurred in shrimp treated with rCHH-B1 (226 pmol)
and acutely transferred to hyper-osmotic (45 ppt) conditions
(Camacho-Jiménez et al., 2018). Since the optimum salinity
range for L. vannamei growth is 33-40 ppt and survival is
compromised at salinities above 40 ppt (Ponce-Palafox et al.,
1997), the level of stress experienced by animals at 35 ppt
probably was not the same as at 45 ppt. In agreement, shrimp
acclimated to iso-osmotic salinity (26 ppt) and injected with
rCHH-B1 or rCHH-B2, displayed a weaker effect on NKA in-
duction than shrimp acutely transferred to 45 ppt. Moreover,
the transference of animals injected with the recombinant
peptides to low salinity (8 ppt) for 1 h did not induced NKA
expression. However, the authors also reported a less-mag-
nitude increase in shrimp under the same salinity conditions
that not received hormone injection, which suggests that
other endocrine factors involved in osmoregulation could be
acting under salinity stress (Camacho-Jiménez et al., 2018).

Results presented in this study showed that eye-
stalk-ablated shrimp injected with the SG extract had an
strong and opposite response to that of rCHH-B1 treatments.
SG extract caused areduction in hypo-OC (increase in OP) and
an increase in NKA transcripts, suggesting an increase in ion
uptake dependant on NKA activity. The SG extract contains
a mixture of endocrine molecules (i.e., biogenic amines and
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neuropeptides) that potentially have different effects on the
osmo-ionic regulation of L. vannamei (Liu et al., 2008; 2009).
Thus, differences among intact and eyestalk-ablated animals
can be expected, as well as between the effects of SG extract
and single CHH neuropeptides. In this sense, recent studies
revealed that the rCHH-B2 variant decrease the hypo-OC in
the hemolymph of bilaterally eyestalk-ablated L. vannamei
exposed to 35 ppt (Camacho-Jiménez et al., 2017b). CHH-B2
has also been shown to increase the hemolymph ion concen-
trations and NKA expression in gills of non-ablated shrimp
transferred to high salinity (45 ppt) (Camacho-Jiménez et
al., 2018). Liu et al. (2014) reported that recombinant CHH
peptide of L. vannamei (rLvCHH) increased the NKA activity
in intact shrimp acclimated to 31 ppt.

Interestingly, CHH variants of L. vannamei are differ-
entially distributed among tissues. LvCHH peptide is highly
expressed in eyestalks, heart, nervous systems, muscle, and
hepatopancreas (Liu et al., 2014), while CHH-B2 has been only
detected in eyestalks (Lago-Leston et al., 2007). Moreover, L.
vannamei ion transport peptide (LvITP), a peptide with high
sequence identity with CHH-B1, is expressed in gills, suggest-
ing an osmoregulatory role in this tissue (Tiu et al., 2007).
These dissimilarities between tissue distribution patterns of
CHHs have been related to their structural variability, as well
as to their functional diversity (Liu et al., 2015).

The involvement of CHHs in osmotic adaptation
has been mostly studied in crustaceans upon transfer to
hypo-osmotic environments. In lobster and crayfish species,
the injection of purified CHH reverted the reduction in the
ability to regulate the internal OP and/or Na* in eyestalk
ablated animals kept in diluted media (Charmantier-Daures
et al., 1994; Serrano et al, 2003), probably by promoting
changes in the transepithelial potential and Na* influx across
the posterior gills, as has been shown in Pachygrapsus mar-
moratus (Spanings-Pierrot et al., 2000). In agreement with our
findings, Spanings-Pierrot et al. (2000) suggested that CHH
could indirectly modulate the NKA activity in gills by con-
trolling the metabolic energy available for this mechanism.
rCHH-B1 has been demonstrated to cause hyperglycemia in
eyestalk-ablated shrimp at 35 ppt (Camacho-Jiménez et al.,
2015). Moreover, rCHH-B1 has proven to elicit triglycerides
and phospholipids mobilization into hemolymph, making
lipids available for uptake by tissues (Montiel-Arzate et al.,
2020). In this sense, unsaturated phospholipid content in
posterior gills tissue has been positively related to the level
of NKA activity (Chapelle and Zwingelstein, 1984). Thus, the
metabolic effects of CHH-B1 in hemolymph and qill tissue
can aid shrimp to osmoregulate in changing environmental
conditions. Alternatively, CHH may be directly involved in the
activation of signal transduction pathways that control NKA
activity. Specific binding sites for CHH have been detected in
the gills tissue from Carcinus maenas and C. sapidus, where
the hormone rises the cGMP concentration (Chung and Web-
ster 2006; Katayama and Chung, 2009). Moreover, it has been
predicted that the NKA a-subunit of the euryhaline crab P

marmoratus has a cAMP- and cGMP-dependent protein
kinase phosphorylation site, while in the promoter region
of the a-subunit gene potential recognition sites have been
located for activating transcription factor/cAMP response el-
ement-binding protein (ATF/CREB) (Jayasundara et al., 2007).
This family of transcription factors is involved in the cellular
stress response in mammalian cell lines (Fawcett et al., 1999).
In this sense, the existence of a signal transduction pathway
dependant on CHH and cyclic nucleotides (as second mes-
sengers) that controls NKA expression must be elucidated.

CONCLUSIONS

Based on our results, CHH-B1 is involved in the osmo-
tic regulation of L. vannamei, which is correlated with the
transcriptional regulation of NKA activity in gills. The rCHH-
B1 peptide had a dose-dependent suppressive effect on NKA
expression in gills of eyestalk-ablated shrimp acclimated to
35 ppt. Even though these results support a regulatory role
for CHH in osmo-ionic regulation in crustaceans, they con-
trast with previous evidence on CHH-dependant stimulation
of Na*uptake and NKA activity in gills (Spanings-Pierrot et al.,
2000; Liu et al., 2014; Camacho-Jiménez et al., 2018). Howe-
ver, salinity conditions seem to have a significant influence
on gene expression and activities of CHH variants of L. vanna-
mei (Lago-Lestén et al., 2007; Camacho-Jiménez et al., 2018).
Moreover, osmoregulation appears to be a highly complex
physiological process involving diverse endocrine molecules
with unknown interactions among each other (Charmantier
et al., 2009). Further research is needed to clarify the signal
transduction pathways and the effects of the different
CHH peptides of L. vannamei under diverse environmental
and physiological conditions. The study of their effects in
response to stressors, such as salinity fluctuations, could be
interesting for aquaculture production since they impact the
growth, health, and even survival of shrimp.
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ABSTRACT

The present manuscript reviews the findings of
different research studies that evaluate the use of fungal
fermentation-assisted extraction, in solid-state fermentation
(SSF) and submerged culture fermentation (SCF) with agro-
industrial residues as substrates, to obtain phenolic com-
pounds with possible applications as food additives. Some
agro-industrial by-products (peels, pulps and seeds) are
an important source of phenolic acids such as p-coumaric,
p-hydroxybenzoic, chlorogenic, cinnamic, ferulic, gallic,
protocatechuic, rosmarinic, syringic, and vanillic acids and
flavonoids (apigenin, chrysin, (+)-catechin, kaempferol, myri-
cetin, quercetin, rutin, hesperetin, and naringin). In addition,
the utilization of these by-products as substrates in SSF and
SCF allowed obtaining phenolic compounds with antioxi-
dant and antimicrobial activities. Thus, fungal fermentation-
assisted extraction provides a potential alternative to obtain
natural additives for meat and meat products industry.
Keywords: Mushroom, Fermentation, Compound extraction,
Food additives

RESUMEN

El presente manuscrito revisa los hallazgos de di-
ferentes estudios de investigacion que evaltan el uso de
la extraccion-asistida por fermentaciéon flingica, en medio
sélido (SSF) y cultivo sumergido (SCF) con subproductos
agroindustriales como sustratos, para obtener compues-
tos fendlicos con posible uso como aditivos alimentarios.
Algunos subproductos agroindustriales (pulpas, céscaras
y semillas) son una fuente importante de acidos fendlicos
como p-cumadrico, p-hidroxibenzoico, clorogénico, cinamico,
ferulico, galico, protocatecuico, rosmarinico, siringico, y
vanilico, y de flavonoides (apigenina, crisina, (+)-catequina,
kaempferol, miricetina, quercetina, rutina, hesperetina y na-
ringina). Ademas, la utilizacién de estos subproductos como
sustratos en SSF y SCF permitié obtener compuestos fenoli-
cos con actividad antioxidante y antimicrobiana. Por lo que,
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la extraccidén-asistida por fermentacion flingica proporciona
una alternativa potencial para obtener aditivos naturales
para la industria de la carne y productos cérnicos.

Palabras clave: Hongos, Fermentacién, Extraccién de com-
puestos, Aditivos alimentarios.

INTRODUCTION

Meat and meat products are considered an important
source of many essential nutrients in the human diet, includ-
ing lipids such as fatty acids (mono- or polyunsaturated)
and proteins rich in essential amino acids such as isoleucine,
leucine, lysine, methionine, phenylalanine, threonine, and
valine, which are highly susceptible to oxidation processes
(Hammad et al., 2020). Oxidative deterioration of lipids and
proteins, and microbial growth are considered the main
causes of quality loss in any type of meat or meat products
leading to organoleptic and technological changes such as
color, odor, flavor, appearance, and texture, as well as water
holding capacity and water loss by cooking. In addition, both
factors promote nutrient losses and toxic compound forma-
tion (Jiang and Xiong, 2016; Aziz and Karboune, 2018). How-
ever, the uncontrolled uses of antioxidant and antimicrobial
additives to preserve meat and meat products is a practice
that generate negative effects on consumer health; thus,
strict regulations for their controlled used in foods has been
promoted (Poljsak et al., 2013; Aziz and Karboune, 2018).

In previous investigations to reduce lipid and protein
oxidation and microbial growth in meat and meat products,
extracts rich in phytochemicals have been obtained from
plants, herbs, and species, and used instead of synthetic pre-
servatives (Jiang and Xiong, 2016). In addition, the reuse of
agro-industrial by-products such as peel pomace and seeds
offers an alternative source of additives with antioxidant and
antimicrobial properties (Hernandez-Carlos et al., 2019).

Moreover, several extraction methods have been
developed to obtain bioactive compounds from agro-in-
dustrial by-products, such as conventional (maceration and
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hydrodistillation extraction) and unconventional (ultrasonic,
microwave, supercritical fluid, and enzyme extraction) meth-
ods. These extraction methods in combination with a solvent
system of different polarities, including water, acetone, eth-
anol, methanol, hexane, and petroleum ether, improve the
types of compounds that can be extracted (Azmir et al., 2013;
Hernandez-Carlos et al, 2019). However, biotechnological
methods such as fungal fermentation-assisted extraction
(SSF and SCF) has been suggested as an additional alter-
native to obtain bioactive compounds from agro-industrial
by-products (Papaspyridi et al., 2012; Santana-Méridas et al.,
2012). In this review, a general description of the uses of fun-
gal fermentation-assisted extraction (SSF and SCF) to obtain
phenolic compounds from agro-industrial by-products, and
their possible applications as food additives are discussed.

Phenolic Compounds from Agro-Industrial By-Products

The definition of food losses and waste could be
associated with a reduction in the availability of food, a de-
crease in nutritional value and a deterioration in food safety,
involving many players in food supply chains, such as farmers
and processors. Furthermore, food losses could occur by ac-
cidental causes (intrinsic or extrinsic factors), and food waste
occurs for reasons of negligence (FAO, 2017). The Mexican
normative (NOM-251-SSA1-2009) defines food residue/by-
product as ‘waste from processed raw material’ In this regard,
the food processing industry generates large amounts of by-
products, including pomace, husks, seeds, leaves, stems, and
wood (Peanparkdee and Iwamoto, 2019; Rico et al., 2020). In
some cases, these by-products are treated to decrease nega-
tive environmental impact, making them a useful product
with the added benefits of solving a problem and generating
additional income (Rico et al., 2020).

Agro-industrial by-products are commonly disposed
of, used on-site or used off-site or after pre-treatment. These
can be pre-treated by physicochemical (combustion, pyroly-
sis, and gasification) or biochemical (anaerobic digestion and
fermentation) processes, to generate biodiesel and electrici-
ty or bio-alcohol and biogas, respectively. In addition, agro-
industrial by-products can be pre-treated by bio-reduction
to produce animal feed, and by chemical modifications, and
by SSF and SCF to obtain bioactive compounds (Santana-
Méridas et al., 2012). Thus, agro-industrial by-products are
considered a rich source of bioactive compounds, including
alkaloids, terpenoids, saponins, essential amino acids and
fatty acids, minerals, carotenoids, vitamins, polysaccharides,
and phenolic compounds like phenolic acids, and flavonoids
(Wijngaard et al., 2012; Azmir et al., 2013; Peanparkdee and
lwamoto, 2019; Rico et al., 2020).

The major by-products of fruit processing are peel
and seed, and in a minor proportion, pulp (Santana-Méridas
et al, 2012). However, the extraction, identification and
uses of phenolic compounds are widely investigated in
commercial sectors such as the pharmaceutical, chemical,
and food industries (Azmir et al., 2013; Santana-Méridas et
al., 2012). In this context, table 1 compiled literature reports

of these residues as an important source of phenolic acids,
including peel (apple, potato, and tomato), pulp (avocado)
and seeds (avocado, citrus, and tomato). In addition, table 2
demonstrate that by-products also are a significant source of
flavones, flavonols, and flavanones compounds. It has been
reported that phenolic compounds are present ubiquitously
in all parts of plants such as wood, leaves, roots, and fruits
(Vermerris and Nicholson, 2008; Rico et al., 2020). In this re-
gard, these compounds are commonly trapped or bound to
the dietary fiber of plant material, through hydrogen bonds
between the phenol hydroxyl group (HO') of the phenolic
component, hydrophobic interactions, and covalent bonds
like ester bond between phenolic acids and polysaccharides
(Quirds-Sauceda et al., 2011).

Chemical structure plays a key role in the bioactivity
of phenolic compounds, which have been associated with
several key factors such as OH-group location in the benze-
ne ring, the substitution patterns by the OH-group (ortho-,
meta-, para-, meta-tri-, vic-tri-), the presence of glycosylation,
and double bounds in the benzene structure (Vermerris and
Nicholson, 2008; Rico et al., 2020). However, the types of phe-
nolic compounds obtained, and their bioactivity are closely
associated with the extraction method employed (Azmir et
al.,, 2013).

Extraction Methods

Phenolic compounds are widely found as a mixture of
different components in a solid, and for extraction that are
dispersed in a liquid phase, which allows their separation
from the solid phase. This process is known as liquid-solid
extraction, and to increase the diffusion rate of the solvent
in the solute and yields, it is necessary to dry and reduce the
particle size of the solid or plant material (fruits, leaves, stem,
roots, wood, flowers or seeds) (Pinelo et al., 2007; Pronyk and
Mazza, 2009; Orphanides et al., 2013).

Furthermore, several methods are frequently em-
ployed to obtained phenolic compounds, including rustic
methods (extraction by cooking, percolation, and infusion),
conventional methods (extraction by maceration, Soxhlet,
and hydrodistillation) and unconventional methods, inclu-
ding enzymes-assisted extraction, microwave-assisted ex-
traction, pressurized liquid-assisted extraction, supercritical
fluids-assisted extraction, and ultrasound-assisted extraction
(Wijngaard et al., 2012; Azmir et al., 2013). However, the
solvent type, solvent-solid ratio, number of extractions,
pH, temperature, time, vacuum and fermentation process,
among other conditions used, influences phenolic yields
(Spigno et al., 2007; Ramirez-Rojo et al., 2018).

Fungal Culture Fermentation

SSF involves the fermentation of solids or semi-solids
in the absence of water, where the substrate used to be the
source of moisture to support microbial growth (Pandey,
2003; Castaneda-Casasola et al., 2018), while in SCF, microor-
ganisms grow submerged with an excess of water and limi-
ted oxygen (Castaieda-Casasola et al., 2018). In this context,
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Table 1. Basic structure of phenolic acids identified in some agro-industrial by-products.
Tabla 1. Estructura basica de acidos fendlicos identificados en algunos subproductos agroindustriales.

Basic structure

Phenolic acids identified

Compound R1 R2
p-coumaric acid H OH
p-hydroxybenzoic acid OH H

Caffeic acid OH OH
Chlorogenic acid OH OH
Cinnamic acid H H

Ferulic acid OCH3 OH
Gallic acid OH OH
Protocatechuic acid H OH
Rosmarinic acid OH OH
Syringic acid OCH3 OH
Vanillic acid H OH

3 X _-COOH

R;
Rs
R3 -COOH Source Reference
H * Potato peel Onyeneho and Hettiarachchy (1993)
Apple peel Lata et al. (2009)
Tomato peel and seed Valdez-Morales et al. (2014)
H * Potato peel Onyeneho and Hettiarachchy (1993)
Avocado peel, pulp and seed Rodriguez-Carpena et al. (2011)
Citrus seed Moulehi et al. (2012)
H * Potato peel Onyeneho and Hettiarachchy (1993)
Apple peel Lata et al. (2009)
Citrus seed Moulehi et al. (2012)
Tomato peel and seed Valdez-Morales et al. (2014)
H Esterified Potato peel Onyeneho and Hettiarachchy (1993)
Apple peel tata et al. (2009)
Citrus seed Moulehi et al. (2012)
Tomato peel and seed Valdez-Morales et al. (2014)
H * Potato peel Onyeneho and Hettiarachchy (1993)
Tomato peel and seed Valdez-Morales et al. (2014)
H * Potato peel Onyeneho and Hettiarachchy (1993)
Citrus seed Moulehi et al. (2012)
Tomato peel and seed Valdez-Morales et al. (2014)
OH * Potato peel Onyeneho and Hettiarachchy (1993)
Citrus seed Moulehi et al. (2012)
Tomato peel and seed Valdez-Morales et al. (2014)
OH * Potato peel Onyeneho and Hettiarachchy (1993)
H Esterified Citrus seed Moulehi et al. (2012)
OCH3 * Potato peel Onyeneho and Hettiarachchy (1993)
Citrus seed Moulehi et al. (2012)
OCH3 * Potato peel Onyeneho and Hettiarachchy (1993)
Citrus seed Moulehi et al. (2012)

Tomato peel and seed

Valdez-Morales et al. (2014)
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Table 2. Basic structure of flavonoids identified in some agro-industrial by-products.
Tabla 2. Estructura basica de algunos flavonoides identificados en subproductos agroindustriales.

Basic structure of flavonoids

R7 o
R5

Flavonoids identified

Compound R3 R5 R7 R2 R3’ R4’ R5’

Flavones

Apigenin H OH OH H H OH H

Chrysin H OH OH H H H H

Flavanols

(+) catechin OH OH OH H H OH OH

Kaempferol OH OH OH H H OH H

Myricetin OH OH OH H OH OH OH

Quercetin OH OH OH H OH OH H

Rutin Gly OH OH H OH OH H

Flavanones

Hesperetin H OH OH H OH OCH,

Naringin H OH OH H H OH

R3'
R4'
R5'
R3
C2-C3  Source
+ Citrus seed

Tomato peel and seed

+ Apple peel

- Apple peel

Avocado peel, pulp and seed

Reference

Moulehi et al. (2012)
Valdez-Morales et al. (2014)
Balasuriya and Rupasinghe (2012)

tata et al. (2009)
Rodriguez-Carpena et al. (2011)

Citrus seed Moulehi et al. (2012)
Moulehi et al. (2012)
Valdez-Morales et al. (2014)
Valdez-Morales et al. (2014)
tata et al. (2009)

Moulehi et al. (2012)
Valdez-Morales et al. (2014)
tata et al. (2009)

Moulehi et al. (2012)

Valdez-Morales et al. (2014)

+ Citrus seed
Tomato peel and seed
Tomato peel and seed
Apple peel
Citrus seed
Tomato peel and seed
+ Apple peel
Citrus seed

Tomato peel and seed

- Citrus seed Moulehi et al. (2012)
- Apple peel Balasuriya and Rupasinghe (2012)
Citrus seed Moulehi et al. (2012)

Tomato peel and seed Valdez-Morales et al. (2014)

(+) double; (-) single.

fungal mycelia is widely produced in SSF using substrates
such as grains, sawdust or wood from different plant species
(Yang and Liau, 1998). Nevertheless, it has been reported
that SCF improves potential advantage than SSF, because
inoculums can be uniformly dispersed in the substrate, and
the time and/or harvest speed are reduced (Yang and Liau,
1998; Xu and Zhu, 2011; Xu et al., 2015).

Moreover, fungal mycelia production during the
fermentation process varies extensively, depending on the

species of fungus and environmental or culture conditions
used (temperature, initial pH, surface-aeration, aeration
rate, rotating speed, and stimulatory agents, among others),
which consequently affect phytochemical extraction from
the substrate (Yang and Liau, 1998; Xu and Zhu, 2011; Xu et
al., 2015).

Phenolic Compounds Extraction by Fungal Fermentation
In relation to the aforementioned, the use of agro-in-
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dustrial by-products as substrates in combination with
fungal fermentation-assisted extraction (SSF and SCF), are
considered an alternative method for the extraction of
phytochemicals, including triterpenoids, polysaccharides,
and phenolic compounds, which could be obtained through
agro-industrial by-products (Xu and Zhu, 2011; Xu et al.,
2014; Xu et al., 2015; Dey et al., 2016).

In this context, the extraction of phenolic compounds
and triterpenoids from citrus peel like pomelo, lemon,
orange, and tangerine, through SCF (25 °C at 100 rpm, 28
d) with Antrodia cinnamomea has been reported (Ma et al.,
2014). Also, polysaccharide and triterpenoid extraction from
citrus peels, including pomelo, lemon, orange, and grape-
fruit, using SCF (25 °C at 100 rpm, 28 d) with A. cinnamomea

was also demonstrated (Yang et al., 2012). Xu and Zhu (2011),
reported the extraction of phenolic compounds with anti-
oxidant properties (DPPH" and hydroxyl scavenging activity)
from ground corn stover by SCF (28 °C at 150 rpm, 12 d) us-
ing Inonotus obliquus. In addition, Vattem and Shetty (2002)
demonstrated the extraction of phenolic compounds such as
ellagic acid, resveratrol and rosmarinic acid with antioxidant
properties (antiradical DPPH and [B-carotene antioxidant
protection factor) from cranberry pomace by SSF (28 °C, 16
d) using Rhizopus oligosporus.

Additionally, table 3 compile literature reports
focused on the extraction of phenolic compounds with an-
tioxidant and antibacterial properties, from agro-industrial
by-products using fungal fermentation-assisted extraction

Table 3. Obtaining phenolic compounds from agro-industrial by-products through fungal fermentation-assisted extraction.
Tabla 3. Obtencién de compuestos fendlicos de subproductos agroindustriales mediante extraccion-asistida por fermentacion fungica.

Substrate Fungi Fermentation Relevant results Reference
Black rice bran Aspergillus awam- SSF ‘Fungal fermentation effect on phenolic compounds’ Shin etal.
ori and Aspergillus V Total phenolic and anthocyanin content, in the order A. awamori > A. oryzae (2019)
oryzae A Total phenolic content obtained by decomposing anthocyanin content
A Protocatechuic, OH-benzoic, vanillic, caffeic, p-coumaric and ferulic acids
‘Fungal fermentation effect on bioactivity’
A DPPH' radical-scavenging activity
Peanut press cake Aspergillus SSF ‘Fungal fermentation effect on phenolic compounds’ Sadh et al.
awamori A Total phenolic, flavonoid and tannin content (2018)
‘Fungal fermentation effect on bioactivity’
A ABTS™* and DPPH' radical-scavenging activity
A Metal chelating activity
Rice bran extract  Aspergillus oryzae SSF ‘Fungal fermentation effect on phenolic compounds’ Razak et al.
and Rhizopus A Ferulic, caffeic, and protocatechuic acids, by A. oryzae (2017)
oryzae A Sinapic, vanillic, caffeic, syringic, protocatechuic, and 4-hydroxybenzoic
acids, by R. oryzae
‘Fungal fermentation effect on bioactivity’
A FRAP, by both fungi
o DPPH' radical-scavenging activity
Corncob, pea Aspergillus terreus SSF ‘Fungal fermentation effect on phenolic compounds’ Chandra and
pod, rice straw, and Penicillium A Total phenolic content, by both fungi Arora (2016)
sugarcane ba- citrinum
gasse, and wheat ‘Fungal fermentation effect on bioactivity’
straw A DPPH' and NO' radical-scavenging activity, by both fungi
A Fe? scavenging activity, by both fungi
A FRAP, by both fungi
Plum fruit Aspergillus niger SSF Plum pomace Dulf etal.
and Rhizopus (2016)
oligosporus ‘Fungal fermentation effect on phenolic compounds’

A Total phenolic and flavonoid content, in a similar manner for both fungi

A Chlorogenic acid, isoquercetin, and rutin

V¥ neochlorogenic acid, isorhamnetin-3-galactoside, Isorha-3-gluc, isorhamne-
tin-3-glucoside, cyaniding-3-glucoside, and cyaniding-3-rutinoside

® Quercetin-3-galactoside

‘Fungal fermentation effect on bioactivity’
A DPPH' radical-scavenging activity, in a similar manner for both fungi

Waste from plum brandy production

‘Fungal fermentation effect on phenolic compounds’
A Total phenolic and flavonoid content, in a similar manner for both fungi

A Neochlorogenic acid, chlorogenic acid, isoquercitrin, quercetin-3-galacto-
side, and rutin

V Isorhamnetin-3-galactoside

® |sorhamnetin-3-glucoside, and cyaniding-3-glucoside and cyaniding-3-ruti-
noside

‘Fungal fermentation effect on bioactivity’
A DPPH' radical-scavenging activity, in a similar manner for both fungi
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Substrate Fungi Fermentation Relevant results Reference
Apple pomace Rhizopus oryzae SSF and SCF ‘Fungal fermentation effect on phenolic compounds’ Das et al.
A Fumaric acid production, by both culture methods (2015)
Orchid Fusarium avenace- SSF ‘Fungal fermentation effect on phenolic compounds’ Dong etal.
um and Fusarium A Total phenolic content (2015)
oxysporum
‘Fungal fermentation effect on bioactivity’
A DPPH' and ABTS™* radical-scavenging activity, as well as reducing power
A Inhibition of Staphylococcus aureus and Bacillus subtilis growth
Peanut shell Inonotus obliquus SCF ‘Fungal fermentation effect on phenolic compounds’ Xuetal.
A Phenolic compounds such as epigallocatechin-3-gallate, epicatechin-3-gallate, (2014)
phelligridin G, davallialactone, and inoscavin B
¥ Phenolic acid, including gallic and ferulic acids
‘Fungal fermentation effect on bioactivity’
A DPPH' and ‘OH radical-scavenging activity
Algae Candida utilis SCF ‘Fungal fermentation effect on bioactivity’ Eom et al.
A Inhibition of methicillin-resistant Staphylococcus aureus (2013)
Herbal residues Aspergillus oryzae SSF ‘Fungal fermentation effect on phenolic compounds’ Wen etal.
A Gallic acid formation (2013)
‘Fungal fermentation effect on bioactivity’
A DPPH' radical-scavenging activity and reducing power
A Inhibition of Bacillus cereus, Listeria monocytogenes, Staphylococcus aureus, and
Escherichia coli
Sugarcane ba- Inonotus obliquus SCF ‘Fungal fermentation effect on phenolic compounds’ Zhu and Xu
gasse A Phenolic compounds such as epicatechin-3-gallate, epigallocatechin-3-gallate, (2013)
and phelligridin G
‘Fungal fermentation effect on bioactivity’
A DPPH' and ‘OH radical-scavenging activity
Coffee silver- Aspergillus ustus, SSF ‘Fungal fermentation effect on phenolic compounds’ Machado et
skin and coffee Aspergillus niger, A Total phenolic content al.(2012)
grounds Neurospora crassa,
and Penicillium
purpurogenum
Pineapple and Rhizopus oligos- SSF ‘Fungal fermentation effect on phenolic compounds’ Sousa and
guava porus A Total phenolic content Correia (2012)
‘Fungal fermentation effect on bioactivity’
V DPPH radical-scavenging activity
Corn cob Yarrowia lipolytica SCF ‘Fungal fermentation effect on phenolic compounds’ Huang et al.
A Ferulic acid production (2011)
Cashew husk Aspergillus oryzae SSF ‘Fungal fermentation effect on phenolic compounds’ Lokeshwari
A Gallic acid production and Reddy
(2010)
Citrus peel Cordyceps sinensis SCF A Total phenolic and flavonoids content Choi et al.
A ABTS™ radical-scavenging activity (2010)
Wheat bran Agrocybe chaxin- SCF ‘Fungal fermentation effect on phenolic compounds’ Xie etal. 2010
qu, Auricularia A Ferulic acid production, in the order H. erinaceus > P. ostreatus > C. militaris
auricula-judae,
Cordyceps militaris,
Hericium erina-
ceus, and Pleurotus
ostreatus
Valonia acorns Aspergillus oryzae SCF ‘Fungal fermentation effect on phenolic compounds’ Huang et al.
extract and Trichoderma A Ellagic acid production, in the order A. oryzae > T. reesei (2007)
reesei
Shrimp and crab Monascus purpu- SCF ‘Fungal fermentation effect on bioactivity’ Wang et al.
shell powder reus A Antimicrobial effect against Bacillus subtilis, Bacillus cereus, Pseudomonas aeru- (2002)
ginosa, Staphylococcus aureus and Escherichia coli
Tannic acid Aspergillus SCF ‘Fungal fermentation effect on phenolic compounds’ Seth and
awamori A Gallic acid production Chand (2000)

(A), significant increase with respect to the control group; (¥), significant reduction with respect to the control group; (e), without significant differences
with respect to the control group.
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(SSF and SCF). Mycelial growth during fungal fermentation
depends on the nutrient supply (nitrogen, phosphorus and
carbon) and any type of energy source or substrate, as well
as substrate digestibility, which are essential for extraction of
bioactive secondary metabolites (Holker et al., 2004).

Likewise, an increase in enzyme production (lipases,
xylanase, pectinase, proteases, cellulolytic, and ligninolytic
enzymes) during fungal fermentation has been demon-
strated (Holker et al., 2004; Sadh et al., 2018). The enzymatic
hydrolysis produced during fungal fermentation increase
the extraction of phenolic compounds, such as p-coumaric,
caffeic, chlorogenic, ferulic, protocatechuic, sinapic, syringic,
and vanillic acids, quercetin, and rutin. Also, improve antioxi-
dant activity like antiradical (DPPH" and ABTS™ activity), che-
lating metal properties, ferric reducing antioxidant power,
and nitric oxide chelating properties. As well as antimicrobial
activity by microbial growth and foodborne pathogens re-
duction (Holker et al., 2004; Das et al., 2015; Dong et al., 2015;
Dulf et al., 2016; Razak et al., 2017; Sadh et al., 2018; Shin et
al., 2019). Thus, the enzymatic hydrolysis produced during
fungal fermentation appears to be an attractive strategy to
extract phenolic compounds with potential uses as food
additives (Papaspyridi et al., 2012).

Phenolic Compounds as Possible Meat and Meat Product
Additives

The NOM-213-SSA1-2002 define a ‘food additive’ as
‘those substances, whichaddeddirectlytofoodand beverages
during their elaboration, provide or intensify aroma, color,
and flavor, to improve stability and conservation’ Also, the
FDA (2008) indicate that a ‘Food Additive’ is ‘any substance
that when use directly or indirectly, become a component
or otherwise affect the characteristics of any food, including
any substance intended for use in packaging, production,
manufacturing,  processing, preparation, treatment,
transportation or storage of food; and including any source
of radiation intended for such use’ The Codex Alimentarius
(2017) defined it as ‘any substance that, regardless of its
nutritional value, is intentionally added to afood in controlled
quantities for technological purposes.

Moreover, in the meat and meat products industry, ad-
ditives are widely employed for preservative purposes (i.e., as
antioxidants and antimicrobials). An antioxidant additive, is
defined as a‘substance added to foods to prevent the oxygen

Table 4. Uses of phenolic compounds as additives for meat and meat products.

present in the air from causing undesirable changes in flavor
and color’ (USDA, 2015). In another context, an antimicrobial
additive, is defined as ‘a substance that meets the definition
of food additive and is used to control microorganisms such
as bacteria, viruses, fungi, among others, in food or food
contact items’ (FDA, 2008).

The following is a list of additives commonly used in
meat and meat products as preservatives are: a-tocopherol
(E307), acetic acid (E260), ascorbic acid (E300), citric acid
(E330), erythorbic acid (E315), fumaric acid (E297), lactic
acid (E270), sorbic acid (E200), tartaric acid (E334), sodium
ascorbate (E301), calcium ascorbate (E302), sodium benzoate
(E211), butylhydroxyanisole (E320), and butylhydroxytolu-
ene (E321). Also, calcium carbonate (E170i), sodium citrate
(E330), potassium citrate (E332), tricalcium citrate (E333iii),
trisodium citrate (E331iii), isopropyl citrate (E384), sodium
diacetate (E262ii), sodium erythorbate (E316), ethyl lauroyl
arginate (E243), propyl gallate (E310), nitrite/sodium nitrate
(E250 and E252), tert-butylhydroquinone (E319), potassium
sorbate (E202), among others (NOM-122-SSA1-1994; FDA,
2004; European Commission, 2014; FAO, 2018). The preserva-
tive compounds mentioned above have phenolic groups in
their structure, which in phenolic compounds (phenolic acid
and flavonoids) are widely associated with their antioxidant
and antimicrobial activity (Sova, 2012).

Moreover, extensive research has demonstrated that
lipid oxidation and microbial growth, are the main factors
involved in the quality loss of raw and cooked meat products.
These factors lead to the formation of some compounds that
affect sensory attributes, including changes in texture, odor,
flavor, and color, which consequently have an adverse effect
on meat acceptability and meat purchase intention (Faust-
mant et al., 2010; Aziz and Karboune, 2018). Therefore, there
have been efforts to obtain antioxidant and antimicrobial
compounds from natural sources, including agro-industrial
by-products (Faustmant et al., 2010; Jiang and Xiong, 2016).

Table 4 shows the possible uses of phenolic com-
pounds, obtained by SSF and SCF using agro-industrial resi-
dues as substrate, including as meat and meat product addi-
tives. In this context, it has been demonstrated that phenolic
compounds and flavonoids can preserve raw and cooked
meat and meat products from different species (beef, camel,
chicken, and pork), against undesirable changes caused by
lipid oxidation and microbial growth during refrigerated

Tabla 4. Usos de compuestos fendlicos como aditivos para carne y productos carnicos.

As an antioxidant additive

Phenolic compounds Conditions

Relevant results References

Flavonoids: catechin Product: Minced camel

A Inhibition of lipid oxidation (catechin 72.7%, as well as tannic 95.5%,

Magsoo et al. (2015)

meat caffeic 80%, and gallic acids 70% approximately)

Phenolic acids: tannic, caffeic,
and gallic

Storage: 4 °C for 9 days
Addition level: 200 ppm

Product: Beef
Storage: 4 °C for 6 days
Addition level: 0.05
mmol/kg

Phenolic acids: caffeic, t-cin-
namic, p-coumaric, ferulic, gallic,
p-hydroxybenzoic, gentisic,
sinapic, and syringic

A Inhibition of lipid oxidation precooked beef in the order sinapic acid
> caffeic acid > ferulic acid > gentisic acid > syringic acid > t-cinnamic
acid > p-coumaric acid > p-hydroxybenzoic acid

A Red color, 1 point in sensory score for all phenolic compounds

Brettonnet et al.
(2010)
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Phenolic compounds

Conditions

Relevant results

References

Flavonoids: quercetin and rutin

Flavonoids: quercetin

Flavonoids: (-)-epicatechin
(EC), (-)-epigallocatechin (EGC),
(-)-epicatechin gallate (ECG),
and (-)-epigallocatechin gallate

(EGCG)

Flavonoids: kaempferol, morin,
myricetin, naringenin, naringin,
quercetin, and rutin

Phenolic acids: gallic, caffeic,
coumaric, ferulic, syringic,
vanillic, sinapic, chlorogenic,
and tannic

Flavonoids: kaempferol, morin,
myricetin, naringenin, naringin,
quercetin, and rutin

Phenolic acids: ellagic, gallic,
vanillic, syringic, and tannic

As an antimicrobial additive

Phenolic compounds

Flavonoids: catechin

Phenolic acids: tannic, caffeic,
and gallic

Flavonoids: rutin
Phenolic acids: caffeic acid and
p-coumaric

Phenolic acids: benzoic

Flavonoids: Mixture of querce-
tin and rutin

Phenolic acids:
Mixture of gallic and caffeic

Mixture of gallic and protocat-
echuic

Phenolic acids: carvacrol and
thymol

Flavonoids: Mixture of querce-
tin and rutin

Phenolic acids:
Mixture of gallic and caffeic

Mixture of gallic and protocat-
echuic

Product: beef patties
Storage: 2 °C for 11 days
Addition level: 1 and
5mM

Product: cook-chill
chicken

Storage: 5 °C for 5 days
Addition level: 1.6% and
3.0%

Product: ground white
muscle of mackerel
Storage: cooked at 75
°C, 4 °Cfor 7 days
Addition level: EC and
EGC (200 mg/kg). ECG
and EGCG (300 mg/kg)

Product: cooked ground
pork

Storage: 4 °C for 4 weeks
Addition level: 30 and
200 ppm

Product: pork model
system, cooked at 75 °C
Storage: 4 °C for 3 weeks
Addition level: 200 ppm

Conditions

Product: Minced camel
meat

Storage: 4 °C for 9 days
Addition level: 200 ppm

Product: chicken soup
Storage: 4 and 25 °C
for48 h

Addition level: 0.2 mg/
mL

Product: Raw and
cooked chicken meat
Storage: 4 and 20 °C for
14 days

Addition level: 5000

ppm

Product: meat model
system

Storage: 4 °C for 24 h
days

Addition level: 100 and
200 mg

Product: bovine meat
stake

Storage: 7 °C for 96 h
Addition level: <1 pL/mL

Product: meat model
system

Storage: 20 °C for 14
days

Addition level: 100 and
200 mg

V¥ L* values in concentration dependence (quercetin 1.9%; rutin 3.0%)

V¥ Cvalues in concentration dependence (quercetin 12.3%; rutin 16.6%)

A h values in concentration dependence (quercetin 8.9%; rutin 16.4%)

A Inhibition of metmyoglobin formation in concentration dependence
(quercetin 47.0% approximately; rutin 66.0% approximately)

A Inhibition of lipid oxidation in concentration dependence (quercetin
14.3%)

¥ Inhibition of lipid oxidation (rutin -23.8%)

A Inhibition of lipid oxidation (83.9% and 97.3% in concentration
dependence)

A Inhibition of lipid oxidation (EC 40.5%; EGC, ECG, and EGCG 65.5%)

A Inhibition of lipid oxidation in concentration dependence

Kaempferol (95.3%), morin (96.4%), myricetin (98.7%), naringenin
(3-3%), naringin (2.3%), quercetin (98.9%), rutin (33.0%), as well as
gallic (73.5%), caffeic (69.3%), coumaric (54.3%), ferulic (56.6%), syrin-
gic (55.3%), vanillic (23.6%), sinapic (38.5%), chlorogenic (35.0%), and
tannic (98.9%) acids

A Inhibition of lipid oxidation

Kaempferol (41%), morin (30%), myricetin (1.0%), naringenin (4.7%),
naringin (4.7%), quercetin (97%), and rutin (28.4%), as well as ellagic
(99.0%), gallic (44.7%), vanillic (21.3%), syringic (39.6%), and tannic
(57.0%) acids

Relevant results

A Inhibition of mesophilic bacteria count, 1 log approximately (catechin
and tannic acids)

A Inhibition of psychrotrophic bacteria count, 1 log approximately (cate-
chin, tannic, and gallic acids)

A Inhibition of Staphylococcus aureus growth (100% by all phenolic
compounds)

A Inhibition of Listeria monocytogenes and growth in raw and cooked
meat (1.2 and 3.5 log, respectively)

A Inhibition of Salmonella typhimurium and growth in raw and cooked
meat (1.2 log by both)

A Inhibition of Listeria monocytogenes growth in concentration depen-
dence (mixture quercetin and rutin 6.7 log; mixture gallic and caffeic
acids 6.3 log; mixture gallic and protocatechuic acids 3.7 log)

A Inhibition of Staphylococcus aureus growth of carvacrol and thymol in
combination with organic acids (lactic and acetic)

A Concentration- and temperature-dependent inhibition of Escherichia
coli growth (mixture of quercetin and rutin 100%; mixture of gallic and
caffeic acids 100%; mixture of gallic and protocatechuic acids 50%
approximately)

Bekhit et al. (2004)

Karastogiannidou
(1999)

He and Shahidi
(1997)

Shahidi et al. (1993)

Shahidi et al. (1992)

References

Magsoo et al. (2015)

Stojkovic et al.
(2013)

Ravichandran et al.
(2011)

Rodriguez-Vaquero
etal.(2011)

De Oliviera et al.
(2010)

Rodriguez-Vaquero
etal. (2010)

(A), significant increase with respect to the control group; (¥), significant reduction with respect to the control group.
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storage (Stojkovic et al., 2013; Magsoo et al., 2015). Further-
more, phenolic compounds can act through two pathways:
(1) by breaking chain reactions triggered by free radicals,
which implies hydrogen atom transfer (HAT), then electron
transfer followed by a proton transfer mechanism (SET-PT)
and sequential proton-loss electron-transfer (SPLET), and
(2) by reducing metals such as copper (Cu?*) and iron (Fe*')
(Markovi¢ et al, 2012). Additionally, phenolic compounds
can act against nucleic acid and protein synthesis and alter
the components of cellular membranes (Cushnie and Lamb,
2005).

CONCLUSION

The agro-industrial by-products are an important
source of phenolic compounds, including phenolic acids and
flavonoids. The uses of agro-industrial residues as substrates
(seeds, pulps, and peels) during fungal fermentation-assisted
extraction (SSF and SCF), can be used as an alternative or
complementary strategy to obtain phenolic compounds like
rustic, conventional and unconventional extraction methods.
These compounds could be use as antioxidant and antimi-
crobial additives to extend the shelf life of raw and cooked
meat and meat products from different species (beef, camel,
chicken, and pork) during refrigerated storage.
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RESUMEN

Penicillium italicum es un hongo que causa el moho
azul en los citricos. Su control es con fungicidas sintéticos, sin
embargo, levaduras de origen marino y ulvan son una alter-
nativa a los agro-productos sintéticos. El objetivo del estudio
fue determinar el antagonismo in vitro de levaduras hacia P
jitalicumy su efecto con ulvan en el control del moho azul en
frutos de limén persa. Se evalué el efecto de ulvan sobre P,
italicum y levaduras, para esto se determiné el antagonismo
in vitro por confrontacion entre levadura-fitopatégeno y
competencia por carbohidratos. Se evalué la proteccion de
frutos con levaduras y ulvan hacia P, italicum y se determiné
severidad e incidencia de la enfermedad y expresion de
SOD, POX y CAT. No hubo efecto de ulvan sobre los microor-
ganismos. In vitro las levaduras inhibieron al fitopatégeno.
Los carbohidratos disminuyeron con levaduras y P. italicum
y se inhibid la germinacién de esporas del fitopatégeno. La
incidencia de P, italicum en los frutos fue disminuida por le-
vaduras y ulvan. POX, CAT y SOD se increment6 en los frutos
con levaduras y ulvan. La aplicacién de levaduras de origen
marino mas ulvan puede ser una opcion en el control del
moho azul en frutos de limoén persa.
Palabras clave: Mecanismos antagénicos; control biolégico;
frutos; enzimas de defensa.

ABSTRACT

Penicillium italicum is a fungus that cause the blue
mold on citrus fruits. Its control is with synthetic fungicides,
however, marine yeasts and ulvan are an alternative to
synthetic agro-products. The objective of this study was to
determine in vitro antagonism of yeasts against P. italicum
and its effect with ulvan in the control of blue mold in Persian
lemon fruits. The effect of ulvan on P. jtalicum and yeasts was
evaluated, for this in vitro antagonism was determined by
confrontation between yeast-phytopathogen and compe-
tition for carbohydrates. The protection of fruits with yeasts
and ulvan against P. jtalicum was evaluated and the severity
and incidence of the disease and the expression of SOD, POX
and CAT were determined. There was no effect of ulvan on
microorganisms. In vitro, yeasts inhibited the phytopatho-
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gen. Carbohydrates decreased with yeast and P. italicum, and
spore germination of the phytopathogen was inhibited. The
incidence of P, jitalicum in the fruits was decreased by yeast
and ulvan. POX, CAT and SOD increased in fruits with yeast
and ulvan. The application of marine yeasts and ulvan may
be an option for the control of blue mold in Persian lemon
fruits.

Keyword: Antagonistic mechanisms; biological control; fruit;
defense enzymes.

INTRODUCCION

El limén persa (Citrus latifolia Tanaka), es un citrico
comercializado por su alto contenido de vitamina Cy aceites
esenciales (Pérez-Najera et al., 2013; Fathollahi et al., 2021).
México ocupa el primer lugar a nivel mundial en la produc-
cién de limén (FAO, 2019). Sin embargo, existen pérdidas en
poscosecha cercana al 50 % de la produccién debido a hon-
gos fitopatdgenos. El hongo Penicillium italicum, es el agente
causal del moho azul en los citricos, afectado drasticamente
la calidad del fruto y vida de anaquel (Jing et al., 2020). Los
fungicidas sintéticos son los productos mas utilizados con-
vencionalmente para el control de P. italicum en poscosecha
de citricos (Chen et al., 2020). Sin embargo, han resultado ser
ineficientes debido a que favorecen el desarrollo de fitopa-
togenos resistentes, ademas de presentar efectos negativos
a la salud humana, animal y ambiental (Leyva-Acuia et al.,
2020; Ons etal., 2020).

En la actualidad, la aplicacién de microorganismos an-
tagonicos como agentes de control bioldgico hacia fitopato-
genos es una alternativa al uso de agro-productos sintéticos
(Sui et al., 2020; Cerna-Chavez et al., 2021; Sanchez-Espinosa
et al., 2021). Las levaduras aisladas de planta, suelo o fruto
han sido eficientes en el control de enfermedades en posco-
secha, sin embargo, existen levaduras aisladas de ambientes
marinos, las cuales, han demostrado tener mayor capacidad
antagénica que las aisladas de ambientes terrestres e incluso
de fungicidas sintéticos (Rivas-Garcia et al., 2018). Dentro
de los mecanismos antagdnicos de levaduras hacia los fito-
patégenos estan; competencia por espacio y nutrimentos,
producciéon de enzimas hidroliticas, compuestos organicos
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volatiles, inducciéon de resistencia en el hospedero, entre
otros (Mukherjee et al., 2020). Generalmente, se determina la
capacidad antagoénica de una levadura sobre frutos infecta-
dos por un fitopatégeno, sin embargo, en la actualidad, los
consorcios microbianos han mostrado una mayor capacidad
de inhibicién debido a que se potencializan sus mecanismos
de accion, ademas de incrementar su adaptacion al hospede-
ro (Palmieri et al., 2017).

Por otra parte, el alga verde marina Ulva sp. por la
actividad de sus polisacaridos ha sido estudiada como antio-
xidante, antibacteriano, larvicida, anticoagulante, promotora
del crecimiento vegetal, inductor de resistencia en el hospe-
dero, entre otros (Li et al., 2020). El polisacérido ulvan protege
a las plantas debido a su capacidad de inducir la resistencia
sistémica adquirida, aumentando diversos compuestos
como peroxidasa, superoxido dismutasa, catalasa, proteinas
relacionadas con la patogenia (PR), entre otros, las cuales, le
confieren una mayor tolerancia al hospedero hacia la infec-
cién por fitopatdgenos (Abouraicha et al., 2015).

La aplicaciéon de microorganismos antagénicos mas
el polisacérido ulvan ha sido evaluado en el control de
enfermedades en frutos (Rivas-Garcia et al., 2018; Chiquito-
Contreras et al., 2019), sin embargo, el efecto de levaduras de
origen marino y ulvan no ha sido evaluado en el control de
P. italicum en frutos de limén persa, lo cual, podria potenciar
el control del moho azul, disminuyendo el uso de fungicidas
sintéticos. Por lo anterior, en este estudio se determind la
capacidad antagénica in vitro de levaduras de origen marino
hacia P. italicumy su efecto con ulvan en el control del moho
azul sobre frutos de limén persa.

MATERIALES Y METODOS
Levaduras de origen marino

Las levaduras de origen marino fueron donadas por la
coleccién de microorganismos perteneciente al CIBNORy es-
tan identificadas como: Debaryomyces hansenii (cepa ECP4 y
L1), Cryptococcus laurentii (cepa IRIICB) y Rhodotorula minuta
(cepa IR4CF). Cada levadura se cultivé en medio Papa-Dex-
trosa-Agar (PDA, Difco™) a 25 °C por 48 h. Posteriormente,
se colecto la biomasa y con una solucién salina (0.85%) se
ajusto su concentracion a 1x106células-mL" con ayuda de un
hematocitémetro.

Polisacarido ulvan
Ulvan (#ULV010, OligoTech®, Elicityl Ltd., Crolles, Fran-
cia) se preparé a 2 mg-mL'usando agua desionizada estéril.

Muestreo

Se colectaron frutos de limén persa de una empaca-
dora del Municipio de Martinez de la Torre, Veracruz, México,
con signos y sintomas de moho azul, y se etiquetaron para su
posterior procesamiento.

Aislamiento y patogenicidad de hongos poscosecha
Se cortaron cuatro trozos del exocarpio (de 0.5 cm?)
enfermo de cada fruto. Las muestras se lavaron con hipo-

clorito de sodio al 5 % por 3 min y después se hicieron dos
lavados con agua destilada estéril. Los trozos se dejaron secar
y se colocaron en placas con PDA mas Bactrol® al 0.05 % y
se incubaron a 28 °C por 7 dias. Los aislamientos fueron re-
sembrados hasta obtener cultivos puros y se mantuvieron en
placas con PDA y tubos inclinados a 4 °C.

