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ABSTRACT

Background & Aims: Diarrhoea has a significant health impact and requires accurate diagnostic approaches,
despite the limitations of many existing methods. This review examines various molecular techniques aimed
at facilitating the rapid diagnosis of diarrhoeal diseases caused by bacterial, viral and parasitic pathogens.
Methods: A comprehensive systematic literature review was conducted using six prestigious databases,
including WOS, Scopus, Science Direct, Embase, PubMed and LILACS Plus. This rigorous approach allowed
the synthesis of reviews on molecular diagnostic techniques for infectious diarrhoeal diseases.

Results: This research began with a careful systematic literature review of 2,760 scientific papers published
in the last ten years (2014-2024), culminating in the inclusion of 18 studies following rigorous screening and
eligibility criteria. In particular, multiplex polymerase chain reaction (PCR), isolation of genomic DNA from
stool samples and the Luminex xTAG Gastrointestinal Pathogen Assay emerged as the predominant molecular
methods. These techniques demonstrated remarkable consistency in sensitivity, specificity and rapid diagnostic
capability, particularly in the context of acute infectious diarrhoeal diseases. They also demonstrated the
ability to simultaneously detect and identify multiple pathogens, including bacteria, viruses and parasites.
Conclusions: The use of multiplex real-time PCR assays has not only improved the detection rates of
enteropathogens, but has also revealed previously unrecognised gaps in the diagnosis of infectious diarrhoea.
Our study highlights the importance of using molecular methods for comprehensive diagnosis in terms of
sensitivity, specificity and rapid diagnostic capability. This will provide healthcare professionals with timely
and accurate diagnostic data, enabling more effective treatment strategies for this public health problem.

Key words: diarrhoeal pathogens — dysbiosis; enteropathogens — gut microbes — infectious diarrhoea —
molecular diagnosis — sequencing.

Abbreviations: PCR: polymerase chain reaction; TTR: time-to-result.

INTRODUCTION

Diarrhoea is a pervasive
global health challenge that
affects people from all walks
of life [1]. Despite significant
advances in medical science,
conventional diagnostic methods
often suffer from limitations
such as long turnaround times,
high costs and intermittent
inaccuracies [2]. This condition
places a significant burden
on the global public health
infrastructure, particularly
in low- and middle-income
countries and across diverse
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populations [3, 4]. Despite concerted efforts in health services
and interventions, diarrhoeal diseases remain a major cause of
morbidity and mortality, particularly among children under
five. Shockingly, this population bears the brunt, with diarrhoea
being the second leading cause of death, responsible for 15%
of deaths in this age group [1, 5, 6].

The staggering annual toll of 1.6 million deaths is
overwhelmingly in the developing world, underscoring the
need for improved diagnostic and therapeutic paradigms. The
impact goes beyond individual health outcomes, exerting a
profound economic toll, straining already scarce resources and
hindering the achievement of universal access to healthcare
[1, 5]. Moreover, the financial burden associated with
treatment exacerbates the socio-economic hardship of affected
households, reinforcing the cycle of poverty [3].

Diarrhoea manifests in a variety of presentations influenced
by various factors such as pathophysiology (osmotic, secretory,
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inflammatory, motility), duration (acute/chronic) and
underlying causes (pathogens, treatments, diseases). Rapid
and accurate diagnosis of the underlying aetiology is essential
for effective intervention and treatment [7, 8]. However,
conventional diagnostic methods, such as stool culture and
histological examination of biopsy samples, are expensive,
dependent on operator expertise and time-consuming, with a
long time-to-result (T'TR). Meanwhile, traditional approaches
such as patient history, physical examination and basic
laboratory tests have limitations in terms of accuracy, speed,
and cost-effectiveness [9, 10].

In the field of diarrhoea investigation, techniques that
facilitate rapid and accurate diagnosis play a key role in effective
management and prevention of complications. A key advantage
is the ability to provide timely results without exposing patients
to invasive risks or discomfort [11]. Traditional methods such
as stool culture, while reliable, are inherently time-consuming,
often requiring several days for microbial growth, thereby
delaying diagnosis. The advent of innovative approaches
capable of providing accurate and rapid results holds great
promise for improving diagnostic efficacy and subsequent
management [12, 13].

