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ABSTRACT

DNA-based molecular techniques are crucial for the precise
identification of microorganisms. Despite their speed and
sensitivity, specificity hinges on primer or probe design. The
search for unique sequences in organisms’ genomes has
various applications such as microorganism identification.
There are published bioinformatic tools that employ the con-
cept of in silico genomic subtractive hybridization analysis to
identify species-specific/unique regions within a genome of
interest. However, they use deprecated tools and program-
ming languages that are not currently used in bioinformatics,
some of them are specialized or difficult to obtain because
the repositories, where these tools were hosted, are not pu-
blic or the web servers are currently down. To address these
issues, we implemented the in silico genomic subtractive
hybridization idea in a user-friendly, open-source, freely avai-
lable, easy-to-install command pipeline application written
in Python (called Not-alike3). We designed PCR primers over
the sequence of unique regions identified in the genomes of
two Mucorales species, Rhizopus oryzae and Cunninghamella
bertholletia, employing Not-alike3 command pipeline; we
made specificity tests to challenge these primers and we
observed that they were species-specific.

Keywords: Python programming, molecular diagnostics,
pathogen detection, molecular biology, SHG.

RESUMEN

Las técnicas moleculares basadas en ADN son cruciales
para la identificacién correcta de microorganismos. A pesar
de su velocidad y sensibilidad, la especificidad depende en
el disefio de la sonda o el primer de PCR. La busqueda por
secuencias Unicas en gnomas de organismos tiene varias
aplicaciones como la misma identificacion de microorganis-
mos. Existen herramientas bioinformaticas publicadas que
emplean el concepto de hibridacién genémica sustractiva in
silico para la identificacion de regiones Unicas o especificas
de especie dentro de un genoma de interés. Sin embargo,
éstas usan herramientas desactualizadas y/o lenguajes de
programacion que actualmente no son usados en el area de
la bioinformética, otras herramientas son muy especializadas
o son dificiles de obtener debido a que los repositorios (acer-
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vos) donde se hospedan las herramientas no son publicas o
estan apagados actualmente. Para abordar estos problemas,
implementamos el concepto de hibridacion genémica sus-
tractivainsilico en unatuberia de comandos escrita en Python
gue es amigable, de codigo abierto, gratis y facil de instalar
(llamada Not-alike3). Adicionalmente, disefiamos primers de
PCR utilizando como molde la secuencia de regiones Unicas
identificadas en los genomas de dos especies de Mucorales,
Rhizopus oryzae y Cunninghamella bertholletiae empleando
la tuberia Not-alike3, después realizamos evaluaciones de
especificidad para desafiar esos primers que disefiamos y ob-
servamos que dichos primers fueron especificos de especie.
Palabras clave: programacién Python, diagnéstico molecu-
lar, deteccion de patégenos, biologia molecular, SHG.

INTRODUCTION

Traditional diagnostic methods, such as microbial culture,
biochemical tests, hemagglutination inhibition tests, and en-
zyme-linked immunosorbent assays (ELISAs), are commonly
employed. Among these techniques, pathogenic microbial
culture is notably time-consuming, relying on morphologi-
cal characteristics for identification, with associated issues
of low specificity and sensitivity (Liu et al., 2023). On the
other hand, DNA-based molecular techniques such as PCR,
quantitative PCR, fluorescent in situ hybridization (FISH), and
biosensors among others, are useful methods to detect and
identify microorganisms in biological samples, which are
sensitive and fast, but specificity only relies on the primer
or probe design (Vidic et al., 2017). Species-specific primers
or probes are designed on regions that are only present in
the target genome. Some strategies to design highly specific
primers involve the searching for species-specific genes that
are unique in those species and whose sequences are used
as templates to design specific primers. For example, COTH
family are genes only present in Mucorales fungi and their
sequences are used to identify these fungi at the order level,
but in some cases are unable to discern between the closest
related species belonging to the same genus (Baldin et al.,
2018). Other strategies use the variable regions of ribosomal
genes ITS1, ITS2 or 28S D1/D2 domains (Voigt et al., 1999;
Wang etal., 2014).
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One of the species-specific sequences isolated from
human genome was HS5, carried out by a technique called
“genomi subtraction” were genomic DNAs from two related
species, in this case human and non-human hominid, are
blended in an in vitro competitive reassociation. If a sequen-
ce of human genome region is highly similar to a sequence in
non-hominid genome, these DNA strands reassociate in vitro
to form a hybrid after a denaturation process, which are una-
ble to amplify by PCR. If a human genomic region is highly
divergent between human and non-human genome, DNA
strands are going to reassociate with themselves, and these
non-hybrid DNAs can be amplified. This technique allows the
isolation of species-specific genomic sequences known as
unique regions (Ueda et al., 1990).