Para la prueba de patogenicidad se usé la metodo-
logia de Navarta et al. (2014). Frutos de limoén persa fueron
sumergidos en hipoclorito de sodio al 5 % por 3 min, se en-
juagaron en agua destilada estéril y secados en una campana
de flujo laminar. Posteriormente, a cada fruto se le realizaron
dos heridas de 2 mm con un bisturi estéril y se inoculo cada
herida con un taquete 0.5 cm?de didmetro proveniente de
un cultivo en PDA de 7 dias de cada aislamiento de Penici-
llium sp. Un grupo de frutos fue inoculado con agua destilada
estéril como control. Los frutos se almacenaron a 27 °Cy 90 %
HR en recipientes de plastico estériles por 7 dias. Se cuantifi-
c6 didmetro de lesion (mm) y la incidencia de la enfermedad
(%DI) (Saravanakumar et al., 2016), mediante la férmula: %DI
= FI/TF X 100. Dénde: Fl, es el nimero de frutos infectados y
TF, es el total de frutos. Para confirmar los postulados de Koch
cada hongo fue re-aislado de los frutos en placas con PDA.
Se utilizaron 10 frutos por tratamiento y el experimento se
repitié dos veces.

Identificacion morfolégica y molecular de hongos posco-
secha

Los hongos fitopatégenos fueron identificados a
través de sus caracteristicas morfoldgicas utilizando claves
taxondmicas (Agrios, 2005) y por técnicas moleculares utili-
zando la region ITs1-5,8s-ITs-2 del ADN.

Efecto de ulvan sobre el crecimiento de levaduras de
origen marino y Penicillium italicum

Fue seleccionada la cepa C2T de P. jtalicum por ser la
mas patogénica y se cultivd en placas con PDA a 25 °C por
7 dias. Las esporas se cosecharon en una solucion salina al
0.85 % con Tween 80, ajustando su concentraciéon a 1x10*
esporas'mL' con ayuda de un hematocitometro (Tian et al.,
2002).

Efecto de ulvan sobre el crecimiento de levaduras de
origen marino y P. italicum

Matraces Erlenmeyer que contenian 50 mL de medio
YPD se inocularon con 1 mL de la suspensién ajustada pre-
viamente de cada levadura y 2 pL de ulvan. Los matraces se
incubaron a 25 °Cy 125 rpm. Se recolectaron alicuotas de 10
pL alas 6,12, 18, 24y 30 h para determinar el crecimiento de
las levaduras de origen marino, con y sin, ulvan utilizando un
espectrofotometro UV a una longitud de onda de 620 nm.
Se realizaron lecturas por triplicado por tratamiento en cada
intervalo de tiempo y el experimento se repitié dos veces.

Para P. jitalicum, matraces Erlenmeyer que contenian
50 mL de medio de cultivo Caldo Papa y Dextrosa (Difco,
Detroit, USA), se inocularon con 1 mL de la suspension ajus-
tada previamente del hongo y 2 pL de ulvan. Los matraces se
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incubaron a 25 °Cy 125 rpm. Se colectaron alicuotas de 10 pL
cada 6, 12, 18 y 24 h, colocandolas en un portaobjetos para
ser observadas en un microscopio 6ptico. Se determiné la
germinacién de esporas, contabilizando 100 esporas y consi-
derando una espora germinada, cuando el tubo germinativo
fue igual o mayor al tamano de la espora. Se realizaron tres
repeticiones por tratamiento y el experimento se repitié dos
veces.

Antagonismo in vitro de levaduras de origen marino
hacia P. italicum

Los ensayos de confrontacion antagonista-fitopa-
tégeno se llevaron a cabo en placas con PDA. Se estrio una
linea de 4 cm de cada levadura y la combinacién de ellas en
el centro de la placa, posteriormente a 2 cm de distancia se
colocé una alicuota de 20 pL de la suspension ajustada del
fitopatégeno (1x10* esporassmLT). Un grupo de placas se
inoculé con el fitopatégeno y 30 pL de un fungicida sintético
(Benomyl 50°, a una concentracion de 1000 ppm) y otro gru-
po solo fue inoculado con P. italicum (tratamiento control).
Las placas fueron incubadas a 25 °C por 7 dias. Se cuantificé
el didmetro de crecimiento (mm) del fitopatégeno y se calcu-
16 la reduccion del crecimiento micelial con la férmula | (%)
= DC-DT/DC x100. Déonde: DC, es el micelio cuantificado en
el tratamiento control y DT, es el didmetro del hongo en el
tratamiento con levaduras de origen marino. Se realizaron
tres repeticiones por tratamiento y el experimento se repitid
dos veces.

Competencia in vitro por nutrimentos entre levaduras de
origen marino y P. italicum
Medio de cultivo a base de flavedo de limon persa

El medio de cultivo se elaboré utilizando frutos de
limdén persa previamente lavados con agua del grifo, agua
destilada y pelados con un bisturi estéril. Para preparar el
medio a base de limon se utilizd 47.6 g de flavedo que se
depositd en un matraz de 1 L con 680 mL de agua destilada.
Se esterilizd el medio a 120 °C por 15 miny se vacié 10 mL del
sobrenadante en tubos falcon.

Desarrollo experimental

En cada tubo falcén, se depositaron 800 uL de la
suspensioén ajustada previamente de cada levadura y cuando
fue en combinacion se depositaron 200 uL de cada levadura
mas 800 pL de la suspensién ajustada previamente de P
italicum. Los tubos falcén se incubaron a 25 °C'y 150 rpm
por 24 h. Se tomaron alicuotas de 3 mL para determinar;
carbohidratos totales, sacarosa, glucosa y fructosa, y de 1
mL para determinar el nimero de esporas germinadas del
hongo. Se consideré a una espora germinada cuando el tubo
de germinacién era igual o mayor al tamafio de la espora. Se
observaron 100 esporas por tratamiento y se realizaron tres
repeticiones. El experimento se repitié dos veces.

Determinacion de carbohidratos
Para la determinacién del contenido de glucosa se
utilizé el método GOD-PAD de Barham y Trinder (1972), utili-
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zando el kit Randox (Randox México S.A. de C.V). Se mezclaron
5 mL de la muestra con 50 mL de la solucién reactiva. Des-
pués de incubar 30 min se midio la absorbancia en espectro-
fotometro a 490 nm. Los valores se expresaron en mg-mL".
La fructosa se cuantificé por el método de Taylor (1995). Se
adicionaron 5 mL de muestra, 20 mL triptamida-HCl y 600
mL de HCl concentrado. Los tubos se mezclaron y calentaron
a 60 °C en bafo maria por 15 min y se enfriaron en agua
por 40 min. Finalmente, se midié en un espectrofotometro
la absorbancia a 518 nm. Las concentraciones se obtienen
interpolando las absorbancias obtenidas con una curva
de calibracién de fructosa y sus valores se expresaron en
mg/mL. La sacarosa se cuantificé con el método de Bruner
(1964). Se mezclaron 2 mL de muestra y 4 mL de HCI 3 M,
posteriormente se calentd a 100°C en bafio maria por 15 min.
Para neutralizar se anadieron 10 mL de KOH 5N y 600 mL de
DNS (3,5-Dinitro acido salicilico). La mezcla se calenté a 100
°C por 10 min en bafo maria y se enfrié en agua con hielo.
Se midio la absorbancia en un espectrofotdmetro a 570 nm.
El resultado se interpold con una curva de calibracién y los
valores se expresaron en mg-mL".

Antagonismo in vivo de levaduras de origen marino en
frutos de limén persa con P. jtalicum y ulvan

Frutos de limén se lavaron con agua destilada estéril
y desinfectados con hipoclorito de sodio al 5 % por 1 min
(Yao et al., 2004). Se enjuagaron en agua destilada estéril y
se dejaron secar por 1 h en una campana de flujo laminar.
Posteriormente, a cada fruto se le realizaron dos heridas de
2 mm de profundidad con una aguja estéril y en cada una se
inocularon 20 uL de la suspensién ajustada previamente del
fitopatdgeno. Después, cada herida fue inoculada de manera
individual o combinada con 20 pL de la suspensidn ajustada
previamente de cada levadura y ulvan. Un grupo de frutos
fueron inoculados con el fitopatégeno mas 15 uL del fungi-
cida sintético Benomyl 50°. Otro grupo fue inoculado con el
fitopatégeno y ulvan y un grupo control solo con P, italicum.

Los frutos se colocaron en recipientes de plastico
estériles a 25 °C'y 90 % HR por 7 dias. Se cuantificé didmetro
de lesién (mm) y la incidencia de la enfermedad (%DI) (Sara-
vanakumar et al., 2016) mediante la férmula: %DI = FI/TF x
100. Dénde: Fl, es el nUmero de frutos infectados y TF, es el
total de frutos. Para confirmar los postulados de Koch se re-
aislé cada hongo de los frutos enfermos en placas con PDA.
Se utilizaron cinco frutos por tratamiento y el experimento se
repitié dos veces.

Induccidon de resistencia en frutos de limon persa inocu-
lados con levaduras de origen marino, P. italicum y ulvan
Muestra

Para determinar la induccion de resistencia de frutos
de limén persa inoculados con levaduras de origen marino,
P. italicum y ulvan se cuantificé la actividad enzimatica en
los frutos a las 24 h después de la inoculacién de cada trata-
miento. Se hizo una mezcla compuesta de cada tratamiento
colectado (1 g de tejido) de cada fruto. Las muestras fueron
almacenadas a -40°C para su respectivo analisis.
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Sobrenadante

De la mezcla compuesta se pesé 0.1 g de tejido y se
colocd en un tubo eppendorf, después se le agregaron 2 mL
de buffer de fosfato y se colocaron en un homogeneizador
durante 60 s. Posteriormente, se centrifugaron a 10000xg
por 13 min a 5°C. Transcurrido el tiempo, el sobrenadante se
recuperd y se colocd en un tubo eppendorf y se almacené a
-40°C para su posterior andlisis. Se realizaron tres repeticio-
nes por tratamiento.

Actividad enzimatica

La actividad catalasa (CAT) se determiné en micropla-
cas de 96 pozos, a cada uno se le agregaron 10 pL de buffer
de fosfato 100 nM (pH 7.0), mas 20 pL del extracto y se incu-
baron por 6 min. Transcurrido este tiempo se anadieron 20 pL
de perédxido de hidrégeno 8.82 My se les incub6 por 20 min
a temperatura ambiente. Posteriormente, se agregaron 30 pL
de hidroxido de potasio (KOH) 10 M, mas 30 pL de reactivo
Purlpad (23.5 M) y se les incubd por 10 min. Por ultimo, se
anadieron 10 pyL de Peryodato de potasio 0.5 M en KOH 0.5
M, y se les volvié a incubar por 5 min. Finalmente, se hicieron
lecturas a 540 nm en un espectrofotémetro. Para determinar
la actividad de superoxido dismutasa (SOD), se utilizé una
microplaca de 48 pozos, donde se colocaron 600 pL de buffer
de fosfato. Posteriormente, se les agregaron 20 pL del extrac-
to, se adicionaron 20 pL de xantina oxidasa y, se agregaron
otros 600 uL de buffer de fosfato. Se hicieron lecturas a una
absorbancia de 560 nm, cada 30 s durante 5 min. La actividad
de peroxidasa (POX), se determiné en placas de 96 pozos
colocando 10 uL del extracto, después se les adicionaron 50
pL de solucién de guaiacol y la muestra se cuantifico a 436
nm en un espectrofotémetro. Los valores fueron expresados
en U/g de proteina.

Analisis estadistico

Los datos se analizaron mediante analisis de varianza
unidireccional (ANOVA) utilizando el software STATISTICA
10.0 (paquete de software StatSoft, Tulsa, OK) y se utilizé la
prueba de Tukey (P<0.05) para la separacién de medias. An-
tes del analisis de varianza, los porcentajes se transformaron
en arcoseno-raiz cuadrada.

RESULTADOS Y DISCUSION
Aislamiento, identificacion y patogenicidad de hongos
aislados de frutos de limoén persa

Se aislaron siete hongos de frutos de limon persa
identificados como Penicillium spp. En la prueba de patogeni-
cidad, de los aislamientos catalogados como; CV2T, C2T, NFC,
VFC, 2FC, CVMT y BFC, solo los primeros dos tuvieron una
incidencia del 100 % y el resto de los hongos no ocasionaron
enfermedad sobre los frutos. El aislamiento C2T fue el que
mayor dafio ocasiond sobre los frutos con un didmetro de
lesién de 49 mm seguido de CV2T con 39 mm. Los hongos
CV2T y C2T fueron re-aislados de los frutos confirmando los
postulados de Koch. A través de la region ITs1-5,8s-ITs-2 del
ADN, los siete hongos fueron identificados como Penicillium

italicum mostrando una identidad del 100 % segun la base de
datos del NCBI (National Center for Biotechnology Informa-
tion, www.ncbi.nlm.nih.gov).

El limdn ocupa dentro de los citricos el segundo lugar
en importancia, tanto por su consumo en fresco como por
su uso industrial. Dentro del contexto mundial, México esta
considerado como el principal pais productor en las varieda-
des persa y mexicano (SADER, 2019). Después de la cosecha,
el limén se almacena y manipula en plantas de embalaje con
el fin de mantener su vida y calidad poscosecha, asi como
reducir la descomposicion debido a la infeccién por fitopato-
genos (Papoutsis et al., 2019). Sin embargo P. italicum, agente
causal del moho azul, es uno de los principales hongos que
causan pérdidas econdmicas de hasta el 80 % de la produc-
cidn de citricos a nivel mundial (EI-Otmani et al., 2011).

En México, P. italicum es uno de los principales fito-
patdégenos que causan pérdidas poscosecha cercanas al 50
% de la produccién que incluye limén, naranja y mandarina
(Ochoaetal., 2007). Debido a la gran cantidad de esporas que
produce P, italicum, infecta rapidamente a las heridas de los
frutos por lo que su control debe ser durante y después de
la cosecha, para evitar grandes pérdidas de fruta (Kellerman
et al, 2016). La rapida identificacion de los fitopatégenos en
poscosecha es fundamental para el manejo de las enferme-
dades en los citricos limitando las pérdidas de fruta y mante-
niendo su calidad organoléptica (Kanashiro et al., 2020).

Efecto de ulvan sobre P. italicum y levaduras de origen
marino

La presencia de ulvan no influyé sobre la germinacion
de esporas de P. italicum (Figura 1). En relacién a las levaduras
de origen marino, no existié un efecto de ulvan sobre el cre-
cimiento de los microorganismos (Figura 2). La dindmica de
crecimiento fue similar entre todos los tratamientos.

Las algas marinas han recibido una gran atencion
durante los ultimos anos, debido a la quimica natural de
sus productos (Pankiewicz et al., 2016), principalmente a los
polisacaridos que presentan diversas actividades bioldgicas
como anticoagulantes, antivirales, antibacterianas, antitu-
morales, antiproliferativas, inmunomoduladoras, entre otras
(Berri et al., 2016). Ulva sp. es un alga verde marina que esta
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Figura 1. Dindmica de germinacién de esporas de P. italicum con ulvan.
Figure 1. Spore germination dynamics of P. italicum with ulvan.
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Figura 2. Dindmica de crecimiento de levaduras de origen marino con
ulvan. ECP4y L1 = D. hansenii, IRIICB = C. laurentii e IRACF = R. minuta.
Figure 2. Growth dynamics of marine yeasts with ulvan. ECP4 and L1 =D.
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recibiendo una gran atencién, debido a sus propiedades fisi-
coquimicas y bioldgicas de posible interés para aplicaciones
en diversas dreas como la cosmetologia, medicina, agricola,
entre otras (Berri et al., 2016).

Ulvan es un polisacarido aislado de Ulva sp. que
presenta actividad antiviral, antibacteriano, antioxidante, an-
tiparasitario, entre otros (Chiquito-Contreras et al., 2019). En
la agricultura, se ha utilizado como promotor del crecimiento
vegetal e inductor de resistencia en las plantas, sin embargo,
no presenta una accién antimicrobiana directa sobre los mi-
croorganismos (Rivas-Garcia et al., 2018). Su principal funcion
en las plantas es inducir la produccion de enzimas de defensa
como la catalasa (CAT), peroxidasa (POX), polifenol oxidasa,
superéxido dismutasa (SOD), compuestos fenélicos, protei-
nas relacionadas con la patogenia (PR), entre otros (Khedia et
al., 2020; Moenne et al., 2020).

Antagonismo in vitro de levaduras de origen marino
hacia P. italicum

Las levaduras de origen marino inhibieron el creci-
miento micelial del fitopatégeno in vitro (Figura 3). La inhibi-
cién que ejercieron las levaduras de manera individual o en
consorcio hacia P. italicum fue entre 21 y 38 %. El fungicida
sintético Benomyl 50" solo limito a 3 % el crecimiento de P.
italicum.

Existen diversos reportes sobre la capacidad antagé-
nica de levaduras hacia fitopatdgenos, Tagarort et al. (2008)
evaluaron el biocontrol de P, digitatum mediante el uso de las
levaduras Pichia anomala 'y D. hansenii. Por su parte, Zhang et
al. (2007) y Droby et al. (2009) observaron una disminucién
del moho azul por la accién de la levadura Cryptococcus lau-
rentii. Sin embargo, la accién antagénica de los microorganis-
mos puede potenciarse si se utilizan consorcios microbianos,
los cuales pueden tener un mayor espectro de actividad, por
lo tanto, pueden reducir la presencia de los fitopatdégenos
eficazmente en comparacién con su aplicacion de manera
individual (Palmieri et al., 2017). La eficiencia de los consor-
cios microbianos podria resultar no solo de la actividad de
las especies individuales, sino también de su accidn sinérgica
que suprimira el crecimiento de un fitopatdégeno a través de
diferentes mecanismos de accién (Panebianco et al., 2015).
La aplicacién de consorcios microbianos ha mejorado la
eficiencia del control bioldgico de enfermedades en muchos
sistemas agricolas (Jain et al., 2020).

Por otra parte, el uso de fungicidas sintéticos sigue
siendo la primera opcidén en el control de fitopatégenos de
importancia agricola (Zhu et al., 2020). Para el control de
Penicillium sp. se recomienda el uso de diversos fungicidas
sintéticos, entre ellos el Benomyl 50°, sin embargo, han
perdido eficiencia en el control del fitopatégeno debido a la
resistencia que presentan algunas cepas de diversas especies
de Penicillium (Moussa et al., 2021).

Competencia por carbohidratos entre levaduras de ori-
gen marino y P. italicum

El contenido de fructosa, glucosay sacarosa disminuyé
significativamente en presencia de levaduras de origen ma-
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Figura 3. Efecto de Ia aplicacién individual o en consorcio de levaduras de origen marino sobre el crecimiento micelial de P. jitalicum.ECP4y L1 =D.
hansenii, IRIICB = C. laurentii e IRACF = R. minuta. Las lineas verticales sobre las barras representan la desviacion estandar (n= 3). Las letras representan
la diferencia estadistica entre tratamientos (Tukey, P<0.05).

Figure 3. Effect of the individual or consortium application of marine yeasts on the mycelial growth of P. italicum. ECP4 and L1 = D. hansenii, IRIICB = C.
laurentii and IR4CF = R. minuta. Vertical lines on the bars represent the standard deviation (n = 3). Letters represent the statistical difference between

treatments (Tukey, P<0.05).

rino y P. italicum (Figura 4). El consorcio con ECP4, L1, IRIICB 'y
IR4CF mas el fitopatdgeno fue el que disminuyd significativa-
mente el contenido de carbohidratos en el medio de cultivo
a base de flavedo de limén persa (control). Por otra parte, las
levaduras de origen marino inhibieron significativamente el
numero de esporas germinadas de P. italicum (Figura 5). El
consorcio conformado por ECP4, L1, IRIICB y IR4CF, inhibio
en un 77 % la germinacion de esporas del fitopatégeno. P.
italicum germino en un 89 %.

Todos los microorganismos requieren de azucares
como fuentes de carbono para su crecimiento y reproduc-
cién, la competencia por espacio y nutrientes es una via
antagonica de levaduras hacia fitopatogenos (Mukherjee et
al., 2020), este mecanismo es eficaz debido a que las levadu-
ras tienen un metabolismo mas rapido que el fitopatdgeno,
agotando rapidamente las fuentes de carbono (fructosa,
glucosa, sacarosa, entre otros) y limitando a la germinacion
de esporas (Spadaro y Droby, 2016; Adrees et al., 2019). Los

cced
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Figura 4. Contenido de carbohidra-
tos en medio de cultivo a base de
flavedo de limon persa inoculado con
levaduras de origen marino y P, ita-
licum.ECP4 y L1 = D. hansenii, IRIICB
= C. laurentii e IR4CF = R. minuta. Las
lineas verticales sobre las barras re-
presentan la desviacion estandar (n=
3). Las letras representan la diferencia
estadistica entre tratamientos (Tukey,
P<0.05).
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Figura 5. Germinacién de esporas de P. jitalicum en medio de cultivo a base de flavedo de limén persa. ECP4 y L1 = D. hansenii, IRIICB = C. lau-
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Figure 5. Spore germination of P. italicum in a Persian lemon flavedo-based culture medium. ECP4 and L1 = D. hansenii, IRIICB = C. laurentii
and IR4CF = R. minuta. Vertical lines on the bars represent the standard deviation (n = 3). Letters represent the statistical difference between

treatments (Tukey, P<0.05).

microorganismos antagonistas deben tener la capacidad de
competir efectivamente por los nutrientes disponibles en el
nicho ecoldgico para colonizar y limitar el crecimiento de los
fitopatdgenos. Al respeto, Spadaro et al. (2010), mencionan
que los microrganismos antagonistas tienen la capacidad
de asimilar una amplia variedad de mono y disacaridos.
Herndndez-Montiel et al. (2010), reportaron que las levaduras
presentan una mayor tasa de consumo de glucosa y sacarosa
que los fitopatdgenos, lo cual restringe la germinacion de la
espora de los hongos.

Efecto levaduras de origen marino y ulvan en el control
de P. italicum en frutos de limon persa

La incidencia de P, italicum en frutos de limén persa
fue disminuida por la inoculacién de levaduras de origen ma-
rino, ulvan y el fungicida sintético (Figura 6). La aplicacion del
consorcio microbiano con las cepas ECP4, L1, IRIICB y IR4CF
disminuy¢ la incidencia de la enfermedad hasta en un 20 %
y los frutos de limén persa con Benomyl 50° mas P. italicum
presentaron un 60 % de incidencia. En relacién al diametro
de lesidn, las levaduras de origen marino, ulvan y Benomyl
50° disminuyeron significativamente el dafo ocasionado
por el fitopatégeno en frutos de limén persa (Figura 7). Los
frutos inoculados con el consorcio conformado por ECP4, L1,
IRIICB y IR4CF presentaron el didmetro de lesion mas bajo
con valores de 2 mm. La aplicacion de las levaduras de origen
marino de manera individual o en consorcio disminuyé el
diametro de lesién en menos del 60 % en comparacién con el
tratamiento de los frutos con Benomyl 50" y el fitopatdgeno.
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P. italicum fue re-aislado de los frutos enfermos confirmando
los postulados de Koch.

La actividad enzimética de POX, CAT y SOD fue incre-
mentada en los frutos de limén persa inoculados con levadu-
ras de origen marino y ulvan (Tabla 1). Los valores mas altos
de las enzimas fueron cuantificados en el tratamiento de los
frutos con el fitopatégeno més las levaduras y ulvan.

Diversos mecanismos antagénicos por levaduras es-
tan relacionados con el control biolégico de enfermedades
en los frutos (Wassermann et al., 2019), incluyendo la compe-
tencia por nutrientes y espacio, toxinas killer, produccién de
enzimas hidroliticas, parasitismo, bio-peliculas, compuestos
organicos volatiles, induccién de resistencia del hospedero,
entre otros (Konsue et al, 2020; Solairaj et al, 2020). La
proteccion de los frutos puede ser incrementada cuando se
aplican mas de dos microorganismos antagénicos compati-
bles (Zhimo et al., 2020), los cuales presentan varias ventajas
sobre el uso de una sola especie, incluida una mayor eficacia
de biocontrol de los fitopatdgenos, resistencia al estrés am-
biental y rapida adaptacion al hospedero (Pandhal y Noirel,
2014; Mukherjee et al., 2020).

Por otra parte, levaduras de origen marino y ulvan
son capaces de activar la produccién de enzimas SOD, CAT
y POX en diversos hospederos disminuyendo las infecciones
ocasionadas por diversos fitopatégenos (Khedia et al., 2020;
Zhang etal., 2020). Las enzimas de defensa protegen a los fru-
tos de diversas especias reactivas de oxigeno (ROS) causadas
por fitopatdégenos (Czarnecka et al., 2019). Las ROS originan
danos directamente sobre las células vegetales afectando
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Figura 6. Incidencia de P. italicum en frutos de limoén persa inoculados con levaduras de origen marino y ulvan. ECP4y L1 = D. hansenii, IRIICB =
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Figure 6. Incidence of P. italicum in Persian lemon fruits inoculated with marine yeasts and ulvan. ECP4 and L1 = D. hansenii, IRIICB = C. laurentii
and IR4CF = R. minuta. Vertical lines on the bars represent the standard deviation (n = 5). Letters represent the statistical difference between
treatments (Tukey, P<0.05).
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Figura 7. Didmetro de lesion ocasionado por P. italicum en frutos de limén persa inoculados con levaduras de origen marino y ulvan. ECP4y L1 =D.
hansenii, IRIICB = C. laurentii e IRACF = R. minuta. Las lineas verticales sobre las barras representan la desviacion estandar (n=5). Las letras representan
la diferencia estadistica entre tratamientos (Tukey, P<0.05).

Figure 7. Diameter of lesion caused by P. jitalicum in Persian lemon fruits inoculated with marine yeast and ulvan. ECP4 and L1 = D. hansenii, IRIICB = C.
laurentii and IR4CF = R. minuta. Vertical lines on the bars represent the standard deviation (n = 5). Letters represent the statistical difference between
treatments (Tukey, P<0.05).
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Tabla 1. Actividad enzimatica de frutos de limén persa inoculados con
levaduras de origen marino, ulvany P. italicum.

Table 1. Enzymatic activity of Persian lemon fruits inoculated with marine
yeasts, ulvan and P. italicum.

Actividad enzimatica

Tratamiento® (U/g de proteina)

POX" CAT SoD
P.italicum 8.41+2 df 7.98+1¢g 6.35+2 e
Ulvan+P italicum 149243b  1028+2e  8.19+1d
IRICB+P. italicum 8.19+2d 778+2g  1067+1c
ECP4+P. italicum 7.91+1d 898+1f  10312¢
IRACF-+P. italicum 7.33+1d 854+1f  1141+2¢
L1+P. italicum 8.28+2d 54743 h 10.11+£3 ¢
IRICB+ECP4 11.21#2bc  1264+3cd  1321%3b
IRIICB+RACF 11.9243bc  13.15¢2¢  13.48+3b
. IRICB+LY 1217+2bc  12.87+3cd  14.112b
2 IRICB+ECPA4+RACF 142943b  1568+1b  14.56:2b
£ IRICB+ECP4+LY 1489+1b  1647+1b  14.89+3b
% IRIICB+RACF+L1 1527¢1b  1587+2b  15.13%2b
S IRICBHECP4+IRACF+L1  19.97+3a  2045+3a  19.55+1a
T ECP4+IR4cF 1219¢2bc  12.35¢2c  1438+1b
ECP4+L1 1234£2bc  1301+1c  13.98+2b
ECP4+IR4CF+L1 1.97+1bc  1322+1c  1478+2b

STratamiento: ECP4 y L1 = D. hansenii, IRIICB = C. laurentii e IRACF = R. minu-

ta. YActividad enzimatica: POX (peroxidasa), CAT (catalasa), SOD (superoxido
dismutasa). £Las letras en las columnas representan la diferencia estadistica

entre tratamientos (Tukey, P<0.05).

diversas funciones metabdlicas de las plantas (Qi et al., 2019).
La induccién de SOD en las plantas permite la reduccién de
las ROS en la célula, la POX y CAT disminuye y protege a las
células vegetales de la actividad de H,O, (Klein et al., 2018;
Guo etal., 2020).

CONCLUSIONES

Las levaduras de origen marino (D. hansenii, R. minu-
ta y C. laurentii) inhibieron in vitro e in vivo a P. italicum. La
aplicacion de los consorcios de levaduras y ulvan sobre los
frutos de limén persa disminuyé al moho azul ocasionado
por P. italicum superando al fungicida sintético Benomyl 50°".
La competencia por fuentes de carbono e induccién de resis-
tencia del hospedero son dos mecanismos antagénicos de
levaduras hacia fitopatdgenos. La validaciéon de consorcios
a base de microrganismos antagdnicos en empacadoras de
limén persa permitira la disminucién del uso de fungicidas
sintéticos.
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ABSTRACT

Leptospirosis is one of the main re-emerging zoonotic
diseases with a worldwide distribution, mainly in regions
with hot or tropical climates. It is caused by the spirochetal
bacteria of the genus Leptospira, which, in their pathogenic
life forms, causes asymptomatic to severe infections in hu-
mans and animals. Animal-to-human transmission occurs
most frequently in occupationally exposed groups and in tra-
velers. However, leptospirosis also represents a disease asso-
ciated with poverty and low sanitation environments, in rural
and urban communities, in close contact with companion
animals and livestock. A search was performed in PubMed,
Scopus, Web of Science and Google scholar databases using
query terms related to Leptospira/leptospirosis, reported
during 1990-2020. This review focuses on the description of
biologic and socioenvironmental drivers that influence the
occurrence of the disease in humans. Leptospirosis is found at
the human-animal-environment interfaces, and represents a
challenge for public and animal health, and food production;
hence, improving the strategies for prevention control and
surveillance in Latin-American countries is critical, as one of
the regions most affected by the disease.
Key words: Leptospirosis, human-animal-environment in-
terfaces, drivers of occurrence, Latin-America.

RESUMEN

La leptospirosis es una de las principales enfermeda-
des zoondticas de distribucién mundial, principalmente en
regiones con climas célidos o tropicales. Es ocasionada por la
espiroqueta del género Leptospira, se presenta clinicamente
de forma asintomatica, con cuadros moderados o graves en
humanos y animales. La transmisién de animal a humanos
es mas frecuente en grupos ocupacionalmente expuestos
como trabajadores agricolas y ganaderos, veterinarios, caza-
dores, trabajadores de rastros e incluso viajeros. Asimismo,
también representa una enfermedad asociada a pobreza y
ambientes de bajo saneamiento, en comunidades rurales y
urbanas, en contacto cercano con animales domésticos y ga-
nado. Se realizé una busqueda en bases de datos de PubMed,
Scopus, Web of Science y Google scholar, usando palabras

*Autor para correspondencia: Maricela Montalvo Corral
Correo electrénico: maricela.montalvo@ciad.mx
Recibido: 7 de abril de 2021

Aceptado: 10 de junio de 2021

claves Leptospira/leptospirosis en el periodo 1990-2020. La
revision se enfoca en la descripcion de determinantes biol6-
gicos y socioambientales que influyen en la ocurrencia de la
enfermedad en humanos. La leptospirosis se encuentra en la
interfase de la salud humana y animal, y representa un reto
para la salud publica, animal, y la produccién de alimentos;
por lo que es critica la mejora en las estrategias de preven-
cién, control y vigilancia en paises de Latinoamérica, una de
las regiones mas afectadas por la enfermedad.

Palabras clave: Leptospirosis, interfaz humano-animal-
ambiente, determinantes de ocurrencia, Latinoamérica.

INTRODUCTION

The current SARS-CoV-2 pandemic is the latest exam-
ple of the importance of zoonotic diseases, which are those
transmitted from animals to humans, and are estimated to
cause around 70 % of human infectious diseases (Jones et
al., 2008). Zoonoses, occur at human-animal-environment
interfaces, thus highlighting the relevance of a One-health
approach. Leptospirosis, caused by spirochetal bacteria
of the Leptospira genus, is considered the most widely
distributed zoonotic disease on the planet (Samsudin et al.,
2018). Leptospira has been isolated in many vertebrate taxa,
including mammals, birds, amphibians, reptiles, and fish
(Viera et al., 2018; Cilia et al., 2021), and has shown genetic
heterogeneity. Leptospirosis represents a disease associated
with poverty and low sanitation environments, both in rural
and urban communities, as well as in livestock production
areas, where close interaction with animals could favor the
leptospirosis spread. It is also considered an occupational risk
disease that affects persons who have contact with infected
animals such as agricultural, livestock, meat, abattoir, and rice
field workers, veterinarians, hunters, wild animals caretakers,
and farmers (Richard and Oppliger, 2015; Bierque et al., 2020).

It has been demonstrated that chronic leptospirosis
can cause disability and significant economic losses. Howe-
ver, the infection can be confused with other febrile diseases
such as dengue or influenza, due to its symptoms, and if
not treated in time it could be lethal (Velasco-Castrejon et
al., 2009). Nowadays, leptospirosis is endemic in many areas
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and causes significant outbreaks after flooding events, it is
a neglected disease not included in many infectious disease
surveillance programs in humans and even less in animals.
It is estimated that this infection is one of the main causes
of economic losses related to livestock, causing reproductive
problems in cattle, representing a potential agri-food vulne-
rability problem due to its impact on livestock production
(Ellis, 2015; Gonzélez and Macias, 2017; Garba et al., 2018).

Due to complex interaction in the ecology and epide-
miology of the disease, and multiple animal host and human
conditions in urban and rural settlements, it is important to
identify the drivers and risk factors that promote infection
in exposed people. Leptospirosis has a variable distribution
worldwide, with Latin-America as one of the most affected
regions (Schneider et al., 2017). We reviewed research ar-
ticles in databases (PubMed, Scopus, Web of Science and
Google scholar, published from 1990 to 2020), using query
terms related to leptospirosis/Leptospira biological and
socioenvironmental drivers that influence its occurrence in
Latin-America. South America is the most affected region,
but also an increasing incidence in other latitudes is evident.
Well established surveillance programs to identify serovars
circulation, including animals, vaccination use and human
behavioral interventions, are identified as important mea-
sures that will serve as a basis for the design of appropriate
interventions to prevent and control the disease in humans
and animals.

Leptospirosis
Etiological agent and taxonomic classification

Leptospirosis is a zoonotic disease caused by bacteria
commonly known as leptospires. The word has its roots in
the Greek leptos meaning thin and the Latin spira that means
rolled (Levett and Haake, 2014). Leptospires are gram-nega-
tive bacteria that have lipopolysaccharide (LPS) in the outer
membrane, a cell wall with peptidoglycan, and an inner
membrane (Cameron, 2015). They are spirochetes of the
order Spirochaetales, belonging to the family Leptospiraceae
within which three genera are included, Leptospira, Turneri-
ella and Leptonema (Levett, 2015). These organisms are dif-
ferentiated by their guanine and cytosine content (GC), their
16s ribosomal RNA sequences and their DNA homology. The
above allows classifying them in genres. Leptospira has a GC
content of 33-43 %, Leptonema 54 % and Turneriella 53.6 %
(Yasuda et al., 1987; Stackebrandt et al., 2013).

The Leptospira species have similarity in their mor-
phology, structure and size (Levett, 2015). They have a spiral
shape with ends similar to a hook, giving it the appearance of
a question mark. They have a length of 6-20 um and a diam-
eter of 0.1 um, as well as a wavelength of 0.5 um. Pathogenic
species isolated from mammals are more tightly rolled and
shorter than saprophytic strains, while bacteria maintained
under poor nutrient conditions have a more elongated
structure and little motility (Cameron, 2015). The Leptospira
virulence depends in large part on its LPS structure, which is
the main recognized antigen during infection, and responsi-
ble for antigenic diversity and serogroup classification.
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The serovar is the unit in which the Leptospira species
are classified, and each exhibiting a different antigenic con-
formation. There are more than 300 serovars, which in turn
have been classified by convenience in 32 serogroups, based
on their antigenic homology (Caimi and Ruibal, 2020). Lepto-
spira are conventionally divided into two species, the patho-
genic Leptospira interrogans sensu lato and the saprophytic
Leptospira biflexa sensu lato. Two strains will be considered
as different serovars if, when performing a cross-aggluti-
nation absorption test (CAAT) with adequate amounts of a
heterologous antigen, more than 10 % of the homologous
titer consistently remains in at least one of the two antisera.
An unknown isolated strain may correspond to a known
serovar from which a reference strain, already existing or
not, is considered as a reference strain for that serovar (WHO,
2009). Although used for decades in Leptospira serological
classification, CAAT is currently in disuse, due to technical
limitation, and microagglutination test (MAT) has become
the gold standard test (Caimi and Ruibal, 2020).

Also, increased availability of high throughout mo-
lecular methods, such as Next Generation Sequencing and
DNA-DNA hybridization techniques, have provided tools for
Leptospira biodiversity and genomic analysis, even in harsh
soil and water environmental samples. Recent studies based
in molecular taxonomy classification have discovered new
clades and species. According to whole genome sequencing
analyzes and molecular phylogenetics reconstruction by
maximum likelihood of the 16s rRNA sequences, authors
have identified 64 species in the genus Leptospira. Leptospira
species are divided into three clades and one subclade.
One of the clades includes pathogenic bacteria (P1) e.i, L.
interrogans, L. kirschneri, L. noguchii, L. borgpetersenii, L. weilii,
L. santarosai, L. alexanderi, L. alstonii, L.mayottensis, L. kmetyi.
The other is an intermediate group (P2) e.i, L. wolffii, L. licera-
siae, L. Inadai, L. fainei, L. broomii and the third includes non-
pathogenic or saprophyte bacteria (S1) e.i, L. biflexa, L. idonii,
L. meyeri, L. terpstrae, L. vanthielii, L. wolbachii, L. yanagawae,
and others (Vincent et al., 2019; Guglielmini et al., 2019).

Clinical presentation and diagnostics in humans

The Leptospira incubation period lasts = 10 days and
the disease occurs 5-14 days after the entry of the bacteria.
The infection is divided into two phases, acute and immune,
and may be asymptomatic in some cases (Wynwood et al.,
2014). In 90 % of patients, the leptospirosis acute phase
lasts around 7 days. In this clinical stage, known as anicte-
ric or benign, fever, photophobia, headache, arthralgia,
chills, diaphoresis, asthenia, cough, nausea, vomiting and
muscle pain can occur. In the immune phase, antibodies are
produced (5-7 days after onset of infection), and excretion
of the bacteria through urine starts when it establishes in
the kidneys. However, in 5-10 % of cases there is an icteric
or hepatonephrotic syndrome, also called Weil’s syndrome,
with severe multi-organ dysfunction (Galloway et al., 2019).
Death from this infection is commonly due to renal failure
and pulmonary hemorrhage (Brett-Major and Coldren, 2012).
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Since the clinical manifestation of leptospirosis de-
pends on the contracted serovar (NOM-029-SSA2-1999), ade-
quate diagnosis is a valuable support tool. Diagnostic tests
can be divided into immunological, genomic and darkfield
microscopy methods (Rajapakse et al., 2015). The immunolo-
gical methods include the antibodies titration in serological
samples by enzyme-linked immunosorbent assay (ELISA),
and the gold standard method for leptospirosis diagnosis,
microagglutination test (MAT). For MAT, titres = 1:100 are
considered positive, for individual or paired serum samples
(WHO, 2009). In recent infections, titres > 1:400 or fourfold
increased between the acute and convalescent sample are
classified as positive (Courdurie et al., 2017). The genomic
methods for Leptospira detection, includes conventional
PCR, real-time PCR, RT-PCR and isothermal amplification.
These highly sensitive methods are based on the ampli-
fication of leptospiral constitutive genes, such as the 16S
ribosomal RNA gene, the B subunit of DNA gyrase and secY,
and genes specific to pathogenic species such as LipL32, Ifb1
and omplL1 (Ferreira et al., 2014; Waggoner and Pinsky, 2016).

Ecological and environmental drivers for Leptospira
transmission
Abiotic factors

Leptospirosis occurrence varies greatly in the world.
Certain climatic conditions, such as temperature (4-40
°C), humidity greater than 20 %, and precipitation of each
geographic location can favor the presence of Leptospira in
some areas, being more frequent in tropical and subtropical
climate, where the disease occurs throughout the year, while
in temperate areas it occurs seasonally during the months
with higher temperatures and rains. Leptospira also persists
in nature, in soil and water at pH of 5.5-7.6, or even in cattle
urine during 6-18 h at pH of 7-8 (Noguchi, 1918; Thibeaux et
al., 2017). In addition, some serovars are capable of surviving
up to 344 days in water and maintaining their virulence by
regulating essential genes to promote survival even under
extreme conditions of temperature and osmolarity, including
the interaction with environmental bacteria and formation of
biofilms, which allows them to survive in urine and increase its
resistance to antibiotics (Vinod-Kumar et al., 2016; Barragan
etal., 2017; Bierque et al., 2020). However, the complete infor-
mation about the Leptospira extrinsic and intrinsic conditions
for surviving in environment, are still under investigation.

Biotic factors

Animals that contract leptospirosis are divided into
natural or maintenance, and incidental reservoirs. In natural
reservoirs, the infection is endemic; leptospirosis is acquired
at an early age and is usually transferred by direct contact
with another infected animal. Incidental hosts are those that
acquire the infection by direct contact with the natural reser-
voirs or by indirect contact with water or soil contaminated
with Leptospira. Some species can be natural hosts for some
serovars and incidental reservoirs for others (Levett, 2001). In
addition, the same species can be a natural reservoir of di-
fferent serovars in different regions of the planet (Hartskeerl

and Terpstra, 1996; Putz and Nelly, 2020). The main natural re-
servoirs of pathogenic leptospires are wild and synanthropic
species. The bacteria resides in the kidneys of these animals,
and they commonly do not show clinical signs of the disease.
The presence of Leptospira in wild animals including mam-
mals (mainly rodentia), birds, reptiles, and amphibians, have
been thoroughly reviewed by Vieira et al. (2018) and Cilia et
al. (2021), where many unconventional hosts were identified
in North and Latin-American countries. Although wildlife has
a real role in the Leptospira transmission cycles, information
is still scarce for many regions of the world (Vieira et al., 2018).
In turn, the wildlife that naturally hosts Leptospira can infect
humans and livestock animals with an important role in food
systems, also, companion animals become an important
source of infection for humans (Table 1).

Leptospirosis in incidental hosts causes a variety of
acute clinical manifestations, like fever, respiratory disea-
se, poor reproductive performance, low milk production,
systemic failure, as well as urinary and hepatic insufficiency
(Putz and Nally, 2020). However, in reservoirs, Leptospira can
be present without causing major problems but could be
eliminated through oral, renal, and reproductive ways (Ellis,
2015; Loureiro and Lilenbaum, 2020). Hence, carriers without
symptoms may spread the infection possibly throughout
their whole lives (Thiermann, 1982). Incidental leptospirosis
in cattle is caused by serovars such as Pomona, Grippotyphosa
and Icterohaemorrhagiae, related to pigs, rodents, and wild-
life (Ellis, 2015). Natural leptospirosis is mainly caused by L.
interrogans Hardjo, L. borgpetersenii Hardjo, L. santarosai Gua-
ricura, all of the Sejroe serogroup (Loureiro and Lilenbaum,
2020). In swine, the most frequent serovars include L. Lora,
Icterohaemorrhagiae, Pomona and Tarassovi (Petrakovsky et
al., 2014). Due to its close contact with persons who work in
the food production system, livestock animals play a critical
role in the human-animal-environmental interface for Lep-
tospira transmission because it represents a potential source
for natural or incidental Leptospira to humans. Putz and
Nally (2020), reported a comprehensive analysis of Leptospira
serovar interactions and its clinical manifestation in some
important species, as well as reviews of seroprevalence in
animals from Latin-America and the Caribbean (Pinto et al.,
2016; Pratt and Rajeev, 2018).

On the other hand, dogs are one of the most impor-
tant hosts for Leptospira in urban and rural settings, and are
part of the transmission cycle. Infection caused by the serovar
Canicola is considered the most common, being the contact
with urine of infected dogs the main intra and inter-species
route of transmission. Canine leptospirosis due to Icterohae-
morrhagiae serovar is less frequent, and is associated to the
presence of rodents as these are the main carriers and trans-
mitters. Due to the behavioral habits of dogs such as sniffing,
licking, and courtship, when several animals get together,
intraspecies and interspecies transmission is favored, being
stray dogs an important source of infection for “domiciled”
dogs (Luna et al., 2008). The domestic cat is another impor-
tant companion animal that can be infected with Leptospira,
however information is limited (Murillo et al., 2020).
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Table 1. Selected studies on Leptospira serovar identification in human, companion animals and livestock in different Latin-America countries.
Tabla 1. Estudios selectos sobre identificacién de Leptospira en humanos, animales de compaiiia y animales de produccién en diferentes paises de

Latinoamérica.

Host Serovars Geographic localization References
Andamana/Australis/Butembo/Copenhageni/Hardjo/Icterohaemorrhagiae/ Brazil Jorge etal., 2017
Patoc/Sentot/Tarassovi Oliveira etal., 2017

PIER EaIIum/CanicoIa/Hebdomadis/Icterohaemorrhagiae/Louisiana/Pomona/ Culor Rodriguezetal, 2018

yrogenes

Bratislava/Canicola/Grippotyphosa/Hardjo/Icterohaemorrhagiae/Pomona/ . Y
Pyrogenes//Pomona/Portland/Tarassovi/Wolffi ket GalardesLopez etal, 2021
AustraIis/BratisIava/CqnicoIa/Gripp_otyphosa/Hardjo/lcterohaemorrhagiae/ Brazil C%ngs;l;c;l.,zzoqg
Pomona/Pyrogenes/Sejroe/Shermani/Tarassovi/Wolffi Jorge etal, 2017
Autumnalis/Ballum/Bratislava/Canicola/Djasiman/Icterohemorrhagiae/ : : fmes 1 .

ey e Caribbean island Saint Kitts Shiokawa et al., 2019
Bratislava/Canicola/Copenhageni/Grippotyphosa/Hardjo/Hebdomadis/ ; :

ey Colombia Taddei et al., 2021

Cattle Hebdomadis/Pomona/Tarassovi Costa Rica Sequeira etal., 2016
Australis/Autumnalis/Bataviae/Canicola/Cophenhageni/Hardjo/ g
Icterohaemorrhagiae/Pomona/Sejroe/Tarassovi EcUador Ortegaifachecolerat. 2020
Ballum/Canicola/Forthbragg/Grippotyphosa/Hardjo/Icterhaemorragiae Jamaica Brown etal., 2011
Bratislava/Canigola/Grippotyphosa/H89 hardjp : prajitno/Hardjo/ México Car&%r:g-zg?sg?eit %’0%01 L
Icterhaemorragiae/Inifap/Paloalto/Pomona/ Tarassovi/Wolffii Zarate-Martinez et al,, 2015
Castellonis/Icterohaemorrhagiae/Pomona/Wolffi Argentina Taddei et al., 2021
Australis/Autumnalis/Bratislava/Butembo/Canicola/Castellonis/Copenhageni/ m::gg::g Zig;" %8?2
Grippotyphosa/Hardjo/Icterohaemorrhagiae/Panama/Patoc/Pomona/ Brazil Moregira etal 2018
Pyrogenes/Shermani/Whitcombi Valenca etal., 2013

S i Bratislava/Copenhageni/Djasiman/Icterohaemorrhagiae/Mankarso Caribbean island Saint Kitts Shiokawa et al., 2019
Canicola/Grippotyphosa/Hardjo/Icterohaemorrhagiae/Pomona Colombia Ospina-Pinto et al., 2019
Bataviae/Canicola/Hardjo/Icterohaemorrhagiae Ecuador Ortega-Pacheco et al., 2020
Bratislava/Forthbragg/Pomona Jamaica Brown et al., 2011
Ballum/Bataviae/Canicola/Djasiman/Hebdomadis/Lousiana/Panama/Pomona/ : :
Pyrogenes/Semaranga/Tarassovi it Seqiaiiaieiaa20io
Australis/Autumnalis/Ballum/Bataviae/Bratislava/CopM20/Cynopteri/ Almeida etal., 2019
Djasiman/Grippotyphosa/Hardjo/Hebdomadis/Icterohaemorrhagiae/Javanica/ Brazil Campos etal., 2017
Lousiana/Pomona/Pyrogenes/Wolffi Costa etal., 2016

Sheep Copenhageni/Djasiman/Hardjo/Icterohaemorrhagiae/Mankarso/Pomona Caribbean island Saint Kitts Shiokawa et al., 2019
Canicola/Gripotyphosa/Hardjo/Icterohaemorrhagiae/Tarassovi Ecuador Orlando et al., 2020
Kennewicki Uruguay Hamond et al., 2014
Australis/Bratislava/Canicola/Icterohaemorrhagiae/Pomona/Pyrogenes/Wolffi Brazil Campos etal., 2017

Goat Bratislava/Djasiman/Hardjo/Mankarso Caribbean island Saint Kitts Shiokawa etal., 2019
Hardjo-prajitno/Icterohemorrhagiae Mexico Gaytan-Camarillo et al., 2021

. . . 8 Jorgeetal., 2017

Ballum/Butembo/Canicola/Copenhageni/Hond Utrecht IV/Kito Brazil Miraglia et al,, 2012

B Canicola/Hardjo/Icterohaemorrhagiae/Grippotyphosa Ecuador Orlando et al., 2020

09
Ballum/Bratislava/Canicola17/Grippotyphosa/lcterohaemorrhagiae/ México Hernandez-Ramirez et al.,
Pyrogenes/Shermani 2017
Copenhageni Trinidad Suepaul et al., 2010
Andamana/Autumnalis/Bataviae/Canicola/Patoc Brazil Dos Santos et al., 2017
. . . Azbcar-Aedo et al., 2014

Cat Autumnalis/Copenhageni Chile Dorsch et al., 2020
Australis/Canicola Mexico Ortega-Pacheco et al., 2020
Australis/Ballum/Bataviae/Bratislava/Canicola/Copenhageni/Grippotyphosa/ Brazil Dewes et al., 2020

m Bratislava/Hardjo/Hardjo bovis/Wolffi/ Jorge etal., 2017

orse
Canicola/Copenhageni/Sejroe/Cynopteri/Hardjo/Pomona/Autumnalis/ ks Orlando et al,, 2020

Icterohaemorrhagiae/Grippotyphosa/Bataviae/Tarassovi/Australis
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Occupational and behavioral drivers for Leptospira trans-
mission

Occupational diseases are those acquired when
exposed to risk factors related to work (WHO, 2002). Leptos-
pirosis is considered an occupational disease for agricultural,
livestock, meat, abattoir, and rice field workers, veterinarians,
hunters, caretakers of wild animals, and farmers (Bengis et al.,
2004; Bierque et al., 2020). This occurs due to close contact
with animals which increases the risk of being exposed to
potentially contaminated carcasses or live animals with Lep-
tospira (WHO, 2009).