Emerging non-invasive techniques, such as stool and
blood biomarker assessment, and various imaging modalities
offer viable alternatives to invasive procedures such as
colonoscopy [11, 13]. These modalities have the potential to
expedite diagnosis at a more affordable cost and with lower
associated risks, thereby reducing hospitalisation rates and
minimising complications. Ongoing research is investigating
whether these non-invasive approaches can match or exceed

the diagnostic accuracy of conventional invasive methods.
Successful implementation of such non-invasive techniques
could effectively avoid the delays, costs and inherent risks
associated with invasive testing [14].

To date, there is a noticeable lack of systematic reviews in
the literature that comprehensively evaluate the sensitivity,
specificity and rapid diagnostic capabilities of molecular
methods. This gap highlights the need to compare
conventional diagnostic techniques with advanced molecular
methods, with the overall objective of refining diagnostic
accuracy and efficiency. Thus, the aim of this review is
to fill this gap by critically evaluating and comparing the
eflicacy, accuracy and speed of diagnostic approaches for
the identification of enteropathogenic microorganisms
associated with infectious diarrhoea. In doing so, we aim
to delineate the most optimal diagnostic strategy from the
spectrum of available methods, thereby contributing to the
advancement of diagnostic practice in the field of infectious
diarrhoeal diseases.

METHODS

Design and Protocol

We incorporated the Preferred Reporting Items for
Systematic Reviews and Meta-Analysis (PRISMA) statement
to increase the precision of our search results (Fig 1).
Our systematic review follows the strict research protocol
introduced by Donthu et al. [15]. This meticulous adherence
ensures a clear demarcation between the deliberate exclusion
of meta-analyses from our study.

Identification of new

Records removed before screening:

Records identified from:
Databases (n = 6)
Registers (n = 2,760)

Duplicate records (n = 23)
Records marked as ineligible by automation
tools (n = 574)

Records removed for otherreasons (n =

Identification

A

133)

Records screened
(n =2,030)

Records excluded
(n=977)

I

Reports sought for retrieval
(n =1,053)

Reports not retrieved
(n=28)

Screening

Reports excluded:

Reports assessed for eligibility
(n =1,025)

Other methods applied (n = 245)
Studies on animals and other
infectious diseases (n = 731)

_—

y

Inadequate index test(n = 31)

New studies included in review
(n=18)

Reports of new included studies
(n=0)

Included

Fig. 1. Diagram of the PRISMA statement and the steps involved in identifying
bibliographic data and refining searches. Source: modified from Haddaway et

al. [17].
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The specific criteria that guided our selection process are
shown in Table I. We selected Rayyan to complement the
PRISMA flowchart and enhance the systematic review process
by introducing efficiency, automation and collaboration
capabilities. While the PRISMA flowchart remains essential for
transparent reporting of the review methodology and results
(Fig. 1), Rayyan’s digital platform optimises the execution
of the review. It accelerates the screening phase, reduces the
likelihood of bias through customisable screening criteria, and
promotes collaborative research through real-time tracking and
seamless integration with reference management tools such as
Mendeley, which was used in this study.

The question to be answered was: What are the molecular
methods that are associated with enteropathogenic
microorganisms in infectious diarrhoea due to their sensitivity,
specificity and ability to rapidly diagnose?

Literature Search Strategy

The search was conducted using six prestigious databases,
including Web of Science (WOS), Scopus, Science Direct,
Embase, PubMed and LILACS Plus. Only scientific papers
published in the last ten years (2014-2024) were included.
The search language was English. MeSH terms were used:
“dysbiosis”, “enteropathogens”, “sequencing”, “infectious
diarrhoea” and “molecular diagnostics” For each term, the
corresponding entry terms were added and the Boolean
operators “OR’, “AND” and “NOT” were used to form the final
search strategy (Table I) [16].

Eligibility Criteria and Study Selection

To ensure the highest level of rigour and quality, we
further refined our search by imposing specific publication
date restrictions. Only original research articles published in
rigorously indexed scientific journals using a rigorous double
peer review system, were included in our review, thereby
reducing the inclusion of lower quality, non-refereed studies.