These unique regions can be used for multiple purposes
such as templates to design species-specific primers and en-
hance the specificity of DNA-based techniques to detect and
identify microorganisms in biological samples. The growth of
biological sequences databases alongside the evolution of
computer processors allowed to perform in silico subtractive
genomic hybridization with the same goal, to find unique
regions in a genome of interest.

In silico subtractive hybridization analysis is a powerful
conceptual tool, but the available computer applications use
deprecated tools or programming languages that are not
commonly used in bioinformatics, and in some cases, the
commands pipelines are just protocols and not a computer
application or are specialized just for bacterial genomes, and
some of them are difficult to obtain because the repositories
are not public or the web servers are currently down (Argi-
mon etal., 2014; Barh etal., 2011; Chetouani et al., 2001; Hau-
bold et al., 2021; Portela et al., 2010; Shao et al., 2010; Singh
y Mishra, 2010). Haubold et al. (2021), have developed a new
tool that uses a similar basis for the same purpose, but it is
programmed in a language that is not popular in bioinfor-
matics. Thus it will be difficult to maintain by bioinformatics
community.

To address these issues, we wrote a user-friendly, open-
source, freely-available, easy-to-install command pipeline
computer application in Python language, a popular pro-
gramming language in bioinformatics, which is packed with
Steuptools and Wheel packages and is installed alongside its
Python packages dependencies with Pip Installs Packages.
This commands pipeline is called Not-alike3 and uses the in
silico genomic subtractive hybridization idea in an iterative
whole-genome sequence comparison, between a genome
of interest and a set of different genomes, to find unique ge-
nomic regions and use them as templates to design species-
specific primers and enhance the specificity of DNA-based
molecular techniques to identify the living being of interest.
In this paper, we present the commands workflow of this
computer application and the results of the specificity test
for PCR primers designed over unique regions of genomes of
two Mucorales species, identified by Not-alike3.
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MATERIALS AND METHODS

Software requirements and description

To run this pipeline, the following bioinformatics software
is required, Blast+ (Camacho et al., 2009), Stringtie (Pertea et
al., 2016), Hisat2 (Kim et al., 2019), Samtools (Li et al., 2009),
Gffread (Perteay Pertea, 2020), NCBI dataformat and datasets
(O'Leary et al., 2024), Primer3_core (Untergasseer et al., 2012),
and the following Python packages OS, Subprocess, Click,
Biopython, Ctypes and Pandas which, some of them, can
be easily downloaded from PYPI server (https://pypi.org) or
they are already installed for Python version 3.10 or higher.
The source code for this project is freely available at https://
doi.org/10.5281/zenodo.10557734 or https://github.com/
exseivier/not-alike-3.0.0.

Mucorals species unique regions identification

To identify these dissimilar unique regions in Rhizopus oryzae
and Cunninghamella bertholletiae, we searched a genome
database depicted in Supplementary table 1 and used the
following searching strategy, window size: 1000 bp, step size:
250 bp, percentage of identity: 25 %, percentage of query
HSP coverage 12 %, expected value 100, gap open, gap
extension, match, mismatch were set as default, the Blast
task was “blastn”. Primers were designed over these unique
regions with search-primers command with the following pa-
rameters: primer length: 20 nt, Tm: 58.5 °C, GC percentage: 60
%, fragment size: 100-500 bp. Two primer pairs with the best
quality scores for each Mucorales species R. oryzae (RO_135
and RO_290) and C. bertholletiae (CB_160 and CB_348) were
selected (Table 1).