According to epidemiological estimates, 30 % of lep-
tospirosis cases are due to occupational exposure (Richard
and Oppliger, 2015). Most of the infectious agents that cause
zoonotic diseases are considered occupational risk factors,
since they occur sporadically or chronically in different pro-
fessions. Livestock worker’s activities (such as milking) which
include contact with animal urine, increase exposure and risk
of leptospirosis. In addition, making homemade cheese and
washing hands or drinking water from cattle drinking foun-
tains could be risk factors. In addition, the risk of contracting
the infection is greater in personnel that assist in the livestock
delivery and manipulate waste products, and it is aggravated
when not wearing personal protective equipment (PPE)
(WHO, 2009). There is also a greater risk in cattle owners or in
people, whose occupation involves the manipulation of pig
or bovine tissues (Leal-Castellanos et al., 2003). Carrying out
necropsies on mortality events and obstetric management
of sows is a routine activity on technified farms, and due the
asymptomatic presentation of the disease, it represents a
high risk for workers (Botazzo et al., 2002). In addition, wor-
kers previously diagnosed with leptospirosis are more likely
to be seropositive than those who have not previously had
the disease. This suggests that those who already suffered
from the disease may present behaviors that increase their
exposure (Sanhueza etal., 2017).

Moreover, people who do outdoor activities are more
at risk of contracting leptospirosis than those who work in-
doors (Kamath et al., 2014). In a meta-analysis study carried
out in 7,000 feverish cases globally associated with travelers,
a prevalence of 0.21-2.65 % for Leptospira was found (Ban-
dara et al., 2014). Other behaviors that increase the risk of
getting sick are swimming in areas where cattle drink water,
and keeping puddles near the house. Likewise, people with
skin cuts exposed to floodwater are at greater risk of having
leptospirosis (Leal-Castellanos et al., 2003).

In addition, other studies revealed that having fre-
quent contact with animals such as rats, mice, guinea pigs
and poultry, or living with pets such as dogs, cats, and rats,
and walking barefoot, increases the risk of leptospirosis
(Brockmann et al., 2016; Sanhueza et al., 2017). Other risk
factors associated with leptospirosis in humans, are the
limited knowledge of the disease and its transmission, low
educational attainment, younger age, and unhealthy beha-
viors (inadequate or missing hand washing and PPE) (Brown
etal., 2011). Also, belonging to the male gender, working age,

working in the field, and poverty, are risk factors associated
with the disease (Carvajal and Fagerstrom, 2017; Dhewantara
etal., 2018).

Transmission of Leptospira at human-animal-environ-
ment interfaces

After a Leptospira infection, natural reservoirs, such as
herbivores and other animals, may become asymptomatic
carriers and, in consequence, an important source of Lep-
tospira shedding into the environment by bacteria secretion
in urine. This is a renal carrier state and considered the most
important mechanism that enables the persistence of leptos-
pirosis in the environment (Adler and de la Pefia-Moctezuma,
2010). Therefore, during its life cycle it can be transmitted to
incidental hosts, such as humans or domestic livestock, Figure
1 (Bengis et al., 2004; Ko et al., 2009; Haake and Levett, 2015).
Once the leptospires enter a new host, they spread through
the peritubular capillaries or glomeruli to the kidneys, via
the hematogenous route. When they enter the renal tubular
lumen, they invade the brush border of the proximal tubule
through which urine is eliminated (Haake and Levett, 2015).

After direct exposure to infected urine, milk or re-
productive fluids of carrier animals, or indirect exposure to
soil, water or food contaminated with the bacteria (Galloway
et al, 2019), Leptospira can enter a new host through skin
lesions and oral, genital, nose, or conjunctive mucous mem-

Reservoir

Wild life hosts /
-

I
\ml'l I"_,\_)
Human
(skin lesions)

Environmental factors /
soil and water

S

ﬂ-.\' |
™

Livestock and domestic hosts

Figure 1. The cycle of Leptospira transmission influenced by environmen-
tal factors. Occurrence is affected by the transmission dynamics between
asymptomatic and synantropic (rodents) wild reservoirs carriers, and other
wildlife, environmental, and domestic and livestock that acts as incidental
or reservoir hosts. Transmission to human is mediated by contact with
hosts or direct by contaminated water and soil. Pathogenic Leptospira pen-
etrates through mucous membranes and skin lesions (Levet, 2015) (Created
by BioRender.com).

Figura 1. El ciclo de transmision de Leptospira influenciado por factores
ambientales.
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branes. Although indirect contact is the most common form
of Leptospira transmission, direct contact is also associated
with occupational transmission (Haake and Levett, 2015).

Humans can excrete leptospires in urine for several
weeks, and even years after the acute phase of the disease
(Bharti et al., 2003). However, there is no evidence supporting
this as an important source of Leptospira in the environment,
since their urine is acidic and leptospires require a pH of 6-8
to survive, therefore, human-to-human transmission is rare
(Castillo-Hernandez, 2014; Kamath et al., 2014). Leptospira can
also spread through sexual intercourse (Harrison and Fitzge-
rald, 1988). In addition, mothers can infect the fetus through
the placenta, which can cause fetal death or miscarriage, the
latter being more common in women who have developed
leptospirosis in the first months of pregnancy (Haake and
Levett, 2015). Although the mother’s disease not necessarily
affects the fetus (Shaked et al., 1993), the baby could acquire
the infection during breastfeeding (Bolin Koellner, 1988). In
addition, blood can also participate as an infectious medium
since the bacteria are present in it the first 10 days of infec-
tion (Budihal and Perwez, 2014).

Epidemiology of human leptospirosis

Annually there are approximately 1.03 million cases of
leptospirosis and 58,900 deaths worldwide, and is one of the
zoonoses that causes more morbidity and mortality globally
(Costa et al., 2015). The incidence is seasonal, and can be
associated with climatic conditions; in temperate regions the
incidence rate is 0.1-1 / 100,000 inhabitants, in humid tropi-
cal climates the incidence rate is 10 / 100,000 inhabitants,
and in regions with outbreaks or with risk groups is 100 /
100,000 inhabitants (WHO, 2009). There is a greater number
of cases in rainy seasons in warm and dry regions, since water
provides the means of survival for Leptospira (Levett, 2004).
In addition, it is endemic to tropical and subtropical zones,
such as Latin-America and the Caribbean (Adler and de la
Pena-Moctezuma, 2010). South America is the most affected
region, despite many cases are reported in other northern
countries (Schneider et al., 2017, Pereira et al., 2018).

In a meta-analysis assessment of 17 studies carried out
in different Latin-American countries (including Colombia
and Puerto Rico), a prevalence of 16 % was found in 13,539
cases with acute fever (Moreira et al., 2018). In another meta-
analysis study using data provided by health authorities from
different Latin-American and Caribbean countries, based on
data published in the 2006-2013 period, the countries with
the highest prevalence reports were Trinidad and Tobago
with 22 / 100,000 inhabitants, and Uruguay with 13.9 /
100,000 inhabitants. The countries that reported the highest
proportion of positive cases for Leptospira were Guyana with
37 %, Jamaica with 31.9 %, Cuba with 27.6 %, Peru with 27.3
% and Argentina with 22.4 % (Pulido-Villamarin et al., 2014).

In a study conducted by Meny et al. (2019), in a region
of Uruguay, a Leptospira seroprevalence of 46 % was found;
in addition, the contact with animals and unsafe water con-
ditions were observed as the main risk factors (Meny et al.,
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2019). On the other hand, in a retrospective study carried
out by the Costa Rican Ministry of Health in the period
2011-2015, a prevalence of 10.6 % was found in 5,056 pa-
tient samples (Carvajal and Fagerstrom, 2017). A descriptive
epidemiological study carried out in Brazil, described the
confirmed cases for the 2007-2016 period, reporting 39,263
cases with an annual mean of 3,926 and an incidence of 1.02
/100,000 inhabitants. They also estimated a lethality of 8.9 %
with a distribution of 79.2 % in urban areas with little sanitary
infrastructure, which predisposed the infestation by rodents
and contact with water and/or flood mud (Flores et al., 2020).
In Latin-America through national surveillance programs
during 2010-2014, cases mainly distributed in Brazil, Peru,
Colombia, and Ecuador (Schneider et al., 2017).

In México, during a dengue outbreak in the Yucatan
Peninsula, it was found that 14 % of suspected dengue cases
patients had leptospirosis. The symptoms and signs that
manifested the positive people to Leptospira belonged to
the anicteric presentation, and were like those of dengue.
The serovars found were Canicola, Pomona and Grippo-
typhosa (Zavala-Velazquez et al., 1998). Since leptospirosis
clinical presentation is confused with other febrile diseases,
is considered a public health problem that is not addressed
and is underdiagnosed (Velasco-Castrejon et al., 2009). In
Tamaulipas, 8.2 % of the trail workers had seropositivity to
leptospirosis and the predominant serovars were Bratislava
and Hardjo; two people had antibodies for three serovars,
eight for two and fourteen for only one (Rodriguez-Parra et
al., 2009).

In Mexico, during 1992-1997, the National Institute
of Epidemiological Diagnosis and Reference found a se-
ropositivity of 30.3 % for leptospirosis. The most common
serovars were Pomona, Canicola and Icterohaemorrhagiae.
Later, in 1998, they registered 119 leptospirosis cases and the
majority was concentrated in Distrito Federal, Hidalgo and
Guerrero (NOM-029-SSA2-1999). During 2000-2010, there
were 1,547 cases and 198 deaths by leptospirosis in Mexico
(Sanchez-Montes et al., 2015). Therefore, the case-fatality rate
was 12.8 %, higher than Malaysia (1.47 %) (Tan et al., 2016),
Trinidad and Tobago (5.8 %) (Mohan et al., 2009) and Hawaii,
United States (0.5 %) (Katz et al., 2011). This could be due to
the delay in the diagnosis, the confusion of the symptoms
with those of other diseases or an adequate treatment (Bu-
dihal and Perwez, 2014). The only states that did not present
cases were Durango, Baja California, Queretaro, Guanajuato,
and Zacatecas. While those with the highest incidence were
Veracruz, Tabasco, and Sinaloa, the actual number of people
who had leptospirosis is unknown (Sanchez-Montes et al.,
2015). It was determined that leptospirosis cases in Mexico
occur throughout the year, however endemic peaks were
observed during the months of August, September, and
October (Yescas-Benitez et al., 2020).

In several studies conducted in different regions of
Mexico, in occupational exposed workers and rural commu-
nities, authors found a 12-40 % seroprevalence (Leal-Caste-
llanos et al., 2003; Rivera-Benitez et al., 2014; Vado-Solis et al.,
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2014; Alvarado-Esquivel et al., 2015; Cordova-Robles, 2019).
The main serovars were Canicola and Hardjo, indicating that
dogs and cattle are an important source of contagion for
livestock workers. Although Mexico has a surveillance and
control program for leptospirosis outbreaks, many cases
might not be detected due to lack of differential diagnosis
with other febrile illnesses or mild/asymptomatic cases.

Prevention and control measures
Vaccines and prophylaxis

The application of vaccines in humans and animals, is
an option to prevent leptospirosis, and some vaccines may
protect against serovars different from the one used to ma-
nufacture them due to cross-reactivity (Matsuo et al., 2000).
However, they can be serotype dependent and unable to
induce an immune response against other serovars (Sonrier
etal., 2000). In addition, the genetic and phenotypic diversity
of infectious leptospires is an obstacle to the development
of vaccines (Grassmann et al., 2017). Only one country in
Latin-America, Cuba, uses routinely human vaccination
against Leptospira (Pereira et al., 2018), Normally using inac-
tivated vaccines applied to domestic animals and livestock.
In some countries, it is also applied to human populations
at risk. However, due to side effects in humans, lack of cross
protection and short duration of immunity, they are not used
globally (Grassmann et al., 2017).

Several vaccines are available; bacterins are vaccines
made from whole dead cells and are the most common
type of biologic available globally. The disadvantages are
high production costs, local and systemic reactions, and a
short period of immunity. In addition, protection is restric-
ted to antigenically related serovars. Therefore, polyvalent
vaccines have been used in domestic animals such as cattle.
The immune protection can last from 6 months to 3 years
depending on the adjuvants used in the vaccine, and human
vaccine formulations have shown efficacy rates of 60-100 %
(Koizumi and Watanabe, 2005).

Recombinant DNA vaccines have advantages such as
low production cost, stability, and ability to elicit humoral
and cell-mediated immune response against several serovars
in the long term. DNA vaccines have been designed against
conserved genes among the pathogenic leptospires and are
highly immunogenic. The insertion of genes such as LipL32,
OmpL1 and LipL41 in different vectors have been tested as
vaccines in animal models (Bashiru and Bahaman, 2018).

Another alternative available against leptospirosis
is chemoprevention prophylaxis, mainly used when the
infection risk is high and there will be a forced exposure.
Oral ingestion of a weekly 200 mg dose of doxycycline has
been effective in reducing clinical infection, but it does not
prevent infection, although significantly reduces morbidity
and mortality (Sehgal et al., 2000).

Hygiene, PPE and environmental control
Among the leptospirosis prevention measures, is the
use of protecting clothing that covers wounds and reduces

the risk of disease appearance (OMS, 2008), as well as per-
sonal protection equipment such as overalls, gloves, boots,
and goggles, when in contact with livestock, preventing skin
and mucous membranes exposure (NOM-029-SSA2-1999).
To prevent leptospirosis, hands should be washed after
contact with animals and their derivatives, and rodent po-
pulation, should be controlled. In addition, it is necessary to
disinfect animal breeding sites. Furthermore, people should
have regular clinical and laboratory tests, especially if there
is a suspicion of infection. Vaccination of cattle and pets is
also necessary. It is important to avoid swimming in waters
that animals have access to, adding chlorine to water sources
for human use, and boiling it before consumption. Likewise,
avoiding the formation of water clusters in work areas is
important to reduce the potential for leptospirosis outbreaks
(NOM-029-SSA2-1999).

Education and interventions

The risk of infection is reduced by avoiding contact
with the carrier host or contaminated environment. It is im-
portant to raise awareness among the population, especially
at-risk groups, about leptospirosis, so an early detection
and adequate treatment is possible (WHO, 2009). This is
achievable through education campaigns or interventions
promoting preventive health behaviors among high-risk
groups (Rahman et al., 2018).

Surveillance and future challenges

Surveillance systems and health policies for human
leptospirosis in Latin-America have been reviewed previously
by Schneider et al. (2017) and Pereira et al. (2018). The identi-
fication of Leptospira reservoirs, and the understanding of the
eco-epidemiology of the bacteria in the environment and
in animal hosts, are key in designing strategies for control.
Different serovars of Leptospira may differ in their virulence,
so the true magnitude of the health risk due to leptospirosis
is unknown. On the other hand, it is possible for the infec-
tion to remain asymptomatic and undiagnosed, resulting
in an underestimation of the seroprevalence. Therefore, it is
necessary to investigate which serovars are in the affected
area to implement or improve vaccination strategies, and
determine the actual number of people that are seropositive
(Richard and Oppliger, 2015; Sanchez-Montes et al., 2015).
Once taught as a predominant disease in tropical countries,
some researchers estimate that climate change will increase
distribution range due to changes in temperature, extreme
rainy season and flooding events that will increase occurren-
ce of Leptospira and leptospirosis in the next years (Lau et al.,
2010), thus many gaps in knowledge need to be addressed.

CONCLUSIONS

Leptospirosis is a re-emerging zoonotic disease of
global importance. Human and animal leptospirosis cases
are increasingly detected in many regions and territories in
rural and urban settings in Latin-America, mainly in South-
American countries. Serovar, host diversity and socio-
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environmental conditions mediate complex interactions of
its ecology and epidemiology in this region. Diagnosis of
leptospirosis is not conducted systematically in all regions
of Latin-America, including Mexico, although surveillance
of the disease in human and animal with appropriate diag-
nostic methods might play an important role in prevention
and control of leptospirosis outbreaks. Also, risk mitigation
measures in occupational exposed populations through
modifications in behavioral determinants, animal vaccina-
tion and educational interventions might help decrease
transmission to human hosts. Although leptospirosis is an
important zoonotic disease at human-animal-environmental
interfaces, it is neglected and underdiagnosed. Studies with
a One Health approach in Latin-American regions are rele-
vant and necessary, representing a challenge for public and
animal health, and food systems.
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ABSTRACT

This paper focuses on the quality of lettuce var. lon-
gifolia in an aquaponic culture grown with shrimp effluents
from well water (WW, salinity 1.7 g L"), diluted seawater (DSW,
salinity 1.7 g L"), and a hydroponic solution (HS, salinity 1.4 g
L) as control. Results evidenced that WW and DSW effluents
slightly decreased plants weight, foliage, and yield (5 - 9%)
compared to HS control. Furthermore, WW-lettuce showed
higher levels of total phenolic compounds (~71%), flavo-
noids (~90%), as well as antioxidant capacity (0.7-3-folds)
than HS-plants, mainly in the soluble fraction. WW-lettuce
also showed a higher content of total soluble solids (~16%)
and, a lower saturation of color. WW-lettuce exhibited the
highest concentrations of p-hydroxybenzoic, p-coumaric
and ferulic acids, as well as quercetin 3-O-glucoside and
quercetin 3-O-ramnoside, whereas DSW-lettuce showed the
highest levels of caffeic acid, isorhamnetin 3-O-glucoside,
kaempferol 3-O-glucoside, kaempferol and quercetin. HS-
lettuce showed a higher proline content than lettuces from
the other treatments. These results indicate that aquaponic
lettuce culture with shrimp effluent from WW could be used
as an alternative culture system to reduce land area requi-
rements, decrease or eliminate the discharge and impact of
shrimp effluents, and simultaneously improve the functional
properties of lettuce.
Keywords: Shrimp; Litopenaeus vannamei; Shrimp farming;
Aquaponics

RESUMEN

Este estudio evalta la calidad de la lechuga var.
longifolia en un cultivo acuapénico irrigado con efluentes
camaronicolas de agua de pozo (WW, salinidad 1.7 g L),
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agua de mar diluida (DSW, salinidad 1.7 g L") y una soluciéon
hidropédnica (HS, salinidad 1.4 g L") como control. Los resul-
tados mostraron que WW y DSW disminuyen ligeramente el
peso, follaje y rendimiento (5-9%) en las plantas comparado
con HS. La lechuga-WW mostré un nivel superior de fendlicos
totales (~71%), flavonoides (~90%) y capacidad antioxidante
(0.7-3-veces) que las plantas-HS, principalmente en la fraccién
soluble. La lechuga WW mostré un contenido mayor de séli-
dos solubles totales (~16 %) y, menor saturacién de color. La
lechuga-WW exhibi6 las concentraciones més altas de 4cidos
p-hidroxibenzoico, p-cumarico y ferulico, asi como de quer-
cetina 3-O-glucdsido y quercetina 3-O-ramnésido. Mientras
que la lechuga-DSW mostrd las concentraciones mas altas
de 4cido cafeico, isorharmentina 3-O-glucosido, kaempferol
3-0O-glucosido, kaempferol y quercetina. La lechuga-HS mos-
tré mayor contenido de prolina. Estos resultados indican que
el cultivo aquapédnico con efluente camaronicola-WW puede
ser usado como una alternativa para reducir los requerimien-
tos de suelo, decrecer o eliminar la descarga e impacto de
los efluentes camaronicolas, y simultdneamente mejorar las
propiedades funcionales de la lechuga.

Palabras clave: Camarén; Litopenaeus vannamei; Cultivo de
camaron; Acuaponia

INTRODUCTION

There is an increasing interest in the development of
new agriculture methods for sustainable food production, gi-
ven traditional agriculture requires a huge expense of water
and land space (Ramos-Sotelo et al., 2019). Besides, shrimp
farming also uses a large water amount, due to the constant
exchanges for maintain an adequately sustain and quality
for shrimp growth. Moreover, shrimp farming produces a
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constant discharge of effluents with high concentrations
of organic matter and nutrients that deteriorate the water
quality of aquatic ecosystems, in which these effluents are
discarded (Paez-Osuna 2001). Therefore, the integration of
shrimp farming with agriculture through the irrigation of
plants with these effluents could be a sustainable option for
food production, as well as for the mitigation of environmen-
tal negative effects of both shrimp farming and traditional
agriculture (Fierro-Safudo et al., 2020).

On the other hand, the use of shrimp culture effluents
in agriculture represents an alternative source of nutrients for
plant cultivation, which allows the reduction of the fertilizer
dosage. Furthermore, aquaponics involves plant cultivation
without soil by using only water and dissolved nutrients,
which have many advantages including faster plant growth,
high productivity, easy handling, and greater efficiency in
water use. However, there are also disadvantages in terms
of the crops, such as adverse effects due to salinity, and an
excess or deficiency of nutrients (Fierro-Saiiudo et al. 2020).
Low-salinity effluents (1 - 10 g L") from shrimp farming have
available nutrients (Fierro-Safudo et al., 2020), which make
them viable to grow plants, such as lettuce in salinities <2
g L' (Ledn-Caiedo et al., 2019). Nonetheless, the critical
question is whether such shrimp effluents produce lettuce
with a quality comparable to that by traditional hydroponic
solutions.

Due to its tolerance to salt stress, the cultivation of
lettuce (L. sativa L.) could be integrated with shrimp aqua-
ponic systems. In addition, it has been shown that when
plants are exposed to some types of abiotic stress during
cultivation, such as salinity or nutrient deficiency, their de-
fense mechanism is activated, which involves an increase
in compounds with antioxidant properties which leads to
an increase in their nutraceutical properties (Sharma et al.,
2019). This has been proved in different varieties of Lactuca
sativa L, in which salt stress resulted in an increase of the total
phenolic compounds, flavonoids, and in antioxidant activity,
improving the quality of the crop at 5.8 g L' (Ouhibi et al.,
2014). Therefore, the variability in the composition and quan-
tity of phytochemicals in lettuce indicate the importance of
selecting certain types and characteristics of the water used
for irrigation.

In a first study (Ramos-Sotelo et al., 2019), we showed
that lettuce L. sativa var. Tropicana M1 grows reasonably well
when irrigated with shrimp effluents, and that polyphenols
and flavonoid content are even better in the plant produ-
ced with well and diluted seawater shrimp effluents. In the
present study, the antioxidant properties and production
variables of L. sativa var. longifolia were examined, and addi-
tionally, metabolite profiling was evaluated. The hypothesis
is that the L. sativa var. longifolia lettuce grown with low
salinity shrimp effluents exhibits an enhanced quality com-
pared to a commercial hydroponic solution. Therefore, this
study evaluated the performance of a hydroponic lettuce
culture of the longifolia variety grown with a deep flow tech-
nique (DFT) hydroponic system with two low-salinity shrimp
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effluents (well and diluted seawater, both at 2.7 dS m™). The
performance parameters measured were the concentrations
of chlorophyll, proteins, lipids, carbohydrates, flavonoids,
proline, total and individual phenolic compounds, and an-
tioxidant capacity of the harvested lettuce. The importance
of these parameters resides in that they are key indicators to
evaluate the nutritional quality of the plants grown with the
shrimp effluent in comparison with the HS control.

MATERIALS AND METHODS

The study was conducted in the YK Experimental
Module in Mazatlan, Sinaloa, Mexico (23° 12’ 11.9” N; 106°
25’ 41.29" W). The aquaponic system consisted of six tanks
of 3.14 m?® with two different shrimp cultures both with a sali-
nity of 1.7 g L7, three tanks for each one (Ramos-Sotelo et al.,
2019): (i) effluent of shrimp grown in well water (treatment
WW) and (ii) effluent of shrimp grown in diluted seawater
(treatment DSW). Also, one hydroponic DFT system in tripli-
cate was constructed to grow lettuce using a nutritive solu-
tion (HS) as control. Plants of Lactuca sativa L. var. longifolia
seedlings were transplanted to their respective treatment 30
days after sowing, and were coupled with tanks of shrimp
culture after 50 days of growth. Subsequently, plants were
harvested, and both roots and foliage tissues were weighed
to estimate production variables. The characterization of
shrimp (Litopenaeus vannamei) effluents from both WW and
DSW treatments was according to Ramos-Sotelo et al. (2019).

Total soluble solids (TSS), pH, titration acidity (TA),
chlorophyll (a and b), protein, carbohydrate, and fat contents
were quantified according to the AOAC (1997). Color was
measured by reflectance in leaves in a portable Minolta
CM-2002 spectrophotometer (precision was 9.6 %). Free
proline was evaluated colorimetrically (Bates et al, 1973)
(precision 3.9 %) and results expressed in mg g’ dry weight
(dw). To extract the soluble fraction compounds (using
methanol:water 80:20), and the phenolic compounds from
the insoluble fraction (alkaline hydrolysis, ethyl acetate and
methanol:water 80:20), samples were processed according to
Nguyen and Niemeyer (2008) and Mora-Rochin et al. (2010),
respectively. Total phenolic content (TPC) was determined by
colorimetric assay, and expressed as gallic acid equivalent g
dry sample (GAE/g) (precision 5.1 %). Total flavonoid content
(TFC) was determined by colorimetric assay (Kim et al., 2003),
and expressed as mg of catechin equivalents g dry lettuce
(precision 4.9 %). Antioxidant capacity assay for 2,2"-azino-
bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) and for
2, 2-Diphenyl-1-picrylhydrazyl (DPPH) assay was quantified
as described by Arnao et al. (2001) and Brand-Williams et al.
(1995), respectively. Results were expressed in mg of Trolox
equivalents g dry lettuce (precision 5.0 %). The polyphenol
profile was assessed by ultra-performance liquid chroma-
tography coupled to a quadrupole-time of flight, with an
atmospheric pressure electrospray ionization interphase
(Vion, Waters Co, MA, USA) and a photodiode detector array.
The procedure and the mass spectrometry conditions are
described in Covarrubias-Cardenas et al. (2018) (precision
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was 2.2 %).

The data were subjected to the Shapiro-Wilk test, to
check the normality. Data were analyzed using the software
JMP ver. 10.0.0 (Copyright © 2012 SAS Institute Inc.) by
non-parametric one-way Kruskal-Wallis test. Comparisons for
each pair were made using the Wilcoxon method performed
at a significance level of P < 0.05, and a 95% confidence limit
to establish the significant difference between the mean
parameters for the two treatments (WW and DSW) and the
HS control.

RESULTS AND DISCUSION

In general, both shrimp effluents exhibited similar
physicochemical values (pH 7.0 £ 0.3,6.7 £ 0.2, 6.1 = 0.0; tem-
perature 19.3+1.3,19.6 £2.1,21.6 +1.9°CEC2.6 £0.3,2.8 +
0.4,2.3+0.3dSm™; and dissolved oxygen 7.6 £ 0.4,7.5+0.3,
7.1 £ 0.1 mg L' for WW, DSW and HS control, respectively)
and elemental compositions (major ions and nutrients). The
concentrations of CI-in both WW (669 + 45mg L") and DSW
(620 + 34 mg L") shrimp effluents were high in comparison
to those specified (355 mg L") as restriction limits for irriga-
tion (Ledn-Canedo et al., 2019). At the end of the lettuce crop
cycle, the total biomass produced as edible tissue showed
a production trend HS>WW>DSW for individual weight,
number of leaves and yield (Table 1). These differences could
be associated with lower levels of nutrients and high level
of CI- in DSW. Al-Maskri et al. (2010) found similar results in
the number of leaves, fresh plant and dry weight of lettuce,
with a significant reduction as the salinity increases (2.9 and
5.8 g L"), which may be attributed to the osmotic stress and
nutritional disorders. However, it is important to ponder that
the percentage of decrease was 8-10 %.

The results of the leaves color analysis indicated that
lettuce irrigated with DSW and WW effluents showed signi-
ficant decreases in both parameters (L and C) on the CIELAB
scale in comparison to the HS control. These changes were
higher in the WW treatment (Table 2). The color of the lea-
ves was modified gradually from vivid green, to dull green
in plants exposed to both types of effluents (Table 2). This

Table 1. Growth parameters (mean + SD) of lettuce cultured with shrimp
effluents WW, DSW, and a hydroponic solution (HS).

Tabla 1. Pardmetros de crecimiento (promedio + SD) de lechuga cultivada
con efluente camaronicola WW, DSW, y una solucién hidropénica HS.

Parameter Ww* DSW#** HS***

Individual weight (g) 224.947.9°  193.8+9.6° 234.8+7.1°
Number of leaves 21.9+1.4° 17.8+1.0¢ 23.8+1.12
Yield (g/plant) 29.3+0.9° 25.2+0.7¢ 31.5+1.1°

Data are mean values£SD, (n=9); for the same line (parameter), means
with different letters between columns are significantly different (p < 0.05).
Statistical analyses performed by one-way Kruskal-Wallis test.

* Effluent of shrimp grown in well water (treatment WW).

** Effluent of shrimp grown in diluted seawater (treatment DSW).
***Hydroponic DFT system to grow lettuce using a nutritive solution (HS)
as control.

Table 2. Acidity (TA), pH, total soluble solid content (TSS), color L (light-
ness), C (chroma) and proximate analysis (% on fresh weight) (mean+SD)
of lettuce cultured with shrimp effluents WW, DSW, and the HS control
treatment.

Tabla 2. Acidez, pH, sélidos solubles totales (SST), color L, Cy andlisis pro-
ximal (% en base peso himedo) (promedio + SD) de lechuga cultivada con
efluente camaronicola WW, DSW y el control HS.

ww* DSW** HS***

pH 6.05+0.04° 6.03+£0.07° 6.10+0.04°
TA 0.12+0.012 0.13+£0.01° 0.12+0.02°
TSS 2.97+0.53° 2.21+0.55P 2.54+0.61°
L 44.23+5.3¢ 41.9745.1° 42.37+4.3°
C 28.2+6.6¢ 28.73+2.8° 29.18.3+4.1°
Moisture 92.16+2.5? 90.53+2.7° 90.4+1.4°
Fat 0.41+0.02° 0.42+0.04° 0.46+0.05*
Ash 0.85+0.04° 0.79+0.04° 0.82+0.06°
Protein 0.95+0.03¢ 1.074£0.11° 1.50+0.06*
Carbohydrates 4.09+0.66¢ 4.51+0.70° 5.10+0.78°

Data are mean values+SD, (n=9); for the same line, means with different
letters between columns are significantly different (p < 0.05). Statistical
analyses performed by one-way Kruskal-Wallis test.

* Effluent of shrimp grown in well water (treatment WW).

** Effluent of shrimp grown in diluted seawater (treatment DSW).
***Hydroponic DFT system to grow lettuce using a nutritive solution (HS)
as control.

may be due to the inhibitory effect of salinity stress over
photosynthetic enzymes and the reduced CO, in the leaves,
caused by stomatal closure (DeRidder and Salvucci, 2007).
These results are consistent with reports describing the ne-
gative effect of salinity on the green color of vegetables (Ga-
rrido et al., 2014). TA was similar for both treatments and the
HS control (P>0.05). A small decrease in pH was observed in
lettuces irrigated with DSW and WW effluents. In comparison
with the HS control, the TSS was higher in lettuce from WW
treatments (Table 2). These results agree with those obtained
by Magdi et al. (2013) for bean plants.

Proximal analysis on the harvested lettuce revealed a
general trend HS>DSW>WW for fat, protein, and carbohydra-
tes (Table 2). It has been shown that protein content signifi-
cantly decreased in plants treated with sodium chloride at
low concentrations (Ayala-Astorga and Alcaraz-Melémdez,
2010). One effect of saline stress in plants is the loss of po-
tassium ions through roots, which causes a physiological
imbalance, given potassium is essential for protein synthesis.
Furthermore, this also affects plant growth and development,
and if the stress is prolonged, it could affect protein synthesis
and eventually diminish its concentrations (Chen et al., 2007).
Carbohydrates were reduced ~20 and ~12% in lettuces from
WW and DSW treatments, respectively, in comparison to the
HS control (Table 2). Such results are consistent with those
obtained by Magdi et al. (2013), who reported that organic
acids, especially sugars, are the main solutes involved in the
osmotic adjustment of some plants growing under osmotic
and saline stress. Similarly, lipid content decreased in lettuces
harvested with WW and DSW treatments in comparison with
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the HS control (Table 2). Under salt stress conditions, impor-
tant changes in lipids metabolism occur in plants, mainly the
degradation of the plasmatic membrane due to a reduction
in the desaturase activity. Some plants react against the oxi-
dative stress induced by salinity by restructuring membranes
and reducing polyunsaturated fatty acid content, which
affects the membrane fluidity and restricts the permeability
of Na* and Cl-ions (Mehraban et al., 2017).

Figure 1 shows that the total phenolic content increa-
sed around 14 and 70% for DSW and WW treatments, res-
pectively, compared to the HS control in the soluble fraction.
However, for the insoluble fraction, the content of phenolic
compounds was higher in the control plants. Regarding fla-
vonoid content, WW treatment evidenced increases by 2-fold
in comparison with the HS control. Conversely, DSW showed
no significant differences with the HS control. Calcium defi-
ciency during plant cultivation can induce an increase of se-
condary metabolites, mainly phenolic compounds (Chishaki
and Horiguchi, 1997). It has also been shown that the appli-
cation of CaCl, can lead to an improvement in the retention
of phenolic compounds, and the antioxidant capacity for
the first seven days in lettuce (Materska et al., 2019). In our
previous study (Ramos-Sotelo et al., 2019), it was evidenced
that Mg levels in WW (57.5 mg L) effluents were significantly
higher than in DSW (43.7 mg L). It is known that high Mg*?
levels affect the absorption of Ca*™ by plants, which could
lead to the aforementioned increase of phenolic compounds
in WW treatments (Ramos-Sotelo et al., 2019).

Furthermore, results indicated that chlorophyll a and
b levels were slightly reduced (~7%) by WW treatment. This
effect is related to the results observed in color parameters
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for the WW treatment, since chlorophyll is the most impor-
tant pigment in green vegetables. Reduction in chlorophyll
occurs in salt-stressed plants, due to the inhibitory effect on
the biosynthesis of the different chlorophyll fractions by the
accumulation of major ions. lon imbalance affects the forces
that stabilize the pigment protein liquid complex, in chloro-
plasts (Acosta-Motos et al., 2017).

The results of this study indicated a reduction of 25 to
44 % in the proline content of plants irrigated with DSW and
WW effluents, respectively, compared with the HS control.
Shetty (2004) proposed a link between the proline accu-
mulation and the energy transfer to the phenylpropanoids
biosynthesis, through the pentose phosphate pathway.
Proline synthesis involves the oxidation of NADPH, which
feeds the pentose phosphate pathway, providing precursors
for phenolic biosynthesis through the shikimic acid pathway.
This could explain the proline decrease in plants grown with
WW and DSW effluents. Sharma and Ramawat (2013) found
increases of up to 40 % in proline content of Salvadora persica
calluses when applying 50 mM NaCl. However, when 200 mM
NaCl were applied in this same study, proline decreased con-
siderably. Conversely, this last treatment with the lowest pro-
line content showed the highest antioxidant capacity, which
suggests that this decrease is related to its use as a precursor
in the synthesis of compounds with antioxidant potential.

Table 3 shows the specific phenolic compounds, who-
se concentration was modified in lettuce by the irrigation
with shrimp effluents. Sixteen compounds were identified in
the soluble fraction and ten in the insoluble fraction. Signifi-
cantly higher levels of isorhamnetin 3-O-glucoside, quercetin
3-0O-glucoside, quercetin 3-O-rhamnoside, dihydroxybenzoic
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Figure 1. A, Total phenolic; B, flavonoid; C, chlorophyll a and b; and D, proline contents (mean=SD) of lettuce cultured with shrimp effluents
from WW, DSW, and the control treatment (HS). Treatments with different letters (a, b, ¢) indicate significant differences (p<0.05). Statistical

analyses performed by a one-way Kruskal-Wallis test.

Figura 1. A, Fendlicos totales; B, flavonoides; C, clorofila a y b; y D, contenido de prolina (promedio + SD) de lechuga cultivada con effluentes
camaronicolas WW, DSW y el control (HS). Tratamientos con diferente letra (a, b, c) indica diferencias significativas (p<0.05). Analisis estadisti-

co efectuado con una prueba de Kruskal-Wallis.
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Table 3. Metabolite profiling of soluble and insoluble fractions (mean + SD) of lettuce cultured with shrimp effluents from WW, DSW, and the HS control treatment.
Tabla 3. Perfil de metobolitos de las fracciones soluble e insoluble (promedio + SD) de lechuga cultivada con efluentes camaronicolas WW, DSW y el control HS.

Concentration (pg mg')

RT (min) Compound :\:Ia/sz.r; Soluble fraction Insoluble fraction
ww DSW HS ww DSW HS

179 #O-glucoside of dihydroxybenzoicadd 357 - - - - 0.02+000° 0.02 +0.00°
1.81 Dihydroxybenzoic acid glucoside isomer | 315.07 052+048 1.08+047° 1.07+0.32° - - -

1.9 Dihydroxybenzoic acid glucoside isomer || 315.07 0.83+0.15° 1.28+0.37° 0.81+0.14° 0.012 - -

2.07 Dihydroxybenzoic acid glucoside isomer Il 315.07  0.32+0.03* 0.28 +0.03* - - - -

2.12 Caffeic acid 4-O-glucoside 341.09 034+0.10° 0.46+0.01* 040+0.04° 023+0.02° 0.35+0.00° 0.01+0.00°
2.38 P-Hydroxybenzoic acid* 137.02 1.9+1422 325+036° 2.75+048 - - -

249 Isomeric dihydrobenzoic acid Il 153.02 - 2.09+0.13° 0.44 +£0.08° - - =

2.55 Isomeric caffeoylquinic acid | 353.09 = = = 3.75+0.02° 045+0.01°® 0.02+0.01¢
2.8 Caffeic acid * 179.04 18.09+5.18° 60.16 +5.82% 43.96 + 5.04° - - -

297 Benzoic acid 121.03 0.26 +0.01° 0.33+0.04® 0.36 £ 0.06 = = =

3.01 p-Coumaroylquinic acid isomer | 337.09 - - - 0.12£0.00* 0.01 +0.00° -

3.44 P-Coumaric acid * 163.04 3.82+0.37° 349+043° 243+0.28° - - -

3.91 Ferulic acid * 193.05 0.41£0.07> 0.31+£0.04° - - - -

4.15 Isoramnetine 3-O-glucoside 477.07 326 +0.60° 595+0.93* 1.12+0.16¢ 3.54+0.15* 0.55+0.00° -

4.24 Quercetin 3-O-glucoside 463.09 17.64+3.15° 13.81+2.66° 4.19+0.80° 4.64+0.20° 1.37+0.02°® 0.04+0.00°
4.4 Kaempferol 3-O-glucoside 447.09 0.63+0.08° 0.83+0.122 0.70%£0.12> 0.01 +£0.00* - -

5.1 Dicaffeoylquinic acid isomer | 515.12 - - - 3.23+0.05° 0.08+0.00° 0.01+ 0.00°
5.17 Quercetin 3-O-ramnoside 447.09 0.57+0.04 0.43+0.13* 0.18+0.04° - - -

6.14 Isomeric Dicafeoilquinico Acid Il 515.12 - - - 0.03+0.00° 0.01+0.00° -

8.73 Quercetin * 301.03 037+0.07° 0.77+0.13° 0.39+0.05° - - -

8.85 Kaempferol * 285.04 0.54+0.12° 1.60+0.52* 0.70 £ 0.09° = = =

Data are mean values+SD, (n=9); treatments with different letters (a, b, ) indicate significant differences (p < 0.05) Statistical analyses performed by one-way
Kruskal-Wallis test. *: Confirmed with commercial standards. —: not detected (<0.01 pug mg™). Relative quantification was performed in comparison with
naringenin (flavanones), kaempferol (flavonols), p-hydroxybenzoic acid (hydroxybenzoic acids), and caffeic acid (hydroxycinnamic acids).

WW: Effluent of shrimp grown in well water; DSW: Effluent of shrimp grown in diluted seawater; HS: Hydroponic DFT system to grow lettuce using a nutritive

solution as control.

acid, p-Coumaric acid and ferulic acid were found in the so-
luble fraction of plants irrigated with WW and DSW effluents
compared to the HS control. Most of these compounds
showed the highest increases with the DSW treatment.
Ribas-Agusti et al. (2011) found similar profiles to the ones in
this study identifying eleven individual compounds, mainly
esters of caffeic and coumaric acid, as well as quercetin glyco-
sides. Isorhamnetin and quercetin glucosides increased by 5
and 3-fold in DSW treatments compared to the HS control;
these flavonols have demonstrated important health benefit
properties. Furthermore, it has been shown that isorhamne-
tin exerts anticancer effects by reducing tumor growth and
COX-2 expression (Kim et al., 2011). On the other hand, quer-
cetin glucosides have shown positive health effects inclu-
ding activities such as anticancer, antitumor, cardiovascular
protection, antiulcer, antiviral, antiallergy, antiinflammatory,
antidiabetic, gastroprotective effects, antihypertensive, im-
munomodulatory, and antioxidant (Anand David et al., 2016).

Phenolic acids, mainly caffeic, p-coumaric and ferulic
identified in the soluble fraction, also evidenced an increa-
se of about 40% in lettuces irrigated with DSW effluents
compared to the control plants. These compounds are of
great importance in human health given their protective
antioxidant behavior and biological activities, such as the
selective blockage of leukotrienes biosynthesis, which are
involved in immunoregulation diseases, such as asthma and
allergic reactions. Other studies have reported that caffeic
acid and some of its esters might possess antitumor activity
against colon carcinogenesis (Robbins, 2003). Regarding
the insoluble fraction, significant increases were recorded in
glucosides of caffeic acid. Similar to the soluble fraction, the
highest increases were found in isorhamnetin and quercetin
glucosides. Therefore, changes in phenolic profile of lettuce
irrigated with DSW shrimp effluents could be of great impor-
tance in the nutraceutical quality of the products obtained.
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Figure 2 shows the capacity of soluble and insoluble
lettuce fractions to inhibit the formation of ABTS and DPPH
radicals. Results indicated that the soluble fraction of plants
irrigated with DSW shrimp effluents, increased the antio-
xidant capacity by 61% by the ABTS method as compared
to control samples. However, the greatest effect for this
radical inhibition was exerted by samples of WW treatment,
which improved their antioxidant capacity up by ~3-fold
in comparison to the HS control. It is known that the ABTS
radical is scavenged with a wide range of compounds, mainly
phenolic acids and flavonoids (Lin et al., 2016). These results
positively correlate with those obtained for total phenolic
and flavonoid contents. Moreover, lettuce irrigated with WW
effluents showed significantly higher amounts of p-coumaric
and ferulic acids, as well as glucosides of isorhamnetin and
quercetin (Table 3). On the other hand, the ABTS antioxidant
capacity of insoluble fraction was about 5 times lower than
for the soluble fraction, which could be attributed to the
lower amount of phenolic acids and flavonoids found in
these samples (Table 3).

With respect to the inhibition of the DPPH radical (Fig.
2B), we found increases of 42% in the antioxidant capacity of
lettuce from WW treatments as compared to the HS control
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Figure 2. Antioxidant capacity ABTS (A) and DPPH (B) (mean + SD) of
soluble and insoluble fractions of lettuce cultured with shrimp effluents
from WW, DSW, and the HS control. Treatments with different letters (a, b, ¢)
indicate significant differences (p < 0.05). Statistical analyses performed by
a one-way Kruskal-Wallis test.

Figura 2. Capacidad antioxidante ABTS (A) y DPPH (B) (promedio + SD) de
las fracciones soluble e insoluble de lechuga cultivada con efluentes cama-
ronicolas WW, DSW y el control HS. Tratamientos con diferente letra (a, b, c)
indica diferencias significativas (p < 0.05). Analisis estadistico efectuado con
una prueba de Kruskal-Wallis.
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in soluble fraction. It is known that the DPPH radical is highly
inhibited by flavonoids, but not by phenolic acids or sugars
(Marecek et al.,, 2017), also, that DPPH is a electron transfer
method and flavonoids are able to chelate free radicals im-
mediately by donating hydrogen atom or by single-electron
transfer (Banjarnahor and Artani, 2015). Ratty et al. (1988)
tested flavonoid-DPPH interaction showing that quercetin
was the most potent and it inhibited 42%, while the other
flavonoids inhibited 14-23%, which agrees with the 4-fold
increase found in quercetin 3-O-glucoside levels (Table 3)
observed for the soluble fraction of the WW treatment. This
compound has been identified as an excellent inhibitor of
DPPH formation, as well as a potent alleviator of cytotoxicity
on rat hepatocytes by improving the antioxidant activity of
cells (Hu et al., 2014). Regarding the insoluble fraction, DPPH
inhibition was seven times lower than the observed for
soluble fraction. This could be related to the small amount
of phenolic acids and flavonoids identified in this fraction,
indicating that the main antioxidant compounds in lettuce
corresponds to soluble phenolics.

CONCLUSIONS

Shrimp effluent from low-salinity cultures has the
potential to be used as an alternative source of water and nu-
trients for hydroponic lettuce var. longifolia cultivation, since
it does not significantly affect the yield, physicochemical, or
nutritional parameters of plants. The saline stress produced
by the irrigation with WW effluents slightly decreased chloro-
phyll content in lettuce, and therefore its green color. Lettuce
harvested from WW and DSW shrimp effluent treatments evi-
denced an improved quality in terms of phenolic compounds
profile, mainly in plants irrigated with WW effluents, which
highly increased its phenolic acid and flavanol contents, as
well as its antioxidant capacity, by ABTS and DPPH methods.
Thus, these plants could exert enhanced health benefits.
These conclusions confirm the hypothesis that the lettuce L.
sativa var. longifolia grown with low salinity shrimp effluents,
exhibits an enhanced quality compared to that grown with a
hydroponic solution.
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ABSTRACT

Fish by-products consisting of skin, bones, or sca-
les are collagen sources. Acid-soluble collagen (ASC) and
pepsin-soluble collagen (PSC) mixed by-products derived
from different fish species were extracted and evaluated.
The properties evaluated for both collagens were chemical
composition, amino acid- and SDS-PAGE- protein profiles,
Fourier transform infrared spectroscopy (FTIR), denaturation
temperature (T_ ), enthalpy (AH), and solubility. The ASC
and PSC registered a protein content of 48.56 and 38.80 %
, respectively. From the total amino acids detected, hydro-
xyproline accounted for 7 % and 6 % for ASC and PSC, res-
pectively. The electrophoretic profile showed the presence
of the type | collagen bands (a1, a2, 3, and y), whereas FTIR
spectrum showed the presence of diverse collagen functio-
nal groups (Amide A, B, |, Il, and Ill) for both extracted types,
and demonstrated that the extraction process did not affect
the collagen’s triple-helical structure. TheT__ of ASCand PSC
were 38.27 and 38.07° C, respectively, whereas AH were 0.64
and 0.33 J g". The lowest solubility was registered at pH 5
for ASC and pH 9 for PSC. The caractheristics of the collagen
extracted, indicated that a mixture of by-products from diffe-
rent species could be an alternative for their reutilization by
the local markets.
Keywords: fish by-products, collagen, isolation, properties,
physico-chemical, industrial application.

RESUMEN

Los subproductos de pescado como pieles, huesos
o escamas son fuentes de colageno. Se extrajo y evalué el
coldgeno soluble en acido (ASC) y soluble en pepsina (PSC)
derivados de diferentes especies. Las propiedades evaluadas
para ambos coldgenos fueron composicién quimica, amino
acidos, perfil electroforético, FTIR, temperatura y entalpia
de desnaturalizacién y, solubilidad. EI ASC y PSC registraron
48.6 y 38.8 % de proteina, respectivamente. El ASCy PSC pre-
sentaron 7 % y 6 % de hidroxiprolina. El perfil electroforético
mostrd la presencia de bandas de coldgeno tipo | (a1, a2, B,
andy), el espectro de FTIR mostré los grupos funcionales del
coldgeno (Amide A, B, |, Il, and Ill) y demostré que el proceso
de extraccion no afecté la estructurade triple hélice.LaT __ de
ASCy PSC fueron 38.27 y 38.07° C, respectivamente, mientras

*Autor para correspondencia: Celia Olivia Garcia Sifuentes
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Aceptado: 21 de julio de 2021

que el AH fue 0.64 and 0.33 J g™ La solubilidad mas baja fue
a pH 5 para ASCy a pH 9 para PSC. Ambos tipos de coldgeno
se extrajeron exitosamente y, basados en sus caracteristicas
estructurales, pueden ser una alternativa para la industria de
alimentos, biomédica y farmacolégica.

Palabras clave: subproductos de pescado, colageno, aisla-
miento, propiedades.

INTRODUCTION

Filleting of fish species generates a considerable
amount of waste; for example, more than 70 % of solid by-
products are discarded, including skeletons, bones, viscera,
heads, tails and skins. Together, these constitute an excellent
source of high-quality protein. Particularly skin, bones, and
scales, can be used to produce collagen and gelatin (Karayan-
nakidis and Zotos, 2016; Vdlimaa et al., 2019). Approximately
29 different types of collagen have been identified, each with
a different amino acid sequence and biophysical properties.
The type | collagen is the most common, made up of three
polypeptide chains twisted into a triple-helix. Two of the
polypeptides are designed as a1l when the chain al bonded
to another chain a1, form a third chain (a2), which are linked
by a hydrogen bond (Yang et al., 2016; Leilei et al., 2017a;
Tan and Chang, 2018). The molecular weight of collagen is
300 kDa and approximately 100 kDa for each chain. Most of
the collagen obtained from fish by-products is type | and I,
having a strong relationship among the molecular weight
and the thermal stability. Usually, greater thermal stability
occurs at a higher molecular weight. Therefore, the collagen
extraction yield and its properties are affected by the extrac-
tion method, raw material, pre-treatment, and enzymes used
(Pal and Suresh, 2016).

