v. 5,n. 4, 2025

Acceptance date: 18/08/2025

All content in this magazine is li-
censed under the Creative Com-
mons Attribution 4.0 Internatio-
nal License (CC BY 4.0).

METAGENOMICS FOR
THE IDENTIFICATION
OF PATHOGENS

AND ANTIBIOTIC
RESISTANCE GENES: A
BRIEF REVIEW

Eduardo Jahir Gutiérrez Alcdntara
Facultad de Ciencias Quimico Bioldgicas,
Universidad Auténoma de Campeche,
Meéxico

Tomas Joel Lopez Gutiérrez

Facultad de Ciencias Quimico Bioldgicas,
Universidad Auténoma de Campeche,
México

Baldemar Ake Canché

Facultad de Ciencias Quimico Bioldgicas,
Universidad Auténoma de Campeche,
México

Romdn Alberto Pérez Baldn

Facultad de Ciencias Quimico Bioldgicas,
Universidad Auténoma de Campeche,
México

Guadalupe Vizquez Rodriguez
Departamento de Ingenieria Civil y Ambien-
tal. Division de Ingenierias, Campus Gto.
Universidad de Guanajuato

David Tirado Torres

Departamento de Ingenieria Civil y Ambien-
tal. Divisién de Ingenierias, Campus Gto.
Universidad de Guanajuato

Corresponding author

T — |



Abstract: Antibiotic resistance (AR) repre-
sents one of the most pressing threats to global
public health in the 21st century. Antibiotics
are often prescribed unnecessarily for viral in-
fections or used inappropriately in livestock to
promote growth, contributing to the selection
pressure for resistance. In this context, meta-
genomics has emerged as a powerful appro-
ach for the comprehensive identification of
pathogens and antibiotic resistance genes
(ARGs) directly from clinical or environmen-
tal samples. Metagenomics overcomes this
limitation by allowing direct analysis of the
collective genomes of microbial communities
in their natural environments. Metagenomic
sequencing allows for the simultaneous de-
tection and identification of a wide range of
pathogens, including bacteria, viruses, fungi,
and parasites. Beyond pathogen detection,
metagenomics can identify antibiotic resis-
tance genes within microbial communities.
Metagenomics represents a transformational
shift in pathogen diagnostics and antimicro-
bial resistance surveillance.

INTRODUCTION

Antibiotic resistance (AR) represents one
of the most pressing threats to global public
health in the 21st century. The increasing abi-
lity of bacteria to resist the effects of antibio-
tics not only undermines the effectiveness of
treatments but also threatens to reverse deca-
des of medical progress. As infections become
harder to treat, the risk of disease spread, se-
vere illness, and death increases (World He-
alth Organization [WHO], 2020). Antibiotic
resistance occurs when bacteria evolve me-
chanisms to survive exposure to antibiotics
that would normally kill them or inhibit their
growth. These mechanisms include enzyme
production (e.g., p-lactamases), efflux pumps,
target modification, and biofilm formation
(Munita & Arias, 2016). Resistance can ari-
se through spontaneous mutations or throu-

gh horizontal gene transfer (HGT) involving
plasmids, transposons, and integrons (Partri-
dge et al., 2018).

CAUSES AND CONTRIBUTING
FACTORS

Several factors have accelerated the develo-
pment and spread of antibiotic resistance:

o Opveruse and misuse of antibiotics in

humans and animals

o Lack of regulation and surveillance,

especially in low- and middle-income
countries

o Inadequate infection prevention and

control in healthcare settings

o Environmental contamination with

antibiotics and resistant bacteria (Lax-
minarayan et al., 2013)

Antibiotics are often prescribed unneces-
sarily for viral infections or used inappropria-
tely in livestock to promote growth, contri-
buting to the selection pressure for resistance
(Van Boeckel et al., 2015).

The rise of antimicrobial resistance (AMR)
and the increasing incidence of infectious di-
seases have highlighted the limitations of con-
ventional diagnostic tools in microbiology.
Traditional culture-based methods are time-
-consuming, labor-intensive, and often fail to
detect fastidious or unculturable organisms.

In this context, metagenomics has emerged
as a powerful approach for the comprehensi-
ve identification of pathogens and antibiotic
resistance genes (ARGs) directly from clini-
cal or environmental samples (Quince et al,,
2017).

WHAT IS METAGENOMICS?

Traditional microbiological methods have
long relied on culturing microorganisms, yet
it is estimated that over 99% of microbes in
nature are unculturable under standard labo-
ratory conditions (Handelsman et al., 1998).
Metagenomics overcomes this limitation by
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allowing direct analysis of the collective geno-
mes of microbial communities in their natural
environments. Since its emergence in the ear-
ly 2000s, metagenomics has become a central
tool in microbial ecology, public health, and
biotechnology.

Metagenomics involves the extraction
and sequencing of total nucleic acids (DNA
or RNA) from an environmental sample,
followed by bioinformatics analysis to iden-
tify the structure and function of microbial
communities.

There are two primary approaches:

o Amplicon-based sequencing: Focuses
on specific marker genes such as 16S
rRNA for bacteria or ITS regions for
fungi (Caporaso et al., 2012).

o Shotgun metagenomic sequencing: Se-
quences all DNA present in a sample,
allowing for functional gene profiling,
detection of antibiotic resistance ge-
nes, and assembly of whole genomes
(Quince et al., 2017).