DNA extraction

Six Mucorales strains (R. oryzae, C. bertholletiae, Rhizopus de-
lemar, Mucor plumbeus, and 2 strains of Lichtheimia ramosa),
stored at -75 °C in freezer stocks, were grown at saturation
on YPD-agar plates. After growing, a sample of the biomass
was taken with a toothtip and resuspended in 200 pL of 10
mM Tris-HCl and T mM EDTA pH 7.5 solution (TE), then 200
pL of lysis buffer with 2 % CTAB dissolved in TE were added
and gently mixed. Protein separation was conducted using
400 pL of Clororphorm - Isoamyl alcohol 25:1. Samples were
vigorously mixed using a vortex for 1 min and centrifuged at
13000 rpm for 10 min. Aqueous phase was taken for DNA pre-
cipitation using chilled ethanol, by adding 40 pL of sodium
acetate 3 M (pH 5) and 1 mL of 96 % ethanol. Samples were
gently mixed and centrifuged at 13000 rpm for 10 min. The
supernatant was discarded and the DNA pellet was washed
with 1 mL of 70 % ethanol.

Species specificity test

To test the specificity of these primers, we performed PCR
experiments with blended genomic DNA samples of several
Mucorales species available in our laboratory: R. oryzae, C.
bertholletiae, Rhizopus delemar, Mucor plumbeus, and 2 strains
of Lichtheimia ramosa. We prepared several blended samples
with equal amounts of genomic DNA of every Mucorales spe-
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Table 1. PCR primers designed over unique regions of R. oryzae and C. bertholletiae genomes.
Tabla 1. Primers de PCR disiados en regions Unicas de los genomas de R. oryzae y C. bertholltiae.

Name Species Sequence Length (nt) Tm (°C) Pair name Size
RO_135_F R.oryzae AGACCAAAGTCAGGACGGC 19 59.6

RO_135 135bp
RO_135_R R oryzae TTTTCTCACGCATGCGGC 18 58.5
RO_290_F R.oryzae TTTCCAAATGCCGCAGCC 18 58.8

RO_290 290bp
RO_290_R R.oryzae AGCACGTTGTCCTTGAGGG 19 59.7
CB_160_F C bertholletiace =~ AGGGATTACTTCTCGCGCG 19 59.1 B 160 —
CB_160_R C. bertholletiae =~ TGTCCTCGAAGCCAAACCG 19 60.4 - >
CB_348 F C bertholletiaze = GCTCCATCGCTTTTTCCGG 19 59.4

; CB_348 348bp

CB_348 R C. bertholletite ~ AAGCAGTGACAGTACCGCC 19 58.9

cies and then primer pairs RO_135 (fwd and rev) with CB_348
(fwd and rev) were tested together or alone, performing
respectively a multiplex or conventional PCR, also, we tested
the primer pairs RO_290 (fwd and rev) with CB_160 (fwd and
rev) in the same way. As a control, we used universal 285 (D1/
D2 domains) primers (Voigt et al., 1999; Wang et al., 2014).

In another experiment we prepared 4 samples, the
first sample contained equal amounts of genomic DNA of
all Mucorales species, in the second sample we blended the
genomic DNA of Mucorales except the genomic DNA of R.
oryzae, in the third sample we excluded the genomic DNA of
C. bertholletiae and in the fourth sample we excluded both
genomic DNAs. With these samples, we also tested primer
pairs (RO_290 and CB_160) and (RO_290 and CB_348) in a
similar PCR experiment. In all cases, we used the universal
28S primer pair as a control as we did in the previous PCR
experiment.

PCR reactions were done with 2X Crystal Master Mix
Tag Polymerase (Jena Bioscience), we added the primers
oligonucleotide at 0.4 uM. Thermocycling program was as
follows: initial denaturing step at 95 °C for 5 min, 35 cycles
of [denaturing at 95 °C for 30 sec, annealing at 59 °C for 30
sec and extension at 72 °C for 1 min], and a final extension
step at 75 °C for 10 min. Samples were stored at 18 °C. Gel
electrophoresis was done with agarose 1.5 %.