Currently, collagen is extracted from skins and bones
of porcine and bovine. However, epidemic events affecting
livestock encouraged researchers to endeavor in finding a
new collagen source from fish, or fish waste materials, by iso-
lating acid-soluble collagen (ASC), pepsin soluble collagen
(PSC), salt soluble collagen (SSC), and ultrasonic collagen
(UAC) (Pal et al., 2015; Hamdan and Sarbon, 2019). Several
studies have addressed the characterization and extraction
of collagen from different fish by-products, such as Thunnus
albacares, Carcharhinus albimarginatus, Ctenopharyngodon
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Idella, Ictalurus punctatus, Ictalurus punctatus, Oreochromis
niloticus, Gadus macrocephalus, Rana nigromaculata and
Ctenopharyngodon idella (Onouma et al., 2014; Elango et al.,
2014; Liu et al., 2015a; Yuqing et al., 2017; Wang et al., 2017;
Leilei et al., 2017b; Leilei et al., 2017a; Zhang and Duan,
2017; Zhu et al.,, 2019); however, these focused on specific
fish species. Still, there are scarce studies considering a mix
of by-products generated after the filleting of different fish
species, as happens frequently in differents markets. For
instance, more than 3000 tons of by-products produced
per year in México can be used to obtain collagen instead
of discarding as leftovers (Garcia-Sifuentes et al., 2020). In
this sense, finding an alternative for using these mixtures of
fish by-products is imperative, generating a potential added
value while indirectly contributing to the reduction of waste
generation at the local markets or distribution centers, and
thus avoiding environmental impacts. Therefore, the objecti-
ve of this study was to isolate and evaluate ASC and PSC from
a mixture of by-products derived from different fish species.

MATERIALS AND METHODS
Materials

As described in a previous study (Zamorano-Apodaca
etal., 2020), leftovers of mixed by-products (skins, heads, and
skeletons) from various fish species (different sharks, mullet,
guitarfish, weakfish, snapper, ray, squid, seabass, and pompa-
no dolphinfish), discarded by the largest distribution market
in Mexico, were used for the study. Three different samples
were analyzed. All chemicals used in the present work were
of analytical grade.

Sample preparation

Once in the laboratory, the mixture of by-products
were homogenized at 4° C, 5 minutes, and maximum velocity
by using a cutter. The three samples obtained were stored
at -20° C for less than a week for further analysis, and some
sample was also lyophilized.

The pre-treatment of the sample obtained from the
mix of different fish species by-products, and the subsequent
extraction of acid (ASC) and pepsin soluble collagen (PSC),
were conducted using the method described previously
(Zamorano-Apodaca et al., 2020).

Obtention of acid (ASC) and pepsin (PSC) soluble collagen

The ASC and PSC extractions were performed at 25°
C.The ASC was extracted with a 0.5 M acetic acid solution for
24 h, as described by Zamorano-Apodaca et al. (2020). The
PSC extraction was carried out with 0.01 % pepsin solution
w/v (dissolved in 0.5M of acetic acid) for 24 h and centrifuged
at 10,000 xg for 20 minutes, considering the supernatant
obtained as the PSC.

The ASC and PSC solutions were ultrafiltrated as
described by Zamorano-Apodaca et al. (2020). The concen-
trated collagen was finally freeze-dried.
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Yield and proximate composition

The yield was obtained based on the raw material
wet weight, whereas, the proximate composition of the
by-product homogenates, ASC and PSC, were estimated by
quantifying protein, lipids, moisture, and ash, according to
the AOAC (2000) methods (960.52, 920.39, 950.46, 920.153,
respectively). To calculate the crude protein content the 6.25
general Jones conversion factor was used.

Amino acid quantification

The quantification of amino acids was carried out by
HPLC (Vazquez et al., 1997), with modifications described by
Zamorano-Apodaca et al. (2020). Six to eight milligrams of
both lyophilized collagen types were used for the analysis.
The identification of amino acids was carried out by consider-
ing the retention time, compared with a standard mixture of
amino acids and the results were reported as mg/g of sample.

Electrophoretic pattern

The electrophoretic separation of ASC and PSC was
performed according to the method of Laemmli (1970) using
7 % separation gel and 4 % stacking gel. A 1 g sample of colla-
gen was dissolved in a 5 % SDS and 0.1 % [3-mercaptoethanol
solution. Samples were homogenized and heated at 80° C
for 1 h. The cold sample was centrifuged at 3,000 xg for 15
minutes at 25° C (Avanti J-26S XPI, Beckman Instruments INC.
Palo Alto CA), and 40 pg of protein were loaded per path once
the protein was quantified (Gornall et al., 1948). To calculate
the proteins molecular weight, the bands were stained with
coomassie brilliant blue, and a wide-range standard (6.5-200
kDa) was used to analyze these bands.

Structural properties

PSC and ASC functional groups were determined by
Fourier Transform Infrared Spectroscopy (FTIR), following the
method described by Yousefi et al. (2017). The infrared spec-
tra used ranged from 4000 to 400 cm™ using a Bruker model
IFS 66/S infrared spectrophotometer (Bruker Optics Limited,
Coventry, UK), equipped with attenuated total reflectance
ATR (SPECAC, Orpington, UK). Freeze-dried ASC and PSC
were placed into the ATR and the resulting spectra were ana-
lyzed using the OriginPro 8 software (OriginLab Corporation,
Northampton, United States).

Temperature and enthalpy of thermal denaturation

The temperature and enthalpy of thermal denatur-
ation were monitored by following the methodology pro-
posed by Rashidy et al. (2015), and using a DSC7 calorimeter
(Perkin Elmer de México, S.A. Monterrey, México). Three mg
of ASC and PSC were re-hydrated with 27 pL of 0.5 M acetic
acid, and the sample was scanned at 5 °C per minute from
10 to 90° C under high atmospheric nitrogen conditions (40
mL Nz/minute).The initial and maximum transition tempera-
tures (T_, T ) and the enthalpy (AH) were calculated from
the thermogram using the Pirys software (Perkin Elmer de
México, S.A.).
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Solubility

The ASC and PSC solubility was determined following
the method described by Matmaroh et al. (2011). Briefly, the
ASC and PSC samples were dissolved in 0.5 M acetic acid to
a concentration of 3 mg/mL, and the mixtures were stirred
at 4° C for 3h. Then, the collagen solution (3 mg/mL, aliquots
of 8 mL) was adjusted to pH 3, 5, 7, 9 with 6 N NaOH or 6 N
HCl as required. The volume of the solution was adjusted to
10 mL, stirred at 4°C for one h and centrifuged. Finally, the
protein content in the supernatant was determined (Lowry
etal.,, 1951). The relative solubility was calculated by compar-
ing this parameter with that obtained at the pH giving the
highest solubility.

Statistical analyses
Threedifferent samples weretaken (random sampling),
the experimental design was a one way analysis of variance
(ANOVA) performed by using the NCSS software (NCSS, 2011)
and a level of significance of 5 %. All the experiments were
conducted in triplicates (n=3) for the three samples.

RESULTS AND DISCUSSION
Yield

Pepsin soluble collagen (PSC) and acid soluble colla-
gen (ASC) were successfully isolated from a mix of by-pro-
ducts obtained from different fish species. The wet-weight
basis yield of ASC (4.4 %) was 2-fold higher than PSC (2.2 %),
in concordance to Hamdan and Sarbon (2019) and Veeruraj
et al. (2015), who reported higher yields for ASC compared
to PSC. Both studies explained that the low concentration of
acetic acid used (0.5 M) had a significant efficiency, ensuring
a complete extraction while maintaining the collagen struc-
ture. Likewise, ASC and PSC were isolated from sailfish skin
with yields of 5.76 and 2.11 % (wet weight basis), respectively
(Tamilmozhi et al., 2013); however, the authors reported the
incomplete solubilization of the skin. The type of sample pro-
bably influenced the yield obtained in our study since high
amounts of non-collagenous proteins may be contained in a
mix of by-products from different species. On the other hand,
the market where the sample was obtained does not regu-
late the ratio of each by-product; however, the composition
of the mixed by-products is similar throughout the year as
reported by Garcia-Sifuentes et al. (2020), therefore, it is assu-
med that the yield of the collagen is not significantly affected
by the sampling period.

Additionally, the extraction time of the collagen was
24 hinstead of 48, or even 72 h, as reported by other authors
(Liu etal., 2015a; Zhu et al., 2019).

Regarding the extraction temperature, Liu et al.
(2015a) showed that a complete extraction of ASC was main-
tained regardless of the extraction temperature (4,10, 15, 20°
C) at 0.5 M of acetic acid concentration, indicating that the
extraction temperature did not affect the extraction yield in
our experiment. Liu et al. (2015) did not find structural modi-
fications of ASC at 20° C, which is a temperature that could be
convenient for practical and industrial applications. Similar

results will be shown later in the present study.

Papain was used to remove non-collagenous protein
(NCP) and the exposition time was 1h, at pH 7.8-8.0, and
23° C. Under these conditions and using an electrophoresis
approach, Hong et al. (2019) reported that papain fails to
disrupt the collagen structure after one hour of incubation.
Still, after 24 hours the collagen structure was disrupted. In
this study, the presence of collagen in NCP (data not shown)
was not observed through electrophoresis nor amino acid
quantification. The effectiveness of the papain enzyme
is associated with its activity in the linear structure of the
protein, whereas the collagen peptide bonds are not fully
accessible to the proteases since the molecule has secondary
and tertiary structures, in addition to enzymatic and non-en-
zymatic cross-linking between fibrils; therefore, hydrolysis
would depend directly on the experimental conditions (pH,
temperature, time, ion strength, etcetera). Thus, papain is not
as effective for hydrolyzing collagen cross-link bonds under
these conditions. Collagen hydrolysis with papain can be
performed, but temperatures above 65° C and pH from 5 to
7 are required.

Proximate composition

The proximate composition of the mixed by-products
from different fish species, ASC, and PSC are shown inTable 1.
The raw homogenate of mixed by-products from various fish
species was high in moisture content, coinciding with the
value reported by Kosseva et al. (2013). The second essential
component shwing high levels was protein, enhancing the
relevance of collagen extraction. The lipid content turned
out to be a minor component, which is explained based on
the lean species sampled and therefore, the collagen yield
was not affected by this component. The protein content of
ASC was 10 % higher than PSC, while ash and moisture were
similar for both collagen types, and no lipids were detected,
probably because the raw homogenate had a meager quan-
tity (1.76 %) that could be removed during the first wash,
after the deproteinization process. Protein content reported
by Solari and Cordova (2015) was less than 74 %, which can
be attributed to the modifications in the extraction process
(Zamorano-Apodaca et al., 2020). However, collagen recov-

Table 1. The proximate composition (%) of the mix of by-products
homogenate from different fish species, acid soluble collagen (ASC) and
pepsin soluble collagen (PSC).

Tabla 1. Comprosicion proximal (%) de la mezcla de subproductos de
diferentes especies, colageno soluble en acido (ASC) y colageno soluble en
pepsina (PSC).

Sample Protein Ash Moisture Fat
H (%) 17.41 £0.07 5.38+0.07 72.50+£0.21 1.76 £ 0.08
ASC (%) 48.56+3.77° 27.69+4.01° 559+0.10° nd
PSC (%) 38.80+6.31° 27.98+0.01° 549+0.172 nd

Different superscript letters between ASC and PSC show significant
difference (P < 0.05). H: mix of by-products homogenate. nd: not detected.
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ery was not structurally affected by the extraction process,
as shown by FTIR and DSC analyses. Though the lyophilized
ASC and PSC extract were not utterly pure because both
contained high ash levels, the results showed hydroxyproline
contents of 7 and 6 %, respectively and therefore, the con-
version factor to collagen was 14.28 and 16.66. Finally, when
the total nitrogen content of the ASC and PSC was multiplied
by the factor, it revealed that the protein recovered in lyo-
philized ASC and PSC was 100 % collagen.

Amino acid quantification

The ASC and PSC amino acid composition is shown in
Table 2. Differences (P < 0.05) among them were observed
for all amino acids quantified, except glutamic acid, histidine,
serine, histidine, threonine, methionine, and lysine. Then, the
major amino acid quantities were detected in the following
descending order: glycine, proline, glutamic acid, arginine,
alanine, and hydroxyproline for ASC, whereas for PSC were
glycine, glutamic acid, arginine, proline, threonine, alanine,
aspartic acid, and hydroxyproline. Glycine, proline, and hy-
droxyproline are the essential amino acids of collagen and
its contents showing proportions of 27 %, 15 %, and 7 %,
respectively for ASC, and 26 %, 9 %, and 6 %, respectively for
PSC. Hydroxyproline is the most critical amino acid because
it is exclusively associated with stromal proteins such as col-
lagen. Glycine was the most abundant amino acid detected,
and its quantity is explained because of its detection in every
third amino acid residue of the collagen structure. The results

Table 2. Amino acid composition of acid soluble collagen (ASC) and pepsin
soluble collagen (PSC).

Tabla 2. Composicién de aminodacidos de coldgeno soluble en acido (ASC)
y coldgeno soluble en pepsina (PSC).

Amino acid PSC (mg/g) ASC (mg/g)
Aspartic acid 38.7+5.5° 31.6+3.1°
Glutamic acid 61.4+6.8° 59.1 £4.5°
Serine 15.1£1.72 163+ 1.8
Histidine 1.9+1.1° 1.3+04°
Arginine 51.8+7.0° 57.7 £6.0°
Glycine 143.4 £ 20.9° 170.4 £ 22.1°
Threonine 403 +£12.4° 31.6+6.3°
Alanine 41.1+4.9° 50.3 +7.4°
Tyrosine 8.9+1.8 5.4+1.8°
Methionine 52+1.0° 53+0.8°
Valine 14.0+2.1° 10.5 + 2.0°
Phenylalanine 84+29° 46+1.7°
Isoleucine 9.7 +£1.2° 74+1.6°
Leucine 17.8+1.52 15.6 £ 1.8°
Lysine 23.2+4.1° 246 £2.9°
Proline 48.4+14.8° 94.1+ 16.4°
Hydroxyproline 31.5+7.1° 439+ 16.1°

All values are mean + SD, n=3. Different superscript letters between same
row show significant difference (P < 0.05).
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obtained from this study were similar to those reported
for pigskin and marine fish scales from Japan and Vietnam
(Saurida spp., Trachurus japonicus, Mugil cephalis, Cypselurus
melanurus, Dentex tumifrons), registering proline proportions
of 13.1 % and 10.1 % respectively, 9.8 % and 6.4 % of hydroxy-
proline, and 32.2 % and 33.8 % of glycine (Thuy et al., 2014;
Duconseille et al., 2015).

Electrophoretic pattern

Although, the protein patterns for ASC was reported in
a previous study (Zamorano-Apodaca et al., 2020), the com-
parison among both ASC and the PSC are shown in Figure 1.
A similar pattern was observed for both collagen types, with
higher molecular weights for a1 bands (129-139 kDa) than
a2 bands (119-126 kDa). The # and y bands for both collagen
types were >200 kDa. These bands are characteristic prop-
erties of collagen because of their a triple helix chains with
molecular weights around 100 kDa. The a1l and a2 chains
can be linked together, forming the 3 chain, however, when
three a chains (a1, a2) are linked together by intermolecular
or intramolecular bonds, these from a new arrangement
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Figure 1. SDS-PAGE (7%) electrophoretic pattern of acid soluble collagen
(ASC) and pepsin soluble collagen (PSC). STD: broad range protein stan-
dard.

Figura 1. Patrén electroforético por SDS-PAGE (7%) de colageno soluble en
4cido (ASC) y colageno soluble en pepsina (PSC). STD: Estandar de amplio
margen.
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which is considered as the y chain (Sun et al., 2017; Yousefi
et al., 2017; Slimane and Sadok, 2018). The 3 and y-chains
observed in both ASC and PSC, indicate the presence of high
MW cross-links, but the band intensity of 3-chain and a-chain
of ASC was more intense than that observed in PSC. This sug-
gests that the acid was able to cleave the telopeptide region,
thereby releasing more a- and B-chains in ASC. Contrary to
our results, Ali et al. (2017) reported B-chain and a-chain
more intense in PSC.

The most abundant and essential collagen is Type |,
because it is a natural macromolecular hydrocolloid used by
the food, pharmaceutics, cosmetic, and biomedical industry.
This kind of collagen could be obtained from bones, skin, lig-
aments, tendons, cornea, and scales of fisheries by-products
(Jie etal., 2018), as used in the present study.

Structural properties
Infrared spectroscopy with Fourier transform, attenua-
ted total reflectance (FTIR-ATR)

As the peak of interest is produced at a specific
wavelength and absorbance, the functional group (amide A,
amide I, amide ) and its vibration mode could be identified.

Figure 2 shows the infrared spectrum of the ASC and
PSC obtained from the tested by-products mixture. The spec-
trum show the presence of the specific functional groups of
collagens (Amide A, B, |, II, and Ill).

The amide A functional group was located at 3293
and 3288 cm for ASC and PSC, respectively, indicating the
presence of amino groups (N-H) involved in the association
of hydrogen bonds, and having a strong hydrogen bond
into the ASC and PSC. The amide B functional group is as-
sociated with the asymmetric stretching vibrations of the
=C-H and -NH* bonds. The ASC and PSC amide functional
groups B were detected at 2932 cm™ and 2933 cm™, respec-
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Figure 2. FTIR spectrum molecular identification of acid soluble collagen
(ASC) and pepsin soluble collagen (PSC) from mixed by-products of
different species.

Figura 2. Espectro de identificacién molecular por FTIR de colageno
soluble en &cido (ASC) y colageno soluble en pepsina (PSC).

tively. The amide | functional group is associated with the
stretching vibrations of the carbonyl groups (C=0), either
in the polypeptide or in the hydrogen bond coupled with
a carboxyl group (COO-) (Yousefi et al., 2017; Ahmed et al.,
2018). In the ASC and PSC, this functional group was located
at 1639 and 1648 cm, indicating a good degree of molecular
order, supporting the claim that “the lower the wave number
of the functional group, the greater the molecular order of the
collagen”. This observation confirmed that the formation of
a hydrogen bond between N-H stretch (X position) and C=0
(Gly) of the fourth residue is responsible for the formation of
a triple helix.

The amide Il functional group is associated with the
flexion of the NH groups coupled with the stretching vibra-
tions of the CN and NH groups. In the ASC and PSC samples,
the functional group was located at 1541 cm™ and 1550 cm™;
this indicates that the most of the hydrogen bonds are given
by the amino groups (Barth and Zscherp, 2002; Yousefi et al.,
2017), and ASC presented more and/or stronger hydrogen
bonds than PSC because the amide Il peaks were detected
at a lower wavelength. This suggests that acid disrupted the
non-helical portion of telopeptide regions, resulting in a
higher structure order of ASC.

The amide Il functional group is associated with the
flexion of the N-H group from the amide bonds and complex
with intermolecular interactions in collagen as C-N stretch-
ing, N-H in plane bending from amide linkages as well as
vibrations from CH, of glycine backbone and proline side-
chains (Zhang et al., 2014; Zhang and Duan, 2017). In the ASC
and PSC samples, the amide Ill functional group was located
at 1239 and 1240 cm™, indicating that hydrogen bonds were
involved in ASC and PSC.

Additionally, the absorption peaks corresponding to
pyrrolidine ring vibration of hydroxyproline and proline for
ASC and PSC, were observed at 1450y 1449 cm™, respective-
ly. The ratio between amide Il and pyrrolidine ring vibration
of proline and hydroxyproline of ASC and PSC were 1.17 (~1)
(Plepis et al., 1996; Ahmed et al., 2018), revealing that the ASC
and PSC were not denatured during the extraction, and the
triple-helical structure was still preserved. The triple helix
structure is responsible for the rigidity and strength of the
collagen fibers (Matmaroh et al., 2011; Veeruraj et al., 2013).
Based on the position of amide A, | and, Il bands of ASC that
were shifted to lower wavenumber as compared to PSC, it
could be inferred that ASC would result in a higher structure
order of collagen.

Temperature and enthalpy of thermal denaturation

No significant differences were detected for the ASC
and PSC initial thermal transition (T,.J and maximum tem-
perature of thermal denaturation (T ) whereas for enthalpy
(AH), differences were observed (P < 0.05). T . for ASC and
PSC were 35.09 + 0.88° C and 35.46 + 2.1° C, respectively, T
of 38.27 + 0.87° C and 38.07 + 2.09° C, and AH 0.64 + 0.21 )
g'and 0.33 £ 0.19 J g, respectively. Noteworthy, PSC had

lower AH values compared to ASC, which might be due to
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the permanence of the telopeptide region after treatment,
resulting in a less compact PSC structure. Consequently, PSC
requires less energy for destabilization than ASC. Benjakul et
al. (2010) reported that the collagen thermal stability is asso-
ciated with the pyrrolidine rings and hydrogen bonds of the
hydroxyproline hydroxyl group, and in this sense, the amino
acids content (20 and 14 % for ASC and PSC, respectively)
also influenced the collagen stability.

T values were similar to the reported by Ali et al.
(2017), for golden carp (Probarbus jullieni) scales, of ASC
(37.67° C) and PSC (37.83° C), and higher than the reported
for catfish, ASC (36.12° C) and PSC (35.57° C) by Tan and
Chang (2018). Coinciding with our results, these authors also
showed less AH for PSC.

Effect of pH on Solubility

ASC and PSC relative solubility results are shown in
Figure 3. Overall, the PSC showed a higher solubility (P <
0.05) than ASC. The PSC relative solubility ranged from 62.8
to 100 %, while ASC from 62.2 to 99 %. As expected, both PSC
and ASC showed the highest solubility at pH 3, whereas the
lowest solubility was detected at pH 9. However, although
a sharp decrease in solubility can be seen at pH 5 for PSC,
probably due to the pepsin effect, its lowest solubility was at
pH 9. Our results were similar to those reported for ASC and
PSC obtained from spotted golden goatfish scales (Matma-
roh etal., 2011), carp (Catla) scales (Pal and Suresh, 2017), and
channel catfish skin (Tan and Chang, 2018). These authors
observed the highest solubility under acidic conditions (pH
2-5), with a sharp decrease at pH 5. However, the solubility
increases at alkaline pH (11) as reported for the spotted gol-
den goatfish scales PSC (Matmaroh et al., 2011). The ASC and
PSC highest solubility at acidic pH could be associated with
the discrepancy between pH and the isoelectric point. The
protein net charge was different to zero, then, the repulsion
forces between the collagen chain molecules increased,
resulting in better solubilization. In contrast, when the pH is
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Figure 3. Relative solubility (%) of acid soluble collagen (ASC) and pepsin
soluble collagen (PSP) from mixed by-products of different species at
different pH. All the values are mean + standard deviation (n=3).

Figura 3. Solubilidad relativa (%) de coldgeno soluble en &cido (ASC)

y coldgeno soluble en pepsina (PSC) derivados de una mezcla de
subproductos de diferentes especies de pescado a diferentes pH. Los
valores corresponden a la media + desviacion estandar (n=3).
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equal or close to the isoelectric point, the total net charge of
the protein molecules approaches to zero, and the protein
precipitation and aggregation occurs.

The results of our study revealed that the mixed by-
products from different fish species represent a rich source of
collagen with desirable physicochemical characteristics. At
the same time, the extraction process is technically feasible,
considering that no abrupt denaturation of the collagen
structure happened.

CONCLUSION

Acid soluble collagen (ASC) and pepsin soluble colla-
gen (PSC) obtained from mixed by-products from different
fish species were successfully extracted. The yield, protein,
and hydroxyproline contents of ASC were higher than PSC.
However, both were identified as type | collagen, and the
particular functional groups of collagens were observed. No
denaturation of collagen was detected, demonstrating that
the extraction process did not affect the collagen’s structu-
re. The PSC solubility was better than ASC, and the AH was
lower. Therefore, PSC is probably more functional than ASC
probably due to a less compact structure. One of the novel
aspects of this work is the fact of employing a mixture of di-
fferent species by-products, and in this sense, all these results
could be used as a basis for crafting strategies to assist the
reutilization of waste and by-products from the local markets
or big distribution centers. Therefore, both extracted colla-
gens could be an alternative for the food, pharmacological,
and biomedical industries.
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RESUMEN

El lactosuero es un subproducto de la fabricacién de
queso que contiene proteinas que pueden recuperarse, pero
estan muy diluidas y en mezcla con lactosa, lo que limita su
aprovechamiento. La técnica de extraccién acuosa en dos
fases (ATPE, por sus siglas en inglés) es un procedimiento con
potencial para separar proteinas. El objetivo fue evaluar el
comportamiento de un sistema de extracciéon acuosa protei-
na-(NH,),SO, aplicado para la recuperacion de proteinas de
lactosuero, atendiendo la reduccién de lactosa. Se construyé
un diagrama binodal de fases mediante una técnica de ins-
peccion de alto rendimiento. Se prepararon soluciones de
(NH4)ZSO4 en concentraciones entre 22 y 40 % usando lacto-
suero como disolvente. El volumen de la fase superior de los
sistemas fue menor que el de la inferior, pero el incremento
de (NH,),SO, causé aumento gradual de la fase superior. La
proteina de lactosuero se concentré en mayor cantidad en la
fase superior alrededor del 80 %, en tanto que mas del 79 %
de la lactosa se separ6 en la fase inferior. La técnica de ATPE
tiene potencial para separar proteinas del lactosuero y la
mejor alternativa se basa en sistemas con 34 % de (NH,).SO,.
Palabras clave: ATPE, inspeccién de alto rendimiento, siste-
mas protel’na/(NH4)ZSO4, proteinas de lactosuero, separacion
de lactosa.

ABSTRACT

Whey is a by-product of cheese manufacturing that has
proteins that can be recovered, but they are very diluted and
in a mixture with lactose, which limits their use. The aqueous
two-phase extraction technique (ATPE) is a procedure with
potential to separate proteins. The objective was to evaluate
the behavior of an aqueous protein-(NH,),SO, extraction
system applied for the recovery of whey proteins, conside-
ring the reduction of lactose. A binodal phase diagram was
constructed using a high throughput screening technique.
Ammonium sulfate was dissolved at concentrations between
22 and 40 % using whey as solvent. The volume of the top
phase of the systems was less than that of the bottom one,
but the increase in (NH,),SO, caused a gradual increase at the
top phase. Around 80 % of whey protein concentrated at the
top phase, while over 79 % of lactose was at the bottom pha-
se. The ATPE technique has the potential to separate proteins
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from whey and the best alternative is based on systems with
34 % (NH,),SO,.

Key words: ATPE, high throughput screening, lactose separa-
tion, protein/(NH,),SO, systems, whey proteins.

INTRODUCCION

El lactosuero es el residuo que permanece después
de la recuperacién de la cuajada enzimatica o 4cida en la
produccion de queso (Yadav et al., 2015). De 10 kg de leche,
se producen generalmente de 8 a 9 kg de lactosuero, con
composicién (p/p) de 93.0-94.0 % de humedad, 4.5-6.0 % de
lactosa, 0.6-1.1 % de proteina, 0.8-1.0 % de minerales, 0.05-
0.90 % de acido lactico y 0.05-0.06 % de grasas (Prazeres et al.,
2012). Las proteinas de mayor presencia son a-lactoalbimina
(a-LA), B-lactoglobulina (B-LG) y albimina de suero bovino
(BSA) con 60, 30 y 6 % de la proteina total, respectivamente
(Capezio et al., 2005). La proteina de lactosuero es rica en
aminodcidos ramificados y esenciales, péptidos funcionales,
antioxidantes e inmunoglobulinas, los cuales pueden reducir
el riesgo de contraer distintas asociadas a problemas cardio-
vasculares, hipertension, obesidad, diabetes y cancer (Patel,
2015). Debido a la importancia de estas proteinas es nece-
sario aplicar alguna estrategia que permita aprovecharlas
en la fortificacién de alimentos, ademas de que con ello se
reduce un problema de contaminaciéon ambiental derivado
del desecho del lactosuero.

La extraccion acuosa en dos fases (ATPE, por sus
siglas en inglés) es un procedimiento de separacion liquido-
liquido de diversos tipos de biomoléculas, donde se utilizan
mezclas de compuestos que en ciertas concentraciones
producen una solucién verdadera en una sola fase, pero en
otras generan la formacion de dos fases inmiscibles, entre
las cuales se reparten los compuestos a separar (Raja et al.,
2011). El caso mas comun involucra el uso de un polimero
como polietilenglicol, dextrano (Rosa et al., 2010), polivinil
pirrolidona (Sadeghi y Maali, 2016), poliéxido de etileno o
poliéxido de propileno (da Rocha et al., 2011) y una sal, como
sulfato de amonio (Dominguez-Puerto et al., 2018), citrato de
sodio (Rodriguez-Salazar y Valle Guadarrama, 2019) o fosfato
de potasio (Alcantara etal., 2011). En la formacién del sistema
bifasico esta involucrado un fenémeno de exclusién salina o
salting-out, donde a medida que aumenta la concentracién
de sal se reduce la interaccién del segundo componente con
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el agua, reduciendo su hidrofilicidad y dando lugar a una
separaciéon de dos fases inmiscibles (Gomes et al., 2017).

La técnica de ATPE ha sido probada con éxito para la
separacién de proteinas a partir de distintos materiales, tanto
de origen vegetal (Balasubramaniam et al., 2003), como ani-
mal (Dominguez-Puerto et al., 2018; Kalaivani y Regupathi,
2015). Diversos trabajos se han enfocado a la separacion de
las proteinas del lactosuero mediante extraccién acuosa en
dos fases, con sistemas basados en polietilenglicol (PEG) y
citrato de sodio (Perumalsamy y Murugesan, 2012), PEG y
poliacrilato de sodio (Pereira Alcantara et al., 2014), PEG y
citrato de sodio (Kalaivani y Regupathi, 2015), PEG y sulfato
de amonio (Dominguez-Puerto et al., 2018), poli(etilenglicol-
ran-propilenglicol)monobutiléter y fosfato de potasio (Jiang
etal, 2017; Zhang et al., 2016), polivinil pirrolidona y fosfato
de potasio (Mokhtarani et al., 2011) y PEG en mezcla con
fosfato de potasio (Nandini y Rastogi, 2011), entre otros.
Dominguez-Puerto et al. (2018) resaltaron que el lactosuero
contiene también concentraciones relativamente altas de
lactosa, lo cual debe ser atendido al recuperar las protei-
nas, pues muchas personas padecen de intolerancia a este
disacérido (Jelen y Tossavainen, 2003). Dominguez-Puerto
et al. (2018) también postularon que, por su estructura qui-
mica, las proteinas pueden actuar por si mismas como fase
polimérica en un sistema de extraccion acuosa en dos fases,
para cumplir el objetivo de su separacion del lactosuero. A
este respecto, se ha reportado el uso de sistemas ATPE con
proteinas en mezcla con polisacaridos, donde éstos actian
como agentes inductores del efecto de exclusién salina (Jara
y Pilosof, 2011). Asimismo, se ha reportado que el incremento
en el nivel de sacarosa en un sistema polisacarido-proteina
ha favorecido la compatibilidad termodindmica de las mez-
clas y permitido la formacion de una fase rica en proteina
y, por ende, la separacion de ésta (Sadeghi et al., 2021). Por
otro lado, el sulfato de amonio (AS, (NH,),SO,) es una sal
comunmente usada para la precipitacion y estabilizacién de
proteinas (Duong-Ly y Gabelli, 2014; Yang et al., 2010), que
actua, en forma similar a compuestos como los polisacaridos,
por medio de un fenémeno de exclusidn salina. Sin embargo,
hasta hoy la particion de la proteina del lactosuero en un sis-
tema proteina/sulfato de amonio no ha sido reportado, por lo
cual el objetivo del trabajo fue evaluar el comportamiento de
un sistema de extraccidn acuosa proteina-(NH,),SO, aplicado
para la recuperacion de proteinas de lactosuero, atendiendo
la reduccion de lactosa

MATERIALES Y METODOS
Lactosuero

Se obtuvo lactosuero mediante filtrado de la cuajada
resultante en un proceso de fabricacion de queso panela
a partir de leche entera de ganado Holstein, utilizando el
método descrito por Lobato-Calleros et al. (2009). El suero se
mantuvo en congelacién a -20 °C y porciones de éste fueron
separadas periédicamente para el desarrollo experimental. El
lactosuero se evalué con equipo Milko Scan FT1 (Foss, Den-
mark) y tuvo 0.715 % (+0.038) de grasa, 13.1 (£0.58) mg mL",
de proteinay 49.5 (£7.56) mg mL" de azucares.
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Diagrama binodal de fases

Se construyé un diagrama binodal de fases utilizando
sulfato de amonio (N H,),SO,; AS), agua destiladay lactosuero
como fuente de proteina. Se utilizé la técnica de inspeccion
de alto rendimiento (HTS; high throughout screening) (Bensch
et al.,, 2007, Spyropoulos et al., 2010) con modificaciones. Se
eligieron ocho intervalos de concentracién de AS, en rangos
de 14.0-20.0 (denominado R1), 15.0-21.0 (R2), 16.0-22.0 (R3),
18.0-24.0 (R4), 20.0-26.0 (R5), 22.0-28.0 (R6), 24.0-30.0 y 30.0-
36.0 % (R8). En cada intervalo la concentracion de proteina
se mantuvo constante con valores de 0.91, 0.55, 0.36, 0.18,
0.09, 0.045, 0.018, y 9.68x103 %, respectivamente (Figura
1). Cada sistema se dejé en reposo durante 24 h, tras lo cual
se identificé la formacién de un sistema en una o dos fases
separadas. En cada intervalo (R1 a R8) se identificé la mezcla
o sistema con menor concentracion de AS que formd un
sistema bifasico. Los estados identificados se rotularon con la
notacion B1 a B8, respectivamente, se usaron para construir
una curva binodal de fases y, asimismo, para delimitar las
regiones monofasica y bifasica. Las concentraciones de AS
y proteina de los estados B1 a B8 se ajustaron a la Ecuacién
1 (Merchuk et al., 1998) por medio de regresién no lineal
usando el software Matlab (The Mathworks Inc., 1990-2008),
donde x2&* (%) y ybin (%) son concentraciones de equili-
brio de AS y proteina sobre la curva binodal y ki, k2 y ks son
constantes de regresion. Todas las rutinas experimentales se
realizaron a 25 °C.

yhin = o e kaGAS) S ks (GAH) M)

El diagrama de fases se completd con una linea de
operacion (TL) en la region bifasica a través de la preparacion

de disoluciones de sulfato de amonio (AS) en concentra-
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Figura 1. Sistemas evaluados para encontrar la linea binodal. Concentracio-
nes AS/proteina (%/%): R1= 14-20 /0.91; R2= 15-21 /0.55; R3= 16-22 /0.36;
R4=18-24/0.18; R5=20-26 /0.09; R6= 14-20 /0.045; R7=20-30 /0.018; R8=
14-20/9.68x103.

Figure 1. Evaluated systems to locate binodal curve. AS/protein concen-
trations (%/%): R1=14-20 /0.91; R2=15-21 /0.55; R3= 16-22 /0.36; R4=
18-24/0.18; R5=20-26 /0.09; R6= 14-20 /0.045; R7=20-30 /0.018; R8= 14-20
/9.68x103.
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ciones de 22, 26, 30, 34, 36, 38 y 40 %, usando lactosuero
como disolvente. Estas mezclas se rotularon como P1 a P7,
respectivamente. Con base en la concentracién original del
lactosuero se determiné la concentracién de proteina en
cada una de las mezclas. Los datos se ajustaron a la Ecuacion
(2) y el resultado se graficé sobre el diagrama de fases, donde
Yaro €5 concentracion de proteina, xJ% es concentracion de
sulfato de amonioy ksy ks son constantes de regresion.

Yy = ky + kst @

Parametros de particion

Los volumenes de las fases superior (V,mL)e inferior
(V,, mL) se midieron con una probeta. Con ellos se determiné
la relacidn de volumenes (R), como el cociente de V. entre V,
(Ecuacion 3), para las condiciones de operaciéon localizadas
sobre la linea TL.

R Vg (3)

Cada mezcla se mantuvo en reposo a 25 °C durante 24
h para permitir la formacioén de sistemas bifasicos. Posterior-
mente, las fases se separaron y se evaluaron en términos de
, concentracion de proteina y concentracion de lactosa. Para
cada componente se determiné un coeficiente de particion
(K) mediante la Ecuacién (4) y rendimientos de separacion (v,
Y, en las fases superior (T) e inferior (B) con las Ecuaciones (5)
y (6), respectivamente, donde ¢, Gy C, son concentraciones
(mg mL") de proteina o lactosa en T, en By en el lactosuero
original, respectivamente. Asimismo, V, es el volumen (mL)
de lactosuero adicionado.

Cr
K=—
s 4)
CTVT)
Y- (%) = 1 5)
(%) (COVO x 100
cBVB)
) = (6)
Yg (%) (COVO x 100

Evaluacion de variables

La concentracion de proteina se determind con el
método de absorciéon a 220 nm (Kamizake et al., 2003), con
un espectrofotometro Hach DR 5000 UV-Vis (Hach, México).
Las determinaciones se apoyaron con una curva estandar de
albumina de suero bovino (BSA) en un rango de 10 a 80 mg
mL"y los resultados se expresaron como mg equivalentes de
BSA por mL (mg BSA mL"). La concentracidn de lactosa se
midié con el método de fenol-sulfurico (DuBois et al., 1956),
en un espectrofotdmetro con lector de microplacas (Biotek,
Sinergy 2, BioTeck Instruments, USA) y usando una curva
estandar de lactosa en el rango de 10 a 200 mg mL™.

Analisis de datos

Los datos de relacidén de volimenes (R), concentracion
de proteinay lactosa en las fases, rendimientos de separacion
(Y., Y)y coeficiente de particién (K) se sometieron a analisis
de varianza y a pruebas de comparacién de medias mediante
el estadistico de Tukey con nivel de significancia de 0.05. Se
uso el Programa SAS (SAS Institute Inc., 1999) como apoyo
para el analisis de datos. Todas las evaluaciones se realizaron

por triplicado.

RESULTADOS Y DISCUSION
Diagrama binodal de fases

El método de inspeccién de alto rendimiento (HTS)
permitié verificar que, para valores constantes de contenido
de proteina, el incremento de la concentracion de (NH4)2SO4
causo la transicion de sistemas monofasicos a sistemas
donde se observé la separacion en dos fases. El suero tuvo
contenido de proteina de 1.21 (£0.05) %, con lo cual se calcu-
16 el contenido proteico de todas las mezclas evaluadas. Los
puntos binodales identificados tuvieron concentraciéon de
(NH4)2S04/proteina (%/%) de 18.25/0.9075 (B1), 19.50/0.5445
(B2), 21.00/0.3630 (B3), 22.50/0.1815 (B4), 23.50/0.0908 (B5),
24.50/0.0460 (B6), 26.00/0.0182 (B7) y, 34.00/9.68x10° (B8)
(Figura 1). Con estos datos se ajusté la curva binodal (Ecuacién
2) con valores de 18.98, -0.3095, 2.852x10*en las constantes
ki, k2y ks, respectivamente y coeficiente de determinacion (r?)
igual @ 0.9903 (Figura 2). Por otro lado, el limite de solubilidad
del sulfato de amonio es 43.4 % a 25 °C (Windfield, 2016). En
tal sentido, la curva binodal se extrapolé, mediante la Ecua-
cion (2), hasta la concentracion de sulfato de amonio de 40
%, de donde se identificé el estado B9 con concentracién de
proteina de 8.80x10° % (Figura 2).

El diagrama binodal de fases se completé con la
construccién de una linea de operacion en la region bifasica.
Las condiciones usadas tuvieron concentracién AS/proteina
(%/%) de 22/0.94 (P1), 26/0.90 (P2), 30/0.85 (P3), 34/0.80 (P4),
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Figura 2. Diagrama de fases con curva binodal y sistemas experimentales
evaluados.

Figure 2. Phases diagram with binodal curve and evaluated experimental
systems.
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36/0.77 (P5), 38/0.75 (P6) y 40/0.73 % (P7) (Figura 2). El ajuste
de estos datos a la Ecuacidn 2 tuvo constantes de regresion
k, y k, de 1.2083 % y 0.0120, respectivamente, y coeficiente
de determinacién (r?) igual a 0.9979. Las Ecuaciones 1y 2 se
resolvieron simultdneamente y se determind la interseccién
(Int, Figura 2) entre ellas en la condicién con 17.9262 % de
sulfato de amonio y 0.9932 % de proteina. En la Figura 3 se
compara la linea binodal obtenida con PEG4000 y sulfato
de amonio por Dominguez-Puerto et al. (2018) con la linea
binodal para el sistema proteina-(NH4)2504 obtenida en este
trabajo, las cuales se diferenciaron en el hecho de que en
la primera se utilizé6 agua como disolvente (linea sélida), en
tanto que para la segunda se us6 lactosuero mas agua (linea
punteada). La curva binodal obtenida con proteina tuvo
rango de concentracidon de 17.92 a 40.00 % de (NH4)2504,
mientras que la obtenida con PEG4000, el rango fue de 3.46 a
34.71 %. En la Figura 3 se muestran las condiciones de opera-
cién evaluadas en el presente trabajo (P1 a P7), y condiciones
identificadas por los puntos 1 a 7, las cuales fueron evaluadas
para el sistema PEG4000/AS por (Dominguez-Puerto et al.,
2018), quienes encontraron que a medida que se redujo la
concentracion de PEG en el sistema se increment6 la concen-
tracion de proteina en la fase superior y recomendaron el uso
de sistemas sin PEG y concentracién de (NH4)2504, de 34.0 %
para conseguir rendimientos de separacion de proteina ma-
yores a 92 %. A este respecto, los datos del presente trabajo
mostraron que la recomendacién de Dominguez-Puerto et
al. (2018) coincidié con la interseccién de las lineas de ope-
racion evaluadas en ambos trabajos (Figura 3). Asimismo, el
hecho de que la curva de operacién evaluada en el presente
trabajo se ubicé en la region bifasica, confirmé que la sepa-
racion de proteinas de lactosuero puede realizarse sin el uso
de un polimero como polietilenglicol y que las proteinas, por
su estructura quimica, pueden por si mismas fungir como

componente polimérico en su separacion.

40
Curva binodal PEGy(/(NH,)SO, (Dominguez-Puerto et al., 2018)
......... Curva binodal proteina/(NH,)SO,

=] punto de interseccion (Int)
woogge puntos de operacion PEG4000/(NH4)2S04
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Figura 3. Comparacién de curvas binodales entre los sistemas (NH,),SO,/
PEG4OOO(1, 2,4,5,6y7)y protel’na/(NHA)ZSO4 (P1aP7)y sus respectivos
puntos de operacion.

Figure 3. Binodal curves comparison between (NH,),SO,/PEG, (1, 2, 4,
5,6y 7) and protein/(NH,),SO, (P1 a P7) systems and their corresponding

operation points.
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Por otro lado, la curva binodal del sistema proteina/
(NH4)2S04, resulté desplazada hacia la derecha con relacién
a la curva binodal construida con PEG4000/(NHa4)2SOa. Este
fenémeno pudo ocurrir debido a que la proteina tiene menor
solubilidad en agua en comparacién con el polietilenglicol,
el cual tiene un grupo funcional éter (metoxi) de manera
periddica en su estructura y puede ligar de dos a tres molé-
culas de agua por unidad (Turecek et al., 2016), lo que lo hace
altamente soluble. Sin embargo, aunque las proteinas del
lactosuero son solubles, la interaccién con el agua es menor
y poseen una estructura mayor con pesos moleculares del
orden de 14, 18 y 66 kDa para a-LA, B-LG y BSA, respectiva-
mente (Madureira et al., 2007), que contrasta con el caso del
polietilenglicol, cuyo valor es de 4 kDa para PEG4000.

Relacién de separacion de volimenes
La relacién entre los volimenes separados (R) varié
en forma sigmoidal (Figura 4) y los datos se ajustaron bien
(r’=0.9802) a la Ecuacion 7, donde ks, k7, ks y ko son constantes
de regresion que tuvieron valores de 0.0619, 32.7401, 2.4499
y 0.2953, respectivamente y es concentracién de sulfato de
amonio.
5%
9

R =kg+ kse™® 7)
El valor de se mantuvo constante en los sistemas P1 a

P3, con valor aproximado de 0.06, sin diferencia significativa
entre ellos y con un volumen en la fase inferior que fue 16 ve-
ces mayor que en la fase superior. Entre los estados P3 y P6 el
valor de R aumenté significativamente hasta valores de 0.30
y 0.35 en las condiciones P6 y P7, sin diferencia significativa
entre estas dos ultimas (Figura 4), lo que sugirié que el efecto
de la composicién sobre la relacion de volumenes dejé de
ser significativo a partir de una concentracion de sulfato de
amonio de 38 %, lo cual se explica por el acercamiento a la
0.5

0.4 P6 a

® Datos
ajuste de datos
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Figura 4. Volumenes de separacion de los sistemas experimentales protei-
na/sulfato de amonio. Letras diferentes indican diferencias significativas, de
acuerdo a la prueba de Tukey (p< 0.05).

Figure 4. Volume ratio of experimental operation points of the protein/am-
monium sulphate systems. Different letters indicate significant differences,
according to Tukey'’s test (p <0.05).
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condicién de saturacidn del sulfato de amonio, con valor de
43.4 % (Wingfield, 2016). Por otro lado, la relaciéon de volu-
menes normalmente disminuye a medida que disminuye la
presencia del componente polimérico y aumenta el com-
ponente salino en el sistema ATPE (Raja et al., 2011), lo cual
contrasté con el comportamiento observado en el presente
trabajo. La formacién del sistema bifasico esta determinada
por un fenémeno de exclusidn salina o salting-out (Gomes et
al., 2017). En el presente trabajo, a medida que aumenté la
concentracion de (NH4)2S0a4 se incremento la interaccion ion-
dipolo entre esta sal y el agua, con lo cual se incrementé el
caracter hidrofébico de las proteinas (Murillo-Martinez et al.,
2013) y con ello su exclusién (efecto salting-out), dando lugar
a una fase separada proteinica. Sin embargo, el aumento de
la relacién de volumenes (R) sugirié que otros componentes
quedaron también alojados en esa fase y causaron flujo de
agua hacia la fase superior.

Concentracion de proteina

La concentracion de proteina oscilé de 48.63 a 30.08
mg mL7y de 6.56 a 2.02 mg mL" en las fases superiores e
inferiores de los sistemas, respectivamente, durante la transi-
cién de la condicion P1 a la P7 (Figura 5). La diferencia entre
ambas fases fue significativa (p < 0.05), lo que confirmé que
la proteina tendié a migrar hacia la fase superior y que ésta
se formé por el efecto de exclusion salina causado por el
(NH4)2S0a. Este hecho fue mas evidente en la transicion entre
los estados P1 y P3, donde la concentracién de proteina se
redujo en la fase inferior y aumenté en la superior y donde la
relacion de volumenes no cambié, es decir, que las dimensio-
nes volumétricas de la fase superior en relacién con la inferior
no se modificaron (Figura 4). Aunque el volumen de la fase
inferior disminuyd en relacién con el de la fase superior entre
los estados P3 y P7, la concentracién de proteina continto
disminuyendo en la fase inferior a medida que aumento el
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Figura 5. Concentracion de proteina en la fase superior e inferior de los
sistemas evaluados. Letras diferentes indican diferencias significativas, de
acuerdo a la prueba de Tukey (p< 0.05).

Figure 5. Top and bottom phase protein concentration of evaluated oper-
ation points. Different letters indicate significant differences, according to
Tukey’s test (p <0.05).

(NHa)2S0a4. Sin embargo, en la fase superior la concentracion
de proteina disminuyé también en el mismo rango de varia-
ciéon del sulfato de amonio, pero el comportamiento fue mas
bien causado por un efecto de dilucién, pues el volumen de
esa fase aumenté a medida que aumenté la presencia de
(NH4)2S04. Con base en estos datos, el coeficiente de parti-
cién de proteina entre las fases (Kpm) aumentdode7.42a17.74
en la transicion de P1 a P3 (Figura 6), aunque en la regién de
P3 a P7 este valor se redujo a 14.86, derivado del efecto de

dilucion de la fase superior.
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Figura 6. Coeficiente de particidn para los sistemas evaluados. Letras dife-
rentes indican diferencias significativas, de acuerdo a la prueba de Tukey
(p< 0.05).

Figure 6. Partitioning coefficient for evaluated operation points. Different
letters indicate significant differences, according to Tukey's test (p <0.05).

Concentracion de lactosa

La concentracion de lactosa oscil6 entre 36.72 y 40.62
mg/mL en las fases superiores y entre 38.06 y 47.06 mg/mL
en las fases inferiores de los sistemas evaluados sobre la linea
de operacién (Figura 7). La diferencia de concentracidon de
lactosa entre fases no fue significativa en las condiciones P3
a P7 y, aunque si lo fue en los casos P1y P2, en realidad no
tuvo importancia practica. La relacion de la concentracion
de un compuesto en la fase superior y la concentracién de
éste en la fase inferior esta determinada por el coeficiente
de particion (K; Ecuacién 4), donde un valor mayor a 1 indica
mayor concentracion del compuesto en la fase superior, en
tanto que un valor menor a la unidad indica mayor con-
centracion en la fase inferior. El coeficiente de particion de
lactosa (K,J) fue 0.902 (+0.01) en P1, 0.836 (+0.030) en P2,
0.944 (+0.029) en P3, 0.880 (+0.023) en P4, 1.005 (+0.049) en
P5,0.952 (+0.043) en P6 y 1.040 (+0.027) en P7. Estos valores
indicaron que la lactosa se obtuvo con concentracion sélo
ligeramente mayor en la fase inferior que en la fase superior
de los sistemas y que no hubo una tendencia a que este disa-
carido se concentrara de forma clara en alguna de las fases,
sino que quedd aparentemente repartido entre ambas, con
concentracion aproximadamente similar. Dominguez-Puerto
et al. (2018) reportaron valores promedio de K.. de 0.58 en
sistemas basados en polietilenglicol 4000 y sulfato de amo-
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Figura 7. Concentracion de lactosa en la fase superior e inferior de los sis-
temas evaluados (letras subrayadas indican fase inferior correspondiente).
Letras diferentes indican diferencias significativas, de acuerdo a la prueba
de Tukey (p< 0.05).