Table 1. Criteria for the retrieval of cited documents in our data set

Exclusion criteria included a range of study types, including
non-observational studies (such as systematic reviews, clinical
trials, case reports and conference proceedings), case-control
studies, conference abstracts and letters to the editor. In
addition, participants with specific conditions identified
in the literature review, such as pregnant women, children,
adolescents or adults with chronic diseases such as chronic
kidney disease, HIV/AIDS, SARS-CoV-2 and COVID-19,
were excluded. Studies involving non-human (animal) subjects
and those using diagnostic methods other than molecular or
molecular diagnostic approaches were also excluded from the
analysis.

Ethical Considerations

Given the nature of this project as a systematic review of
literature retrieved from scientific databases, it did not require
review by an ethics committee. No instruments were used
on individuals and there was no direct contact with patients
or carers. In addition, the research was not conducted in a
healthcare setting. As such, the project falls into the “no risk”
category of Resolution 8430 of 1993.

RESULTS

Article Selection Process

Initially, the search of the specified databases yielded
2,760 publications, as detailed in Table I. These records
were consolidated and processed using the RAYYAN web
application, resulting in the elimination of 23 duplicate entries.
Subsequently, 574 records were excluded based on pre-defined
automation criteria, with a further 133 records excluded for
various reasons that did not meet the pre-defined standards of
the study. Following this screening, the remaining 2,030 studies
were further assessed using the title and abstract.

Of these, 977 were deemed irrelevant to the research
question and were therefore excluded. Finally, 1,053 articles

Ttems Criteria

Time horizon: 2014-2024

Database:
LILACS Plus.

The keywords combination and Booleans/
Search Equation':

Clarivate Analytics’ Web of Science Core Collection™; Scopus; Science Direct; Embase; PubMed and

“Enteropathogens” [MeSH Terms] OR “Intestinal pathogens” [Text Word] OR “Enteric pathogens”
[Text Word] OR “Enteric parasites” [Text Word] AND “Dysbiosis” [MeSH Terms] OR “Gastrointestinal

Dysbiosis” [Text Word] OR “Microbial dysbiosis” [Text Word] OR “Gut Microbes” [Text Word] OR “Gut
dysbiosis” [Text Word] AND “Infectious Diarrhoea” [MeSH Terms] OR “Enteric infection” [Text Word]
OR “Diarrhea Outbreaks” [Text Word] OR “Diarrheal Pathogens” [Text Word] OR “Etiology-Specific
Diarrhea” [Text Word] OR “Infectious Gastroenteritis” [Text Word] AND NOT “SARS-CoV-2” [MeSH
Terms] OR “Diarrheic COVID-19” [Text Word] OR “No Human” [Text Word] OR “HIV/AIDS” [MeSH
Terms] AND “Molecular methods” [MeSH Terms] OR “Molecular diagnosis” [Text Word] OR “Nucleic
Acid Extraction” [Text Word] OR “Polymerase Chain Reaction” [Text Word] OR “Genetic detection” [Text
Word] OR “Metagenomics” [Text Word]

Seriation by type of document:

Software used'*:

Only original research articles

VosViewer®; Posit PBC™ formerly known as RStudio. It is a rebranding that reflects the expansion into

Python and VS Code and its web interface Biblioshiny: the shiny app for bibliometrics.

Application of artificial intelligence:

Rayyan, a web-based and mobile application designed to streamline and facilitate the process of conducting

systematic reviews and syntheses of the literature.

f: The research equation shown in Table I does not follow any of those outlined by other authors. Therefore, the study is a robust template for possible
replication, for which it is sufficient to follow the research and eligibility criteria used here; ": adapted from Aria and Cuccurullo [16].
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were considered eligible for final assessment. However, during
the subsequent full-text review, 28 studies were excluded due
to inaccessibility, either because they were not retrievable in
full text or because of restrictions imposed by open access
availability. After careful evaluation, 1,025 studies met the
eligibility criteria. Reasons for exclusion identified using
RAYYAN included the use of alternative methodologies
(n=245), studies focusing on animals or other infectious
diseases (n=731), and insufficient adequacy of the index test
(n=31) in the full-text review. Finally, 18 articles that met the
inclusion criteria were selected for inclusion in this systematic
review. For a comprehensive overview, see the full PRISMA
flowchart in Fig. 1 [17].