RESULTS AND DISCUSSION

Software requirements and description

Not-alike3 is a commands pipeline written mainly in Python
language (version > = 3.10) that uses several open-source
free-available bioinformatics tools, described in materials
and methods, and identifies unique regions of a genome of
interest comparing its sequence with sequences from geno-
me databases of related species and employs a procedure
called In silico Genomic Subtractive Hybridization. Not-alike3
contains several commands namely, db-makeblast, db-
makefile, search, serach-primers, show-db, show-exp and
assm-stats. The db-makeblast and db-makefile commands
are used to build the genomes BLAST database used in the
searching procedure, the search command executes the
command pipeline that identifies the unique regions, the
search-primers command designs primers over the identified
unique dissimilar regions. Command pipeline communica-
tion between Python and GNU/Linux Bash was implemented

with functions of the Subprocess Python package. There are
other miscellaneous commands, show-db, show-exp and
assm-stats, the first and second commands show information
about the data base and the parameters used in previous
searching tasks, and the assm-stats command calculates
the assembly statistics. Not-alike3 has a command line user
interface built with the Click Python package that permits
the user to choose the command, and pass the arguments
needed (see usage information in Figure 1).

The searching for unique regions and the designing of
primers is divided into three main tasks (1) BLAST database
building, executed just one time when a new database is
required or the existing one is modified, (2) the searching for
unique regions which is the iterative whole-genome sequen-
ce comparison to subtract those unique regions found in the
genome of interest, and (3) primers designing which uses the
unique sequences as templates. Not-alike3 was successfully
tested in computers with 3 GHz AMD RYZEN3 and 2.5 GHz In-
tel Celeron processors with 12 Gb and 4 Gb RAM respectively.

First task: BLAST database building

Not-alike3 is compatible with genome packages downloa-
ded from NCBI datasets (https://www.ncbi.nlm.nih.gov/
datasets/). We use datasets and dataformat NCBI command
line tools to manipulate genome data packages employing

Figure 1. Not-alike3 usage information. It shows the available commands
and the main description.

Figura 1. Informacién de uso de Not-alike3. Muestra los commandos
disponibles y la dscripcién general.
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the wrapping commands db-makeblast and db-makefile.
This enables working with an extensive and diverse array of
genomes. To build the BLAST database, Not-alike3 contains a
command called db-makeblast that takes the JSON file that
contains the NCBI dataset metadata. This command finds the
location where FASTA files are and formats them in BLAST DB
files (version 5) with makeblastdb (Camacho et al., 2009). The
command db-makefile makes use of the JSON metadata file
to create a text file with the paths and names of BLAST DB
files, this text file is subsequently used in the search for uni-
que regions. The db-makefile command executes a genome
database sorting procedure based on a quick sequence simi-
larity analysis to sort genomes from the most similar to the
most dissimilar one compared with the genome of interest.
To accomplish that, the sequence of the genome of interest is
split into fragments of 500 nucleotides each 250 nucleotides
using a sliding-window algorithm, then this command takes
a random sample representing 10 % of the total number of
fragments. These sampled fragments are used to query data-
base genomes, in a genome-by-genome manner, with Blastn
(Camacho et al., 2009). Then, every genome is sorted based
on the number of obtained hits, from the higher to the lower
number (see usage information in Figure 2).

Second task: The searching for unique regions

Not-alike3 contains a command called search that performs
the searching for unique regions, every searching task ori-
ginates a process identifier PID to track the results. In this
command, we implemented the idea of in silico genomic
subtractive hybridization by an iterative genome-by-geno-
me sequence comparison analysis. This command executes
three main steps. In the first step, as input, it employs a FASTA
file that contains the sequence of the genome of interest and
splits it into fragments of a size and at a step size determined
by the user, using a sliding-window algorithm. In some cases,

we handle DNA sequences in Python with Biopython packa-
ge functions.