Figure 7. Lactose concentration at top and bottom phases from evaluated
operation points (underlined words indicate corresponding bottom phase).
Different letters indicate significant differences, according to Tukey’s test (p
<0.05).

nio y encontraron que el valor de este parametro disminuy6
a medida que la concentracion del polimero también dismi-
nuyo, lo que indicé que en ese sistema la lactosa migré de
la fase superior a la fase inferior de los sistemas. Suarez Ruiz
et al. (2020) sehalaron que azucares como la glucosa migran
hacia la fase mas hidratada o con mas agua disponible (fre-
cuentemente la fase inferior) en un sistema polimero/sal. Al
respecto, al demandar menor agua disponible que el PEG, la
proteina no indujo un efecto de exclusion sobre la lactosa
similar al de este polimero y, por ello, la lactosa se repartié
entre ambas fases. Sin embargo, el coeficiente de particion
se afecta por el volumen de las fases y se requiere una valora-
cion de las cantidades absolutas que se obtuvieron en cada
fase con base en los rendimientos de separacion.

Rendimientos de separacion

El rendimiento de separacion de proteina en la fase
superior (Yp7) varié de 31.77 a 83.82 % con la transicion
entre los estados P1y P7 y con un comportamiento sigmoi-
dal (Figura 8). A medida que se incrementé la concentracion
de (NH4)2S0a se incrementé el efecto de exclusion salina de
este compuesto sobre la proteina (Gomes et al., 2017), con
lo cual mayores cantidades de proteina de lactosuero se
separaron en la fase superior. Este efecto de exclusién salina
fue moderado en la transicion de los estados P1 a P2, lo que
indicé que con concentraciones de (NH4)2SO4 entre 22 y 26
% la solubilidad de las proteinas no se vio significativamente
afectada, pero entre 26 y 34 % el efecto de exclusién salina se
incrementé de forma muy importante y, para concentracio-
nes mayores de la sal, el incremento en la separacion de estos
compuestos en la fase superior fue moderado.
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Figura 8. Rendimiento para la fase superior de los sistemas experimentales
evaluados. a) relacién entre el rendimiento en la fase superior para lactosa y
proteina con el porcentaje de volumen. b) Relacién entre la concentracion
de sulfato de amonio con el rendimiento de lactosa y proteina en la fase
superior.

Figure 8. Yield of top and bottom phase of evaluated operation points. a)
Relation between top phase lactose and protein yield, and volume percen-
tage. b) Top phase relation between ammonium sulphate concentration,
and lactose and protein yield.

El rendimiento de separacién de lactosa en la fase
superior de los sistemas (Y.,") presentd valores entre 5.16 y
5.98 % en los sistemas P1 a P3, pero registré un incremento en
la transicién de P3 a P7 hasta valores cercanos a 29 % (Figura
8), lo que indico que la recuperacién de lactosa en la fase in-
ferior de los sistemas P1 a P3 vari6 entre 94.02y 94.84 % y se
redujo hasta valores cercanos a 71 % con la transiciéon de P3
a P7. En tal sentido, aunque el coeficiente de particién tuvo
valores cercanos a la unidad, el rendimiento de separacion
indicé que las mayores cantidades absolutas de lactosa per-
manecieron en la fase inferior, en forma también congruente
a lo reportado por Dominguez-Puerto et al. (2018).

Con base en un analisis conjunto de separacién de
proteina en la fase superior y de lactosa en la fase inferior, se
encontré que los sistemas P3 y P4 tuvieron el mejor potencial
para atender la separacién de estos compuestos. El sistema
P3 se formd con 30 % de (NH4)2SO4 y permitié que el 54.4 %
proteina y el 5.98 % de lactosa del lactosuero se separaron
en la fase superior, en tanto que con el sistema P4, formado
por 34 % de (NH4)2SO4, el 80.01 % de proteina y 17.22 %
de lactosa se separaron en la misma fase. Sin embargo, en
virtud de que el principal objetivo es recuperar la proteina
del lactosuero, se aceptd que el mejor sistema para cumplir
este proposito fue el que contuvo 34 % de sulfato de amonio
(P4), lo cual coincidié con el reporte de Dominguez-Puerto
etal. (2018). Con esta base, el uso de la técnica de extraccion
acuosa en dos fases tiene potencial para recuperar proteinas
del lactosuero y el uso posterior de éstas en estrategias de
fortificacion de alimentos.
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CONCLUSIONES

El sistema (NH4)2SO4/proteina puede formar sistemas
bifasicos acuosos con concentraciones de sulfato de amonio
mayores a 22 %. La separacion mostrd sistemas donde el
volumen de la fase superior fue significativamente mayor al
de la fase inferior, pero el incremento de la concentracién de
sal causé que el volumen de la fase superior aumentara con
relacion al de la inferior. La proteina de lactosuero se concen-
tré en mayor cantidad en la fase superior que en la inferior
y por ello, la estrategia de mezclar lactosuero con sulfato de
amonio constituyd una alternativa viable para recuperar las
proteinas en porcentajes mayores al 80 %. Aunque la lactosa
mostrd concentraciones similares en ambas fases, el desa-
rrollo de sistemas con volumen en fase superior menor al de
la fase inferior permitié que aproximadamente 79 % de este
disacarido fuera separado en la fase inferior. La técnica de
extraccién acuosa en dos fases tiene potencial para separar
proteinas del lactosuero con objeto de que éstas se utilicen
en estrategias de fortificacion de alimentos.
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ABSTRACT

Consumption of tropical fruits is growing around
the world, not only due to their flavor and appearance but
also for their nutritional value. In addition to the content in
macro and micronutrients, tropical fruits contain substantial
amounts of bioactive compounds in peels and seeds, which
constitute an underexploited source of bioactive compounds
such as phenolic acid, polyphenols, carotenoids, vitamin C
and polysaccharides. Polysaccharides have attracted growing
interest, particularly for their bioactive characteristics such
as antioxidants as well as antiinflammatory, antimicrobial,
anticoagulant, hepatoprotective and immunomodulatory
properties. Therefore, obtaining functional ingredients from
tropical fruits and by-products is feasible, and could be used
to develop functional and nutraceutical foods to elaborate
products of the pharmaceutical industry and food preser-
vation. The present review provides the most relevant infor-
mation published the last ten years (2010-2020) on bioactive
polysaccharides extracted with hot water reported in tropical
fruits and by-products and their relationship with potential
beneficial health effects.
Keywords: By-products, tropical fruits, polysaccharides, bio-
active properties.

RESUMEN

El consumo de frutas tropicales esta creciendo en todo
el mundo, no solo por su sabor y apariencia, sino también
por su valor nutricional. Ademas del contenido en macro y
micronutrientes, las frutas tropicales contienen cantidades
sustanciales de compuestos bioactivos en cascaras y semillas,
que constituyen una fuente subexplotada de compuestos
bioactivos como acido fendlico, polifenoles, carotenoides,
vitamina C y polisacaridos. Los polisacaridos han atraido
un interés creciente, especialmente por sus caracteristicas
bioactivas como antioxidantes y propiedades antihipogluce-
miantes, antiinflamatorias, antimicrobianas, anticoagulantes,
hepatoprotectoras e inmunomoduladoras. Por tanto, la
obtenciéon de ingredientes funcionales a partir de frutas
tropicales y subproductos es factible y podria utilizarse para
desarrollar alimentos funcionales y nutracéuticos para elabo-
rar productos de la industria farmacéutica y conservacion de
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alimentos. La presente revisidn proporciona la informacion
mas relevante publicada durante los Ultimos diez afios (2010-
2020) sobre polisacaridos bioactivos extraidos con agua
caliente reportados en frutas tropicales y subproductos y su
relacién con posibles efectos beneficiosos para la salud.
Palabras clave: Subproductos, frutas tropicales, polisacari-
dos, propiedades bioactivas.

INTRODUCTION

Tropical fruits grow in tropical or subtropical climates
in the geographic zone that extends from 30° south latitude
up to 30° north latitude. The temperature in this area varies
between 16 to 36 °C during the year (Dembitsky et al., 2011).
The Food and Agriculture Organization (FAO) of the United
Nations, estimated in 2018 that the world production of the
main tropical fruits reached around 100 million tons, with an
estimated increase of 3.3 % expected by the end of 2020.

The most widely consumed tropical fruits, such as
avocado (Persea americana), mango (Mangifera indica), pa-
paya (Carica papaya) and pineapple (Ananas comosus), have
reached significant commercial success. They are available
practically all year in areas with temperate climates (FAO,
2018). Other fruits such as acai (Euterpe oleraceae), acerola
(Malpighia emarginata), guava (Psidium guajava), jujube
(Ziziphus jujuba), litchi (Litchi chinensis), longan (Dimocarpus
longan), noni (Morinda citrifolia), passion fruit (Passiflora
edulis) and pomegranate (Punica granatum), are strugling
to find market sale sites since these fruits are imported from
traditional producing countries. However, these fruits are
increasingly in demand in international markets for their
characteristic flavor, high nutrient content and variety of
bioactive compounds such as phenolic acids, flavonoids,
carotenoids and fiber (Enriquez-Valencia et al., 2020).

Over 50% of the global volume of tropical fruit pro-
duced each year is discarded as by-product, 42% of which is
comprised of peels, rind/skin and 10% of seeds (Cheok et al.,
2018). Most of the tropical fruits have substantial amounts
of mainly polysaccharides in peel, rind/skin, seeds and pulps,
which possess a varied biological activity.

Polysaccharides are polymeric carbohydrate mole-
cules composed of long chains of monosaccharide units
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bound together by glucosidic bonds that generate various
structures, with different biological properties (de Jesus
Raposo et al., 2015). Polysaccharides extracted from tropical
fruits and sub-products have gained interest due to their
numerous biological activities such as antioxidant, antifa-
tigue, antiinflammatory, anticoagulant, hepatoprotective,
immunomodulatory, antidiabetic and anticancer (Zhang et
al., 2016; Sousa et al., 2018). This review discusses the most
relevant information published in the 2010-2020 period
from the main scientific databases, including Scopus, Science
Direct, PubMed, Medline and Scielo, on polysaccharides and
reported bioactivities of exotic tropical and their relationship
with their potential beneficial effects on health.

Hot water extraction (HWE)

The extraction is a crucial process in polysaccharides
isolation and production. Several methods have been ap-
plied to extract them from different plant sources, such as
tropical fruits and by-products (Mari¢ et al., 2018). One of the
most common methods employed is hot-water extraction
(HWE), consisting on the immersion of the raw material into
distilled water at high temperature, and further steps such
as filtration, centrifugation, precipitation, concentration, and
freeze-drying to obtain crude polysaccharides. Additionally,
it has been stated that extraction factors, such as tempera-
ture, time, and solvent/material ratio, significantly affect the
yield of extracted polysaccharides. HWE has been used in the
extraction of polysaccharides from by-products and tropical
fruits such, acai, acerola, guava, jujube, litchi, noni, passion
fruit and pomegranate (Holderness et al., 2011; Joseph et
al., 2012; Huang et al., 2017); the scientific names, common
names and place of origin of the tropical fruits examined in
this review, are shown in table 1.

Structural characteristics of tropical fruit polysacchari-
des and by-products

The physicochemical and structural characteristics of
polysaccharides, mainly include monosaccharide composi-
tion, molecular weight, configuration, type, and position of
its glycosidic bond (Liu et al., 2015). Several polysaccharides

have been isolated from tropical fruits and their by-products,
by a sequence of techniques such as deproteinization and
ion-exchange chromatography (IEC), that separates acidic
and neutral polysaccharides applying different concentra-
tions of salts such as NaCl, as an eluent solution (Huang et
al., 2014).

In order to separate the different molecular weight
polysaccharides, methods such as high-performance liquid
chromatography (HPLC), gel permeation chromatography
(GPQ), high-performance gel permeation chromatography
(HPGPC) and size exclusion chromatography (SEC) (Li et
al., 2020; Batista et al., 2020), are utilized. To determine the
monosaccharide composition, Holderness et al. (2011) and
Jiao et al. (2018) reported de application of gas chromatog-
raphy coupled to mass spectrometry (GC-MS), HPLC, and
high-performance or anion-exchange chromatography
coupled with pulsed amperometry detection (HPAECPAD).
After this step, polysaccharides are subsequently collected,
dialyzed, concentrated and lyophilized to produce a pure
polysaccharide.

Polysaccharides with various monosaccharides,
chemical structures and functional groups, are analyzed with
a combination of methods such as Fourier transform infrared
spectroscopy (Rong et al.,, 2019), GC-MS (Hu et al., 2020),
periodate oxidation-Smith degradation and methylation
analysis (Wang et al., 2015; Rong et al., 2019) to determine
the backbone structures. Nuclear magnetic resonance (NMR)
is commonly used to analyze the configurations of glycoside
residues of the polysaccharides. One-dimensional (1D) pro-
ton and carbon nuclear magnetic resonance spectroscopy
("H and C NMR) have been generally employed for their
structural characterization (Zhang et al., 2016).

Many different polysaccharides have been isolated
from seeds, rinds, pulp and peels from tropical fruits, and the
structural characterization, including monosaccharide chain,
ratios of the monosaccharide compositions and molecular
weight, are summarized in Table 2.

Characteristics such as sugar compositions, molec-
ular weight, sugar backbone, ratios of the monosaccharide
compositions and position of the functional groups are im-

Tabla 1. Origen, nombre cientifico y nombre comun de las frutas tropicales de esta revision.
Table 1. Origin, scientific and common name of the tropical fruits from this review.

Name Scientific name Other names Origin Reference

Acai Euterpe oleraceae Naidi, azai, acai North of Brazil (de Oliveira and Schwartz, 2018)

Acerola Malpighiae marginata Semeruco, cerecita Brazil (Prakash and Baskaran et al., 2018)

Guava Psidium guajava e, Centrahl el Sl (Chen etal., 2015)
America

Jujube Ziziphus jujube Jujube South and east Asia (Hasan et al., 2014)

Litchi Litchi chinensis Lichi, lychee, Hong Hua Malay Peninsula (Soni and Agrawal, 2017)

Longan Dimocarpus longan Dragon eye China (Limetal., 2013)

Noni Morinda citrifolia Atig) e S elElalte e Southeast Asia (Carrillo-Lépez and Yahia, 2011)

mulberry

Passion fruit Passiflora edulis Pasionaria, chinola

Pomegranate Punica granatum

(Limetal., 2012)
(Jacob etal., 2019)

Southern Brazil

Himalayan region
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Tabla 2. Caracterizacién de polisacéridos de las frutas tropicales en esta revisién.

Table 2. Characterization of polysaccharides from tropical fruits considered in this review.

Mono

. " Molar ratio Mw Backbone Other
Fruits Part saccharide Reference
iee (%) KDa structure compounds
composition
. Fuc:Rha:Ara: 0.5:4.5:47: Protein
Acal Fruit Gal:GluXyl: 11523 00 B0 . Phenolics  (Holdemessetdl
GalAGIuA 2.8:28.4:3 9
Acerola Fruit GL;?)? IA Rr?;a 52.2:32.4: 75 -Ii(r1lfe): d Protein Klosterhoff et al.,
ACSW e 7.2:4.83.5 2018
a-Araf
. 2.73:9.84:
g:}ger e Rha"gaz‘:l'ma”' 3.83:5.46: 85 ND Purified
: 23.5:54.6
. : (Lietal., 2010)
BP3 Rha:Ara:Xy: 221:829:3.31:11.6:19.34:55.25 100 ND Purified
Man:Glu:Gal
(15)
Guava Rha:GlucA: :lt_k:r:
Fruit GalA:Gal: ND ND Purified (Jiao etal., 2018)
GP70-3 (13)
Ara .
-linked
a-L-Ara
Jujube Fruit Man:Rib:GlucA: GalcA:- 5.3:3.1:3.6: . .
JPC Glu:Xyl: Gal:Ara:UroA 11.4:13.4:14.5:23.4: 25.1:25 L2 ALY RS (Gileert, 205
Protein
o Rha:Ara:Xyl: 0.31:5.44: . (Huangetal.,
Litchi Pulp Man:Glu:Gal 71:2.2:66.1:11.5 70 ND Phenolics 2017)
Ara:Man:Glu: 6.33:3.88: 1,4-a-Glcp and .
Seeds Gal 10411 6.70 1,4-B-Manp Purified (Wu etal., 2020)
Longan Ara:Man:Glu: 0.25:0.49:1: (14)-B-Glc and
LPD2 Pulp Gal 05 9640 (16)-8-Man Acetyl gruops  (Rong etal., 2019)
. . GalA:Gal:Ara: 29.1:30.9: (Sousa et al.,
g AT Rha:Man 31:5.4:3.6 ND ND Acetyl groups 2018)
Pomen
granate Rind ND ND 110 3-1-3 galactop ND (Josgg?ze;t G5
PSP0O1

ND: Not determinated; MW: Molecular weight; KDa: Kilodaltons.

Fuc: Fucose, GalA: galacturonic acid, Gal: galactose, Glu: glucose, Ara: arabinose, Ram: rhamnose; Man: mannose, Xyl: Xylose, UroA: Uronic acid, p:pyra-

nose.

portant for their biological activities (Sousa et al., 2018; Rong
et al., 2019; Wu et al., 2020). It is essential to know that the
natural polysaccharides in tropical fruits and by-products are
not always isolated, but are conjugated with other structures
such as phenolic compounds, amino acids, and proteins
(Holderness et al., 2011; Klosterhoff et al., 2018) and some-
times, these conjugates of polysaccharides act as a whole in
isolation, which affects their biological activities.

Biological activities of fruit polysaccharides

In recent years, polysaccharides from tropical fruits
have been extensively studied for biological activities, such
as antioxidant, antidiabetic, antiinflammatory, immunomod-
ulatory, hepatoprotective, anticancer and antifatigue effects.

Antioxidant activity. Oxidative stress, generated mainly
by an imbalance between the formation and removal
of free radicals by the antioxidant defense, is the cause of
most human ailments (Bhattacharya, 2015). The structural
characteristics of polysaccharides will determine their

antioxidant action mechanism, as well as the method to be
used for their evaluation. In this sense, Zhang et al. (2016)
isolated two water-soluble polysaccharides (P90 and GP90)
from guava pulp, and at a concentration of 0.4 mg/mL, the
GP90 scavenging activity to inhibit DPPH radical was higher
(97.3 %) than P90 (12.8 %), and the EC,, value was reported
at 0.0672 and 1.621 mg/mL, respectively. The differences in
their antioxidant activity may be related to the presence of
a protein conjugated to P90. It has been shown that in some
occasions, the functional groups present in proteins are less
sensitive to antioxidant assays (Wang et al., 2012). Litchi pulp
polysaccharides have also shown a DPPH scavenging activity
of 34.6 % at 5 mg/mL (Gao et al., 2017). On the other hand, Li
et al. (2020) reported that noni polysaccharides demonstrate
a concentration-dependent scavenging ability of ABTS rad-
ical, ranging from 10-75 % at concentrations of 0.2-5.0 mg/
mL with an EC,, of 3.0 mg/mL. de Sousa Sabino et al. (2020)
isolated water-soluble polysaccharides from by-products of
different tropical fruits and evaluated their ABTS scavenging
activity at a concentration of 0.05 mg/mL. The result showed
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that acerola polysaccharide presented the highest scaveng-
ing activity, decreasing in a 59 % the ABTS radical, followed
by polysaccharides from pineapple (55 %), passion fruit (34
%), and mango polysaccharide with the lowest scavenging
capacity (10 %) at the same concentration.

The in vivo antioxidant effects of polysaccharides from
tropical fruits and by-products were also investigated. Chi et
al. (2015) reported that oral administration of polysaccharide
conjugates from jujube (200 mg/kg) in rats, increased the
activities of the antioxidant enzymes glutathione peroxidase
(GSH-Px) and superoxide dismutase (SOD) to 20.4 and 17.2
%, whereas the level of malondialdehyde (MDA) decrease
31.4 %. In a different study, Sousa et al. (2018) reported that
polysaccharide extracted from noni (10 mg/kg) stimulates
glutathione-S-transferase about two-fold and decrease
malondialdehyde levels about 8.2-fold in rats with carra-
geenan-induced paw edema.

Immunomodulatory activity. It has been demonstrated
that immunomodulatory polysaccharides can interact with
the immune system, leading to the activation and triggering
of several molecular and cellular events or suppressing the
activity of lymphoid cells (Minzanova et al., 2018; Yin et al.,
2019). In this sense, different studies have reported in vivo
and in vitro immunomodulatory activities of polysaccharides
from tropical fruits and by-products. Rong et al. (2019) isolat-
ed a polysaccharide (LPD2) from longan pulp. They observed
that the treatment with 50 uL of LPD2 at concentration of 100
pg/mL, increased the splenic lymphocytes by 250 % and the
macrophage phagocytosis by 205.1 % to the control value. In
other studies, longan pulp polysaccharides were evaluated
at 100 and 200 mg/kg, both treatments showing potent
immunomodulatory properties in mice models, including
enhanced DTH response, macrophage phagocytosis and Co-
nA-stimulated splenocyte proliferation (Zhong et al., 2010).
Polysaccharide (LCP50W) isolated from litchi pulp exhibited
in vivoimmunomodulatory activity, enhancing Natural Killers
(NK) cells cytotoxicity and promoting mouse splenocytes
proliferation (Huang et al., 2014).

Furthermore, LCP50W enhanced Th1 cytokine IFN-y
secretion, reduced Th2 cytokine IL-4 secretion, and improved
T-bet expression while inhibiting the GATA-3 gene expres-
sion. In addition, LCP50W promoted the cell cycle toward the
S phase (Jing et al., 2014). Three polysaccharides fractions
(GSF1, GSF2 and GSF3) were isolated from guava seeds, and
administered to mouse splenocytes and peritoneal mac-
rophages to confirm the activity, based on changes in Th1/
Th2 and pro-inflammatory and anti-inflammatory cytokines
secretion, respectively. All fractions, particularly GSF3, were
found to have a Th2-inclination activity and anti-inflamma-
tory capacity (Lin and Lin, 2020). Polysaccharides induced
robust y& T cell stimulatory activity in human, mouse, and
bovine PBMC cultures. Also, it was found that acai polysac-
charides were active by promoting myeloid and yé T cells
activation, and when polysaccharides were delivered in vivo
in mice, they induced myeloid cell recruitment and IL-12
production (Holderness et al., 2011).
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Modulation of blood glucose. Modulation of blood glucose
properties of the polysaccharides is mediated different ways
including inhibiting a-amylase and a-glucosidase activities,
improving cell dysfunction, targeting signaling pathways
to improve glucose metabolism and enhance insulin action
(Yuan etal.,, 2019).

The a-glucosidase can hydrolyze a-1,4-glycosidic
bonds from non-reducing ends of polysaccharides to release
glucose. The released glucose is absorbed by the small intes-
tine into the blood, increasing the blood glucose level and
aggravating type Il diabetes; therefore, the inhibition of this
enzyme is important to regulate blood glucose.

Several studies have reported the inhibition of this
enzyme in vitro by polysaccharides of tropical fruits and
by-products. For example, Zhang et al. (2016) described
that the water-soluble polysaccharide (GP-90) isolated from
guava pulp showed a-glucosidase inhibition with IC,; value
=2.27ug/mL, this value was 1379 times higher than the
positive control acarbose (IC,,=3.13 mg/mL). Similar findings
have been reported by Jiao et al. (2018) in the polysaccha-
ride (GP70-3) from guava fruit also exhibited an important
a-glucosidase inhibitory activity in vitro (IC,=2.54 uM), which
was 1867 times higher than acarbose (IC,;=4.74 mM). Also, an
isolated polysaccharide from litchi seeds (LSP-W-4) exhibited
inhibitory activity against mammalian (rat-intestinal acetone
powder) and yeast (Saccharomyces cerevisiae) a-glucosidase,
with IC_ values of 66.97 and 75.24 uM, respectively (Wu et al.,
2020). Moreover, the oral administration of 200 mg/kg lychee
polysaccharide suspension showed a glucose-lowering effect
decreasing from 29.3 to 23 mM/L after 30 min administration
to alloxan-induced diabetic rats (Huang et al., 2017).

Polysaccharides derived from jujube (ZSP) at 0, 200
or 400 mg/kg were administrated intragastrically to fructose
treated mice with (20 % high-fructose water), which had
impaired insulin sensitivity, hyperglycemia and hyperinsu-
linemia. Administration of ZSP at 400 mg/kg reduced the
levels of glucose in serum from 9.62 to 8.42 mM/L, insulin
concentrations were lowered markedly from 72.73 to 44.61
pmol/L, the homeostasis model assessment for insulin resis-
tance (HOMA-IR) score of the mice treated with 200 or 400
mg/kg displayed a reduction of 25.3 and 31.3 %, compared to
the control group. Also, the B-cell function values (HOMA-{3)
were reduced by 10.6 and 20.0 %, at 200 and 400 mg/kg,
respectively (Zhao et al., 2014).

The studies reported above indicated that polysac-
charides from tropical fruits and by-products showed the
capacity to modulate glucose on blood.

Anticancer activity. Polysaccharides isolated from fruit
sources have been described to act on cancerous cells, pri-
marily via apoptosis induction. Polysaccharides from tropical
fruits act through DNA damage, disruption of mitochondrial
membrane, cell cycle arrest and nitric oxide production, to
kill cancer cells and prevent metastasis (Khan et al., 2020).
The antiproliferation impact of jujube polysaccharides
on melanoma cells indicated a dose and time-dependent be-
havior. The IC, value was 3.90 mg/mL after 24 h of treatment,
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and reduced to 3.36 mg/mL after 48 h. The cell cycle assay
showed that polysaccharides decreased cyclin B expression,
causing the arrest of melanoma cells in the G2/M phase
(Hung et al, 2012). In another study, Huang et al. (2014)
showed the inhibitory effect of polysaccharides from litchi
pulp on the proliferation of human liver (HepG2) and human
cervical (Hela) cancer cells, of 41.4 and 26.7 %, at 750 ug/
mL, respectively, while the growth of human lung epithelial
(A549) cancer cells decreased 27.2 % at 450 pg/mL.

Polysaccharide (PSP001) isolated from pomegranate
was evaluated on KB (nasopharyngeal carcinoma), K562 (leu-
kemia) and MCF-7 (breast cancer) cells, as an antineoplastic
agent. The effects were observed at 72 h of incubation for
K562 cells and MCF-7 at a concentration of 0.001 pg/mL, with
IC,, values of 52.8 and 97.21 ug/mL. PSP001 showed its best
cytotoxicity at 200 ug/mL against KB and MCF-7 cell lines,
while in K562 cell line was at 1000 ug/mL (Joseph etal., 2012).
Additionally, polysaccharides from passion fruit (PFCM) dis-
solved in water, were administered to mice transplanted with
the Sarcoma 180 tumor into the left hind groin. A tumoral
growth inhibition was observed. The oral administration of
PFCM at 50 and 100 mg/kg inhibited the tumor growth by
40.5 and 48.7 %, respectively. The intraperitoneal administra-
tion (10 and 25 mg/kg) led to tumor inhibition of 70.4 and
72.89 %, respectively. The author concluded that inhibition
is associated with the proportion of extensive coagulative
necrosis of the tumors extirpated from treated mice (Silva et
al., 2012).

Antiinflammatory activities. Inflammation is a complex
biological reaction of vascular tissue to detrimental stimuli,
such as pathogens, damaged cells or irritants, that consists of
both vascular and cellular responses (Yan-Hang and Ke-Wu,
2019). The continuous presence of inflammatory mediators
such as interleukin 1-beta (1L-f) and tumor necrosis factor-al-
pha (TNF-a) can upregulate nitric oxide production and pros-
taglandin E2. Also, enhancing the activity, cyclooxygenase-2
(COX-2), the stimulation of inducible NO synthase (iNOS) and
microsomal PGE synthase-1 (mPGES-1) expression in target
cells, play a critical role in developing various significant
pathologies, including colitis, atherosclerosis, chronic fatigue
syndrome, cardiovascular disorders, neurodegenerative dis-
eases, and some types of cancer (Chi et al., 2015).

Some studies have supported the anti-inflammatory
activities of the polysaccharides from tropical fruits. PFPe,
a polysaccharide from passion fruit, was applied on carra-
geenan-induced rat paw edema. Carrageenan (50 pg/paw)
provoked edema that reached a maximum level after 3 h.
Intraperitoneal treatment with PFPe at doses of 0.3, 1.0 or 3.0
mg/kg, resulted in a reduction of paw edema formation at 3 h
of 34.2,39.5 and 60.6%, respectively. However, only the treat-
ment at 3 mg/kg could decrease the inflammatory response
caused by histamine (85.3 % reduction), serotonin (5-HT)
(58 % reduction), or PGE2 (62.2 % reduction). The results in-
dicate that PFPe administration decreases the inflammatory
response by modulating the release or synthesis of serotonin
and histamine by reducing neutrophil migration (Silva et al.,
2015).

Yue et al.(2015) described that wild jujube polysaccha-
rides (WJPS) alleviated inflammatory bowel disease, in mice
with colitis induced by 2,4,6-trinitrobenzene sulfonic acid
(TNBS). WIPS significantly decreased the severity of colitis
and improved the mucosal damage in mice. Treatment with
WJPS decreased the inflammatory reaction by attenuation of
IL-6, IL-13, and TNF-a stimuli tests.

Batista et al. (2020) showed that polysaccharides from
noni (PLS) exhibited significant anti-inflammatory activity in
a rat model using acetic acid-induced colitis. Administration
of PLS at 3 mg/kg, reduced IL-18 and TNF -a levels in the
colon (1.61 and 2.90 pg/mL) compared to the colitis group
(3.58 and 4.71 pg/mL), respectively. Also, it inhibited the
colon expression of COX-2 (0.32 COX-2/p38) compared to the
colitis group (0.66 COX-2/p38). The author implies that PLS
shows anti-inflammatory capacity against intestinal injury by
reducing the pro-inflammatory action of cytokines, COX-2
expression and inflammatory cell infiltration in the inflamed
colon.

Antifatigue effects. Fatigue is a defensive system in re-
sponse to life-threatening, over exhaustion and often leads to
muscle soreness, anxiety and depression. If persistent fatigue
is not eliminated, it may lead to different pathologies such
as aging hypertension (Zheng et al., 2010). The search for
natural compounds that delay fatigue or accelerate its elim-
ination in human beings with few side effects is continuous
(Xu et al., 2013), then the study of polysaccharides is a field
that is beginning . For example, Zheng et al. (2010) studied
the effect of antifatigue activity from hot-water longan seed
polysaccharides, administered orally to ICR male mice using
a swimming test, including hepatic, serum urea nitrogen
and blood lactic acid content evaluation. The results show
that the polysaccharides in doses ranging from 50, 100, 150
and 200 mg/kg, extended swimming time from the control
(650 s) to 1100, 800, 1250 and 900 s, respectively, increased
hepatic glycogen in all mice except at 50 mg/kg, compared
with the control. All dosages decreased blood urea nitrogen
and blood lactic acid but only at doses of 50 and 100 mg/kg.

Other studies reported the effect of the oral adminis-
tration of arabinan-rich pectin from acerola fruit (ACSW) for
28 days at doses of 50, 100 and 200 mg/kg, could lengthen
the swimming time, which showed a longer time to ex-
haustion (95, 151 and 129 min, respectively), related to the
control (53 min). Furthermore, the mitochondrial respiratory
capacity of the skeletal muscle, was enhanced at 200 mg/kg
(Klosterhoff et al., 2018).

Hepatoprotective activity. The administration of polysac-
charides from acerola (ACP) at 200, 400 and 800 mg/kg to
mice fed with high-fat diets (HFD), reduces the content of to-
tal triglycerides in the liver (16.1, 17.9 and 44.2 %, respective-
ly) and attenuation of hepatic steatosis. ACPs markedly ame-
liorated hepatic lesions produced by HFD feeding, showing
near-normal appearance with a well-preserved cytoplasm.
The authors conclude that hepatic damage decreased by

Volumen XXIIl, Ndmero 3

129



Enriquez-Valencia et al: Biotecnia / XXIII (3): 125-132 (2021)

inhibition of the sterol regulatory element-binding protein
1c (SREBP1¢) pathway in mice (Hu et al., 2020).

The hepatoprotective effect of polysaccharides from
guava (PG) was investigated against paracetamol-induced
liver damage in rat models. The results showed that the PG
administration at 200 and 400 mg/kg in the paracetamol
group reverted to normal the high levels of aspartate ami-
notransferase and alanine aminotransferase (Alias et al.,
2015). Thus, tropical fruit polysaccharides can be considered
potential auxiliary foods to protect the liver from drugs or
diet-related injuries.

Gastroprotective effects. Studies on tropical fruit and
by-products about the gastroprotective effect of polysac-
charides extracted is scarce. In this sense, rats with etha-
nol-induced gastrointestinal damage were orally fed with
polysaccharides from acerola (1 mg/kg). The results revealed
that these polysaccharides maintained GSH levels in the
gastric mucosa. GSH is a molecule that shows an essential
role in maintaining mucosal integrity as one of the main
water-soluble antioxidants. GSH may decrease or even be
depleted, due to the presence of oxidizing agents such as
ethanol that stimulate an increase of free radicals in gastric
tissue (de Sousa Sabino et al., 2020).

CORRELATION OF STRUCTURE AND
BIOLOGICAL ACTIVITY

The biological activities of polysaccharides from trop-
ical fruits and by-products seem to be associated with their
molecular weight and chemical structures. The presence of
functional groups, including sulfate or acetyl, amino acids
and proteins in their chemical structures, can influence the
bioactivity by affecting their charge and solubility. However,
studies that establish the precise relationship of structure
and biological activities in polysaccharides from tropical
fruits and by-products are limited; thus, more studies that
establish those relationships are necessary.

It is recognized that the polysaccharides molecular
weight is directly associated with some biological activities
(Wang et al., 2012; de Sousa Sabino et al., 2020), e.g., in the
case of antioxidant activity, Li et al. (2020) described that
high molecular weight polysaccharides displayed higher
antioxidant activities, due to the high molecular weight
allowed the spatial conformation of the polysaccharides to
be maintained. However, Wang et al. (2016) reported that
the lowest molecular weight polysaccharides showed the
highest antioxidant activity, since they could include more
reducing hydroxyl groups in order to scavenge free radicals.
On the other hand, the uronic acid content is considered
another important indicator reflecting the polysaccharides
antioxidant activity. Li et al. (2020) reported that polysaccha-
rides rich in uronic acids have higher antioxidant activities,
due to the uronic acid capacity to alter the physicochemical
properties and solubility of the associated polysaccharide
conjugates, and therefore affect their antioxidant activities
(Wang et al., 201). Other studies show that the antioxidant
activities of the sulfated and acetylated derivatives are more
potent than that of pure polysaccharides (Khan et al., 2020).

Volumen XXIIl, Nimero 3

130

It has been suggested that the interaction between
polysaccharides and a-glucosidase is affected by the molec-
ular weight. Low molecular weight polysaccharides exhibited
a higher inhibition capacity (Dou et al., 2015). Related to the
type of inhibition, polysaccharides containing sulphate pro-
duced a mixed inhibition while the desulphated generated
non-competitive inhibition (Qian et al., 2015). However, Dou
et al. (2015) reported a mixed inhibition in non-sulphated
polysaccharides. For anticancer activities, the presence of
B-(13) linkages in the main chain of the polysaccharide are
important since allow an increase in immunocompetent cells
activities (Wasser, 2002). Various chemical structures have
been reported for the antitumor polysaccharides in different
studies, including a backbone composed of (15)-linked-Araf
(Jiao et al., 2018). Also, other authors reported that low mo-
lecular weight polysaccharides exhibited stronger antiprolif-
erative activities (Hung et al., 2012).

Polysaccharides containing sulphate groups, possess
strong immunomodulatory capacity, which notably reduces
when the polysaccharides are desulphated (Yi et al., 2012).
Nevertheless, other authors reported that low molecular
weight polysaccharides exhibited stronger immunomod-
ulatory activity, and that the polysaccharides molecular
weight might play a more critical role than sulphate content,
because low molecular weight might increase the capacity
of polysaccharides to identify and bind immune complexes
(Yietal., 2012). Other investigations reported that the acetyl
groups played a crucial role in maintaining the high immu-
noregulatory activity of polysaccharides since promotes
the formation of hydrophobic pockets in polysaccharides,
triggering different immunostimulatory responses (Ferreira
etal., 2015).

For the above mentioned, it is necessary to carry out
more in-depth studies to characterize polysaccharides of
tropical fruits and their by-products, and the relationship of
their structure with different biological activities.

CONCLUSION

Tropical fruits and their by-products are an excellent
source of bioactive compounds, including polysaccharides
that have shown antioxidant, immunomodulatory, antiin-
flammatory, among other activities, so their application to
promote beneficial health effects are promising. Therefore,
polysaccharides are an alternative for new functional foods.
The by-product production of these fruits is extremely high,
and the seeds and skins have proven to be an important
source of bioactive compounds. The preparation of new
polysaccharide-based alcoholic and non-alcoholic bevera-
ges, and their use in the preparation of bakery products and
pasta, can contribute to human health benefits. These bene-
fits could improve the demand, distribution, and marketing
of these tropical fruits. Therefore, it is necessary to develop
additional work on the bioactivities of the polysaccharides
from tropical fruits and their by-products to generate more
information that allows us to develop functional foods, re-
garding the stability of their bioactive compounds and the
benefits of their consumption.
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RESUMEN

Las deficiencias en la tecnologia postcosecha y el
ataque de fitopatdgenos ocasionan que los productos hor-
tofruticolas, como el jitomate, presenten una vida util muy
corta. Ademas del dafio econdmico, esto puede traer efectos
negativos sobre la salud y el medio ambiente. El objetivo de
este trabajo fue evaluar un recubrimiento activo de alginato
de sodio en combinacién con nanocapsulas poliméricas
cargadas con eugenol (AL-NP-EUG) para mejorar la vida
util del jitomate. Utilizando la técnica de nanoprecipitacién
se obtuvieron NP con un tamano de 171 nm, un indice de
polidispersidad de 0.113 y un potencial zeta de -2.47 mV.
Utilizando la técnica de HS-SPME con CG-FID, se determiné
un porcentaje de eficiencia de encapsulacion de 31.85 %
para el EUG. El estudio de vida util demostré que los jitoma-
tes tratados con el AL-NP-EUG mantuvieron por mas tiempo
la firmeza que aquellos sin el recubrimiento. Ademas, en el
ensayo de patogenicidad se demostré que los jitomates con
el AL-NP-EUG no presentaron signos de dafio ocasionado por
el fitopatdégeno Colletotrichum gloesporoides. Se concluyé
que la formulacion de EUG nanoencapsulado e incorporado
al recubrimiento comestible presenta alto potencial para
su aplicacion como nanoconservador natural de productos
hortofruticolas como el jitomate.
Palabras clave: Vida util, recubrimientos comestibles, euge-
nol, nanoparticulas poliméricas y HS-SPME.

ABSTRACT

Deficiencies in post-harvest technology and the
attack of phytopathogens cause a very short shelf life of
fruits and vegetables, such as tomatoes. In addition to the
economic damage, it can have negative effects on health and
the environment. The objective of this work was to apply an
active sodium alginate coating in combination with eugenol-
loaded polymeric nanocapsules (AL-NP-EUG) to improve the
shelf life of tomato. Using the nanoprecipitation technique,
NP were obtained with a mean size of 171 nm, a polydisper-
sity index of 0.113 and a zeta potential of -2.47 mV. Using
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the technique of HS-SPME coupled to GC-FID, a percentage
of encapsulation efficiency of 31.85% was determined for the
EUG-loaded NP. The shelf life study showed that tomatoes
treated with AL-NP-EUG held firm longer than those without
the coating. In addition, for the pathogenicity test, it was
shown that tomatoes with AL-NP-EUG did not show signs
of damage caused by the phytopathogen Colletotrichum
gloesporoides. It was concluded that the formulation of EUG
nanoencapsulated and incorporated into the edible coating
has high potential for its application as a natural nanopreser-
vative of fruit and vegetable products such as tomato.
Keyword: Shelf-life, edible coatings, eugenol, polymeric
nanoparticles, and gas chromatography.

INTRODUCCION

México actualmente se encuentra entre los 10 prin-
cipales paises productores de productos agroalimentarios a
nivel mundial. El jitomate (Solanum lycopersicum) es uno de
los productos hortofruticolas mas importantes de México.
Lamentablemente, su misma naturaleza, las deficiencias
en la tecnologia postcosecha y el ataque de fitopatégenos
ocasionan que, en general, los productos hortofruticolas,
presenten una vida util muy corta y pérdidas postcosecha de
hasta el 50% de la produccién total, segin informacién de la
Organizacién de las Naciones Unidas para la Agricultura y la
Alimentacion (FAQ, 2011). En los ultimos anos, el uso de con-
servadores naturales en la industria alimentaria se ha vuelto
tendencia debido a la demanda de los consumidores por
los productos naturales. En particular, los aceites esenciales
(AE) son metabolitos secundarios de las plantas aromaticas
y tienen una amplia gama de actividades biolégicas (e.g.
antioxidante y antimicrobiana) que los han hecho emerger
como una alternativa para el control y reduccién de pérdidas
postcosecha (Pandey et al., 2017; Ju et al., 2019). De hecho, las
propiedades antimicrobianas de los AE y sus componentes
se han aprovechado para controlar hongos y bacterias fito-
patégenas (Camele et al., 2012; Choudhary et al., 2017). El eu-
genol (EUG) es un derivado fenélico conocido comunmente
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como esencia de clavo, que se extrae de los AE de pimienta,
laurel, canela y alcanfor, entre otros. Se ha demostrado que
el EUG presenta una actividad antimicrobiana importante
contra bacterias y hongos (Marchese et al., 2017), ademas, la
Administracion de Alimentos y Medicamentos de los Estados
Unidos (FDA) lo ha clasificado como sustancia GRAS (Gene-
ralmente Reconocido Como Seguro) y ha sido aprobado por
la Comisién Europea como aditivo en alimentos (Prates et al.,
2019). Lamentablemente, la aplicacién de compuestos como
el EUG, como aditivos alimentarios, tiene limitaciones ya que
presentan un fuerte caracter lipofilico, alta volatilidad, son
insolubles en agua y se deterioran con facilidad por factores
ambientales, como la luz y el oxigeno, lo que dificulta su in-
corporacion en productos comerciales (Asbahani et al., 2015;
Feyzioglu and Tornuk, 2016). En afios recientes, la nanotec-
nologia en la industria de los alimentos ha presentado un
desarrollo importante, ofreciendo nuevas alternativas para
superar estos impedimentos. La nanoencapsulacién supone
la incorporacién, adsorcion, solubilizaciéon o dispersién de
compuestos bioactivos (e.g. EUG) en o sobre una estructura
polimérica a escala nanométrica. La incorporacion de estos
biocompuestos en nanoparticulas poliméricas (NP) a base de
polimeros preformados (e.g. Eudragit L 100-55) puede pro-
tegerlos contra la degradacion, mejorando asi su estabilidad
fisica y quimica. Ademas, la combinacion de estas NP con los
denominados recubrimientos comestibles (RC) ha surgido
como una alternativa importante en la conservacién de ali-
mentos. Un RC se define como una capa continua y delgada,
de algun material, que es incorporada sobre el alimento. El
alginato (AL) es un polisacérido aniénico lineal glicosidico
constituido por unidades monoméricas de D-manuronato y
L-guluronato y es obtenido principalmente de dos fuentes:
las algas pardas (Phaeophyceae) (40% de la materia seca) y
bacterias (Guerreiro et al., 2015; Zia et al., 2015). Este polimero
se ha utilizado en la industria alimentaria como material de
recubrimiento o empaque, ademas, también es reconocido
por la FDA como sustancia GRAS. Se ha estudiado la incor-
poracién de nanomateriales y antimicrobianos, incluidos
aceites esenciales y sus componentes, en RC para dar nuevas
propiedades al recubrimiento y mejorar la seguridad y vida
util de frutas y verduras (Correa-Pacheco et al., 2017; Pifa-
Barrera et al., 2019). En este contexto, un sistema combinado
de NP, RC y compuestos que exhiben actividad biolégica,
como el EUG, puede tener potencial como alternativa a los
conservadores agroquimicos sintéticos.

Por lo anterior, el presente estudio se enfoco a evaluar
la eficacia de un sistema combinado de NP-EUG con un RC de
alginato para extender la vida util del jitomate (Solanum lyco-
persicum) e inhibir la accién fitopatdégena de Colletotrichum
gloesporoides.

MATERIALES Y METODOS
Materiales

El alginato (PM 216,12 g mol”) y el EUG (Eugenol Rea-
gent Plus 99 %) se adquirieron de la marca Sigma Aldrich’. El
alcohol polivinilico (Mowiol 4-88 con un PM 26,000 g mol”y
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grado de hidrolisis de 88 %) fue amablemente donado por
Omya AG. Se utilizaron jitomates (Solanum lycopersicum) co-
merciales los cuales presentaron caracteristicas homogéneas
de color, textura y tamafo para los ensayos de vida util. La
acetona y el metanol fueron adquiridos de la marca TEDIA".
El polimero Eudragit L 100-55 (Acido metacrilico: Acrilato
de etilo (1:1), PM 320,000 Da) fue amablemente donado por
Evonik Industries’. El hidroxido de sodio fue adquirido de
la marca MERCK" y la fibra de SPME Carboxen/Polidimetil-
siloxano (CAR/PDMS) de 75 pm de la marca Supelco-Sigma
Aldrich’.

Nanoformulacién con eugenol y su incorporacion en un
recubrimiento comestible

Las NP con EUG se prepararon mediante la técnica de
nanoprecipitacion (Fessi et al., 1989), para ello se inyectaron
4 mL de fase orgdnica que contenia el polimero Eudragit L
100-55 (55 mqg) y el EUG (60 mg) disueltos en acetona, en una
fase acuosa (25 mL) que contenia el tensoactivo PVA al 0.5 %
(p/p). La difusion de la fase orgdnica en la fase acuosa indujo
la agregacion del polimero Eudragit L 100-55 y, por tanto, la
encapsulacién del EUG (NP-EUG) en su interior. Finalmente, el
disolvente se eliminé utilizando un rotaevaporador (Control
Laborota 4003, Heidolph Instruments, GER). Las NP sin EUG
(NP-BCO) se obtuvieron siguiendo el mismo procedimiento
descrito anteriormente.

El tamafo promedio de particula y el indice de poli-
dispersidad (IP) de las NP-EUG se midieron en un angulo de
dispersiéon de 90 grados utilizando la dispersion dindmica de
la luz, mientras que, la medicidn del potencial zeta se realiz
mediante microelectroforesis laser doppler (Zetasizer Nano-
7590, Malvern Instruments, UK).

Para la formacién del recubrimiento comestible se usé
AL como agente formador. El AL sélido se incorporé en una
dispersién acuosa de NP-EUG con agitacion magnética hasta
su completa disolucion.

Andlisis de la nanoformulacién por cromatografia de
gases con detector de ionizacion de llama (CG-FID) y
microextraccion en fase sdlida modalidad headspace
(HS-SPME)

Para determinar el porcentaje de eficiencia de encap-
sulacién (%EE), la dispersion de NP-EUG se centrifugo (Cen-
trifuga Allegra 64R, Beckman Coulter, USA) y el sedimento
formado por las NP-EUG se sometio a la técnica de HS-SPME
utilizando una fibra de carboxen/polidimetilsiloxano (CAR/
PDMS) de 75 um de espesor de recubrimiento para cuanti-
ficar el EUG en las NP por CG-FID (Clarus 480, Perkin Elmer,
USA). Para el método cromatografico se utilizé una columna
capilar (Elite-5, Perkin Elmer, USA) (30 m x 0.25 mm x 0.25
pm). Las temperaturas del inyector y del detector fueron de
270 °C. La temperatura del horno se programé de la siguiente
manera: 70 °C durante 1 min, se incrementd en 30 °C min' a
190°C, seincrementd en 10 °C min™ hasta 210 °Cy finalmente
se aumento en 20 °C min™ hasta 270 °Cy se mantuvo durante
1 min. El flujo del gas portador helio (99.999 % de pureza,
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INFRA") fue de 1 mL min™'. Posteriormente, el porcentaje de
eficiencia de encapsulaciéon (% EE) se calculé utilizando la
siguiente férmula:

%EE = (EUGC/EUGL) x 100 (M

Donde EUGc es la cantidad EUG cuantificada en las
NP-EUG (mg) y EUGt es la cantidad de EUG (mg) total utiliza-
do en la fase organica de la nanoformulacién.

Evaluacion del efecto conservador de la nanoformula-
cién en combinaciéon con un recubrimiento comestible
sobre los parametros de vida util del jitomate

Se seleccionaron jitomates (Solanum lycopersicum)
con caracteristicas homogéneas de color (maduracién),
tamano y sin dafo mecanico para la aplicacién de los di-
ferentes tratamientos. Se lavaron con agua destilada y se
secaron. Los frutos se distribuyeron en cinco grupos de tres
jitomates cada uno. El primer grupo se usé como CONTROL
(sin tratamiento). El segundo grupo se puso en contacto
por inmersién con una solucion de AL (ALG) al 0.5 % (p/p)
por 1 min. Al tercer grupo se le aplicé por inmersién, en las
mismas condiciones anteriores, un tratamiento de RC de
AL con EUG sin nanoencapsular (ALG-EUG). El cuarto grupo
fue tratado con una dispersién de NP sin activo, es decir, sin
EUG (NP-BCO). Finalmente, al quinto grupo se le aplicé por
inmersién una dispersiéon acuosa del RC de AL al 0.5 % (p/p)
con la nanoformulacion con EUG incorporado (ALG-NP-EUG).
Todos los grupos se mantuvieron a 25 °Cy 35 % de humedad
durante 16 dias. Transcurrido este tiempo, a cada grupo se le
hicieron las evaluaciones mencionadas a continuacion:

Evaluacion de la firmeza. La firmeza de los jitomates se
midié utilizando un Texturémetro (CT3 Texture Analyzer,
Brookfield-Ametek, USA) equipado con una sonda cilindrica
de 2 mm de didmetro. La firmeza se expresé en Newton (N).