Characteristics of Included Studies

The 18 articles selected for inclusion in the study were
carefully characterised using several key parameters. These
parameters included year of study, journal of publication,
geographical location of study, study design, specific
enteropathogenic microorganisms associated with infectious
diarrhoea and the molecular diagnostic method used, ensuring
a comprehensive review of consistency. This comprehensive
characterisation provided a nuanced understanding of
the landscape surrounding the molecular diagnosis of
infectious diarrheal diseases associated with enteropathogenic
microorganisms (Table II). By delving into these details,
the study aimed to elucidate patterns, trends and potential
variations across different contexts, thereby enriching the depth
of insight gained from the systematic review.

Of the 18 studies included in our analysis, 12 were cross-
sectional studies and the remaining 6 were cohort studies.
Our review revealed a predominant focus on shigellosis
or Shigella infection caused by Shigella spp. as the most
extensively studied infectious disease associated with
enteropathogenic microorganisms. This was closely followed
by enteroaggregative Escherichia coli, Campylobacter, Giardia,
Salmonella and Psoriasis, all of which featured prominently in
the literature reviewed.

Notably, the study with the largest sample size included
a staggering 11,400 samples from 5,700 cases and matched
controls, yielding valid results from 5,304 matched case-
control pairs. This robust dataset provided a comprehensive
understanding of the diagnostic landscape surrounding
infectious diarrhoeal diseases. In terms of the diagnostic
methods used, multiplex polymerase chain reaction (PCR)
was the predominant technique, used in 12 of the 18 studies
(66.6%). This was followed by the isolation of genomic DNA
from stool samples, which was used in 2 studies (13.3%).
Other molecular diagnostic techniques, including the
BioFire FilmArray Gastrointestinal (GI) Panel, metagenomic
sequencing and the Luminex xTAG Gastrointestinal
Pathogen Panel (GPP), were also used, although to a lesser
extent.

Interestingly, while all studies showed a preponderance
of cases in children under 5 years of age, it is worth noting
that the analyses included the general population aftected by
acute gastroenteritis without age discrimination, providing a
comprehensive overview of the epidemiological landscape of
infectious diarrhoeal diseases (Table II).

DISCUSSION

In our exploration of diagnostic modalities for diarrhoea,
we encountered a rich diversity of biomarkers and molecular
techniques in 18 selected studies in this review. In particular,
twelve studies highlighted the importance of pathogen
cultivation as a cornerstone biomarker, often complemented
by the use of multiplex polymerase chain reaction (PCR) as the
primary point-of-care diagnostic tool for pathogen detection
[18, 19, 23-25, 27-30, 32]. In contrast, two separate studies
focused on the detection of glutamate dehydrogenase (GDH)
as a diagnostic biomarker [20, 31], while a further two studies
focused on the identification of bacterial lipopolysaccharide
(LPS) antigens, using immunochromatography as the preferred
detection method [24, 36].

In addition, six studies looked at the analysis of serum
and faecal proteins as diagnostic indicators, covering a wide
range of proteins including calprotectin, lactoferrin, C-reactive
protein (CRP), fibroblast growth factor 19 (FGF19), total
free faecal bile acids (TFFBA), soluble triggering receptor
expressed on myeloid cells (STREM), procalcitonin (PCT)
and serum C4 concentration [18, 21-24, 32]. In addition, two
studies investigated target genes as potential biomarkers for the
detection of diarrhoea, each focusing on specific genes such as
the C. difficile toxin A and B gene, stx-1, stx-2, eae and ipaH
(invasion plasmid antigen H) gene [26, 31]. This multi-faceted
approach highlights the complexity and breadth of diagnostic
strategies being used in diarrhoeal disease research.