However, to perform a subtle analysis, itis recommended
to split the genome at a small step size. In an extreme exam-
ple, the sequence can be split into fragments of determined
size with a step size equal to one, so if each split subsequence
is stored in Biopython’s DNA sequence object, the total frag-
ments will occupy a measurable amount of space in RAM.
To represent these fragments in a memory-efficient way, we
implemented in C language a dynamic arrays’ data structure
called “DNA" that resembles DNAStringSet of R Biostring
package (Pagés et al., 2024), where fragments sequences
are represented in a single nucleotide sequence which is the
entire genome in a character array, and the information to
track each fragment sequence is stored in several dynamic
arrays. We used the Ctypes Python package to write wrapper
functions to handle C data structure and functions from the
shared library (libdna.so) which is in the Not-alike3 package.

In the second step, Not-alike3 performs an iterative
search using these fragments stored in the FASTA file as in-
put to query each one of the database genomes with Blastn
(Camacho et al., 2009), in a genome-by-genome manner. In
the first search, the fragments that align at any sub-sequence
in the first queried genome of the database are eliminated
from the fragments FASTA file, maintaining only the query
fragments that did not hit any subsequence. This task is
known as the filtering and header updating procedure and
is repeated until the last genome of the database is queried
(Figure 3). To perform this procedure, the headers of FASTA
sequences that hit any subsequence of the queried genome
are stored in a linked list C data structure that was used to
search into the “DNA” data structure. When the header of the
fragment in DNA structure is found, the hide tag is set to one
and the header which is in a node of the linked list is deleted,
the memory is free, and the previous node is linked to the

Figure 2. BLAST-database building commands usage information. It shows the usage information for (A) db-makeblast command and (B) db-makefile

command.

Figura 2. Comandos para la construccién de la base de datos BLAST e informacién de uso. Muestra la informacion de uso para los comandos (A) db-makeblast

y (B) db-makefile.
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next node. We decided to use a linked list data structure
to facilitate data modification of the hits list obtained from
Blastn output.

Using a sorted database from the most similar to the
most dissimilar genome compared to the genome of interest,
using the iterative search with the elimination of fragments
that hit a subsequence in the queried genome, increases the
computing speed in each iteration. This is because in the first
searching procedure, a high proportion of fragments will be
eliminated from FASTA file, and the time of execution of the
subsequent Blastn searching will be less compared with the
previous iteration.

In the third step, the remained fragments that did not
hit any subsequence of database genomes are assembled
using a genome-guided procedure: first, Not-alike3 maps
fragments to reference genome and handles alignment
BAM files with Hisat2 (Kim et al., 2019) and Samtools (Li et al.,
2009), second, it assembles mapped fragments with Stringtie
(Pertea et al, 2016) with the parameters set as default
throughout the entire procedure. The sequences of the as-
sembled fragments are stored in a FASTA file and the genome
coordinates of those assembled fragments are transformed
and stored in a GTF file employing Gffreads (Pertea y Pertea,
2020) tool to visualize them in genome browsers. These
output files are stored in the output gtfs folder and these as-
sembled fragments represent the unique regions. The search
command takes several arguments: the genome FASTA file
name, genome database path, and TOML configuration file
name. Other arguments are passed inside the TOML file. An

example of a TOML configuration file is described in (Supple-
mentary Figure 1).

Third task: The primers designing

The search-primers command is used to design primers
over these unique genomic regions. This command uses
Primer3_core (Untergasseer et al., 2012) to design primers.
The search-primers command uses the unique regions
FASTA file as input which is obtained as a result of the search
command execution, to create Primer3 input file and to
design the primers. After primer designing, this command
sorts the primer sequences by the quality score. Arguments
are passed by command line options and the requirements
are shown in (Figure 4). Search-primers returns a text file
(extension *.sort.prm) with the designed primer pairs sorted
by quality score and stores it into the output gtfs folder. There
are other miscellaneous commands called assm-stats, show-
db and show-exp. The command assm-stats calculates the
assembly statistics. The command show-db prints on screen
the information about the genome database, which includes
the genomes accession number, name of species and taxon
ID. The show-exp command shows information about para-
meters used in previous searching tasks, executed inside the
folder where the output “log” folder is.