Evaluacion del cambio de color. Los valores de color (CIE
L* a* y b*) de los jitomates se determinaron por medicién
directa de la superficie del fruto utilizando un colorimetro
(ColorFlex EZ, HunterLab, USA). El cambio de color total (AE)
se midié utilizando la siguiente ecuacién:

AE* = ((L*1—L*2)2 + (a*1—a*2)2+(b*1—b*2)2 )1/2 (2)

Donde AE* es el cambio de color total. L* / L*, es lu-
minosidad inicial/luminosidad obtenida. a* / a*, es el color
rojo-verde inicial/color rojo-verde obtenido y b*./ b*, es el
color amarillo—azul inicial/color amarillo—azul obtenido.

Evaluacion del contenido de sdlidos solubles totales. El
contenido de sélido soluble totales (SST) del jugo de jitoma-
te se obtuvo de manera directa por refractometria (Abbemat
200, AntonPaar, AUT).

Evaluacion de acidez titulable. Para el analisis de la calidad
postcosecha de los frutos, se determind la acidez titulable

(AT) mediante valoracién del jugo de jitomate usando una
solucion de NaOH al 0.1 N hasta el final de la valoracién (pH
= 8.2). El resultado se expresé en gramos de acido citrico por
100 mL de jugo.

Todos los parametros se determinaron por triplicado
al principio y al final del estudio de vida util. Ademas, los
resultados se analizaron en el programa estadistico Startical
Product and Service Solutions (SPSS Statistics version 23)
mediante una ANOVA (p = 0.05).

Evaluacion del efecto protector de la nanoformulacion
en combinacion con el recubrimiento comestible sobre
frutos de jitomate inoculados con el fitopatogeno Colle-
totrichum gloesporoides

Los frutos de jitomates fueron limpiados y desinfecta-
dos. Se les aplicé cada uno de los tratamientos por inmersion.
En condiciones de asepsia, se realizaron tres heridas sobre su
superficie. En una de ellas se inoculé el fitopatégeno Colle-
totrichum gloesporoides por estria y otra herida por puncién.
Los frutos se colocaron en una cdmara de humedad a 25 °C
durante 5 dias. Al finalizar, se observé ausencia o presencia
del crecimiento del fitopatdgeno en el jitomate.

RESULTADOS Y DISCUSION
Obtencion y caracterizacion fisicoquimica de la nanofor-
mulacién con eugenol

De manera general, los polimeros Eudragit han sido
utilizados para modificar los perfiles de liberaciéon de far-
macos ofreciendo propiedades protectoras y de liberacion
sostenida (Pifa-Barrera et al., 2019). Debido a las propieda-
des exhibidas por dichos polimeros (e.g. buena estabilidad,
liberacién controlada y enmascaramiento de sabor y olor),
su uso confiere proteccion a los componentes bioactivos
de naturaleza quimica inestable, no solo en la industria
farmacéutica, sino también en la industria alimentaria. En el
presente estudio se utilizé el polimero Eudragit L 100-55, el
cual es un copolimero aniénico derivado del acido acrilico y
metacrilico (Figura 1).

Este polimero resulta ser muy atractivo para su uso
en la industria alimentaria, ya que presenta excelentes pro-

CH3 CHS
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- CH, -
n

Figura 1. Estructura basica del polimero
Eudragit L 100 55.
Figure 1. Basic structure of the polymer
Eudragit L 100 55.
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piedades de enmascaramiento de sabores desagradables,
asi como liberacién controlada de forma dependiente del
pH (Contri et al., 2013). En el presente estudio se obtuvieron
NP-BCO con un tamano promedio de 164.2 £ 6.6 nm, un IP de
0.084 + 0.018 y un potencial zeta de -1.80 + 0.64. Las carac-
teristicas fisicoquimicas para la nanoformulacién NP-EUG se
presentan en laTabla 1.

Tabla 1. Caracteristicas fisicoquimicas de las NP-BCO y de la nanoformula-
cién con eugenol incorporado obtenida por la técnica de nanoprecipita-
cién. (n=3;x +DS).

Table 1. Physicochemical characteristics of NP-BCO and nanoformulation

with incorporated eugenol obtained by the nanoprecipitation technique.
(n=3;x+DS).

- POTENCIAL
TA('\::'I)\IO IP’ ZETA % EE?
(mV)
NP-BCO 164.0+6.6 0.084+0.018 -1.80+0.64 NA
NP-EUG 171.0+3.0 0.113+0.036 -2.47+0.61 31.85+£12.77

' Indice de polidispersidad que varia de 0 a 1. Un valor mds alto corres-
ponde a una distribucién de tamario menos homogénea; ? Porcentaje
de eficiencia de encapsulacion; NA: NP sin eugenol.

La técnica de nanoprecipitacién ha sido utilizada exi-
tosamente para la encapsulacion de AE y sus componentes,
como el EUG (Pascoli et al., 2018; Fraj et al., 2019; Lammari et
al., 2020). La incorporacion de estos componentes inestables
al medio ambiente en NP puede ofrecer ventajas para su
aplicacién e incorporacién en productos comerciales de la
industria alimentaria. Por ejemplo, debido a su tamafo na-
nométrico y caracter multiparticulado, las NP cargadas con
EUG pueden mejorar la interaccion NP/superficie del fruto y,
posteriormente liberar gradualmente el EUG (Boehm et al.,
2003; Sotelo-Boyas et al, 2017). Ademds, en comparacion
con particulas grandes (e.g. microparticulas), los nanosiste-
mas presentan una mejor relacion superficie/volumen, por lo
tanto, es posible tener mayor superficie del fruto en contacto
directo con las NP (Granata et al.,, 2018). Ademas, la pared
del polimero de las NP permite retener el EUG dentro de la
estructura, disminuyendo asi su velocidad de evaporacion,
favoreciendo su aplicacion, aumentando el tiempo de resi-
dencia en la superficie del alimento y mejorando la incorpo-
racion del EUG en sistemas acuosos (He and Hwang, 2016).
El tamafio promedio de las NP-EUG (i.e. 171.0 + 3.0 nm) fue
similar al reportado por Gomes, Moreira and Castell-Perez
(2011) quienes obtuvieron NP de PLGA con EUG incorporado
de un tamano promedio de 179 nm. Ademas, los autores
reportan que en los ensayos de liberacion realizados se pre-
sentd una tasa de liberacién mas lenta del EUG incorporado
dentro de las NP, lo que mejoraria su aplicaciéon general.

Por otro lado, el IP es un pardmetro asociado a la
homogeneidad de la dispersién del nanosistema. Para este
estudio, el valor IP de las NP-EUG fue de 0.113 + 0.036, lo
que indica una alta homogeneidad de nanoparticulas que
permitiria que las interacciones individuales de las NP (e.g.
bioadhesiény liberacion de EUG) también sean homogéneas
en la superficie del fruto. Para el equipo Zetasizer Nano-ZS90
(Malvern Instruments) utilizado, los valores de IP varian de 0
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a 1. Un valor inferior a 0.200 indica una distribucién homo-
génea del tamafo de nanoparticulas (Galindo-Rodriguez et
al., 2004).

El potencial electrostético en el limite que divide la
capa compacta y la capa difusa de las particulas coloidales,
llamado potencial zeta, fue de -2.47 mV para las NP-EUG.
Este potencial negativo puede atribuirse a las moléculas del
polimero aniénico formador de la pared polimérica (Eudragit
L 100-55) que imparte una carga negativa a las NP obtenidas
debido a sus grupos de acido metacrilico. El potencial zeta
de las NP depende principalmente de la naturaleza quimica
del polimero, ademas de la naturaleza quimica del agente
estabilizador. Por lo tanto, cuando se preparan NP a partir de
polimeros derivados de metacrilatos utilizando agentes es-
tabilizantes no idnicos, se obtienen valores de potencial zeta
negativos debido a la presencia de grupos carboxilicos termi-
nales del polimero (Mora-Huertas, Fessi and Elaissari, 2010)
Portanto, se deduce que el Eudragit formo efectivamente una
envoltura que constituye la pared exterior de las nanoparti-
culas. El nucleo corresponderd al EUG nanoencapsulado. De
igual manera, el potencial zeta puede considerarse como un
indicador de la estabilidad de las dispersiones de NP. Aunque
se considera como regla general que valores absolutos alre-
dedor de 30 mV proporcionan una buena estabilidad, cuando
se utilizan tensioactivos (i.e. PVA), que acttan principalmente
por estabilizacién estérica, valores por debajo de 20 mV o
mucho mas bajos pueden proporcionar una estabilizacién
suficiente de las dispersiones (Galindo-Rodriguez et al., 2004;
Honary and Zahir, 2013). Este potencial negativo también es
importante porque podria facilitar la interaccion del NP-EUG
con la membrana de microorganismos fitopatdégenos lo que
aseguraria que la interaccidon del EUG fuera directamente
desde la NP al microorganismo, mejorando, por lo tanto, su
efectividad antimicrobiana (Wang, Hu and Shao, 2017)

Para completar la caracterizacion fisicoquimica de las
NP-EUG se extrajo el EUG de las NP utilizando la técnica de
HS-SPME y se cuantificé por un método analitico por CG-FID
para determinar la eficiencia de encapsulacion (%EE) (Tabla
1) utilizado la ecuacién (1). Con respecto a la técnica de
HS-SPME, se utiliz6 una fibra CAR/PDMS de 75 um debido a
que el EUG es un componente parcialmente polar (Log Po/w
= 2.7) de bajo peso molecular (164.20 g mol') que tiene
afinidad por este tipo de fibras. En la Figura 2 se muestra el
cromatograma del EUG extraido por la técnica de HS-SPME

CARVACROL

- T:=5.42 min

Intensidad (mV)

Tiempo (min)

Figura 2. Cromatograma del EUG (40 pg mL™") y carvacrol (10 ug mL™)
con el recubrimiento de CAR/PDMS (75 um) por CG-FID.

Figure 2. Chromatogram of EUG (40 ug mL™") and carvacrol (10 pg mL")
coated with CAR/PDMS (75 um) by GC-FID.
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y el estdndar interno (carvacrol) utilizado para determinar el
%EE por el método analitico por CG-FID (Figura 2).

El %EE obtenido para las NP-EUG fue de 31.85 + 12.77
(Tabla 1) lo que indica que mas del 30 % del EUG afadido du-
rante la formulacion quedé encapsulado en la NP utilizando
la técnica de nanoprecipitacion, por lo tanto, es probable que
este compuesto activo se libere gradualmente desde la NP a
la superficie de la fruta.

Evaluacion del efecto conservador de la nanoformula-
cion en combinaciéon con un recubrimiento comestible
sobre los parametros de vida util del jitomate (Solanum
lycopersicum)

Firmeza. En la Figura 3 se detallan los resultados de los en-
sayos de firmeza realizados en jitomates después de 16 dias
de almacenamiento a temperatura ambiente. La firmeza de
los jitomates fue de 1.5 N al comienzo del experimento. Este
pardmetro disminuyd para todos los grupos de jitomates
analizados. Se observé una disminucion del 42.7 % de la
firmeza en los jitomates sin ningun tratamiento (CTRL) (0.86
N). Los jitomates tratados con ALG (0.68 N) y con ALG-EUG
(0.71 N) presentaron una pérdida del 54.7 y 52.7 % respec-
tivamente, mientras que los jitomates tratados con NP-BCO
(0.87 N) tuvieron un valor de firmeza similar a la inicial. No se
encontré diferencia significativa entre los grupos ALG, ALG-
EUG y NP-BCO respecto al grupo CTRL.

Firmeza (N)
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Figura 3. Firmeza, dia 0 y dia 16, de jitomates después del almacenamiento
durante 16 dias a 25 °C. CTRL = sin tratamiento, ALG = alginato, ALG-EUG =
alginato + eugenol libre, NP-BCO = NP sin activo, ALG-NP-EUG = alginato
+ NP con eugenol. (n=3; X +DS).

* Diferencia significativa respecto al grupo CTRL.

Figure 3. Firmness, day 0 and day 16, of tomatoes after storage for 16 days
at 25 °C. CTRL = no treatment, ALG = alginate, ALG-EUG = alginate + free
eugenol, NP-BCO = NP without active, ALG-NP-EUG = alginate + NP with
eugenol. (n=3; X£DS).

*Significant difference with respect to the CTRL group.

Los jitomates tratados con las NP-EUG en combina-
cién con el RC (ALG-NP-EUG) presentaron una mayor firmeza
(1.10 N) en comparacién a los cuatro tratamientos anteriores,
representando tan solo un 22 % de pérdida en comparacion
con los frutos sin tratamiento (CTRL). Esta diferencia fue esta-
disticamente significativa. La firmeza de las frutas y hortalizas
estd relacionada con la estructura de la pared celular, la cual
depende de la turgencia, la cohesion, la formay el tamafio de
las células que la conforman. La pérdida de agua esta relacio-
nada intimamente con la pérdida de turgencia de las células
del mesocarpio, disminuyendo la firmeza del fruto (Vicente

et al., 2007).En este trabajo, la presencia del RC ALG-NP-EUG
pudo interferir con la disminucién en la taza de transpiracién
del fruto, lo que resulté en una menor pérdida de firmeza por
parte de los jitomates tratados. De igual manera, la pérdida
de firmeza estd relacionada a un aumento de la actividad de
las enzimas hidroliticas (i.e. poligalacturonasa) que actian
sobre las pectinas de la pared celular, lo que ocasiona cam-
bios en los tejidos, que a su vez provoca el ablandamiento del
fruto (Navarro-Lépez et al., 2012). Esta actividad enzimatica
es baja durante la primera etapa del desarrollo del fruto, lue-
go aumenta y alcanza un maximo en la etapa climatérica del
proceso de maduracién (Yao et al., 2014). Resultados similares
fueron reportados Fagundes et al., (2014) quienes obtuvieron
resultados de firmeza similares a los iniciales en tomates
tratados con recubrimientos de hidroxipropil metilcelulosa y
cera de abejas después de 15 dias de almacenamiento. Los
autores atribuyen esta retencién de firmeza en los tomates
recubiertos a la reduccion en las actividades enziméticas cau-
sada por la modificacién de la atmdsfera interna de la fruta.
Es decir, a una menor tasa de respiracion. De igual manera, en
nuestro estudio, el AL del RC ALG-NP-EUG tuvo la capacidad
de actuar como una barrera que interfirié el intercambio
gaseoso, lo cual condujo a la reduccién de la tasa de respira-
cién de los jitomates y evito la pérdida de agua; ademas, es
posible que la actividad biolégica del EUG nanoencapsulado
disminuyera la actividad enziméatica del fruto, dando como
resultados una maduraciéon mas lenta.

Cambio de color. En cuanto al color, en la industria alimen-
taria, para medir el cambio de color en un producto como
el jitomate, se han establecido coordenadas expresadas en
valores numéricos que permiten correlacionar el color con
la madurez. En este estudio, los cambios de color fueron
determinados por la escala de color CIE L a* b*, donde a* es
la coordenada roja/verde (+a* indica mas rojo y —a* indica
mas verde), mientras que b* es la coordenada amarilla/azul
(+b* indica mas amarillo y —b* indica mas azul). En la Figura
4 se muestra el analisis de los 3 valores de las coordenadas
obtenidas, presentados como el cambio de color (AE),
utilizando la ecuacién (2), producido en cada uno de los

400
300

20 { ]

100

Cambio de color (AE)

CTRL ALG ALG - EUG ALG-NP-EUG

Tratamiento

NP -BCO

Figura 4. Cambio de color de jitomates después del almacenamiento
durante 16 dias a 25 °C. CTRL = sin tratamiento, ALG = alginato, ALG-EUG =
alginato + eugenol libre, NP-BCO = NP sin activo, ALG-NP-EUG = alginato
+ NP con eugenol. (n=3; X+DS).

Figure 4. Color change of tomatoes after storage for 16 days at 25 °C. CTRL
= no treatment, ALG = alginate, ALG-EUG = alginate + free eugenol, NP-
BCO = NP without active, ALG-NP-EUG = alginate + NP with eugenol. (n=3;
X £DS).
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grupos tratados y almacenados por 16 dias. Se obtuvo un
valor AE de 219.75 para el CTRL, 255.71 para ALG y 210.80
para ALG-EUG, 167.76 para el NP-BCO y 190.47 para el RC
ALG-NP-EUG. Un menor cambio de color es interpretado
como una preservacion de la calidad del jitomate. Aunque
no hubo una diferencia significativa entre los grupos, puede
observarse que la presencia de las NP en combinacién con el
RC de ALG en la superficie del fruto pudieron tener un efecto
en la conservacién del color. Es importante mencionar que
el jitomate, al alcanzar su madurez comercial, sufre cambios
minimos en cuanto a su coloracioén, algo caracteristico en los
frutos climatéricos. Diferentes autores han mencionado que
la aplicacion de recubrimientos puede retrasar los cambios
de color en los tomates durante el almacenamiento al crear
una atmosfera modificada en la fruta (Ali et al., 2010; Gomes,
Moreira and Castell-Perez, 2011)

Sélidos solubles totales y acidez titulable. Los SST de las
frutas tienden a aumentar durante la maduracion. El valor de
SST (Figura 5) para los jitomates al comienzo del experimento
fue de 3.64 °Brix. Después de 16 dias de almacenamiento,
este parametro aumentd para los jitomates control (4.83
°Brix), asi como para los jitomates tratados con el ALG-EUG
(4.74 °Brix), ALG (5.21 °Brix), NP-CO (5.08 °Brix) y el RC ALG-
NP-EUG (4.31 °Brix).
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Figura 5. Solidos solubles totales, dia 0 y dia 16, de jitomates después del
almacenamiento durante 16 dias a 25 °C. CTRL = sin tratamiento, ALG =
alginato, ALG-EUG = alginato + eugenol libre, NP-BCO = NP sin activo,
ALG-NP-EUG = alginato + NP con eugenol.

(n=3;x£DS).

Figure 5. Total soluble solids, day 0 and day 16, of tomatoes after storage
for 16 days at 25 °C. CTRL = no treatment, ALG = alginate, ALG-EUG = algi-
nate + free eugenol, NP-BCO = NP without active, ALG-NP-EUG = alginate
+ NP with eugenol.

(n=3;Xx £DS).

El aumento de los SST durante el almacenamiento es
debido a la respiracién. Durante el proceso de maduracion,
la acumulacion de azuicar dependerd de la degradacion del
almidén, principal compuesto de almacenamiento energé-
tico en el jitomate verde. Ademas, la actividad metabdlica
contina como resultado de la maduracién de la fruta, lo
que conduce a la conversion de carbohidratos y acidos or-
ganicos en azlcares para ser utilizados en varios procesos
metabdlicos (Guerreiro et al., 2015).Por otro lado, comparado
con el grupo control, el recubrimiento en combinacién con
las NP-EUG (ALG-NP-EUG), mostré los valores mas bajos de
SST. Este comportamiento podria atribuirse a la presencia
del RC de AL y una sinergia con las NP-EUG, lo que ocasiona
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una desaceleracién mas efectiva de la respiracién y la acti-
vidad metabdlica, retrasando el proceso de maduracién de
los frutos. Estos resultados son similares a lo reportado por
Sucharitha, Beulah and Ravikiran (2018) quienes trataron
tomates con recubrimientos de quitosano y reportaron una
diferencia significativa al final del periodo de almacenamien-
to (15 dias) entre las muestras revestidas y no revestidas con
el quitosano. En nuestro estudio, se observé una diferencia
de los SST entre el RC ALG-NP-EUG (4.31 °Brix) y el ALG solo
(5.21 °Brix). Esto podria deberse a que la presencia de las NP
con EUG encapsulado en la superficie del fruto se prolongue
por mas tiempo y que, ademas de las propiedades de barrera
del recubrimiento, la liberacién sostenida del EUG de las NP
podria haber extendido la actividad biolégica de EUG (e.g.
antioxidante) en la superficie del jitomate, lo que contribuyé
a tener una mejor conservacion de los frutos.

Finalmente, como se muestra en la Figura 6, la AT de
los jitomates fue de 1.6 g 100 mL" al comienzo del experi-
mento y después de 16 dias de almacenamiento, los valores
de AT disminuyeron para todos los grupos. Esta reduccion de
los valores de AT estd asociada al metabolismo de los acidos
orgdnicos en las frutas durante el proceso de maduracion.
Lo &cidos organicos son responsables de la acidez de la
fruta que se expresa como AT. Durante la maduracién de los
jitomates, la cantidad de acidos orgdnicos disminuye, y esto
es debido a que los acidos orgdnicos son metabolizados,
principalmente, para asegurar el suministro adicional de
carbono para la obtencion de sacarosa, glucosa y fructosa en
la fruta (Fabi et al., 2007). En cuanto a los grupos de jitomates
con tratamientos, los resultados de AT tuvieron la misma
tendencia que los obtenidos para SST. Después de 16 dias
de almacenamiento, los jitomates del grupo control tuvieron
la disminucion mas importante de AT, mientras que las del
ALG-NP-EUG la disminucién mds baja de AT. Esto significa
que el recubrimiento en combinacién con las NP-EUG fue el
tratamiento mas efectivo para retrasar la maduracion, lo que
puede atribuirse a la presencia del recubrimiento de AL que
actué como una barrera y disminuy6 la tasa de respiracion
(metabolismo) de los jitomates.

2.0
1.5
1.0
0.0
CTRL ALG

ALG - EUG NP -BCO ALG-NP-EUG
Tratamiento

Figura 6. Acidez titulable, dia 0 y dia 16, de jitomates después del almace-

namiento durante 16 dias a 25 °C. CTRL = sin tratamiento, ALG = alginato,

ALG-EUG = alginato + eugenol libre, NP-BCO = NP sin activo, ALG-NP-EUG

= alginato + NP con eugenol.

(n=3; x£DS).

Figure 6. Titratable acidity, day 0 and day 16, of tomatoes after storage for

16 days at 25 °C. CTRL = no treatment, ALG = alginate, ALG-EUG = alginate

+ free eugenol, NP-BCO = NP without active, ALG-NP-EUG = alginate + NP

with eugenol. (n=3; X +DS).

Acidez titulable (% ac. Citrico)
o
in

mDia 0 wDial6




Pina-Barrera et al: Recubrimiento comestible a base de alginato en combinacién / XXIll (3): 133-141 (2021)

Evaluacion del efecto protector de la nanoformulacién
en combinacion con el recubrimiento comestible sobre
frutos de jitomate inoculados con el fitopatégeno Colle-
totrichum gloesporoides.

El cultivo de jitomate es afectado por diversas enfer-
medades postcosecha, las cuales muchas de ellas son ocasio-
nadas por hongos. Entre los principales agentes fitopatoge-
nos postcosecha del jitomate se encuentran: Fusarium solani,
Botritys cinérea, Alternaria alternata, Penicilium expansum vy,
de manera particular, Colletotrichum gloesporoides (Barad
et al, 2017). En el presente estudio, jitomates con cada uno
de los tratamientos antes mencionados se les inoculé por
puncion el fitopatégeno Colletotrichum gloesporoides y se
observo su desarrollo durante 5 dias a temperatura ambiente
en cdmaras de humedad. Los resultados se observan en la
Figura 7. Después de 5 dias, los jitomates tratados con el RC
ALG-NP-EUG no presentaron crecimiento del hongo (Figura
7-E), mientras que el resto de los frutos presentaron colonias
caracteristicas del hongo Colletotrichum gloeosporioides.
Esta proteccién se debe a la capacidad antimicrobiana y el
efecto sobre fitopatdgenos del EUG (Abbaszadeh et al.,, 2014;
Marchese et al., 2017; Davy et al., 2020). Hong et al., 2015
demostraron que el AE de clavo y el eugenol presentaron
una importante inhibicién del crecimiento de Colletotrichum
gloeosporioides por medio de la reduccion del didmetro de
una lesién en pimiento verde inmaduros inoculados con este
fitopatdgeno. Ademas, la incorporacion del EUG en la estruc-
tura polimérica de la NP puede ocasionar un aumento en el
tiempo de residencia en la superficie del fruto al disminuir su
rapida evaporacion al aplicarse de manera libre.

Se ha propuesto que el mecanismo de accién de la
actividad antifingica de los componentes de los AE parece
depender de su estructura quimica y de su capacidad para
atravesar la pared celular y penetrar entre las cadenas de &ci-
dos grasos de la bicapa lipidica, haciendo que la membrana
celular sea mucho mas permeable y, como resultado, ocasio-

Figura 7. Prueba de patogenicidad con C. gloesporoides después de 5 dias
de almacenamiento de tomates con diferentes tratamientos. A) = control,
B) = alginato, C) = alginato + eugenol libre, D) = NP blanco, E) ALG-NP-EUG.
(n=3; X £DS).

Figure 7. Pathogenicity test with C. gloesporoides after 5 days of storage of
tomatoes with different treatments. A) = control, B) = alginate, C) = alginate
+ free eugenol, D) = blank NP, E) ALG-NP-EUG. (n=3; X £DS).

nan la muerte celular o la inhibicién de la esporulacién y la
germinacién de hongos u otros microorganismos causantes
del deterioro (Wattanasatcha, Rengpipat and Wanichwecha-
rungruang, 2012; Diao et al., 2014; Grande-Tovar et al., 2018).
Tomando en cuenta este mecanismo, el EUG incorporado en
las NP en combinacion con el RC ayudé a tener un contacto
mas intimo y prolongado entre el activo y los microorganis-
mos en la superficie de la fruta.

CONCLUSIONES

Las propiedades fisicoquimicas de los componentes
individuales del RC en combinacién con NP-EUG contribuye-
ron positivamente a retrasar la maduracion de los jitomates
y protegerlos de fitopatégenos como el Colletotrichum gloes-
poroides. Mientras que el RC de AL actué como una barrera
que redujo la transpiracion y el metabolismo de las frutas,
el EUG con actividad antimicrobiana evitd el crecimiento
del microorganismo fitopatogeno. Ademas de esto, debido
a su tamafo y caracter multiparticulado, las NP con EUG
incorporado pudieron distribuirse de manera mas uniforme
en la superficie del fruto, liberando al EUG de manera gradual
y aumentando su tiempo de residencia en la fruta. Esto de-
muestra que el EUG nanoencapsulado en combinacién con
RC son una alternativa favorable a los métodos tradicionales
de conservacion.
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RESUMEN

Para determinar la prevalencia de clamidiosis en un
rebafo caprino con problemas de aborto en el centro de
Sinaloa, México, se realizé un estudio transversal que incluyé
a siete machos y 135 hembras con parto o aborto reciente.
Adicionalmente, 32 de las 135 hembras fueron seleccionadas
para realizar un estudio longitudinal por dos periodos con-
secutivos de partos/abortos. Chlamydia abortus se identifico
mediante aislamiento y las muestras positivas se confirmaron
mediante PCR. La prevalencia de clamidiosis fue de 55.6 % en
las hembras (75/135), en las cuales se presentaron 69 partos
y seis abortos. Unicamente 10/75 muestras positivas fueron
confirmadas por PCR. En los machos, 2/7 muestras resultaron
positivas mediante aislamiento. En el estudio longitudinal,
se incremento en 41.6 veces la posibilidad (OR=0.024, IC 95
%: 0.002-0.299) de tener un resultado positivo durante el
segundo periodo de evaluacidn. De acuerdo con el analisis
multivariado, se presentd una asociacién entre la positividad
a clamidiosis, la edad de las hembras y el numero de partos.
Estos resultados representan el primer reporte de C. abortus
en un rebano caprino del estado de Sinaloa. Se requieren
mas estudios que evaluen la prevalencia y distribucion de C.
abortus en México para comprender mejor el impacto de la
clamidiosis sobre la salud y produccién animal.
Palabras claves: Aborto, Bacteria patégena, Clamidiosis,
Pequenos rumiantes, Reproduccion.

ABSTRACT

A cross-sectional study that included seven bucks and
132 goats with recent parturition or abortion was conducted
to assess the prevalence of chlamydiosis in a caprine herd
showing abortion issues in Central Sinaloa, Mexico. Addi-
tionally, 32 out of the 135 goats were selected to perform
a longitudinal study throughout two consecutive periods
of kidding/abortions. Chlamydia abortus was detected by
bacterial isolation and the positive samples were confirmed
by PCR. In does, chlamydiosis prevalence was 55.6 % (75/135;
69 parturitions and six abortions). Ten out of 75 positive iso-
lations were confirmed by PCR. In bucks, two out of seven
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samples tested positive for bacterial isolation. In the longi-
tudinal study, the likelihood of showing a positive result in-
creased 41.6 times (OR=0.024, 95 % Cl: 0.002 to 0.299) during
the second period of evaluation. According to multivariate
analysis, chlamydiosis positivity, lower age of goats, and a
reduced number of parturitions were associated. The results
presented herein represent the first report of C. abortus in a
caprine herd in the state of Sinaloa. More studies focused on
the prevalence and distribution of C. abortus in Mexico are
needed to improve the knowledge regarding the impact of
chlamydiosis on animal health and production.

Keywords: Abortion; Chlamydiosis; Pathogen bacterium,
Small ruminants; Reproduction.

INTRODUCCION

La clamidiosis es una enfermedad infecciosa que
afecta a los caprinos a nivel reproductivo, es causada por
la bacteria intracelular obligada Chlamydia abortus que
presenta una distribucién mundial (Cheong et al, 2019);
particularmente en paises con producciones intensivas
de pequefios rumiantes (Van den Brom et al., 2012). En el
ganado caprino infectado se presenta aborto durante el
ultimo tercio de la gestacién (World Organization for Animal
Health (OIE), 2018). En algunos casos, las cabras infectadas
paren crias prematuras y débiles que generalmente mueren
durante los primeros dias de vida (Kuo y Stephens, 2011). La
infeccion es transmitida por la inhalacién o la ingestién de las
bacterias contenidas en las descargas vaginales y placentas
de cabras que abortaron o mediante agua y alimentos con-
taminados (Longbottom y Coulter, 2003; Papp et al., 1993).
Adicionalmente, la infeccion también se transmite a las crias
que nacieron de cabras infectadas o que son alimentados
por hembras que abortaron (Amin y Wilsmore, 1995). La
transmisién sexual de C. abortus aun no esta muy estudiada;
sin embargo, la deteccién de la bacteria en hembras durante
la ovulaciény después del servicio de apareamiento sugieren
que se favorece la transmisién venérea de la enfermedad
(Livingstone et al., 2009; Papp et al., 1993). El alojamiento de
hembras infectadas podria desencadenar en el contagio de
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sementales (Rodolakis y Souriau, 1986), aunque el papel del
macho en la transmision sexual de la enfermedad ain no
esta clara.

En México, desde el 2016 se incluyé a la clamidiosis
dentro del grupo 3 de las enfermedades endémicas y plagas
exodticas de reporte obligatorio mensual ante las autoridades
zoosanitarias (Secretaria de Agricultura Ganaderia Desarrollo
Rural Pesca y Alimentacidn, 2016). De acuerdo a las autorida-
des de salud animal y sanidad del pais, la infeccién causada
por C. abortus se ubica dentro de un grupo de enfermeda-
des de bajo riesgo desde el punto de vista epidemioldgico,
econdémico, de salud publica y de comercio (Secretaria de
Agricultura Ganaderia Desarrollo Rural Pesca y Alimenta-
cién, 2016). No obstante, durante una primera infeccién se
pueden producir de 30 al 90 % de abortos en las hembras
afectadas (Aitken y Longbottom, 2007, Nietfeld, 2001), con
lo cual el impacto productivo y econémico es considerable
(Longbottom, 2004). Ademads, las hembras que padecen
infecciones crénicas tienen pocas posibilidades de recuperar
su potencial productivo (Amin y Wilsmore, 1995, Entrican
et al., 2001). La clamidiosis representa también un riesgo
zoondtico para las personas que se encuentran en contacto
con los caprinos enfermos (Rodolakis y Yousef Mohamad,
2010), principalmente en personas inmunocomprometidas
o embarazadas en las cuales se puede producir un aborto
espontaneo (Aitken y Longbottom, 2007, Longbottom y
Coulter, 2003). En consecuencia, es necesario conocer la
distribucién y prevalencia de C. abortus en los sistemas de
producciéon para asi establecer programas de monitoreo
eficientes encaminados a controlar y erradicar la infeccion.

En el caso especifico de los caprinos, el panorama epi-
demioldgico nacional de C. abortus permanece aun incom-
pleto para diferentes estados y zonas geograficas de México.
Lo anterior a pesar de que diversos estudios han reportado
la presencia de C. abortus en rebanos caprinos de Coahuila,
Guanajuato, Jalisco, México, Puebla, Querétaro y Veracruz
(Campos-Hernandezet al., 2014, Escalante-Ochoaet al., 1997,
Mora et al.,, 2015, Sanchez-Rocha, 2014, Soriano-Vargas et
al., 2011). Sin embargo, en el estado de Sinaloa actualmente
se desconoce la presencia de C. abortus en los sistemas de
produccién caprina. De acuerdo con los datos reportados
por el SIAP en 2018, Sinaloa ocupé el 13° lugar dentro del
inventario caprino nacional con una poblacién de 180,159
cabezas de ganado (Servicio de Informacién Agroalimentaria
y Pesquera, 2020). A nivel estatal predominan sistemas de
produccién extensivos; caracterizados principalmente por
pequeios rebaios (< 100 cabezas), uso de baja tecnologia,
mano de obra familiar, alimentaciéon basada en pastoreo de
la vegetacién nativa del agostadero y nula asistencia técnica
(Tovar Luna, 2009). No obstante, también existen algunas ex-
plotaciones intensivas donde se produce leche y pie de cria
en los que se requiere un manejo zootécnico mas estricto, asi
como dietas especificas para los caprinos durante cada etapa
productiva.

Para evitar las perdidas productivas ocasionadas por
C. abortus, es necesario conocer a detalle cual es el estado

sanitario de los rebafios caprinos del pais, principalmente en
aquellos estados en los cuales no existe informacion sobre
la presencia y magnitud de la infeccion provocada por C.
abortus. Por lo tanto, el objetivo de la presente investigacion
consistié en realizar un estudio epidemiolégico para deter-
minar la prevalencia de C. abortus en un rebafio de caprinos
en el centro de Sinaloa, México.

MATERIALES Y METODOS
Lugar de estudio, animales y disefio del estudio

Las condiciones de mantenimiento y manejo de
los animales cumplieron con las recomendaciones del
Consejo de Organizaciones Internacionales de Ciencias
Médicas (Organizacién Mundial de la Salud, 2002) y la
NOM-062-Z00-1999 para el manejo de animales de labora-
torio (Norma Oficial Mexicana NOM-062-Z00-1999, 2001). El
estudio se realiz6 entre 2016 y 2017 en un rebafio caprino
localizado en el poblado de Mojolo a una Latitud: 24.885833
y Longitud: -107.417500 a 60 m.s.n.m. dentro del municipio
de Culiacan, en la zona centro del estado de Sinaloa. El sitio
de estudio se dedica a la produccion de pie de cria de registro
de las razas Nubia y Boer, cuya poblacion se compone de 250
hembras (87 de raza Boery 163 de raza Nubia) y siete machos
(2 de raza Boer y 5 de raza Nubia). El rebafio cuenta con la
certificacién de hato libre de brucelosis; sin embargo, se pre-
senté un historial de abortos durante afos previos al estudio;
principalmente en las hembras de primer parto.

Los animales fueron alimentados con una dieta a base
de pasto sudan, alfalfa, maiz, pasta de soya, minerales para
caprinos en reproduccién (TMP, México), Zeolita, melaza y
aceite vegetal (18.8 % de proteina, 3.1 Mcal de EM/kg de MS,
14.2 % de fibra cruda y 80.0 % materia seca). Las épocas de
parto del rebafio coinciden con los periodos de estacionali-
dad reproductiva de las cabras (Diaz et al., 2019). En el sitio
en estudio se mantiene una mezcla de hembras, las cuales
van desde primalas hasta multiparas con doce partos. Con
respecto a su condicién corporal, las hembras incluidas en
el estudio presentaron una condicién corporal entre 3 y 4,
de acuerdo con la escala que va de 1 al 5, donde 1 indica un
animal desnutrido y 5 un animal obeso (Honhold et al., 1989).

El estudio se dividié en dos etapas. En 2016, durante
la primera etapa de la investigacién se realizé un estudio
observacional descriptivo de tipo transversal (Donis, 2013)
para determinar la presencia de C. abortus en las hembras del
rebafio que tuvieron un parto o aborto reciente (<30 dias)
al momento de coleccién de la muestra. De esta forma, se
incluyeron en el estudio 135 de las 250 hembras del rebafio,
las cuales cumplieron el criterio de inclusién definido. Adi-
cionalmente, se evaluaron los siete machos del rebafio para
confirmar la posibilidad de que estos pudieran ser positivos
a la presencia de la bacteria y con ello transmitir la infeccion
de forma venérea a las hembras. La importancia de dicha
evaluacién se basoé en que durante la época reproductiva se
utilizé6 monta natural para gestar a las hembras. Durante la
segunda etapa, se realizé un estudio longitudinal durante
dos periodos consecutivos de partos/abortos en un grupo de
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32 hembras, las cuales fueron seleccionaron aleatoriamente
de entre las 135 hembras evaluadas durante la primera eta-
pa. El objetivo consistié en evaluar el posible cambio de la
prevalencia de C. abortus entre los periodos de seguimiento.
En ambos casos, los estudios se realizaron entre los meses de
junio a diciembre debido a la estacionalidad reproductiva de
las cabras (Diaz et al., 2019).

Muestras de estudio

En ambos estudios se colectaron muestras de exuda-
do vaginal de cada una de las hembras mediante un hisopo
estéril. Las muestras se colectaron de 1-30 dias posteriores
al evento de parto o aborto. Inmediatamente después de
la coleccién de las muestras, estas fueron transportadas al
laboratorio a una temperatura de 4 °C en tubos cénicos de
polipropileno de 15 mL adicionado con 2 mL de medio de
transporte SPF, que contiene: sacarosa, fosfato y glutamato,
suplementado con 10 % de suero fetal bovino (SFB) y 50
pg/mL gentamicina (Sachse et al., 2009). Una vez en el la-
boratorio, las muestras fueron congeladas a -20 °C hasta su
procesamiento siguiendo el protocolo descrito por Mora et
al. (2015). En el caso de los machos, las muestras se obtuvie-
ron de prepucio (n=7) y semen (n=3), el cual fue recolectado
mediante vagina artificial.

Aislamiento e identificacion de Chlamydia abortus en
cultivo celular

El aislamiento de la bacteria patégena en las muestras
evaluadas, asi como la propagacién de la cepa de referencia
C. abortus A.22 se realizé dentro de las instalaciones del
Centro Nacional de Investigacién Disciplinaria (CENID)
Microbiologia del Instituto Nacional de Investigaciones Fo-
restales, Agricolas y Pecuarias (INIFAP). Para la propagacion
se utilizaron monoestratos celulares de fibroblastos L929 de
ratén, los cuales se cultivaron en botellas de poliestireno de
75 cm? Las células se cultivaron en Medio Minimo Esencial
de Eagle (MEM-C, GIBCO Life Technologies, Carlsbad, CA,
USA) suplementado con 10 % de SFB, 1 % aminoacidos no
esenciales, 1 % L-Glutamina y antibiéticos (50 pg /mL genta-
micina) en condiciones de humedad en incubadoraa 37 °Cy
5% de co, (Escalante-Ochoa et al., 1996). Se utilizaron placas
de poliestireno de 24 pozos (NUNC™, Thermo Scientific,
Waltham, MA, USA), en los cuales se colocaron cubreobjetos
de vidrio estériles de 12 mm de didmetro para la identifica-
cion de cuerpos clamidiales por inmunofluorescencia. La
concentracion celular que se empled fue de 0.9 x 10° células
por pozo, dejandose incubar 24 h hasta obtener 80-90 % de
confluencia (Mora et al., 2015).

Para el proceso de infeccion, una vez alcanzada la
confluencia de 80-90% se retir6 por completo el MEM-Cy se
agregaron 100 pL por pozo del sobrenadante de las muestras
evaluadas. Cada placa conté con un control positivo (cepa C.
abortus A22) y un testigo negativo, los cuales se incluyeron
por duplicado. Las placas se incubaron con las muestras
durante 1 h a 37 °C en una incubadora con rotacién orbital
a 50 rpm, una vez transcurrido ese tiempo se anadieron 900
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pL adicionales de MEM-C por pozo y se incubaron a 37 °C en
condiciones de humedad y 5 % CO, por 72 h. Al concluir el
periodo de incubacion, se realizé un raspado en los pozos de
las placas sin cubreobjetos para obtener el tapete celular, las
células junto con el MEM-C se conservaron en microtubos
estériles identificados y congelados a -70 °C. A las placas con
cubreobjetos se les retir6 MEM-C antes de realizar tres lava-
dos de 5 min cada uno con solucion salina de fosfatos (PBS).
Posteriormente, se retir6 el PBS y se fijé la muestra con 1 mL
de metanol puro a -20 °C durante 10 min, una vez transcurri-
do ese tiempo se retird el metanol y las placas se secaron a
temperatura ambiente previo a su congelacién a -70 °C.

Determinacion de cuerpos de inclusion

Para identificar las inclusiones intracitoplasmaticas
producidas por Chlamydia spp. se utilizé el kit comercial
IMAGEN™ Chlamydia Immunofluorescence test (Thermo
Scientific, OXOID, UK). La técnica de deteccion esta basada en
identificar el lipopolisacarido (LPS) de la bacteria mediante
inmunofluorescencia directa al utilizar anticuerpos monoclo-
nales anti-LPS acoplados a FITC. El procedimiento se realiz
de acuerdo a las instrucciones del fabricante y siguiendo el
procedimiento descrito por Vanrompay et al. (1994). Final-
mente, la visualizacién y evaluacién de las muestras se realizd
de acuerdo a un protocolo previamente publicado (Mora et
al., 2015).

Identificacion de Chlamydia abortus mediante PCR

Para identificar a C. abortus mediante PCR, se extrajo
ADN de las muestras evaluadas. Adicionalmente, se extrajo
ADN de fibroblastos infectados con la cepa de referencia
(C. abortus A22) para ser utilizados como control positivo
y ADN de fibroblastos sin infectar para ser utilizado como
control negativo. En todos los casos se utilizé el kit comercial
QlAamp DNA Mini de la marca QIAGEN de acuerdo con las
especificaciones del fabricante. El cual esta disefado para
la rdpida purificacion de ADN total utilizando la técnica de
microcentrifugacion. Se emplearon los iniciadores utilizados
por Jiménez-Estrada et al. (2008): CpaX-1, 5'-ACGGTCACTTG-
GAAACAAGG-3; y CpaX-2, 3'-AGCAGAGGTTGGGCTCACTA-5.
Estos iniciadores amplifican un fragmento especifico de
C. abortus de 912 pares de bases del gen de la proteina de
membrana externa polimérfica, POMP 90-91-B. El proceso de
amplificacion inicié con 5 min de desnaturalizacién a 95 °C,
seguida de 30 ciclos de amplificaciéon. Cada ciclo consistié en
desnaturalizacién a 95 °C por un minuto, alineacién a 60 °C
por 30 segundos, extension a 72 °C por un minuto y extension
final a 72 °C por 10 min. Los fragmentos amplificados fueron
separados por electroforesis en gel de agarosa al 2.5 % y
visualizados mediante tincién con bromuro de etidio.

Analisis estadistico

Para el analisis de los datos se utilizé una prueba de
X? a dos colas para comparar la proporcién de hembras po-
sitivas o negativas al patégeno de acuerdo con su desenlace
reproductivo (parto o aborto). Adicionalmente, se realizdé un
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analisis de componentes principales para visualizar el patrén
de asociacién entre las variables de las hembras: raza, posi-
tividad a C. abortus, desenlace reproductivo, edad y nimero
de partos; frente a las caracteristicas del estudio: positividad
a clamidiosis y tiempo de recoleccién de la muestra. El mode-
lo se construy6 utilizando la matriz de covarianza de las va-
riables (Aguirre-Benitez et al., 2017, Pacheco-Veldzquez et al.,
2019). Finalmente, en las hembras del estudio en seguimien-
to se realizé un andlisis de regresién logistica binaria para
determinar si la presencia del patégeno (muestras positivas
mediante aislamiento) se predice en funcién de alguna de las
siguientes variables categoricas: raza, Nubia o Boer; periodo
de evaluacion, primer o segundo periodo; desenlace repro-
ductivo, parto o aborto; edad, <3, 4-6 o >7 aios; periodo de
recoleccion de la muestra, <6 o >7 dias; nimero de partos,
<5, 6-8 0 >9 partos. Para resumir los resultados se utilizé la
razén de momios (Odds Ratio, OR), el cual en caso de resultar
<1 se presenté con su reciproco (1/OR) (Romo-Barron et al.,
2019).

Todos los andlisis se realizaron en el paquete estadis-
tico SAS University Edition (SAS Institute, Cary, NC, USA). En
todos los casos se considerd un valor de p < 0.05 como signi-
ficativo. Las figuras se construyeron en el paquete estadistico
Prism 8.0 (GraphPad, Inc., San Diego, CA, USA).

RESULTADOS Y DISCUSION
Primera etapa: estudio de prevalencia

En el estudio se encontré una prevalencia de clami-
diosis del 55.6% en las hembras debido a que se detecté C.
abortus mediante aislamiento en 75/135 muestras evaluadas
(Tabla 1). De las muestras positivas, 92.0 % (69/75) se encon-
traron en cabras que tuvieron parto normal, mientras que el
resto fue encontrado en hembras que presentaron aborto. De
las cabras que tuvieron parto normal 55.2 % (69/125) resulta-
ron positivas y 60 % (6/10) de las cabras que tuvieron aborto
fueron detectadas como positivas a C. abortus. Por lo tanto,
la prevalencia de clamidiosis fue similar (p > 0.05) entre los
dos grupos de cabras. Adicionalmente, las 75 muestras que
resultaron positivas mediante aislamiento se utilizaron para
Tabla 1. Resultados del estudio de prevalencia mediante cultivo y aisla-
miento de Chlamydia abortus en un rebafio caprino con problemas de
aborto en la zona centro de Sinaloa, México.
Table 1. Microbiological results from the cross-sectional study to assess the

prevalence of Chlamydia abortus in caprine goats with abortion issues in
Central Sinaloa, Mexico.

Resultado
Técnica Desenlace Positiva Negativa Total®
Aislamiento Parto 69 56 125
Aborto 6 4 10
75 (55.6%) 60 (44.4%) 135

2La deteccién de C. abortus se realizé6 mediante aislamiento en cultivo
bacteriano. Se incluyeron 135/250 hembras del total del rebafio caprino, las
cuales se seleccionaron debido a que presentaron parto o aborto reciente
(<30 dias).

2C. abortus was detected by bacterial culture. In total, 135/250 goats from
the herd were included in the study based on recent (<30 days) kidding or
abortion.

confirmar la presencia de la bacteria mediante PCR (Figura
1). Los resultados indicaron que en 13.3 % de las muestras
(10/75) se detecté molecularmente la presencia de C. abortus
(Tabla 2). A pesar de la baja concordancia entre los métodos,
se confirmd la presencia del patégeno mediante PCR en 83.3
% (5/6) de las hembras que abortaron y que fueron detec-
tadas como positivas mediante aislamiento. En contraste, la
confirmacion molecular de clamidiosis resulté menor en las
cabras que tuvieron parto normal y que resultaron positivas
mediante aislamiento (7.8 %, 5/64; p < 0.05). Es posible que
la diferencia en el numero de detecciones positivas por PCR
se asocie con una menor disponibilidad de material genético
debido a la disminucién de la carga bacteriana de las mues-
tras evaluadas, la cual se sabe que es mayor durante el parto
o el aborto de las hembras infectadas (Longbottom y Coulter,
2003). En nuestro estudio, en algunos casos se obtuvieron las
muestras hasta 30 dias posteriores al evento de parto/aborto,
con lo cual la excrecién de bacterias pudo haber disminuido
significativamente hasta generar una deteccién negativa por
PCR (World Organization for Animal Health (OIE), 2018). No
obstante, se requieren mas estudios para evaluar la asocia-
cién entre el tiempo de muestreo y el resultado de diagnésti-
co molecular de la bacteria.

1 2 3 45 6 7 89

10 11 12 13 14 15

=900 pb

Figura 1. Imagen representativa de la identificacion del producto de 912
pb correspondientes al gen de la proteina POMP 90-91-B de C. abortus

en muestras provenientes de hembras positivas a clamidiosis mediante
aislamiento. El tamafio de los productos de las muestras identificadas se
presenta a la derecha. Carriles: 1) marcador de peso molecular, 2) control
positivo, 3) control negativo, 4-15) muestras evaluadas.

Figure 1. Representative image of the 912 bp identification product corre-
sponding to the C. abortus POMP 90-91-B protein-encoding gene, found in
samples from positive goats detected by bacterial isolation. The right side
shows the relative size of the identified product. Lines: 1) molecular weight
standards, 2) positive control, 3) negative control, 4-15 assessed samples.

Tabla 2. Resultados de la confirmacién por PCR de la presencia de Chla-
mydia abortus en 75 muestras positivas identificadas mediante aislamiento.
Table 2. PCR confirmatory results for the presence of Chlamydia abortus in
the 75 positive samples identified by bacterial isolation.

Resultado
Desenlace Positiva Negativa Total®
Parto 5 64 69
Aborto 5 1 6
10 (13.3%) 65 (86.7%) 75
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A pesar de la discrepancia entre los métodos evalua-
dos, las técnicas moleculares (PCR convencional o PCR en
tiempo real) se consideran el método recomendado para la
confirmacion de casos clinicos de clamidiosis, asi como para
los estudios de vigilancia epidemiolégica (World Organiza-
tion for Animal Health (OIE), 2018). No obstante, tanto el ais-
lamiento como el PCR se consideran técnicas complementa-
rias de diagnostico, las cuales ademas deben de corroborarse
mediante andlisis patoldgico para incrementar la precision
del diagnéstico (Borel et al., 2018).

Nuestros resultados demuestran por primera vez la
presencia de C. abortus en cabras con problemas de aborto
en la regién centro del estado de Sinaloa. De esta forma, la
deteccion de clamidiosis en Sinaloa amplia la distribucion
espacial de C. abortus dentro del territorio de México. Sin
embargo, los estudios realizados hasta la fecha han evaluado
la presencia de C. abortus en una cantidad muy reducida de
estados, por lo cual es muy probable que se subestime la
prevalencia real de la clamidiosis a nivel nacional.