PCR methods showed a remarkable increase in the overall
detection rate of bacteria-positive stool samples, outperforming
culture methods by 60% and identifying 39.4% more bacterial
pathogens [37, 38]. In addition, Luminex® GPP served as
a valuable screening tool, complementing other diagnostic
techniques to detect a broad spectrum of pathogens in patients
with persistent diarrhoea [39]. However, it is important to note
that the use of Luminex® GPP remains significantly under-
reported [40], with a smaller number of studies from Latin
America and Colombia [35].

When compared to conventional testing methods, this
diagnostic assay, multiplex PCR-based real-time PCR, has
demonstrated remarkable sensitivity and specificity of over
94% and 98%, respectively [41]. It is worth noting, however,
that no study to date has established an appropriate reference
standard to comprehensively evaluate the accuracy of xTAG
GPP against conventional testing protocols [42].

Due to the scarcity of evidence from Latin America and
Colombia, only three studies were included in this review [33-
35]. The selection of studies (n=18) focused predominantly
on developed countries, where molecular diagnostic methods
are commonly used, facilitating rapid and accurate diagnosis
of disease. For example, Hayman et al. [20] included two
observational studies conducted during a Campylobacter
outbreak and routine surveillance initiatives. In addition, the
study included populations from the UK and New Zealand,
specifically looking at cases of Giardia infection and acute
gastrointestinal illness. This deliberate focus on developed
countries provides valuable insights into the use and
effectiveness of molecular diagnostic approaches in settings
with well-established healthcare infrastructures.

] Gastrointestin Liver Dis, December 2024 Vol. 33 No 4: 552-562



556

Lépez Muiioz et al.

Table II. Molecular tests for the rapid detection of enteric pathogens associated with infectious diarrhoea

Study Assay/reference test Index test/PCR target Enteropathogens identified Molecular methods
Mohtaret  Allplex™ full gastrointestinal Allplex™ full Enteroaggregative E. coli, Allplex gastrointestinal assay, which
al. [18] assay gastrointestinal assay Enterotoxigenic E. coli,, is a multiplex one-step real-time RT-
Enteropathogenic E. coli,, PCR assay. This assay can detect and
Blastocystis hominis, Rotavirus, identify 25 gastrointestinal pathogens
Salmonella, Shigella, and simultaneously, including bacteria,
Adenovirus viruses, and parasites
Kanwar et BioFire FilmArray Shigella/EIEC The enteropathogens identified ~ BioFire FilmArray Gastrointestinal
al. [19] Gastrointestinal (GI) panel in this study included Shigella, (GI) panel, a PCR-based assay, for
enteroinvasive Escherichia detecting enteric pathogens like Shigella.
coli (EIEC), enteropathogenic The study did not conduct further
Escherichia coli (EPEC), and confirmation of samples positive for
enteroaggregative Escherichia Shigella/EIEC by the GI panel through
coli (EAEC). independent PCR assay and sequencing.
Hayman et  For Cryptosporidium, the Inhouse - endpoint PCR Cryptosporidium and Giardia In-house endpoint PCR test, as well as
al. [20] diagnosis can be confirmed by  test targeting the gp60 gene comparisons with commercial real-time
detecting Cryptosporidium spp., ~for Cryptosporidium and quantitative PCR (qPCR) for detection
oocysts using methods like gdh gene for Giardia of protozoa in Campylobacter patients.
antigen detection, rapid antigen These molecular methods were used
test, enzyme immunoassay, to investigate the level of protozoa
or nucleic acid detection. For detection in cases missed through
Giardia, similar methods are antigen-based assays, with a focus on
used, including antigen/DNA improving sensitivity and accuracy of
detection and visualisation of diagnosis
Giardia cysts or trophozoites.
Shahetal.  Culture of jejunal fluid 16s rRNA gene from Not identified a specific Next generation sequencing
[21] aspirate for establishing the domain bacteria enteropathogens, focusing technologies, shotgun metagenomic
diagnosis of small intestinal instead on microbial dysbiosis sequencing, metatranscriptomics,
bacterial overgrowth (SIBO) and the use of culture- metaproteomics and metabolomics for
independent techniques to studying the microbial diversity and
study the gut microbiota in the  function in the gastrointestinal tract.
context of functional dyspepsia ~ These methods provide a culture-
and small intestinal bacterial independent and comprehensive
overgrowth assessment of the gut microbiome
Xiaoetal.  Metagenomics sequencing Metagenomics sequencing  The enteropathogens identified ~ The molecular methods in the study
[22] and bioinformatic analyses of DNA extracted from in the study is not explicitly include DNA extraction, metagenomics
stool samples mentioned. The study focuses sequencing, quality control of
on alterations in gut microbiota  sequencing data, taxonomic assignment
composition, gene functions, and  prediction, diversity analysis, LEfSe
metabolites in psoriasis patients,  analysis, COG and KEGG pathway
rather than the identification ofa annotations, and metabolite potential
specific enteropathogens estimation
Tilmanne The Luminex Gastrointestinal ~ The Luminex Rotavirus A, adenoviruses 40 Luminex xTAG Gastrointestinal
etal. [23] Pathogen Panel (Luminex) Gastrointestinal Pathogen and 41, noroviruses Gl and GII,  Pathogen Panel for identifying
Panel (GPP) assay targets Salmonella spp., Shigella spp., enteropathogens in pediatric
15 enteropathogens Campylobacter spp. (jejuni, gastroenteritis, highlighting its
including bacteria, viruses,  lari, and coli), Clostridium advantages over routine diagnostic
and parasites. difficile toxin A/toxin B, Shiga methods but also raising concerns
toxin-producing Escherichia coli, about result interpretation and clinical
enterotoxigenic Escherichia coli,  significance
enterohaemorrhagic Escherichia
coli 0157, Yersinia enterocolitica,
Vibrio cholerae, Giardia lamblia,
Cryptosporidium spp., and
Entamoeba histolytica
Kellner et Luminex xTAG Luminex xTAG GPP Salmonella spp., Shigella spp., Nucleic acid amplification techniques
al. [24] gastrointestinal pathogen Escherichia coli 0157, and (NAAT), specifically the Luminex XTAG
panel (GPP) Campylobacter spp. gastrointestinal pathogen panel (GPP),
for detecting multiple bacterial pathogens
in children with acute gastroenteritis
Lelietal FilmArray GI panel (BioFire ~ Bacteria (such as Salmonella spp., Campylobacter ~ The FilmArray gastrointestinal panel.
[25] Diagnostics, Salt Lake City, Campylobacter spp., spp., Yersinia enterocolitica,and ~ This panel is a multiplex polymerase