The process generally includes:

Sample collection

DNA/RNA extraction

Library preparation

High-throughput sequencing (e.g.,

[llumina, PacBio, Oxford Nanopore)

5. Bioinformatic analysis (assembly, taxo-
nomic classification, functional anno-
tation)

Ll

Metagenomic sequencing allows for the si-
multaneous detection and identification of a
wide range of pathogens, including bacteria,
viruses, fungi, and parasites. Unlike traditio-
nal diagnostics, which often rely on specific
primers or probes, metagenomics can iden-
tify novel or unexpected pathogens (Gu et
al., 2019). This makes it particularly valuable
in cases of undiagnosed infections, polymi-
crobial infections, or outbreak investigations
(Wilson et al., 2019).

APPLICATIONS
METAGENOMICS

Metagenomic sequencing allows for the si-
multaneous detection and identification of a
wide range of pathogens, including bacteria,
viruses, fungi, and parasites. Unlike traditio-
nal diagnostics, which often rely on specific
primers or probes, metagenomics can iden-
tify novel or unexpected pathogens (Gu et
al., 2019). This makes it particularly valuable
in cases of undiagnosed infections, polymi-
crobial infections, or outbreak investigations
(Wilson et al., 2019).

OF

HUMAN HEALTH

Metagenomics has had a major impact on
clinical microbiology and infectious disease
diagnostics, especially for identifying patho-
gens in polymicrobial or unknown infections
(Chiu & Miller, 2019). It also plays a critical
role in microbiome studies, linking gut mi-
crobial composition to diseases such as diabe-
tes, obesity, and inflammatory bowel disease
(Lloyd-Price et al., 2016).

ENVIRONMENTAL SCIENCE

Metagenomics is instrumental in unders-
tanding microbial ecosystems in soil, oceans,
wastewater, and air. It helps evaluate the role
of microbes in carbon cycling, nitrogen fixa-
tion, and pollutant degradation (Fierer, 2017).

AGRICULTURE

Soil metagenomics enables the study of
plant-microbe interactions and the develop-
ment of biofertilizers and biopesticides. It also
allows tracking of pathogens and antibiotic
resistance genes in farm environments (Be-
rendsen et al., 2012).

BIOTECHNOLOGY AND INDUSTRY

Metagenomics helps discover novel enzy-
mes, antibiotics, and bioactive compounds
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from uncultured microorganisms, contribu-
ting to innovations in pharmaceuticals, bio-
fuels, and food processing (Simon & Daniel,
2011).

For instance, metagenomic next-gene-
ration sequencing (mNGS) has been suc-
cessfully used in diagnosing neurological
infections, such as viral encephalitis, where
standard tests frequently yield negative results
(Miller et al., 2019).

DETECTION OF ANTIBIOTIC
RESISTANCE GENES (ARGS)

Beyond pathogen detection, metageno-
mics can identify antibiotic resistance genes
within microbial communities. This is crucial
for guiding appropriate antimicrobial therapy
and understanding the spread of resistance
within and between ecosystems (Lanza et al.,
2018).

By comparing metagenomic sequences to
curated databases like CARD (Comprehensi-
ve Antibiotic Resistance Database) or ResFin-
der, researchers can profile the resistome of a
given sample, even if the organisms carrying
those genes are unculturable (Alcock et al,
2020).

METHODS FOR ARG DETECTION
USING METAGENOMICS

There are two main metagenomic approa-
ches used for ARG detection:

SHOTGUN METAGENOMICS

This involves sequencing all DNA in a
sample and then aligning the data with ARG
databases such as:

o CARD (Comprehensive Antibiotic Re-

sistance Database) (Alcock et al., 2020)

o ResFinder (Zankari et al., 2012)

o ARG-ANNOT (Gupta et al., 2014)

This method enables:
 Identification of resistance gene fami-
lies

» Insight into host organisms carrying
ARGs (through contig assembly)

o Detection of mobile genetic elements
(plasmids, integrons)

FUNCTIONAL METAGENOMICS

In this approach, DNA fragments from en-
vironmental samples are cloned into vectors
and expressed in a cultivable host, such as E.
coli. Clones that survive antibiotic exposure
are sequenced to identify functional ARGs
(Handelsman, 2004). This is especially useful
for discovering novel resistance genes that
have low similarity to known sequences.

ADVANTAGES AND LIMITATIONS

Advantages:

o Culture-independent

o Broad-spectrum detection

« Simultaneous pathogen and ARG iden-
tification

« Applicable to clinical, environmental,
and food samples

Limitations:
« High cost and need for bioinformatics
expertise

o Difficulty in distinguishing between
colonization and infection
+ Risk of contamination and false positives
« Lack of standardized protocols and da-
tabases (Chiu & Miller, 2019)
Future Perspectives
As sequencing technologies continue to
evolve and become more affordable, the use of
metagenomics in clinical diagnostics is expec-
ted to increase. Integration with machine le-
arning, long-read sequencing (e.g., Nanopore,
PacBio), and real-time analysis may further
enhance the sensitivity, specificity, and speed
of pathogen and resistance gene detection.
Regulatory frameworks and clinical va-
lidation will be key to ensuring widespread
adoption in routine microbiology laboratories
(Miao et al., 2021).
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CONCLUSION While challenges remain, continued techno-
logical and methodological advancements are
likely to establish metagenomics as a corners-
tone of modern microbiology.

Metagenomics represents a transformatio-
nal shift in pathogen diagnostics and antimi-
crobial resistance surveillance. By enabling
comprehensive, culture-independent analy-
sis, it provides critical insights into microbial
communities and resistance mechanisms.
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