En lo referente a ganado caprino, Campos-Hernandez
et al. (2014) y Mora et al. (2015) reportaron prevalencias de
4.8 % y 23.8 % en Guanajuato, respectivamente. Mientras
que en Querétaro se ha reportado una alta prevalencia de
clamidiosis de entre 71.4 % y 100.0 % (Escalante-Ochoa et al.,
1997, Sanchez-Rocha, 2014). Por otra parte, Sdnchez-Rocha
(2014) reportaron una prevalencia heterogénea de 0.0 % has-
ta 28.0 % en hatos de Veracruz, Jalisco, Coahuila, Puebla. En
ovinos, Jiménez-Estrada et al. (2008) reporté la presencia de
C. abortus en rebanos del estado de México en donde encon-
tré una prevalencia de 22.6 %, mientras que Escalante-Ochoa
et al. (1996) evaluaron la presencia de clamidiosis en cinco
regiones del altiplano mexicano, en los cuales encontraron
una prevalencia conjunta de 92.8 %. Adicionalmente, en un
estudio reciente realizado en los estados de Tlaxcala, Sonora,
Chihuahua, Hidalgo, Chiapas, Querétaro y Estado de México,
se encontrd una prevalencia de C. abortus a nivel de muestra
individual de entre 7.1 %y 13.1 % (Reséndiz et al., 2020).

La existencia de un mayor nimero de estados del
pais que presentan clamidiosis en los rebafos de pequeios
rumiantes sigue la dinamica actual mundial, de acuerdo con
la cual en aios recientes se ha incrementado el nimero de
paises y regiones en los cuales se ha detectado C. abortus.
Por ejemplo, en Argentina (Di Paolo et al., 2019, Rojas et al.,
2018), China (Hu et al., 2018), Croacia (Spicic et al., 2015), Cos-
ta Rica (Villagra-Blanco et al., 2015), Espaia (Tejedor-Junco
et al,, 2019), Iran (Esmaeili et al., 2015, Heidari et al., 2018) y
Palestina (Jalboush et al., 2017), entre otros.

Con respecto a la identificacién de C. abortus en los
machos evaluados, 2/7 muestras de hisopado prepucial y 1/3
muestras de semen resultaron positivas al patégeno. Los re-
sultados obtenidos concuerdan con el trabajo realizado por
Teankum et al. (2007) en donde se demuestra la presencia C.
abortus en semen de caprinos. Jalboush et al. (2017) recien-
temente reportaron que en 53.3 % de las granjas ovinas que
evaluaron en su estudio encontraron un macho seropositivo
sexualmente activo. Ademas, a nivel individual en 2,608
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machos analizados, encontraron una prevalencia de 13.7 %
a C. abortus, con lo cual sugieren un problema potencial de
transmision venérea (Jalboush et al., 2017). Nuestros resulta-
dos confirman que en el rebano caprino evaluado el uso de
machos infectados con clamidiosis se debe de considerar un
factor de riesgo para la transmisién de la enfermedad por via
sexual hacia las hembras sanas del rebano. En consecuencia,
debido a que la presencia de machos infectados supone un
riesgo para mantener e incrementar la prevalencia de clami-
diosis, es necesario que en México se apliquen las medidas
recomendadas por la Organizacion Mundial de Salud Animal
(World Organization for Animal Health (OIE), 2019) para la
importacion de semen de pequefios rumiantes y asi evitar la
diseminacion de la infeccién por esta via.

Nuestros resultados representan el primer reporte de
C. abortus en caprinos en el estado de Sinaloa, por lo cual se
recomienda realizar mas estudios de vigilancia epidemio-
l6gica a nivel estatal para determinar con mayor precision
la prevalencia de clamidiosis dentro del rebafo caprino de
Sinaloa. Es posible que en el estado de Sinaloa existan re-
banos de caprinos con caracteristicas similares al que aqui
se evalué, dentro de los cuales al menos una parte de los
problemas de aborto se deban a la clamidiosis. No obstante,
la falta de pruebas diagndsticas accesibles aunado al desco-
nocimiento de los productores pueden ocultar la prevalencia
real de la enfermedad. Es por ello necesario el estudio de
la bacteria para poder implementar medidas sanitarias de
control y buen manejo sanitario contra la clamidiosis, tal
como lo describen las guias de la Organizacion Mundial
de Sanidad Animal (World Organization for Animal Health
(OIE), 2019) para la importacién de semovientes, embriones
o semen con fines reproductivos. De hecho, estas practicas
se deberian de extender dentro de los estados para evitar la
propagacién de la enfermedad hacia hatos sanos. A pesar de
que en diferentes regiones del mundo se utiliza la vacuna-
cién como uno de los métodos mas eficaces de control de
la clamidiosis (Longbottom y Livingstone, 2006, Zhou et al.,
2018), en nuestro pais no se utiliza dicha medida profilactica.
En consecuencia, seria util evaluar en futuros estudios el
efecto protector que confiere la vacunacién en rebafos con
alto riesgo de contagio.

Segunda etapa: estudio de seguimiento

Los resultados del estudio de seguimiento demos-
traron un incremento significativo en la prevalencia de C.
abortus en las 32 cabras que fueron evaluadas durante dos
periodos de partos consecutivos. En este grupo seleccionado
de cabras, el nimero de hembras positivas se incrementé de
2 a 17y con ello la prevalencia pasé de 6.3 % a 53.1 % entre
los periodos. No obstante, a pesar del incremento sustancial
en el nimero de aislamientos positivos, el nimero de abor-
tos en las 32 cabras disminuyé al pasar de 5 a 2 entre ambos
periodos. Sin embargo, la positividad al patégeno se incre-
mento entre las hembras que abortaron; todas las hembras
que abortaron durante el primer periodo resultaron negati-
vas a C. abortus, mientras que durante el sequndo periodo
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de evaluacion las dos hembras que abortaron resultaron
positivas (Tabla 3).

En un estudio reciente de Reséndiz et al. (2020) en el
cual se evaluaron factores de riesgo asociados a la presencia
de clamidiosis en ovinos, los autores reportaron que los
sistemas de produccién de tipo intensivo y semi-intensivo
favorecieron significativamente la presencia de C. abortus
con respecto a los sistemas extensivos. En este sentido, se ha
encontrado que el contacto entre animales sanos y enfermos
en los sistemas intensivos y semi-intensivos acelera la pro-
pagacién de la bacteria patégena debido al hacinamiento al
que son sujetos los animales en estos sistemas de produccién
(Barkallah et al., 2018, Heidari et al., 2018). De acuerdo con di-
cha evidencia, es posible que el incremento de la positividad
a C. abortus que observamos entre los dos periodos de segui-
miento se asocie parcialmente con el hecho de que las hem-
bras evaluadas en los dos periodos compartieron el corral de
parto con el resto de las hembras del rebafio; entre las cuales
se existieron hembras que abortaron y que resultaron positi-
vas al patégeno. No obstante, es necesario realizar estudios
adicionales que evallen la asociacién entre la positividad a
clamidiosis y el tipo de manejo que reciben los animales en
los sistemas de produccién caprina de la regién. Adicional-
mente, dos ejemplares machos que realizaron empadre con
este grupo de cabras resultaron positivos a clamidiosis; en
consecuencia, no se descarta que los machos sean una fuen-
te importante para diseminar la enfermedad por via sexual
como se ha demostrado previamente (Teankum et al., 2007).

Si tomamos en cuenta que una elevada carga bacte-
riana es excretada en fluidos vaginales, placentay en el recién
nacido durante el parto o en el feto durante el aborto (Van
den Brom et al., 2012), entonces es posible sugerir que las
condiciones en las que se alojan a las cabras durante las épo-
cas de parto en los sistemas productivos de México influyen
de forma importante en la diseminacion de la enfermedad.
Lo anterior debido a que las hembras sanas y las infectadas
comparten las instalaciones. Adicionalmente, el potencial
infeccioso de C. abortus se incrementa por la contaminacién

Tabla 3. Resultados del estudio longitudinal de 32 hembras durante dos
periodos consecutivos de partos.

Table 3. Results from the longitudinal study of 32 goats during two consec-
utive kidding periods.

sPee:uoi::i::to Desenlace Positiva Negativa Total?
Primero Parto 2 25 27
Aborto 0 5 5
2 (6.3%) 30 (93.7%) 32
Segundo Parto 15 15 30
Aborto 2 0 2
17 (53.1%) 15 (46.9%) 32

2Se seleccionaron y siguieron durante dos épocas de parto a 32/135
hembras positivas mediante aislamiento que se detectaron en el estudio
transversal.

2From the original 135 positive goats detected by bacterial isolation, 32
goats were selected and followed during two kidding periods.

del medio ambiente mediante las descargas bacterianas de
las hembras infectadas, con lo cual aumenta el riesgo de
que las cabras sanas adquieren la bacteria por via oral en el
alimento o en el agua (Papp et al., 1993).

En la Figura 2A se presenta el patréon de asociacion
entre las variables incluidas en el andlisis de componentes
principales. La edad y el nimero de partos de las cabras
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Figura 2. Patrén de asociacion entre las caracteristicas de las hembras eva-
luadas durante el estudio longitudinal y el resultado de clamidiosis. A) Valo-
res de carga de las variables dentro de los dos componentes principales, los
cuales explican 51.4% de la variacién total; B) Puntuaciones individuales de
las cabras evaluadas durante los dos periodos de seguimiento, las cabras se
clasificaron de acuerdo con la presencia de C. abortus. La edad y el nimero
de partos contribuyeron a la separacion de los animales infectados de
aquellos sanos.

Figure 2. Association pattern between the characteristics of goats evalua-
ted in the longitudinal study, and the chlamydiosis test result. A) Loading
values for the outcomes in the two main principal components, which
explain 51.4% of the total variance; B) Individual scores for the goats during
two kidding periods, females were categorized according to the presence
of C. abortus. The goats age and the number of kidding contributed to the
groups separation between infected and healthy animals.
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contribuyeron a la separacién de las hembras que resultaron
positivas con respecto a las negativas. En particular, las hem-
bras positivas se asociaron con una menor edad y un menor
nuimero de partos, con lo cual se infiere que las hembras del
rebafo que principalmente son afectadas por la clamidiosis
tienden a ser hembras jévenes con un nimero reducido de
partos. Nuestro patrén de asociacién contrasté con un estu-
dio previo realizado en ovinos, en el cual se encontré que el
grupo de hembras de entre 37 y 48 meses de edad present6
un incremento significativo de da probabilidad de resultar
positivas a clamidiosis (Reséndiz et al., 2020). En la Figura 2B
se aprecia que aquellas hembras que resultaron negativas se
separan por presentar un mayor nimero de partos. Ademas,
también se encontré una asociacién entre un mayor nimero
de dias en la toma de la muestra y el resultado negativo en
las hembras. En este sentido, el intervalo de tiempo entre el
evento de parto/aborto y la toma de muestra es importante
para asegurar un diagnéstico apropiado mediante aislamien-
to, lo anterior debido a que se pueden producir diagnésticos
falsos negativos a causa de la reduccion de la carga bacteria-
na que expulsan las cabras afectadas (Longbottom y Coulter,
2003).

En la Figura 3 se resumen los resultados del anélisis
de regresion logistica que se utilizd para modelar la asocia-
cién entre el aislamiento positivo a C. abortus y las variables
categoricas. Unicamente el periodo de evaluacion resultd

Variable modelada: muestra positiva a C. abortus

Favorece « » Favorece
resultado negativo resultado positivo

Periodo 1vs.2 ——@&———
Boer vs. Nubia— ——

6-8 vs. >9 partos— —e—

<5 vs. >9 partos —_—

<6 vs >7 dias muestra—| ——

Aborto vs. Parto— —t—
4-6 vs. >7 afios i
<3 vs. >7 afios-| T

——— —
0.001  0.01 0.1 1 10 100
Odds ratio (IC 95%)

Figura 3. Valores estimados de odds ratio obtenidos mediante analisis de
regresion logistica binaria en las 32 hembras evaluadas durante dos perio-
dos de seguimiento. Se muestran los valores estimados y el intervalo de
confianza al 95% (IC 95%) tomando en cuenta como variable de modelado
el resultado positivo de C. abortus.

Figure 3. Odds ratio values found by binary logistic regression analysis in
the 32 goats included in the longitudinal study, throughout two kidding
periods. Values and 95% confidence intervals are plotted taking a positive
result for C. abortus as the modelling outcome.
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significativo dentro del modelo ya que la evaluacién du-
rante el primer periodo favorecié un resultado negativo del
aislamiento. En consecuencia, durante el segundo periodo
de seguimiento se incrementé en 41.6 veces la posibilidad
(OR=0.024,1C95%: 0.002 a 0.299) de que las hembras tuvieran
un diagndstico positivo de clamidiosis con respecto al primer
periodo. Dicho resultado pone de manifiesto la capacidad in-
fecciosa de la bacteria, ya que el nimero de cabras positivas
pasé de 2 a 17 en tan solo dos épocas consecutivas de partos.

CONCLUSIONES

Los resultados de la presente investigacion eviden-
cian la presencia de C. abortus en caprinos con problemas de
aborto dentro de la regién centro del estado de Sinaloa. La
prevalencia encontrada en el presente estudio fue superior
al promedio nacional y a los valores encontrados en rebafios
caprinos evaluados en otros estados. Ambos resultados su-
gieren la importancia de realizar estudios epidemiol6gicos
dentro de las zonas caprinas del estado de Sinaloa, para asi
tener un panorama mas completo y preciso de la magnitud
de la infeccién causada por C. abortus. Ademas, nuestros
resultados también demostraron que los machos infectados
pueden ser un factor de riesgo para diseminar la infeccion
de forma venérea. Por otro lado, el incremento observado en
la prevalencia de clamidiosis en el estudio de seguimiento
sugiere que, en caso de no establecer medidas eficientes
de deteccién y control de la enfermedad, la magnitud de la
enfermedad puede incrementarse y con ello generar una
mayor afectacién en la salud y productividad de los animales
infectados. Por ello es necesario implementar medidas para
reducir la diseminacion de la bacteria en los rebaifos caprinos
para asi disminuir las pérdidas ocasionadas por los abortos.
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RESUMEN

La produccién de chile habanero se realiza con fer-
tilizacién quimica, lo cual contamina el suelo y los mantos
acuiferos. Esto ha motivado la busqueda de alternativas
sostenibles como las bacterias promotoras de crecimiento. El
objetivo de esta investigacion fue aislar bacterias promotoras
del crecimiento, identificarlas molecularmente y evaluar sus
efectos en el desarrollo vegetativo y produccién de chile ha-
banero. Se aislaron e identificaron cinco cepas bacterianas a
partir de muestras de distintos usos de suelo; el sistema agro-
forestal registré en promedio la mayor cantidad (3.5x10° UFC
g') de cepas bacterianas. El analisis del gen ADN ribosomal
16S indicé que las bacterias se asocian a diferentes especies
del género Bacillus, sin embargo, el estudio filogenético
demostré que no es posible aun identificarlas a nivel de es-
pecie; estas cepas estimularon el crecimiento de las plantulas
(6.86, 6.70 y 6.76 cm respectivamente). En la evaluacién en
macrotunel, la cepa EAV2 fue la que estimulé el desarrollo de
plantas (38.63 cm) y mejor peso de frutos (6.45 g).
Palabras claves: Bacillus, biofertilizantes, hortalizas.

ABSTRACT

The production of habanero pepper includes the use
of chemical fertilization, which contaminates the soil and
aquifer mantles. This environmental damage has motivated
the search for sustainable alternatives such as growth-
promoting bacteria. This research aimed to isolate growth-
promoting bacteria, identify them molecularly, and evaluate
their effects on the vegetative development and production
of habanero pepper. Five bacterial strains were isolated and
identified from samples from different land uses; the agro-
forestry system recorded on average the most significant
amount (3.5x10° CFU g™) of bacterial strains. Analysis of the
16S ribosomal DNA gene indicated that the bacteria were as-
sociated with species belonging to the Bacillus genus; howe-
ver, the phylogenetic study shows that the identification at a
species level is not possible; these strains stimulated better
the seedlings growth (6.86, 6.70 and 6.76 cm respectively).
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In the macro tunnel greenhouse evaluation, the EAV2 strain
best stimulated the development of plants (38.63 cm) and
produced better fruit weight (6.45 g).

Keywords: Bacillus, biofertilizers, vegetables.

INTRODUCCION

La produccion de hortalizas en México es una de las
actividades mas importantes en la generaciéon de recursos
econémicos, ademas de tener una particular importancia en
la agricultura de subsistencia y contribuir en la generacion
de empleos en el campo (SIAP, 2016). Entre las hortalizas
de importancia econémica se encuentra el chile habanero
(Capsicum chinense Jacq.), el cual tiene una alta demanda en
el mercado nacional e internacional debido a su creciente
uso en los alimentos, asi como por ser fuente de colorantes
naturales y compuestos fitoquimicos benéficos para la salud
tales como los capsaicinoides (Ruiz-Bello et al., 2016).

La mayor parte de la produccién de chile habanero
se realiza con fertilizacion quimica (Reyes y Cortez, 2017;
Ramirez-Vargas et al., 2019), lo que ha generado un uso ex-
cesivo de fertilizantes (Grageda-Cabrera et al., 2012). Por otro
lado, el uso intensivo de fertilizantes quimicos dafa el suelo,
contaminan el agua y contribuyen significativamente al
cambio climatico del planeta (Benbi, 2013). Esto ha motivado
la busqueda de alternativas mas sostenibles que permitan
una nutriciéon orgdnica, que satisfaga las necesidades del
productor y conserven el medio ambiente, como el de la
agricultura organica, la cual utiliza abonos orgénicos (Luna
et al., 2016; Reyes-Pérez et al., 2018; Mendivil-Lugo et al.,
2020), bioestimulantes (Torres et al., 2016; Arenas-Julio et al.,
2021) y microorganismos (Espinosa-Palomeque et al., 2019;
Rodriguez-Hernandez et al., 2020) para la fertilizacién de los
cultivos.

Una amplia gama de microorganismos que habitan en
el suelo son vitales para las plantas, a través de interacciones
benéficas que se desarrollan entre estos (Rios et al., 2016).
Existen antecedentes sobre el crecimiento de las plantas y
la estimulacién del rendimiento mediante microorganismos
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benéficos del suelo (Rodriguez-Hernandez et al., 2020). Estos
microorganismos desempefan funciones importantes en el
suelo como la fijacién biolégica de nitrégeno y la solubili-
zacion de fosfatos, las cuales son actividades que efectian
mediante enzimas como nitrogenasas y fitasas, con un efecto
positivo en la promocion del crecimiento vegetal y en el
aumento del potencial productivo (Corrales et al., 2017). Bac-
terias del género Bacillus promueven el crecimiento vegetal
a través de la fijacion de nitrégeno y como biofertilizantes
son una opcion amigable al suelo y al ambiente, que dan
respuesta a la necesidad de implementar una agricultura
sostenible (Corrales et al., 2017; Rodriguez-Hernandez et al.,
2020). De tal forma que se considera que existen cepas de
bacterias en suelos productivos con capacidad promotora
del crecimiento vegetal que pueden ser usados como bioe-
stimulantes o biofertilizantes para cultivos de hortalizas. Por
lo que el objetivo de este trabajo fue aislar bacterias promo-
toras del crecimiento vegetal, identificarlas molecularmente
y evaluar sus efectos en el desarrollo vegetativo y produccién
de chile habanero en condiciones protegidas.

MATERIALES Y METODOS
Area de estudio

El trabajo se realizd en el Tecnolégico Nacional de
México, campus Ursulo Galvan (ITUG), ubicado en el muni-
cipio de Ursulo Galvén, en la regién centro costera de Vera-
cruz. El clima de esta region se clasifica como Aw (tropical
himedo-seco) por el sistema Koppen-Geiger, definido como
calido subhumedo con lluvias en verano, con un rango de
temperatura que oscila entre 24 y 26 °C, y un rango de pre-
cipitacién entre 1100y 1300 mm (INAP, 2013).

Obtencion de bacterias promotoras del crecimiento ve-
getal

Para la obtencién de bacterias promotoras del
crecimiento vegetal se realizé un muestreo de suelo en los
terrenos productivos pertenecientes al ITUG. El muestreo se
realizé en la época de lluvias en el mes de agosto, épocaenla
cual se ha registrado mayor abundancia de fauna y microflo-
ra edafica (Murillo-Cuevas et al., 2019). Se tomaron muestras
de seis usos de suelo diferentes los cuales fueron: 1) cultivo
de limén persa (Citrus latifolia Tan.), con un poligono de
muestreo de 2.254 ha; 2) cultivo de cafa de azucar (Saccha-
rum officinarum L.) variedad ATEMEX 96-40, con un poligono
de muestreo de 2.03 ha; 3) cultivo de lichi (Litchi chinensis
Sonn.), con un poligono de muestreo de 1.535ha; 4) area con
pasto Mombasa (Panicum maximum cv. Mombasa), con un
poligono de muestreo de 1.584 ha; 5) suelo sin uso agricola,
denominado acahual, con predominancia de las especies Co-
cuite (Gliricidia sepium), Nacastle (Enterolobium cyclocarpum),
Guacimo (Guazuma ulmifolia), Huizache (Acacia cochliacan-
tha), Capulin (Karwinskia humboldtiana) y Guaje (Lysiloma
divaricatum); 6) sistema agroforestal que cuenta con cultivos
de Morera (Morus alba), Colorin (Erythrina americana), Bambu
(Bambusa vulgaris), Guacimo (Guazuma ulmifolia), Mulato
(Bursera simaruba) y Cocuite (Gliricidia sepium). Dentro de
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cada area de uso de suelo se establecieron dos parcelas de
10 m?, dentro de cada parcela se establecieron dos puntos
de muestreo de manera aleatoria, en los cuales se utilizd
un cuadrante de 25 x 25 cm para determinar el area de la
muestra. Las muestras de suelo se tomaron a una profundi-
dad de 0-15 cm, considerada éptima para encontrar mayor
abundancia y riqueza de organismos (Franco et al., 2016). Se
colectaron un total de cuatro muestras por uso de suelo en
dos muestreos.

Para obtener los indculos se prepararon diluciones
(1:9) seriadas (10" a 10°%) en solucion fosfatos (0.25 M KH,PO,)
(NOM-110-SSA-1994), con agitacidon constante a 120 rpm
durante 10 min en un agitador orbital (Lab Line"). Se tomé
unindculo de 100 pL y se dispersaron sobre medio de cultivo
ELMARC pH 6.8-7.0 (5 g de manitol, 0.2 g extracto de levadu-
ra, 0.25 g KHPO,, 0.1 g MgSO, 7H,0, 0.05 g NaCl, 1:400 rojo
de Congo, 18 g agar por L de medio). Las cajas se incubaron
a 30 °C durante 24 h. La siembra se realizé por triplicado.
Una vez seleccionados los microorganismos se inocularon
en medio liquido Winogradsky pH 6.5-7.0 [Sacarosa 10 g/L,
CaCo, 0.1 g/L, Agar 15g/L, 5 ml Soluciéon mineral (K,HPO,
50 g/L, MgSO,*7H,0 25 g/L, NaCl 25 g/L, FeSO,*7H20 1 g/L,
NaMoO,*2H,0 1 g/L, MnSO,*4H.O 1 g/L)1 y se incubaron en
agitacion a 250 rpm durante 76 h.

Identificacion molecular de bacterias promotoras del
crecimiento vegetal

La extraccién de ADN de bacterias se realiz6 de acu-
erdo al método de Giraffa et al. (2000). El gen ADN ribosomal
16S se amplificé con los iniciadores UnivBactF/UnivBactR
(*GATCCTGGCTCAGGATGAAC?)/(*GGACTACCAGGGTATCTA-
ATC®) en un volumen de reaccién de 25 uL (1 X PCR buffer, 2.5
mM MgCIZ, 1 U Taq DNA pol, 0.20 mM dNTPs, 15 pM de cada
iniciador y ~50-100 ng de ADN genémico). La amplificacién
serealizd en un termociclador (Mastercycler) bajo el siguiente
programa de ciclos térmicos: una desnaturalizacién inicial de
2 min a 94°C, 30 ciclos de desnaturalizacién a 94°C por 1 min,
alineamiento a 55°C por 1 min y extensién a 72°C por 1 min;
seguido de una extensioén final a 72°C durante 5 min.

Para la secuenciacion, se purificaron los productos
de PCR con el kit de purificacién ChargeSwitch - Pro PCR
Clean-up Kit (Invitrogen) de acuerdo a las instrucciones del
fabricante. Los fragmentos se secuenciaron en el Instituto
de Biotecnologia de la UNAM. Todas las secuencias se regis-
traron en el GenBank del National Center for Biotechnology
Information (NCBI)con numeros de accesiéon (MWO015771-
MWO015776).

Los datos de secuencias se analizaron en el GenBank
mediante el sistema Basic Local Alignment Search Tool
(BLAST). Se obtuvieron las secuencias relacionadas mediante
BLAST a las secuencias obtenidas de las cepas evaluadas y se
alinearon mediante el algoritmo ClustalW (gap open=15; gap
extend= 3) en el software Bioedit, posteriormente se realizé la
busqueda del drbol més parsimonioso mediante algoritmos
de busqueda de nueva tecnologia (ratchet+drfit+sectorial
search) mediante el software TNT. Se realizd un remuestreo
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mediante Bootstrap con 999 réplicas. Como grupo externo se
utilizé una secuencia 16S de la bacteria E. coli.

Evaluaciéon de bacterias en la emergencia, desarrollo y
produccion de chile habanero

Para la emergencia de plantulas de chile habanero, en
charolas con sustrato Peat Moss no estéril, se inocularon con
1 mL de solucién bacteriana (108 UFC/mL), 100 semillas de
chile habanero variedad Jaguar. Las variables de respuesta
fueron porcentaje de emergencia, altura de plantula y peso
seco de plantulas (65°C durante 72 horas) a los 20 dias
después de la inoculacion (ddi).

Por otra parte, para evaluar el desarrollo y produccion
de plantas de chile habanero, en estructuras tipo macrotunel
de 3 x 30 m, forrados con malla antidfidos y equipado con
sistema de riego por goteo, se trasplantaron plantulas en
bolsas de 5.5 L volumen con sustrato turba/vermiculita y
composta de cachaza de caia de azicar no estéril (50:50 v/v).
Las plantulas se inocularon ocho dias después del trasplante
con 10 mL de solucién bacteriana (108 UFC/mL) directamente
sobre la raiz. Para la evaluacién en plantas de chile habanero
las variables fueron altura a los ocho ddi, altura al inicio de la
floraciéon y peso del fruto a los 65 ddi.

Analisis de datos y diseiio experimental

La evaluacién se establecié en un disefio de bloques
al azar con cuatro repeticiones por cepa bacteriana, los trata-
mientos evaluados correspondieron a cada una de las bacte-
rias evaluadas, el testigo consistié en plantas no inoculadas.

Para comparar el efecto de las bacterias promotoras
de crecimiento en la emergencia de las plantulas de chile
habanero se realizé un andlisis no paramétrico de Friedmany
para comparar los efectos de las bacterias sobre las variables
morfoldgicas de plantula se realizé6 un ANOVA y una com-
paracion de medias de Tukey a=0.05. Los analisis estadisticos
se realizaron con el software Infostat version 2020.

RESULTADOS Y DISCUSION
Bacterias promotoras del crecimiento vegetal en diferen-
tes usos de suelo

La abundancia promedio de las cepas bacterianas
promotoras de crecimiento en los diferentes usos de suelo
fue significativamente diferente. En el suelo del sistema
agroforestal se obtuvo en promedio la mayor cantidad de
bacterias (3.5x10° UFC g™), mientras que el suelo con pasto
fue el que registrd la menor abundancia (5x10* UFC g™). El
suelo con cultivo de caia de azucar y limén persa no desar-
rollaron crecimiento de microorganismos en los medios de
cultivo selectivos (Figura 1).

En este caso, Vessey (2003) menciona que las dif-
erencias en cuanto al numero de UFC de bacterias de vida
libre y su distribucién en determinados usos de suelo, estan
definidos por diversos factores como las caracteristicas fisi-
cas y quimicas del suelo, el contenido de materia organica,
la humedad, la relacion carbono nitrégeno y pH, las condi-
ciones climaticas y los exudados de las raices de las plantas
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Figura 1. Concentracion de bacterias extraidas de suelos con diferente
ocupacion.

Figure 1. Concentration of bacteria extracted from soils with different
occupation.

que sirven de nutrientes para las bacterias; esas condiciones
se presentaron en este trabajo al evaluar en diferentes usos
de suelo, los cuales cambiaron de acuerdo al cultivo estable-
cido y al manejo proporcionado.

Nuestros resultados, indicaron que los suelos con
cultivo de cana de azucar y limén persa (<10' UFC g') y
pasto (5x10* UFC g) fueron los que presentaron menor
recuperaciéon de bacterias con respecto al suelo agroforestal
y acahual (3.5x10°y 2.2 x10° UFC g, respectivamente), lo
cual era de esperarse ya que son sistemas similares entre
si, con diferencias en comparaciéon con los sistemas tradi-
cionales o intensivos agricolas (Vallejo-Quintero, 2013).
No obstante, nuestros resultados difieren con lo reportado
por Mantilla-Paredes et al. (2009), quienes encontraron una
mayor recuperaciéon de aislamientos primarios en suelos de
pastizal, seguidos por los sitios con mayor riqueza vegetal
como bosques; ademas, reportan alta presencia de bacterias
diazétrofas en el interior y en la superficie de las raices de
varias gramineas tropicales.

Sin embargo, de acuerdo con Paudel et al. (2012) los
sistemas agroforestales tienen mayor actividad enzimética y
diversidad microbiana en comparacién a otros cultivos, debi-
do a diferencias en la cantidad y en la calidad de la materia
organica y los exudados de las raices provenientes de los
cultivos de cobertura y vegetacion permanente. De tal forma
que, Kaur et al. (2002) reportaron que los sistemas agrofore-
stales incrementan la biomasa microbiana y su actividad,
debido a los efectos positivos ejercidos por la incorporacion
de arboles y los ingresos de materia organica.

Identificacion molecular de bacterias promotoras de
crecimiento vegetal

Los resultados de la amplificacion del fragmento 165
rRNA de los aislamientos evaluados generé un producto
de ~800 pb (Figura 2). Los resultados obtenidos del andlisis
BLAST asociaron al género Bacillus, esto se resume en el Tabla
1.

El género Bacillus pertenece a un grupo de bacterias
formadoras de endosporas aerébicas que abundan en los
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Tabla 1. Resultado de analisis BLAST de las secuencias 16S obtenidas de las
cepas evaluadas.

Table 1. Results of BLAST analysis of the 16S sequences obtained from the
evaluated strains.

Porcentaje Numero de

Especie Porcentaje "
Cepa asociada de cobertura SRalie CE Accesion
Identidad NCBI
VVM1 B. megaterium 100% 0.0 97.77% MT588737.1
EAV2 B. megaterium 99% 0.0 98.44% MT510154.1
JAG3 B. subtilis 62% 2x1074® 91.35% CP035231.1
FDMC4 B. subtilis 98% 0.0 90.88% CP035164.1
JVN5 B. simplex 99% 0.0 98.09% MF767887.1

E--u-.u:
0

Figura 2. Amplificacién del gen 16S de las cinco cepas bacterianas. Cada
carril corresponde a una bacteria diferente (B1 a B5) y el carril con letra M
corresponde al marcador molecular.

Figure 2. Amplification of the 16S gene of the five bacterial strains. Each
lane corresponds to a different bacterium (B1 to B5), and the lane with the
letter M corresponds to the molecular marker.

suelos (Subhash et al, 2015) y en la rizosfera (Saharan et
al., 2011). Especies como Bacillus subtilis, B. megaterium, B.
thuringiensis, B. cereus y B. pumilus, pueden ayudar a mejorar
el crecimiento y desarrollo de las plantas a través de la pro-
duccién de compuestos orgénicos, solubilizacion de fosfatos
y la fijacién bioldgica de nitrégeno (Meena et al., 2016). La
identificacién de Bacillus spp. en los diferentes usos de suelo
en este trabajo, corroboraron la abundancia de estas bacte-
rias en sistemas agroforestales como lo indican los trabajos
de Gao et al. (2019) y Liua et al. (2019), también se corroboré
la presencia de estas bacterias en pasto como lo habia indi-
cado Jorquera etal. (2011).

Sin embargo, a diferencia de los resultados de este
trabajo, existen reportes previos de bacterias del género
Bacillus en suelos con cafa de azucar (Singh y Kumari, 2016;
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Chandraetal., 2018). Por otra parte, nuestros resultados sobre
los suelos con vegetacidn natural coinciden con lo reportado
por Uribe et al. (2003) y Ruiz-Sanchez et al. (2015) quienes
reportaron la presencia de Bacillus subtilis y B. thuringiensis
como microorganismos abundantes en areas de vegetacion
natural y bosques tropicales.

Evaluacion de bacterias en la promocién de crecimiento
de chile habanero

Las semillas de chile habanero inoculadas con las bac-
terias promotoras del crecimiento vegetal registraron valores
entre el 80 y 98% de emergencia, en contraste con el testigo
que Unicamente alcanzé el 76% (Tabla 2). Los mayores por-
centajes de emergencia lo obtuvieron las semillas inoculadas
con las bacterias VVM1 y JVN5 (Tabla 2), las cuales de acuerdo
al andlisis estadistico de Friedman fueron significativamente
diferentes (T?=6.29, p= 0.0007) a las semillas inoculadas con
las bacterias FDMC4, EAV2 y el testigo (Tabla 2).

Los resultados de emergencia variaron en relacién a

Tabla 2. Emergencia de plantulas de chile habanero inoculadas con cepas
de Bacillus provenientes de suelos con diferentes usos.

Table 2. Emergence of habanero pepper seedlings inoculated with Bacillus
strains from soils with different uses.

Cepas Emergencia (%) Suma (rangos) Media (rangos)
VVM1 98 379.50 3.80°
EAV2 80 328.50 3.29¢%
JAG3 86 349.50 3.5(Qbcde
FDMC4 83 340.50 347
JVN5 95 376.50 3.77%
Sin in6culo 76 325.50 3.26¢

Literales diferentes indican diferencias estadisticas (p<0.05) entre trata-
mientos. Prueba de Friedman, DMS = 28.7.

los efectos de las bacterias, sélo dos cepas (VWM1 y JVN5)
tuvieron un efecto significativo a diferencia de las otras bac-
terias, las cuales fueron estadisticamente iguales al testigo, lo
cual corrobora que algunas cepas de Bacillus disminuyen o
no tienen un efecto estimulante en la germinacién de chile
habanero como lo reporta Sosa-Pech et al. (2019) al obtener
una menor germinacion en aislados de Bacillus CBCC57 y
CBFRF5 en relacion al testigo.

Estas variaciones del efecto de cepas Bacillus en la
emergencia se han reportado para pimiento, donde se indica
que la aplicacién de Bacillus sp. MA06 aumento6 el porcentaje
de emergencia en un 8.0%, pero tres cepas de Bacillus no
mostraron diferencia significativa con relacion a las semillas
sin inocular (Luna et al., 2013). Por otro lado, Diaz-Vargas et al.
(2001) reportaron el efecto de rizobacterias en la emergencia
de semillas de lechugas, indicando que el 76.6% de las cepas
incrementaron la emergencia, 10% no tuvieron efecto y
13.3% la redujeron.

En nuestro trabajo la cepa VVM1 fue la que promovié
mayor porcentaje de emergencia, lo que concuerda con lo
reportado por Kaymak et al. (2009), donde indican que B.
megaterium mejoré el porcentaje y la tasa de germinacion en
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semillas de rdbano, que es la especie con que se asocia esta
cepa (Tablal).

En cuanto a la altura de las plantulas a los 20 ddi, se
presentaron diferencias estadisticas significativas, las semi-
llas inoculadas con VVM1 y EAV2 fueron las que alcanzaron la
mayor altura (6.86 y 6.75 cm, respectivamente), con respecto
alas semillasinoculadas con JVN5 y el testigo (6.34 cm); mien-
tras que en las semillas inoculadas con Bacillus sp. FDMC4 y
JAG3 no se observaron diferencias estadisticas significativas
con los otros tratamientos (Tabla 3).

Por otra parte, a los 20 ddi las plantulas de los trata-
mientos con JAG3, FDMC4 y VVM1 registraron mayor peso
seco (0.0439, 0.0423 y 0.0414 g, respectivamente) y fueron
estadisticamente superior que las plantulas con JVN5, EAV2 y
el testigo (0.0365, 0.0304 y 0.0297 g, respectivamente) Tabla
3).

Tabla 3. Altura y peso seco de plantulas de chile habanero inoculadas con
cepas de Bacillus provenientes de suelos con diferentes usos.

Table 3. Height and dry weight of habanero pepper seedlings inoculated
with Bacillus strains from soils with different uses.

Cepas Plantula
Altura (cm) Peso seco (g)

VVM1 6.86° 0.0414°
EAV2 6.75° 0.0304¢
JAG3 6.51% 0.0439°
FDMC4 6.70% 0.0423°
JVN5 6.34° 0.0365°
Sin inéculo 6.34° 0.0297¢
C.V. (%) 14.1 28.7

EE. 0.10 0.001

Literales diferentes indican diferencias estadisticas (p<0.05) entre trata-
mientos.

Para el caso de las plantas en macrotuinel, con sustrato
inoculado con JVN5 fueron las que alcanzaron una mayor
altura inicial (4.69 cm) y fueron significativamente diferentes
a las plantas inoculadas con EAV2 (3.06 cm) y el testigo (2.77
c¢m). Las plantas inoculadas con VVM1, FDMC4 y JAG3 no reg-
istraron diferencias significativas en altura inicial de planta
(4.06,3.88y 3.38 cm, respectivamente) en relacion a los otros
tratamientos (Tabla 4).

En lo que respecta a la altura final de las plantas
inoculadas con EAV2 (38.63 cm), presentaron diferencias es-
tadisticas significativas, con respecto a las plantas inoculadas
con FDM(4, B. VVM1 y el testigo (27.88, 27.38 y 26.83 cm,
respectivamente). Por otra parte, las plantas inoculadas con
JVN5 y JAG3 no presentaron diferencias significativas con el
testigo en relacién a la altura final de la planta.

En relaciéon al peso de frutos, en la Tabla 4 podemos
observar que las plantas inoculadas con EAV2 (6.45 g) tu-
vieron el mayor peso de frutos y fueron significativamente
diferentes a las plantas con FDMC4, JVN5 y el testigo (3.96,
3.66 y 2.20 g, respectivamente). También podemos observar
en la Tabla 4, que las plantas con JAG3 (5.74 g) y VVM1 (5.61
g) fueron significativamente diferentes al testigo, pero no a
los otros tratamientos con bacterias.

Tabla 4. Efecto de cepas de Bacillus en la altura inicial y final de plantas y
peso de fruto de chile habanero.

Table 4. Effect of Bacillus strains on the initial and final height of plants, and
fruit weight of habanero pepper.

Altura de planta (cm) Peso de fruto
Cepas

Inicial Final (@
VVM1 4.06% 27.38¢ 5.61%
EAV2 3.06° 38.63° 6.45°
JAG3 3.38® 35.63® 5.74%
FDMC4 3.88% 27.88¢ 3.96
JVN5 4.69° 35.75% 3.66"
Sin in6culo 2.77° 26.83¢ 2.20¢
C.V. (%) 29.6 17.5 357
E.E. 0.37 1.96 0.56

Literales diferentes indican diferencias estadisticas (p<0.05) entre trata-
mientos.

Los resultados obtenidos permiten inferir que las ce-
pas de Bacillus en este trabajo fueron capaces de promover
alguna de las siguientes variables en chile habanero, altura
de plantula, peso seco de plantula, altura inicial y final de
planta y peso de fruto, en comparacion al testigo. Sin embar-
go, destacaron por sus efectos las cepas VVM1, EAV2 y JVN5.
Lo anterior pudo ser debido a que algunas bacterias del
género Bacillus inducen diferentes mecanismos relacionados
con la promocion de crecimiento en las plantas de chile,
resultando una expresion diferente en las plantas (Guillén-
Cruz et al., 2006), por lo cual surge la importante necesidad
de identificar a nivel especie estas cepas mediante filogenias
multilocus.

Al respecto, Sosa-Pech et al. (2019) han reportado que
aislados del género Bacillus promueven el crecimiento a nivel
de plantula de chile habanero, entre sus tratamientos, los
aislados CBCC57 y CBRF12 promovieron el crecimiento en al-
tura de plantay area foliar. En contraste a nuestros resultados
sobre que B. subtilis no tuvo efecto en el crecimiento de las
plantas, pero si en el peso seco, Kokalis-Burelle et al. (2002)
encontré que la formulacion LS256 (Bacillus subtilis GBO3 y
B. pumilis INR7) promovi6 el crecimiento del tallo, raiz y parte
aérea en plantulas de chile.

En relacion a B. megaterium inoculadas a plantas de
tomate, se ha reportado que mejoran significativamente el
grosor del tallo, nimero de ramas, area foliar, contenido de
pigmentos fotosintéticos, contenido mineral, contenido total
de azucares, carbohidratos y proteina cruda en las hojas, asi
como el amarre de frutos, la produccién temprana y total de
frutos (El-Yazeid y Abou-Aly, 2011). Por otro lado, Surette et
al. (2003) aislaron B. megaterium de cultivos de zanahoria, el
cual mostré efectos positivos en el crecimiento de la planta.

CONCLUSIONES

De acuerdo con los resultados obtenidos las cepas
VVM1, EAV2 y JVN5 son bacterias que promueven la emer-
gencia, altura y peso seco de plantulas, asi como la altura
de la planta y peso de fruto de chile habanero, por lo que
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la inoculacidn con estas cepas mejora el desarrollo de las
plantulas, plantas y frutos de chile habanero; sin embargo,
se requieren estudios de validacion de las cepas a nivel de
producciéon, en condiciones protegidas y de cielo abierto
para evaluar el efecto en el desarrollo y produccién de chile
habanero en condiciones comerciales.

Este estudio constituye un aporte al conocimiento
cientifico sobre la diversidad que existe entre cepas de
Bacillus provenientes de diferentes usos de suelo, asi como
su potencial aplicacion como bacterias promotoras de creci-
miento vegetal.
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ABSTRACT

A composite material was prepared using chitosan
and chabazite for the removal of Eriochrome T black dye
from water. Scanning electron microscopy (SEM) analyses
showed chabazite particles embedded in the chitosan
matrix. Thermogravimetric analyses indicated that chitosan
degrades chemically at temperatures above 225 °C; chaba-
zite only experiences weight decrease due to moisture loss.
Fourier transform infrared spectroscopy (FTIR) analyses on
chitosan detected the presence of O-H, N-H, C-H, C-N and
C-O bonds, protonated amino groups and saccharides. In
chabazite, H,O molecules, T-O and O-T-O groups, where “T"
corresponds to Si or Al atoms, isolated H-bonded O-H groups,
and Si-O-Si groups were detected. In kinetic experiments,
an 86 % decrease of the dye concentration in solution was
achieved in approximately 500 minutes. The linearization
method was used to evaluate the fit of the experimental data
with the pseudo-first-order, pseudo-second order, Elovich
and intra-particle diffusion adsorption kinetic models. The
kinetic experiments showed that the sorption mechanism
corresponds to a pseudo-second order model.
Keywords: adsorption, composite, chitosan, chabazite, ki-
netic model

RESUMEN

Se prepar6 un material compuesto utilizando quitosa-
no y chabazita para la eliminacion del colorante negro erio-
cromo T del agua. Los andlisis de microscopia electrénica de
barrido (SEM) mostraron que las particulas de chabazita se
incrustaron en la matriz de quitosano. Los analisis termogra-
vimétricos indicaron que el quitosano se degrada quimica-
mente a temperaturas superiores a 225 °C; la chabazita sélo
experimenta una disminucion de peso debido a la pérdida
de humedad. Los analisis de espectroscopia infrarroja por
transformada de Fourier (FTIR) en el quitosano detectaron la
presencia de enlaces O-H, N-H, C-H, C-N y C-O, grupos amino
protonados y sacaridos. En la chabazita se detectaron molé-
culas de H,0, grupos T-O y O-T-O, donde la “T" corresponde
a atomos de Si o Al, grupos O-H aislados y con enlaces H, y
grupos Si-O-Si. En los experimentos cinéticos, se logré una
disminucién del 86 % de la concentracion de colorante en
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la solucién en aproximadamente 500 minutos. Se utilizé el
método de linealizacién para evaluar el ajuste de los datos
experimentales con los modelos cinéticos de adsorciéon de
pseudo-primer orden, pseudo-segundo orden, Elovich y di-
fusion intra-particula. Los experimentos cinéticos mostraron
que el mecanismo de sorciéon corresponde a un modelo de
pseudo-segundo orden.

Palabras clave: adsorcién, material compuesto, quitosano,
chabazita, modelo cinético

INTRODUCTION

The textile industry employs large amounts of water
for dyeing and washing processes, generating large volumes
of effluents (Cestarolli et al., 2019). It is estimated that be-
tween 10 and 15% of dyes used do not adhere to the textile
fibers and are released into the environment (Lakhan et al.,
2015).

Dyes are classified based on chemical structure,
source, solubility, and use (Gurses et al., 2016). In particular,
azo-type dyes are synthetic compounds widely used in tex-
tile industry because of their stability to light, and resistance
to microbial degradation and to fading in washing processes.
Nevertheless, they are also toxic, mutagenic, cancerogenic
and harmful to marine life and photosynthetic processes of
aquatic plants (Alvarez et al., 2015). Eriochrome T black is an
azo-type colorant used in the textile industry for dyeing silk,
wool, and nylon fibers after pretreatment with chromium
salts (Moeinpour et al.,, 2014; Karimi et al., 2018) that has
been found to be particularly dangerous and carcinogenic;
compounds generated from its degradation, such as naph-
thoquinone, are carcinogenic to an even greater degree
(Khurana et al., 2018). For these reasons, the development
of efficient, low-cost adsorbents for the removal of colorants
such as Eriochrome T black from aqueous solutions is of the
utmost importance (Park et al., 2018).

Among the numerous investigations on biological,
chemical, and physicochemical treatments for the removal
of colorants in water, adsorption stands out as one of the
most promising methods (Tran et al., 2015). Adsorption
consists of removing substances initially dissolved in a liquid
or gas phase by their accumulation in an adsorbent material

*Autor para correspondencia: Héctor Manuel Guzman Grijalva
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(Oladoja et al., 2017). Compared to other techniques, adsorp-
tion offers significant advantages such as high availability of
materials and equipment, relatively low cost, easy operation,
good contaminant removal efficiency, and effectiveness (Ud-
din, 2017). Its effectiveness depends on parameters such as
sorbent particle size and surface morphology, pH, tempera-
ture, and concentration of the water to be treated (Ahmad et
al., 2015).

Some of the materials most commonly used as adsor-
bents are silica gel, alumina and activated carbon. However,
zeolites have been widely used to remove pollutants present
in water by exhibiting a vast internal microporous surface in
relation to the external one, and high adsorption capacity in
addition to ion exchange properties (Li et al., 2015).

On the other hand, the application of chitosan, a
polycationic polysaccharide, in water treatment has been
exceptionally advantageous and constitutes an alternative
to commonly used adsorbent materials (Kumar et al., 2018).
Chitosan derives from chitin and is very easy to obtain since
it mainly comes from the waste of the fishing industry (Kyzas
and Bikiaris, 2015). It is remarkably versatile and can be
modified in different ways or combined with other types of
materials to increase its adsorption capacity. However, it is
also susceptible to pH, has inadequate mechanical strength,
and has low thermal stability (Lou and Deng, 2019). Chi-
tosan-zeolite composites combine the physical properties
of their components to obtain new structural or functional
properties. In particular, zeolite improves the mechanical
strength of the resulting material by becoming the dispersed
phase within the chitosan polymeric matrix (Flores, 2015).
This research project aims to evaluate, in kinetic terms, the
performance of a chitosan-chabazite composite in removing
the colorant Eriochrome Black T from water by using bench
tests.

MATERIALS AND METHODS

Only analytical grade reagents and deionized water
were used in the experiments conducted in this research.
Low molecular weight deacetylated chitosan, acetic acid,
and sodium hydroxide were supplied by Sigma-Aldrich,
Fermont and J.T. Baker, respectively. Chabazite type zeolite
was obtained from a natural deposit located in the state of
Sonora, Mexico. Indicator grade Eriochrome Black T (EBT)
colorant from Sigma-Aldrich was used to prepare a 50 ppm
stock solution with deionized water. 0.25 M sodium hydrox-
ide and 5% (v/v) acetic acid solutions were used to produce
the composite material.

Preparation of chabazite

A sample of chabazite was ground using a hand mor-
tar and then sifted to obtain 100-mesh size particles. Subse-
quently, the mineral was rinsed twice in a beaker with deion-
ized water, each episode with a duration of 10 min during
which shaking was provided. Afterwards, the mixture was let
standing still to allow the settling of chabazite particles so
that decantation could be used to separate them. Chabazite

sample was then dried for 24 h at 60 °C and a product in the
form of flakes was finally obtained. Chabazite was ground
once more with a hand mortar as to obtain a fine powder.

Preparation of composite

Composite was prepared using the technique de-
scribed by Perez et al. (2016). The procedure involves the
dissolution of 3 g of chitosan in 50 mL of a 5% (v/v) acetic
solution to obtain a chitosan solution. Separately, 3 g of
chabazite were mixed with 20 ml of deionized water. Both
mixtures were stirred separately for 20 min and then mixed.
The resulting mixture was agitated at 60 °C for 4 hours using
a magnetic bar spinning at 1,200 rpm. After stirring, the
chitosan and chabazite mixture was added drop by drop to
500 mL of 0.25 M NaOH solution. This mixture was stirred
for 3 hours using a magnetic bar spinning at 200 rpm while
solid beads of composite formed within the mixture. Beads
were separated by filtration from the liquid phase and rinsed
several times with deionized water to be finally dried at 45°C
for 48 hours.

Composite characterization

In order to know the surface morphology of the
material, Scanning Elector Microscopy (SEM) technique was
employed using an equipment JEOL, model JSSM-5410LV. The
presence of specific structural units at a molecular level was
analyzed using a Perkin Elmer Frontier Fourier-transform in-
frared (FTIR) spectrometer. Physical and chemical thermic-re-
lated changes in material structure were analyzed utilizing
a Perkin Elmer Pyris TGA Thermogravimetric Analyzer. The
procedure consisted of placing 2.52 + 0.19 mg of sampleina
ceramic sample holder and heating it to 900, at a rate of 10
per minute, in an atmosphere of nitrogen and dry air, using a
20 mL min” flow.