lllustrative examples

To get more information, please visit the following
video tutorial by clicking the link: https://youtu.be/
rwltheAmX0Y?si=78GlpzH-C6T6a7ulL

Figure 3. Not-alike3 search-command flowchart. This figure shows the split and iterative Blastn
searching procedures querying genomes from database. Each time a searching is performed, the
FASTA QUERY FRAGMENTS file is updated (FILTER & UPDATE procedure; a.k.a. filtering and header
updating) dropping out those fragments whose headers were contained in the Blastn hits list.

Figura 3. Diagrama de flujo del commando “search” de Not-alike3. Esta figura muestra los
procedimientos de division de secuencias y busqueda itrativa por Blastn consultando las bases
de datos de los genomas. Cada ocasién que una busqueda es realizada, el archivo FASTA “QUERY
FRAGMENTS” es actualizado con el procedimiento FILTER & UPDATE (actualizacion de cabeceras
y filtrados) descartando aquellos fragmentos cuyas cabeceras fueron contenidas en la lista de los

hallazgos de Blastn.
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Figure 4. Search-primers command usage information. It shows the required arguments and the

description of the command.

Figura 4. Informacién de uso del comando “search-primers”. Muestra los argumentos requeridos y la

descripciéon del comando.

Potential use

In this paper, we present a potential use of Not-alike3 in
molecular diagnostics for pathogen detection. We describe
the results of specificity tests of Polymerase Chain Reaction
(PCR) primers designed over unique regions identified
with Not-alike3 in two Mucorales species genomes of Rhi-
zopus oryzae (GCA_000149305.1) and Cunninghamella
bertholletiae(GCA_000697215.1). These primers (see Table 1)
were challenged with blended samples of genomic DNA of
several Mucorales species.

Almost all primer pairs amplified the expected band size
(contrast Figure 5 and Table 1). In (Figure 5A) the results of
PCR experiments are shown when a mix of genomic DNA of
Mucorales was tested with primer pairs (RO_135 and CB_348)
and (RO_290 and CB_348). We observed that RO_290 (lanes
six and seven, 290 bp), CB_160 (lanes six and eight 160 bp)
and CB_348 (lanes three and five, 348 bp) primer pairs ampli-
fied a fragment of the expected size and RO_135 (lanes three
and four, 135 bp) pair did not amplify any band. We elimi-
nated the RO_135 primers pair in the next PCR experiments.

In (Figure 5B) show results from PCR experiments where
we prepared 4 different blended, in one sample we mixed
the genomic DNA of all Mucorales, in the other three samples
we mixed almost all genomic DNAs of all Mucorales, but we
excluded R. oryzae or C. bertholletiae or both genomic DNAs,
and then we challenged these samples with primers pairs
(RO_290 and CB_160). We observed the two expected bands
when both genomic DNAs of R. oryzae and C. bertholletia
were present in the sample (lane three). Also, we observed
the expected band sizes only when the genomic DNA of C.
bertholletiae (lane five) or R. oryzae (lane seven) was present
in the mixed sample. No band was observed when both
genomic DNAs were absent in the sample (lane nine). Lanes
two, four, six and eight are controls where we used universal
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primers (NL1 and NL4) that amplify a region of 285 rRNA
gene (approximately 750 bp).

We also tested the primer pairs (RO_290 and CB_348) in
a similar PCR experiment and similar results were observed
as shown in Figure 5C. In this figure the two expected bands
when both genomic DNAs of R. oryzae and C. bertholletiae
were present in the sample can be observed (lane three).
We observed the specific band for C. bertholletiae (lane five)
and R. oryzae (lane seven). No bands were observed when R.
oryzae and C. bertholletiae genomic DNAs were absent in the
blended sample. Also, in this experiment, we used the same
universal primers as controls (28S, lanes two, four, six, and
eight).

We showed in these series of experiments that Not-
alike3 can find genomic targets that are species-specific and
can be exploited in molecular techniques such as PCR for
diagnosis of diseases caused by pathogen microorganisms.
Nevertheless, Not-alike3 could be used to identify species-
specific genomic regions to use them in other molecular
techniques such as, real-time PCR, quantitative PCR, digital
PCR, Fluorescent in situ Hibridization (FISH) and DNA- or RNA-
based biosensors.

Limitations and future work
The reliability of this bioinformatics approach relies on the
available database information. Not-alike3 command pipeli-
ne requires at least some DNA or RNA sequence information
for the target microorganism (e.g. pathogen microorganism)
to perform the comparative analysis with a group of genomes
of organisms that are known to proliferate together in the
same niche. Thus, the specificity in the design of the primers
or probes could be compromised by database information
lacking.

Assembling errors of the target genome can cause te-
chnical artifacts during sequence comparisons. These errors
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Figure 5. PCR primers specificity test. (A) Specificity test for primers pairs RO_135, RO_290, CB_160 and CB_348 over mixed samples of equal amounts of
genomic DNA of Mucorales species. Lanes two to eight are samples of blended genomic DNA of all six Mucorales strains challenged with 28S primers (lane
two), RO_135 and CB_348 primers (lane three), RO_135 primers (lane four), CB_348 (lane five), RO_290 and CB_160 primers (lane six), RO_290 primers (lane
seven), CB_160 primers (lane eight) and no primers (lane nine). (B) Specificity test for primers pairs RO_290 and CB_160 over mixed samples of equal amounts
of genomic DNA of Mucorales species where genomic DNA of R. oryzae or C. bertholletiae were absent or not. Samples of blended genomic DNA for all
Mucorales strains (lanes two and three), blended genomic DNA samples lacking R. oryzae genomic DNA (lanes four and five), blended genomic DNA samples
lacking C. bertholletiae genomic DNA (lanes six and seven), blended genomic DNA samples lacking both R. oryzae and C. bertholletiae. Those samples were
challenged with: 28S primers (lanes two, four, six and eight), RO_290 and CB_160 (lanes three, five, seven and nine). (C) Specificity test for primers pairs
RO_290 and CB_348 over mixed samples of equal amounts of genomic DNA of Mucorales species where genomic DNA of R. oryzae or C. bertholletiae were
absent or not, and the blended genomic DNA samples were organized as shown in section B of this figure, but samples were challenged with: 28S primers
(lanes two, four, six and eight), RO_290 and CB_348 primers (lanes threg, five, seven and nine). For every subsection in this figure, lane one is a Tkb plus ladder
(ThermofFisher), and the band sizes are measured in base pairs.

Figura 5. Prueba de especificidad de los cebadores de PCR. (A) Prueba de especificidad para los pares de cebadores RO_135, RO_290, CB_160 y CB_348 sobre
muestras mixtas de cantidades iguales de ADN genémico de especies de Mucorales. Los carriles dos a ocho son muestras de ADN genémico mezclado de las
seis cepas de Mucorales desafiadas con cebadores 28S (carril dos), cebadores RO_135 y CB_348 (carril tres), cebadores RO_135 (carril cuatro), CB_348 (carril
cinco), cebadores RO_290 y CB_160 (carril seis), cebadores RO_290 (carril siete), cebadores CB_160 (carril ocho) y sin cebadores (carril nueve). (B) Prueba de
especificidad para pares de cebadores RO_290 y CB_160 sobre muestras mixtas de cantidades iguales de ADN gendmico de especies de Mucorales donde
el ADN gendmico de R. oryzae o C. bertholletiae estaba ausente o no. Muestras de ADN gendmico mezclado para todas las cepas de Mucorales (carriles dos
y tres), muestras de ADN gendmico mezclado que carecian del ADN gendmico de R. oryzae (carriles cuatro y cinco), muestras de ADN genémico mezclado
que carecian del ADN gendmico de C. bertholletiae (carriles seis y siete), muestras de ADN gendmico mezclado que carecian tanto de R. oryzae como de C.
bertholletiae. Esas muestras fueron desafiadas con: cebadores 28S (carriles dos, cuatro, seis y ocho), RO_290 y CB_160 (carriles tres, cinco, siete y nueve). (C)
Prueba de especificidad para pares de cebadores RO_290 y CB_348 sobre muestras mixtas de cantidades iguales de ADN genédmico de especies de Mucorales
donde el ADN gendmico de R. oryzae o C. bertholletiae estaba ausente o no, las muestras de ADN genémico mezcladas se organizaron en los carriles como
se muestra en la seccién B de esta figura, pero las muestras se desafiaron con: cebadores 28S (carriles dos, cuatro, seis y ocho), cebadores RO_290 y CB_348
(carriles tres, cinco, siete y nueve). Para cada subseccidn en esta figura, el carril uno es una escalera de 1 kb plus (ThermoFisher), y los tamaiios de banda se
miden en pares de bases.