Kinetic experiments and models

A 50 ppm stock solution of colorant was prepared. 20
aliquots of 15 mL each were added to 50 mL flasks containing
0.5 g of composite and constant agitation was immediately
provided. A different contact time between the colorant
solution and the composite was assigned to each flask as to
obtain a sorption curve. Aliquots’ final eriochrome black T
concentrations for each contact time were determined using
a Lambda 20 scanning double-beam spectrometer for the
UV/Vis range from Perkin Elmerata)__ =570 nm.

RESULTS AND DISCUSSION

Two or more constituents with distinct characteristics
form composites, one of them acting as the matrix (bulk
phase) and the rest as reinforcement (dispersed phase).
Components essentially maintain and complement their
properties after combining. In composites, the weakness of
the matrix is reduced with the assistance of the appropriate
filler (Taaca and Vasquez Jr., 2017). The importance of com-
posites ensues from the variety of their applications.
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Chitosan is a linear copolymer of linked B-(1,4)-
glucosamine molecules that can be easily obtained (figure 1)
by the deacetylation reaction of the acetoamide groups in
chitin using an alkaline solution (Szatkowski et al., 2015). This
reaction produces a high quantity of amino groups, situated
at the C-2 position, that can be protonated and interact
with organic dyes, like anionic azo-type, and many metals
anions (Saha et al, 2010). The electrolytic and chelating
ability of chitosan is determined by the protonation degree
of the group (pK=6.3), which is dependent on pH (Dambies
etal., 2001; An and Dultz, 2007). At pH < 6.3, the free amino
groups become protonated and positively charged. At a pH
>6.3, amino groups deprotonate, and chitosan exhibits no
charge. Additionally, two more reactive functional groups are
present in the chitosan polymeric chain, namely, the primary
and secondary hydroxyl groups, at the C-3 and C-6 positions,
respectively. The OH groups, as the amino groups, also act as
coordination and reaction sites for transition metals, organic
species and dyes.

Zeolites are microporous minerals with a framework
formed by aluminate and silicate tetrahedra that share verte-
xes. The presence of the aluminum atoms creates a negative
charge in the porous structure that leads to the adsorption of
a variety of easily exchangeable cations, such as Na*, K*, Ca?",
and Mg?*, that in turn, can become attached to negatively
charged molecules (Bailie et al., 2001; Moienpour et al., 2014;
Montalvo et al., 2020). When incorporated as the dispersed
phase of a composite, zeolites can provide a rigid and stable
structure to the resulting material (Taaca and Vasquez Jr.,
2017).The high positive density of chitosan and zeolite favors
de adsorption process of anionic dyes like EBT (Moeinpour et
al., 2014; Attallah et al., 2016).

Morphological analyses
Figure 2 shows, with an increasing level of magnifica-
tion, the particle morphology of the composite material that

was obtained. Amplifications in images 2A), 2B), 2C), and 2D)
are 50X, 1 000X, 2 000X, and 5 000 X, respectively. In figure
2A), chabazite encrustations corresponding to chabazite par-
ticles becoming encapsulated into the polymeric chitosan
matrix can be seen on the surface of the composite material.
The formation of an uneven surface is attributable to a rel-
atively high proportion of zeolite with respect to chitosan,
making zeolite more accessible in the composite (2 A, B, and
Q). The absence of porosity despite the presence of zeolite
has been cited as a consequence of evaporative drying being
used as part of the composite preparation process, ultimately
leading to the obstruction of zeolite microporous (Djelad et
al., 2016). The level of detail that was finally obtained allowed
chabazite rhombohedral crystals to be noticeable.

Functional groups identification

Curves showing absorbance variation for the range of
500 cm"to 4,000 cm™ from FTIR analyses of composite and
chitosan are shown in figure 3. In the chitosan spectrum, the
structural units present, identified by the wave number of
their bands, are the following: O-H and N-H centered around
3360 cm’, characteristic of alcohols, amines, and amides
present in the deacetylated solid structure; C-H at 2880 cm™,
protonated amino group at 1585 cm™, saccharide unit of chi-
tosanat 1148 cm™, and C-N and C-O at 1029 cm' (Bashir et al.,
2019). For chabazite, it has been reported two types of build-
ing units vibrations are characteristic; some corresponding to
O-T-O symmetric, and asymmetric stretching and bending,
and those related to T-O-T linkages that involved a bridging
oxygen atom; where T designates a Si or Al atom in the
chabazite TO4tetrahedraI building unit (Dimowa et al., 2018),
with strong bands associated to Si-O-Si and Si-O-Al groups
vibrations are located in the wavelength region of 700 to
1200 cm. Also, a band at roughly 1650 cm™ represents the
bending vibration of H,0 molecules and T-O stretching (Falk,
1984; Dimowa et al., 2018) and those at approximately 3670

CH, CHa
OANH OH O/I\NH OH
HO o) HO 0
O NaOHCOHC. 0o
0 > o
HO Y HO
OH O. _NH OH NH,
CHs
— —n — —n
Chitin Chitosan

Figure 1. Schematic depiction of the chitin deacetylation reaction to form chitosan based on the representation from Szatkowski

etal,, 2013.

Figura 1. Descripcion esquematica de la reaccion de desacetilacion de quitina para formar quitosano basada en la representacion

de Szatkowski et al., 2013.
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Figure 2. SEM image showing the morphology of the composite using a magnification of A) 50 X, B) 1 000 X, C) 2 000 X, and D)

5000 X.

Figura 2. Imagen de MEB que muestra la morfologia del material compuesto empleando una amplificaciéon de A) 50 X, B) 1

000 X, C) 2000 Xy D) 5000 X.

and 3450 cm™ denote isolated and H-bonded O-H stretching,
respectively (Aysan et al., 2019). Bands corresponding to 6
membered rings are located between 570 and 635 cm™; H,O
bending and T-O stretching at approximately 1660 and 1044
cm’, respectively, isolated and H-bonded O-H stretching at
3669 and 3443 cm™, respectively, and external T-O at 762 cm™
(Aysan etal., 2016).

The composite spectrum shows peaks at approxi-
mately 3360, 2880, and 1585 cm' like chitosan, and at 1650
cm’ similarly to chabazite. The peak at approximately 1,030
cm™” coincides with bands of both, chitosan and zeolite, lo-
cated in the vicinity of that value.

Thermal stability results

The results of the thermo-gravimetric analysis shed
light on the thermo-resistance of the composite material
and determine the temperature at which changes affecting
its chemical structure occur. The progressive weight loss
that ensued as temperature increased is shown in figure 4.
Three important stages can be identified along the curve
describing the weight decrement associated with tempera-
ture increase; the first one takes place between 30 °C and
225 °C and corresponds to a 12.5% weight reduction in the
composite material originated by moisture loss. This was
followed by a significant decrease of up to 24.5% between
225°C to 455°C, that becomes particularly abrupt at 275°C,

that relates to the degradation of the saccharides in the mo-
lecular structure of the chitosan. Finally, the last stage occurs
when temperature increases from 455°C to 790°C, and leads
to the final decomposition of the material at approximately
680°C. This behavior is in accordance with what was reported
by Escobar et al. (2013), and Djelad et al. (2016).

Composite Material

Chitosan
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Figure 3. FTIR spectrums of chitosan and composite.
Figura 3. Espectros FTIR del quitosano y el material compuesto.

) ) }
Vol XXII, N 31—
olumen umero ‘ 14{6



Guzman-Grijalva et al: Biotecnia / XXIII (3): 158-166 (2021)

T(°C)
0 200 400 600 80 1000
1 i | L | M 1 I
100 ﬁ 100
-\ 125% 23759(: P
0 1 N ! 16 90
. 80 L8
‘.uz':'IJ 701 -70%
= Phase -
g i | Phase v Phase g
o] W - 60
NC  WFC  4s5'C 790°C
50 4 \‘;, remnant: |50
RN
o eao:c — |
|

I I I I
0 200 400 600 800 1000
T(°C)

Figure 4. Weight reduction for composite material obtained from the
thermogravimetric analysis results.

Figura 4. Pérdida de peso del material compuesto obtenida de los
resultados de los andlisis termogravimétricos.

The analysis shows that dry chabazite accounts for
42% of the total mass of the composite material. This can
be seen more clearly in figure 5, where the paths of weight
loss through time obtained from thermogravimetric analyses
performed on separate samples of zeolite, composite mate-
rial and chitosan are shown graphically. The curve on the top
reveals that the total weight reduction for zeolite came to be
approximately 15 % of its initial value. The curve describes
the gradual loss of weight that took place as temperature
rose from 25 to 300 °C and the stabilization of sample weight
that ensued from this point up to 900 °C. The noticeable
absence of inflection points denotes that only one mech-
anism is responsible for the initial weight loss, namely, loss
of humidity, and that no chemical transformations in zeolite
structure that involve the release of gaseous compounds
ever occurred. Curves corresponding to composite material
and chitosan, exhibit a similar shape, though chitosan curve,
previously shown with more detail in figure 4, is much steep-
er than that of the composite. The temperatures at which
inflection points are located along these two curves are strik-
ingly similar up to 400 °C; above it, the inflection points in the
composite material curve are shown at a higher temperature
than in that of chitosan. This seems to indicate that chitosan,
when being an integral part of the composite, degrades at a
slower rate than pure chitosan at high temperatures.

Adsorption kinetics
Experimental data, were analyzed using the linearized

forms of the equations corresponding to pseudo-first order
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Figure 5. Chart showing the path of weight reduction for zeolite,
composite and chitosan obtained from the thermogravimetric
analyses results.

Figura 5. Grafica de la pérdida de peso de la zeolita, el material
compuesto y el quitosano obtenida de los resultados de los andlisis
termogravimétricos.

(PFO) (Lagergren and Vetenskapsakademiens, 1898); the
pseudo-second order (PSO), the intraparticle diffusion (IP),
and the Elovich models.

The equation for Lagergren’s pseudo-first order model
IS:

In(qe — q¢) = Inqe — kqt (Eq. 1)

Where g, (mg/g) designates the concentration of col-
orant in the composite material once equilibrium has been
reached and g, (mg/q) to the solid phase concentration at a
particular time t (min), while k, (min”') denotes the first-order
rate constant.

Assumptions made regarding this model are: 1) ad-
sorption takes place exclusively in specific sites and adsorbed
ions do not interact with one another; 2) adsorption energy
is not determined by surface coverage; 3) only a monolayer
of adsorbate can be formed on sorbent surface and, conse-
quently, a saturated monolayer constitutes the maximum
level of adsorption that can be attained, 4) adsorbate con-
centration is essentially constant, and 5) adsorbate sorption
obeys a first-order rate equation (Largitte and Pasquier, 2016).

The equation describing the PSO kinetics model, de-
veloped by Ho and McKay (1999), is:

t 1 t
= + — (Eq. 2)

9  kaqz  q.

Inwhich k, (g mg™ min”) designates the PSO rate con-
stant and the rest of the variables have the same meaning
as in the first-order rate equation. According to this model,
adsorption rate depends on the number of active sites



Guzman-Grijalva et al: Removal of Eriochrome Black T from water using a / XXIII (3): 158-166 (2021)

available on the solute surface, being the difference between
solid phase concentration at equilibrium and its value at any
particular time prior to reaching that state, the driving force
behind the process (Kajjumba et al., 2018).

Sorption data from systems that conforms to the IP
model fit the following equation:

qt = kptOS + C
(Eq.3)

If such is the case, by plotting q, values versus t%°, a
straight line, with a slope equal to k and with the value for
C being given by intersection with axis y, will be obtained. kp
(mg g'min®?), is the IP diffusion rate constant,and C(mgg™)
is a parameter related to boundary layer thickness.

This model is used to determine if one particular step
of the adsorption process controls adsorption rate; three
stages being considered. The first one, referred to as film dif-
fusion, relates to sorbate gradual migration from boundary
layer to sorbent surface. Then, adsorbate internal diffusion
into pores comes about, followed by its final attachment to
active sorption sites inside pores (Pholosi et al., 2020). Which
stage exerts a higher influence in the adsorption process
depends on system conditions. In systems with very limited
agitation and low concentration, film diffusion acts as the
rate controlling step; otherwise, the adsorption is controlled
by IP diffusion.

According to the Elovich model, adsorption is ruled by
the equation:

1 1
q: = =n(Ba) + =Int
B B (Eq.4)

Where a (mg g' min™) is the initial adsorption rate,
while £ (g mg™) is desorption constant. This model assumes
that solute concentration decreases exponentially while the
amount of solute adsorbed increases (Kajjumba et al., 2018).

Data obtained from kinetic experiments consisted of
colorant concentration values in the liquid phase measured
at different times, when the solution initial concentration,
pH and volume were kept constant, as well as the amount of
sorbent used. Figure 6 shows the decrease in the liquid con-
centration of Eriochrome Black T colorant with time when 15
mL of a 50 ppm solution were placed in contact with 0.5 g of
composite material. The concentration of the solution once
equilibrium was reached was approximately 7.0 ppm and
that of sorbent 4.25 mg g™'. This represents an 86% reduction
of solution dye concentration in approximately 500 minutes
and implies that the material has the capacity of appreciably
removing Eriochrome Black T dye from water.

The extent to which the values derived from experi-
mental information actually fitted a straight line, when the
linearized forms of the equations describing each particular
kinetic model were considered, was assessed by plotting
In(q-q,)vs t for the PFO model case, and %vst, a:vst* and
q, vs In tfor the PSO, IP, and Elovich models, respectively. The
appropriateness of data distributions fitting to a straight line
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Figure 6. Change in solution dye concentration with time in the kinetic
experiments.

Figura 6. Cambio en la concentracién de la solucién de colorante a través
del tiempo en los experimentos cinéticos.

was evaluated using linear regression analysis. The values of
the linear correlation coefficient, R, obtained in each case are
shown in the respective plots (figure 7).

The PFO and PSO models have been commonly used
to characterize the nature of an adsorption process. Neither
of these two approaches take into account the effect of mass
diffusion in relation to the adsorption/desorption process,
but rather they are based on the consideration that it is the
rate at which the sorbate interacts with the sorbent surface,
and the type of that interaction, assumed to be inherently
irreversible in nature, that actually controls the sorption
kinetics (Plazinski et al, 2013). For systems that fit the PFO ad-
sorption model, it is believed that the adsorbate binds to the
sorbent surface through physisorption, whereas chemisorp-
tion is the mechanism associated with a PSO model. The
surface reactions that schematically show the attachment
of sorbate to the surface for the PFO and PSO respectively,
can be represented by the following equations (Largitte and
Pasquier, 2016):

S+M - MS
25+ M - M(S),

(Eq. 5)

(Eq.6)

Equation 5 also depicts the kinetic mechanism taking
place in accordance to the Elovich approach, although this
model assumes sorbed ions interact via chemisorption with
the solid surface and that adsorption rate decreases as surface
coverage increases. Chemisorption implies the formation of
a chemical bond due to the transfer or sharing of electrons
between sorbate and sorbent. Physisorption involves weak
electrostatic attraction forces and no modification of sorbent
chemical structure. Therefore, to evaluate the importance of
diffusion, it is necessary to resort to other models, such as the
IP model.

From the analysis of the experimental results, it turned
out that the strength of the linear relationships of the data
distributions, as measured by the coefficient of determina-
tion, r?, yielded an acceptable value only when the linearized
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form of the PSO model equation was used (figure 7), being
0.9992. This suggests that the process is governed by a
second order reaction mechanism for which the general as-
sumptions belonging to the PFO model apply. As mentioned
above, it has been claimed that the fit of the data to a PSO
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Figure 7. Charts showing the plotting of data derived from experimental
results according to the linearized forms of the PSF order (A), PSO (B), IP (C),
and Elovich (D) equations; straight lines obtained from linear regression
analysis are also on view.

Figura 7. Distribucion de los datos obtenidos a partir de los resultados
experimentales segun las formas linearizadas de las ecuaciones de pseudo-
primer orden (A), pseudo-segundo orden (B), difusién intraparticular (C)

y Elovich (D); las rectas obtenidas a partir de analisis de regresién lineal
también se muestran.
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model is indicative that chemisorption is the mechanism con-
trolling adsorption; although this is not a generally accepted
assessment and has been refuted by some researchers on
the grounds that such a fact is not sufficient evidence of the
formation of a chemical bond between sorbate and sorbent.
Instead, initial concentration levels have been attributed a
more decisive role in explaining the observed adsorption
mechanisms; with the PSO process favored by low sorbate
concentrations and PFO by high ones (Azizian, 2004).

Adjustment of data to the linearized form of the
Elovich model yielded the second highest valued for r?, 0.858.
Despite being lower than 0.9, which is considered a statically
acceptable value to derive conclusions, this further corrob-
orates, the presence of chemisorption as the main binding
mechanism of sorbate to sorbent sorption. On what comes
to the IP model, the low value of r? that was obtained can be
in response to the mechanical stirring provided during the
experiments, which eliminated the possibility of diffusion
being the limiting stage in the adsorption process.

CONCLUSIONS

The chitosan-chabazite composite obtained and
studied in this research showed to have the capacity of ap-
preciably removing Eriochrome Black T colorant from water.
Evidence shows that the mechanisms controlling the adsorp-
tion process fits a PSO model under the conditions prevailing
during the experiments. This may be the result of the low
initial dye concentration that was used and of the formation
of bonds of chemical nature between sorbate and sorbent.
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RESUMEN

El cultivo del frijol es afectado por diversas enferme-
dades en las que destaca la marchitez causada por Rhizoc-
tonia solani y Fusarium spp. El manejo de estos patégenos
principalmente se realiza mediante el uso de compuestos
quimicos los cuales contaminan el ambiente, son téxicos
para el humano, desarrollan resistencia en los fitopatdégenos
y ademds aumentan los costos de produccion. El objetivo
del presente estudio fue evaluar la respuesta de induccion
de resistencia mediante la inoculacion de bacterias endéfitas
contra R. solani y F. oxysporum. Se utilizaron plantas de frijol
de 45 dias de edad para determinar la concentracién de pro-
teinas (PR) y la actividad de peroxidasa (POD), fenilalanina
amonio liasa (PAL) a las 6, 12, y 24 h después de la inocula-
cién de los consorcios. Los resultados evidenciaron que los
microorganismos endofiticos promueven los mecanismos
de defensa en frijol, pudiendo propiciar resistencia contra F.
oxysporumy R. solani.
Palabras clave: proteinas, peroxidasa, fenilalanina amonio
liasa, marchitez del frijol.

ABSTRACT

Various diseases affect the bean crop, notably the
wilt caused by Rhizoctonia solani and Fusarium spp. The
management of these pathogens is mainly with the use of
chemical compounds, all of which contribute to environ-
mental pollution, are harmful to humans, phytopathogens
develop resistance and increase production costs. The objec-
tive of this research was to evaluate the resistance induction
response by inoculating endophytic bacteria against R. solani
and F. oxysporum. Bean plants of 45 days old were utilized
to determine PR protein concentration and the enzymatic
activity of peroxidase (POD) and phenylalanine ammonia
lyase (PAL) at 6, 12, and 24 h after consortia inoculation. The
results showed that endophytic microorganisms have poten-
tial as inducers of defense mechanisms in beans, promoting
resistance against F. oxysporum and R. solani.
Keywords: proteins, peroxidase, phenylalanine ammonium
lyase, bean wilt disease.
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INTRODUCCION

Rhizoctonia solani Kihn (teleomorfo Thanatephorus
cucumeris) y Fusarium oxysporum son importantes patoge-
nos comunes de pudricién de la raiz y marchitez del frijol
(Phaseolus vulgaris L.) (Oladzad et al., 2019; Abd-El-Khair et al.,
2019). En los ultimos afos, el control biolégico se ha converti-
do en una alternativa prometedora y ecolégicamente amiga-
ble al control quimico en el manejo de enfermedades de las
plantas transmitidas por el suelo y se han introducido varios
agentes de control biolégico como posibles bio-fungicidas
(Nasir et al., 2018). Las bacterias endéfitas son un grupo de
microorganismos endosimbidticos diseminados entre las
plantas; una asociacién de plantas con bacterias endofiticas
incluye una gran diversidad de taxones bacterianos y plantas
hospedadoras (Tamosiune et al., 2017). Investigaciones re-
cientes han identificado especies bacterianas endofiticas y se
ha informado cada vez mas que reducen el crecimiento y la
actividad de una plétora de fitopatégenos (Latha et al., 2019).
Las bacterias endofiticas pueden desempenar un papel im-
portante en el desarrollo de la mejora del crecimiento de las
plantas, la fitorremediacién, la solubilizacién de fosfatos, la
fijacion de nitrégeno, la modulacién del metabolismo de las
plantas y la sefalizacién de fitohormonas que conducen a la
adaptacién del estrés bidtico/abiético ambiental (Muthuku-
mar et al., 2017). Indirectamente, las bacterias endofiticas
pueden mejorar la salud de las plantas al atacar las plagas y
patdégenos con antibiéticos, enzimas hidroliticas, limitacién
de nutrientes y cebar las defensas de las plantas. Para conferir
estos beneficios, las bacterias deben colonizar la endosfera
de la planta después de colonizar la rizosfera (Afzal et al.,
2019). La induccién de resistencia se asocia a las proteinas
relacionadas con la patogenia (proteinas PR) como grupo de
las proteinas antifungicas relacionadas con la defensa indu-
cibles mas importantes, que incluyen defensinas, tioninas,
proteinas similares a la osmotina, proteinas similares a la
taumatina, quitinasas, glucanasas, oxalato oxidasa o protei-
nas similares a la oxalato oxidasa y proteinas de transferencia
de lipidos (Moosa et al., 2017). La fenilalanina amonio liasa
(Phenylalanine ammonia-lyase; PAL) cataliza el primer paso
en la via biosintética del fenilpropanoide a través de la
desaminacién de la fenilalanina en acido transcinamico, un
precursor de las vias biosintéticas de la lignina y los flavonoi-
des. (Jun etal., 2018, Gho et al., 2020). La PAL juega un efecto
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importante en la sintesis de metabolitos secundarios y el pro-
ceso de resistencia al estrés (Zhen y DeGang, 2017). Otro del
grupo de enzimas importantes en la defensa de las plantas
son las peroxidasas; antioxidantes clave, estdn ampliamente
distribuidas en la naturaleza y catalizan la oxidacién de
varios sustratos donantes de electrones concomitante con
la descomposicion del H,O, (Pandey et al., 2017). Gutiérrez-
Martinez et al. (2020) reportan que la actividad enzimatica en
hojas de frijol, hubo un aumento en todas las concentracio-
nes con cadmio y sugieren que podria deberse a la induccién
de mecanismos de sefializacién sistematica provocados por
el estrés oxidativo como medio de proteccién de las hojas.
El aumento en las actividades de POD en peras inoculadas
con B. amyloliquefaciens indican su capacidad para inducir
la defensa bacteriana a través de enzimas relacionadas con
la defensa (Pingping et al., 2017). El objetivo del presente
estudio fue evaluar la respuesta de induccién de resistencia
mediante la inoculacion de bacterias endofitas contra R.
solaniy F. oxysporum.

MATERIALES Y METODOS
Aislamiento e identificacion de los hongos fitopatégenos
Se recolectaron plantas de frijol con sintomas de
marchitez y necrosis de raiz y tallos por Rhizoctonia solani'y
Fusarium sp., las raices y tallos se lavaron con agua corriente,
las cuales se secaron bajo campana de flujo laminar durante
12 horas. Se cortaron porciones de tejido sano y enfermo, y se
desinfectaron externamente con hipoclorito de sodio al 3%,
lavandose tres veces consecutivas con agua destilada estéril
para eliminar el exceso de desinfectante. Posteriormente, se
colocaron en toallas estériles para secarse. Los fragmentos
de raices y tallos fueron sembrados en medio de cultivo PDA
(BD, Bioxon, Dickinson and Company, México) y se incubaron
en una incubadora (Lumistell"? IEC-41, México) a 2622°C por
siete dias. F. oxysporum fue identificado fenotipicamente de
acuerdo con las caracteristicas morfolégicas descritas por
Leslie y Summerell (2006); la identificacion de R. solani se
determiné por los criterios de Sneh et al. (1991). Se utilizé
el método de cultivos monospéricos para la purificacion
de F. oxysporum y punta de hifa para el caso de R. solani, los
aislamientos fueron conservados bajo refrigeraciéon en agar
inclinadoa 4 °C.

Corroboracion molecular de los hongos
Extraccion de ADN de los hongos

Cepas axénicas de los hongos desarrollados en medio
de cultivo PDA de siete dias de edad, se rasparon con la ayuda
de una espatula para la obtencion de micelio. La extraccion
fue realizada por el método de Nicholson et al. (2001), usan-
do buffer que contenia EDTA 10 mM, Tris HCI 10 mM pH 8.0,
SDS 0.5%. El ADN extraido fue resuspendido en 25 pL de TE.
La integridad y calidad del ADN se verificé en gel de agarosa
al 1%, bajo electroforesis horizontal aplicando un voltaje de
100 volts por 40 min.
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Amplificacion por reaccion en cadena de la polimerasa
(PCR)

Se amplificé la region ITS1 e ITS4 (Internal Transcribed
Spacer), mediante una mezcla de amplificaciéon en volumen
final de 20 pL, compuesto por 13.58 uL de agua MQ, 2.0uL de
buffer MgCl (10X), 0.32puL de MgCI2 (25mM), 0.4uL de dNTP’s
(10mM), 0.5uL de cada iniciador ITS1 (5 TCC GTA GGT GAA
CCT GCG G3’) e ITS4 (5'TCC TCC GCT TAT TGA TAT GC3°) (10
pM), 0.5 uL de DMSO, 0.2 uL de ADN Tag-polimerasa 1 U y
1 pL de ADN (40 ng/pL). Las reacciones de amplificacion se
efectuaron usando un termociclador (Bio-Rad T100™ Ther-
mal Cycler California USA) bajo el siguiente programa: 1 ciclo
de 94 °C 3 min, seguido de 35 ciclos a 94 °C por 45 s, 53 °C por
45 sy 72 °C 1 min; finalizando con un ciclo de polimerizacién
de 72 °C por 7 min. Las bandas amplificadas se observaron
en un gel de agarosa al 1.0% a 90 V por 60 min (Nicholson et
al., 2001).

Secuenciacion de productos de PCR

Los productos de PCR fueron incrementados y purifi-
cados por medio de kit GeneAll'Expin™ PCR SV, y se secuen-
ciaron por el laboratorio Macrogen Online Sequencing Order
System (Rockville, MD, United States), las secuencias obteni-
das, se analizaron en la base de datos del GenBank del Na-
tional Center for Biotechnology Information (NCBI), usando
el programa BLAST (Basic Local Aligment Search Tool) para
secuencias altamente similares. Cada secuencia obtenida se
le depuré la parte inicial y final para aumentar la sensibilidad
del analisis (Castro del Angel etal, 2019).

Bacterias endéfitas

Dos aislamientos de Bacillus amyloliquefaciens cepa 53
y B. amyloliquefaciens cepa 21 fueron tomadas de la colec-
cién de microorganismos del laboratorio de Fitopatologia de
la Universidad Autébnoma Agraria Antonio Narro. Con estos
aislamientos se formaron dos consorcios: uno a una concen-
tracion de 1x10° ufc y otro de 1x10% ufc.

Formacién de consorcios

Se determiné la compatibilidad entre las cepas que
mostraron los niveles mas altos de antagonismo y man-
tuvieron su accién continua sobre los fitopatégenos. La
compatibilidad se realizé en placas de Petri considerando
el antagonismo solo y combinado de las cepas de bacterias
endoéfitas desarrollando la ecuacion de Sueke et al. (2010), se
considero la siguiente expresidon matematica: , donde: Efecto
A= Efecto en A cuando es probado en combinacién de B /
Efecto en A solo y Efecto B= Efecto en B cuando es probado
en combinacién de a / Efecto en B solo. La aceptacion del
efecto fue a partir de los siguientes posibles resultados en la
mezcla: < 0.5, sinergismo; 0.5-1.0, aditivo; 1.0-4.0, indiferencia
y >4, antagonismo.

Microorganismos y condiciones de cultivo
El indculo bacteriano se preparé con una asada de las
cepas 21 y 53, ambas se cultivaron en medio liquido papa
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dextrosa (PD) y se incubaron en un agitador rotatorio (Lab-
net, Orbit 1000, USA) a 120 rpm a 26 * 2 °C durante siete dias.
Después de la incubacién, las esporas se recuperaron me-
diante centrifugacion en una centrifuga (Clay Adams Dynac I
Centrifuge, United States) a 3500 rpm y se resuspendieron en
agua destilada estéril; la suspensién se ajustd en una camara
de Neubauer, la concentracion utilizada fue 1x10°8 ufc/mL y
1x108 ufc /mL. Las suspensiones de los endoéfitos se conser-
varon en refrigeracién a 4 °C durante 24 h.

Los conidios de F. oxysporum se recuperaron raspan-
do la placa de Petri y suspendiéndolos en 500 mL de agua
destilada estéril, y finalmente se ajusté a 1x10° conidios/mL.
El inéculo de R. solani se obtuvo mediante la metodologia
de Schneider et al. (1997) modificada; se colocaron 300 g de
grano de trigo en matraces de 1000 mL con 100 mL de medio
PD vy se esterilizaron en autoclave durante 30 min por tres
dias consecutivos. Los matraces se inocularon con tres discos
de 5 mm de didmetro con micelio del patégeno de siete dias
de edad, los cultivos se incubaron a 22 + 2 °C durante 21 dias.

Establecimiento del ensayo

Semillas de frijol (Phaseolus vulgaris CV. Pinto Saltillo)
se sembraron en macetas de 5 Kg de capacidad con suelo
pasteurizado, recolectado de parcelas donde anteriormente
se habia cultivado frijol, el método utilizado fue pasteuri-
zacion que consistié someter el suelo a 80 °C en autoclave
durante 3 veces consecutivas y dejando enfriar entre cada
vez. Al momento de la siembra se realiz6 la inoculacion de
los fitopatdgenos; para el caso de F. oxysporum con una
suspensién de 1x10° conidios/mL; para R. solani 10 semillas
de trigo con esclerocios y micelio de R. solani de 21 dias de
edad. Los tratamientos estudiados se reportan en la tabla 1.
Los consorcios se inocularon tres veces: una al momento de
la siembra, la segunda a los 25 dias después de la emergencia
y la tercera a los 45 dias después de la emergencia. Es impor-
tante mencionar que los experimentos se establecieron por
separado, es decir un ensayo para F. oxysporum y otro para R.
solani. Los consorcios son una mezcla de especies de Bacillus:
la diferencia entre estos consiste en dos niveles de indculo en
cada uno de ellos. El experimento se establecié en un disefio
de bloques al azar bajo condiciones de invernadero con siete
repeticiones por cada tratamiento, una maceta fue conside-
rada una repeticidon que contd con dos plantas de frijol.

Determinacion de actividad enzimatica

El material vegetal utilizado para la extraccién consi-
stié en 1 g de hojas de frijol de 45 dias de edad, previamente
lavadas y secas, se maceraron en mortero con una solucién
amortiguadora de fosfatos pH 7.3 0.1 M, relacién 1:2 (m/v).
Posteriormente las muestras se centrifugaron a 12 500 rpm
durante 15 min a 4 °C, el sobrenadante fue separado para
la determinacion de la concentracidon de proteinas (PR), y
actividad de fenilalanina amonio liasa (PAL) y peroxidasa
(POD). La inoculacidon de los consorcios se realizd6 mediante
aplicacién a la raiz utilizando un aspersor manual (Truper
10929, México) de 1 L de capacidad y la inoculacién de los

Tabla 1. Designacién de tratamientos en el cultivo de frijol en condiciones
de invernadero

Table 1. Treatments designation in bean crop under greenhouse condi-
tions.

Codigo Tratamiento Concentracion
Cons 1+ F.oxysporum  (T1) Patégeno + consorcio 1 1x10°ufc
Cons 2 + F. oxysporum (T2) Patégeno + consorcio 2 1x108ufc
Cons 1 (T3) Consorcio 1 1x10°ufc
Cons 2 (T4) Consorcio 2 1x108 ufc
Patégeno (T5) Fusarium oxysporum 1x10° conidios/mL
Testigo (T6) Testigo Agua

Cons 1+ R. solani (T1) Patégeno + consorcio 1 1x10° ufc
Cons 2 + R. solani (T2) Patégeno + consorcio 2 1x108 ufc
Cons 1 (T3) Consorcio 1 1x10¢ ufc
Cons 2 (T4) Consorcio 2 1x108ufc
Patégeno (T5) Rhizoctonia solani I semr:Iaacsectiae Hitge
Testigo (T6) Testigo Agua

hongos fitopatdgenos se llevé a cabo con una jeringa hipo-
dérmica con aplicaciéon de 25 mL al suelo (Castro del Angel
et al., 2019). Las muestras se colectaron a las 0, 6, 12 y 24h
después de la aplicacion de los tratamientos, las muestras en
el tiempo de 0 h fueron colectadas antes de la inoculacion
(Gonzalez-Gallegos et al., 2015), el ensayo se desarrollé por
triplicado.

Cuantificacion de proteinas (PR)

Se determiné segun el método de Bradford, utilizando
como patrén albumina de suero bovino (Bradford, 1957).
Para la preparacion del reactivo Bradford. Se pesaron 10 mg
de azul de Coomassie G-250, se adicionaron 5 mL de etanol
al 95 % v/vy 10 mL de 4cido fosférico al 85% v/v y se aford a
100 mL con agua destilada, esta solucion se filtré con papel
Whatman No. 2 y se almacend en frasco ambar a 4 °C.

Preparacion de la solucion concentrada de albumina
sérica bovina (BSA) 1000 pg/mL.

Se disolvieron 4 mg de BSA en 4 mL de agua destilada y se
homogeneiz6 la solucion. Después, se hizo una curva de
calibracion a partir de diferentes concentraciones de BSA,
las soluciones se prepararon con concentraciéon de 100-1000
pg/mL, a partir de BSA y agua destilada (Buffer), llevandolas a
un volumen final 1T mL.

Determinacion de proteinas por la técnica de Bradford

Se mezclaron en un tubo de vidrio 100 yL de cada
una de las concentraciones de BSA con 5 mL de reactivo de
Bradford, después de 5 minutos se realizd la lectura en el
espectrofotometro (Jenway 7305 Spectrophotometer, UK) a
una longitud de onda de 595 nm, ajustando el cero de absor-
bancia con el blanco.

Volumen XXIIl, Ndmero 3

169



Castro-del Angel et al: Biotecnia / XXl (3): 167-174 (2021)

Partiendo de la Ley de Beer-Lamber, se realizé6 una
curva ordenando en el eje X las concentraciones y en el eje
Y las absorbancias, luego se realiz6 la regresion lineal y se
obtuvo la ecuaciéon Y=mx+by el R".

Determinacion de la actividad de fenilalanina amonio
liasa (PAL)

Se tomaron 0.9 mL de L-Fenilalanina 1 mg/mL, se adi-
ciond 0.1 mL de extracto enzimatico e incubé a 40°C durante
30 min en un termociclador (Bio-Rad T100™ Thermal Cycler,
California USA) a 300 rpm. La reaccién se detuvo con 0.25
mL de &cido clorhidrico 5 N. Las muestras se colocaron en
bafio de hielo y se les adicioné 5 mL de agua destilada. Los
valores de absorbancia se determinaron a una A = 290 nm
en un espectrofotémetro (Jenway 7305 Spectrophotometer,
UK) y se calculé con un coeficiente de extincion molar de
17.4/mM/cm (Trotel et al., 2007). Una unidad de actividad
enzimatica se definié como equivalente a la produccién de 1
pumol de acido transcinamico producido por minuto por mg
de proteina (Rodriguez et al., 2006).

Determinacion de la actividad de peroxidasa (POD)

El ensayo fue realizado en un espectrofotémetro (Jen-
way 7305 Spectrophotometer, UK) a 610 nm usando rojo de
fenol como sustrato, el volumen total de la reaccién fue de 1
mL a 37°C. A 20 pL del extracto enzimético se le adicionaron
50 pL de rojo de fenol al 0.2% (m/v), 930 uL de solucién amor-
tiguadora de citrato de sodio pH 4.2, 50 mM. La reaccién di6
inicio con 10 pL de peréxido de hidrogeno 1 mM, dejando
transcurrir 3 min, para detener la reaccién se adicionaron 40
uL de hidréxido de sodio 2 N. La absorbancia se registr6 a 610
nm y se calculé con un coeficiente de extinciéon molar de 22
000 M/cm, para el producto oxidado. Se expreso la actividad
de peroxidasa como milimoles de rojo de fenol que se oxidan
por gramo de tejido fresco por minuto (Yedidia et al., 1999).

Analisis estadistico

Las medias obtenidas de la concentracién de proteina
y de la actividad enzimatica fueron sometidas a un analisis de
varianza y prueba de separacidon de medias por el método de
prueba de rangos multiples de Tukey al 0.05 de significancia
en el programa SAS versién 9.0 para Windows.

RESULTADOS Y DISCUSION
Aislamiento e identificacion de los hongos fitopatégenos
Las cepas de hongos aisladas de plantas de frijol con
sintomas de marchitez y pudriciéon de raiz fueron identifi-
cadas por caracteristicas morfoldgicas. Se observd micelio
algodonoso con tonos purpuras a partir de los cuatro dias
de edad, las caracteristicas microscépicas fueron microco-
nidios sin septos, ovales, elipticos a reniformes (Khan et al.,
2021). Las clamidosporas de posicidn intercalar y terminal,
individualmente o en pares, con una apariencia lisa circular
de doble pared. Las macroconidias observadas eran fusoides
y alantoides con tres a cinco septos y en forma de gancho
(Figura 1A) las caracteristicas observadas corresponden a
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versal cerca de la unidn, estas caracteristicas corresponden a
las reportadas por (Sneh et al.,, 1991 y Al-Fadhal et al., 2019),
se pueden observar en la Figura 1B.

Corroboracion molecular de los hongos

La confirmacién de la identificacién morfolégica de
las especies se obtuvo mediante secuenciacién de la region
intergénica ITS1 e ITS4, las secuencias obtenidas comparadas
en BLAST dieron como resultado a Fusarium oxysporum con
clave de acceso JN624887, maximo score de 915, y Rhizoc-
tonia solani con clave de acceso JX050236.1 y maximo score

17:17:40 | Unidad: mm /Aume

Figura 1. Estructuras morfoldgicas de Fusarium oxyspo-
rum desarrollado en medio clavel agar (A) y crecimiento
de Rhizoctonia solani en medio PDA (B).

Figure 1. Morphological structures of Fusarium
oxysporum grown on carnation agar medium (A) and
Rhizoctonia solani grown on PDA medium (B).

las reportadas por Leslie y Summerell (2006) para Fusarium
oxysporum. Las caracteristicas consideradas para la identifi-
cacioén de Rhizoctonia solani fueron observadas como micelio
incoloro a los primeros 3 dias de desarrollo, pero se volvié
amarillento a color marrén claro a las dos semanas de edad,
con células alargadas y ramificaciones que crecieron en
angulos aproximadamente rectos a la hifa principal, estaban
ligeramente constrefidos en la unidn, y con una pared trans-
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de 1216, ambas con 99% de identidad (Tabla 2). Singha et
al. (2016) identificaron molecularmente aislados de Fusarium
amplificando la regién del espaciador transcrito interno (ITS)
del ADN ribosémico conservado utilizando los cebadores
ITS1 e ITS4. Todas las secuencias de ITS se compararon en
busca de espacios y similitudes. Por otra parte, Basbagci et al.
(2019) identificé aislamientos de R. solani morfolégicamente
y los corroboré mediante secuenciacion de la region ITS1 e
ITS4 a partir de ADN genémico.

Tabla 2. Claves de accesos de la corroboracion molecular de las cepas
fungicas.
Table 2. Access codes of the molecular corroboration of the fungal strains.

Cepa NCBI

Codigo de acceso

F. oxysporum Fusarium oxysporum strain Af/8/1 JN624887

R. solani Rhizoctonia solani isolate JZB-34 JX050236.1

Formacion de los consorcios

La evaluacién en cultivo dual permitié conocer que
entre las cepas de bacterias enddfitas no existié antago-
nismo entre ellas al evaluarlas simultdneamente sobre los
hongos en estudio (Figura 2). El efecto combinado de B.
amyloliquefaciens cepa 53 y B. amyloliquefaciens cepa 21con-
tra F. oxysporum fue de 2.06 mientras que para R. solani fue de
1.98, de acuerdo con Sueke et al. (2010) el efecto encontrado
fue nulo, es decir no existidé antagonismo, ni sinergismo entre
cepas, sin embargo, fueron seleccionadas para ser evaluadas
en el cultivo de frijol en diferente tamano de indculo. En otro
contexto, Yanti et al. (2021), reportan consorcios de Bacillus
como inductores del crecimiento vegetal en el cultivo de to-
mate, al respecto, estos autores seleccionaron los consorcios
mas prometedores por métodos cualitativos observando
la zona de inhibicién entre ellos en presencia de Sclerotium
rolfsii.

Determinacion de actividad enzimatica

Los tratamientos indujeron la actividad proteica de
los sistemas ensayados. La actividad mostrada en plantas de
frijol, con respuesta a F. oxysporum y R. solani se ve incremen-
tada a partir de las 6 h en todos los tratamientos, mostrando
una tendencia a disminuir con el paso de las horas. Las

Fusarium OXVSperum

plantas con exposicién directa a F. oxysporum muestran los
valores mas altos de proteina, sin embargo la exposicion del
consorcio 2 no presenta diferencia significativa frente a este.
A las doce horas las plantas inoculadas con los consorcios 1y
2 e inoculados simultaneamente con F. oxysporum muestran
la actividad mas alta en comparacién con el tratamiento indi-
vidual de F. oxysporum (P<0.0001), lo que demuestra que se
estd expresando la respuesta de defensa de la planta frente al
patdgeno por la accién de los consorcios bacterianos aplica-
dos. Por otra parte, las plantas coinoculadas con el consorcio
2y el patédgeno, se mantiene la actividad constante desde las
6 h y hasta las 24 h mientras que el consorcio 1 la actividad
declina a partir de la 12 h de estudio. Los consorcios 1y 2 en
ausencia del patégeno también inducen la actividad proteica
en comparacion al testigo absoluto (P<0.0001). La actividad
de proteina debe formar parte del mecanismo de defensa de
la planta de frijol, y es la responsable de la induccién de re-
sistencia desarrollada por la planta después del tratamiento
con los consorcios y la infeccion por el patdégeno. La induc-
cién de resistencia se asocia a las proteinas relacionadas con
la patogenia (proteinas PR) como grupo de las proteinas an-
tifngicas relacionadas con la defensa inducibles mas impor-
tantes, que incluyen defensinas, tioninas, proteinas similares
a la osomtina, proteinas similares a la taumatina, quitinasas,
glucanasas, oxalato oxidasa u proteinas similares a la oxalato
oxidasa y proteinas de transferencia de lipidos (Moosa et al.,
2017). La induccién y acumulacién de proteinas PR protegen
a las plantas de futuras infecciones, su activacién es muy
importante, ya que son un componente indispensable de las
respuestas inmunitarias innatas en plantas en condiciones
de estrés bidtico o abiético (Jain y Khurana, 2018).

Determinacion de la actividad enzimatica de PAL

Los mayores niveles de actividad se expresaron en las
plantas tratadas con los consorcios 1y 2 en presencia de F.
oxysporum a los diferentes tiempos de muestreo (P<0.0001),
por ello se puede considerar que los consorcios estimulan
la defensa de la planta ante al patégeno encontrandose los
valores mas significativos en los tratamientos antes mencio-
nados. El incremento en la actividad de PAL de la via de los
fenilpropanoides aumenta la produccién de acido transcina-
mico a partir de fenilalanina, el cual es trasformado a través

Rhizoctonia solami

Figura 2. Inhibicién in vitro de Fusarium oxysporum (A) y Rhizoctonia solani desarrollado en medio PDA (B).
Figure 2. In vitro inhibition of Fusarium oxysporum (A) and Rhizoctonia solani grown in PDA medium (B).
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de otras dos reacciones enzimaticas hasta paracumaril CoA;
precursor de un amplio grupo de productos que incluyen la
lignina, los fenilpropenos y los flavonoides (Glas et al., 2012).
Ardila et al. (2007) reportaron que la actividad PAL se activa a
partir de las 6 h postinoculacion de Fusarium oxysporum f.sp.
dianthi raza 2 en plantas de clavel, encontrandose los picos
maximos a las 12 h y disminuy6 a las 24 h, sin embargo, en
este ensayo los valores mas altos de PAL se obtuvieron hasta
las 24h. Al respecto Duba et al. (2019) reportaron que la acti-
vidad PAL inmediatamente y 24 h después de la inoculacién,
en lineas de trigo evaluadas fue significativamente (p < 0.01)
mayor en plantas inoculadas con F. culmorum. Singh et al.
(2020) con inoculaciones de Trichoderma asperellum y acido
ascérbico en semillas de tomate, las plantas tratadas mostra-
ron una mayor acumulacién de contenido total de fenoly una
mayor actividad PAL, POD, quitinasa y polifenol oxidasa en
comparaciéon con las plantas no tratadas. En otro apartado,
la determinacién de PAL en plantas de frijol contra R. solani;
en todos los tratamientos existe incremento en la actividad
enzimatica desde las 6 h hasta las 24 h en comparacién con el
testigo. Se encontrd que los consorcios 1y 2 sin inoculacién
del patégeno, son mayores que el testigo libre de cualquier
tratamiento, lo que se relaciona con un posible cambio en
la activacion de mecanismos de defensa que generan los
consorcios aplicados sobre plantas de frijol antes de que se
inocule el patégeno. La capacidad de los hongos patdégenos
para inducir resistencia sistémica estd determinada por la
actividad de la fenilalanina amonio liasa, relacionada con el
metabolismo de los compuestos fendlicos, la via metabdlica
de las fitoalexinas y la induccion de la sintesis de acido salici-
lico (SA). En la via de biosintesis de SA, el acido corismico se
convierte en SA a través de la fenilalanina. El acido cinamico
se convierte en productos intermedios de PAL y luego se
convierte en SA. El acido salicilico es un mensajero secun-
dario en el proceso de inducir resistencia al estrés bidtico
en las plantas (Barna et al., 2012). La PAL cataliza el primer
paso en la via biosintética del fenilpropanoide a través de la
desaminacién de la fenilalanina en acido transcinamico, un
precursor de las vias biosintéticas de la lignina y los flavo-
noides. (Jun et al., 2018, Gho et al., 2020). La PAL juega un
efecto importante en la sintesis de metabolitos secundarios
y el proceso de resistencia al estrés (Zhen y DeGang, 2017).
Por su parte, Rais et al. (2017) estudiaron rizobacterias para la
induccion de diferentes vias en plantas de arroz a través de
la produccién de varios metabolitos. Reportan, que Bacillus
spp. inducen enzimas como la superéxido dismutasa, pero-
xidasa, polifenol oxidasa y fenilalanina amonia-liasa contra
la infeccion por Pyricularia oryzae. Como se observa en este
trabajo, lainduccién de esta enzima por los consorcios puede
ser relevante en los mecanismos de defensa de las plantas de
frijol a las enfermedades.

Determinacion de la actividad enzimatica de POD.

La expresion de la actividad de POD en plantas de
P. vulgaris no presenta diferencias significativas ante los
diferentes tratamientos que se aplicaron, en los diferentes
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tiempos a los que se realizo el ensayo. Sin embargo, a las 12
y 24 h de muestreo las plantas tratadas con los consorcios en
ausencia de R. solani presentan mayor actividad de POD en
comparacion a las plantas sin ningun tratamiento. En adicién
se puede observar que a las 6 h el testigo absoluto presenta
aumento en la actividad POD, pero el incremento de la ac-
tividad peroxidasa, que se detecta en las plantas libres de
cualquier tratamiento, es posiblemente debido al efecto de la
herida que se hace, pues dicha actividad no progresa a través
del tiempo. Por otra parte, Ezziyyani et al. (2005) reportan que
alas 24 y 96 horas postaplicacién, se produce un incremento
de actividad peroxidasa y que la actividad aumenta con el
tiempo posterior a la inoculacion. La mayor actividad se da
alas 96 h en plantas tratadas con T. harzianum. Por lo tanto,
Shoaib et al. (2019) asumen que la supresién de Sclerotium
rolfsii esta directamente relacionada con el aumento de la ac-
tividad de las enzimas peroxidasa, catalasa, polifenol oxidasa
y fenilalanina amonio liasa, por lo que proporciona la base
para la resistencia en garbanzo. En otro contexto, Khanna et
al. (2019) sugieren que los aspectos favorables de Pseudomo-
nas aeruginosa y Burkholderia gladioli en la modulacién de
las caracteristicas de crecimiento y la expresion de defensa
antioxidante de Lycopersicon esculentum para enfrentar el
estrés oxidativo generado bajo la infeccién por nematodos.
A su vez, Sahniy Prasad (2020) indican que Pseudomonas sp.
y vermicomposta aplicadas simultdaneamente las actividades
de las enzimas POD y PAL fueron altas en las plantas de
garbanzo después de inocularse con S. rolfsii. Sus actividades
maximas aparecieron a las 48 h después de la exposicién al
patégeno.

CONCLUSIONES

Se identificd a F. oxysporum y R. solani como agentes
causales de marchitez y pudricion de raiz de frijol variedad
Pinto Saltillo. Los consorcios de bacterias endéfitas provoca-
ron un aumento en la concentracién de proteinas y activi-
dad enzimatica en el cultivo de frijol, como mecanismo de
defensa contra F. oxysporumy R. solani a partir de las 6 horas
bajo condiciones de invernadero. La mayor actividad de PAL
aumenta significativamente a las 24 h postinoculacién, por lo
que la PAL contribuye al mecanismo de resistencia del frijol al
aumentar su actividad después de la inoculacién con los con-
sorcios bacterianos. Como estudios posteriores se pretende
trabajar con mas tiempos de exposicién de los tratamientos
y mdas muestreos de actividad enzimatica y asi mismo deter-
minar otras enzimas implicadas en la defensa vegetal por la
via de resistencia sistémica inducida.
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