Volume XXVII



Montalvo-Arredondo et al. / Biotecnia 27:€2495, 2025

produce unreal sequences that could be identified as highly
species-specific genomic regions by Not-alike3, as a result of
a low probability of finding in the database similar sequences
to unreal erroneous sequences, created by assembling errors,
in the target genome. This scenario represents another
limitation of this command pipeline. Because it is unable to
identify the assembling errors of the target genome and the
database, we recommend exploring the feasibility of two or
more dissimilar regions identified by Not-alike3.

One of the important tasks that Not-alike3 performs is
the sequence comparison. In this software version, we imple-
mented Blastn, a program that queries a genome database
to find similar sequences to a query sequence, to accomplish
this task. Although this program is memory efficient, it could
be computationally expensive if the size of the database is
huge which is the case of Not-alike3 analysis. Despite the
heuristic algorithm we implemented during the querying of
databases to improve the processing of sequence compari-
sons, we think that this represents an area of improvement
that could be addressed with new technology such as align-
ment-free based sequence comparison methods or artificial
intelligence.

CONCLUSIONS

If primer or probe design can discern a difference between a
genome of interest among other genomes of related species,
by sequence similarity during primer or probe annealing,
thus the DNA-based molecular technique becomes highly
specific with the ability to detect a microorganism of interest
in a sample with plenty microorganisms without the need of
isolating it (Davi et al., 2021; Gardés et al., 2012; vanWeezep
et al,, 2019). Consequently, the need to find unique regions
in the genome of interest arises, to use these unique regions
as templates to design species-specific primers or probes for
their use in DNA-based molecular techniques.

For a current software alternative, we have developed
a user-friendly, open-source, freely-available and easy-to-
install commands pipeline named Not-alike3. This pipeline,
written in the Python language, is designed to run efficiently
on low-capacity PC machines. It is conveniently packed with
Setuptools and Wheel, to ease the installation, including all
necessary dependencies, through Python Installs Packages
(pip).

We identified unique regions in the genomes of two
Mucorales species employing Not-alike3, and the primers
designed using these unique regions as templates showed
to be species-specific. Moreover, these primer designs could
be adapted for multiplex PCR to detect two or more unique
sequences in the same sample. In consequence, we think this
command pipeline has potential applications in molecular
diagnostics for pathogen detection and identification.

SUPPLEMNTARY FILES
The following supporting information can be downloaded
at Figshare: Supplementary Table 1. Mucorales genome
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database used in Not-alike3 analysis. (xIsx and ods files) DOI:
https://doi.org/10.6084/m9.figshare.24463867.

Supplementary Figure 1. Configuration file and database
text file DOI: https://doi.org/10.6084/m9.figshare.24463678.
vl.
ABBREVIATIONS

nt. Nucleotides.

PCR.  Polymerase Chain Reaction.

fwd.  Forward PCR primer.

rev. Reverse PCR primer.

bp. Base pairs.

DNA. Deoxyribonucleic acid.
ITS1.  Internal Transcribed Spacer 1.
ITS2.  Internal Transcribed Spacer 2.

28S. Large Subunit (LSU) of ribosomal DNA gene.
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