UT) with that of standard
culture for aetiological
diagnosis of suspected
infectious diarrhoea

Salmonella spp., E. coli
strains), viruses (such

as norovirus, rotavirus,
adenovirus), and protozoa
(such as Cryptosporidium,
Giardia)

Shiga-like toxin producing E.
coli 0157

chain reaction (PCR) assay that
simultaneously detects and identifies
various pathogens, including bacteria,
viruses, and parasites, in stool samples
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Table II (continued)
Huang et xTAG GPP The ,,Index test/PCR target”  Escherichia coli 0157, Multiplex polymerase chain reaction
al. [26] in this study is the xTAG enterotoxigenic E. coli, Shiga- (PCR) for the simultaneous detection of

Gastrointestinal Pathogen
Panel (xTAG GPP) which
detects 15 types of diarrheal
pathogens through
multiplex PCR

like toxin-producing E. coli,
Cryptosporidium spp., Giardia,
Salmonella spp, C. difficile toxin
A/B, norovirus GI/GII

multiple pathogens causing infectious
gastroenteritis, including bacterial,
viral, and parasitic pathogens

Platts-Mills

custom-designed TagMan

ipaH target for detecting

Shigella; Sapovirus; Rotavirus

Quantitative PCR and custom-designed

etal. [27] Array Cards for probe-based  Shigella infection using Adenovirus 40/41; TagMan Array Cards for assessing the
quantitative PCR assays for 29  quantitative PCR. Enterotoxigenic Escherichia coli  aetiology of diarrhoea in children in
enteropathogens (ETEC); Norovirus; Astrovirus low-resource settings. These methods
Campylobacter jejuni or C. coli;  helped refine estimates of pathogen
Cryptosporidium spp.; quantity and associations with
Typical enteropathogenic E. coli  diarrhoea
Rogawski TagMan Array Cards for ipaH target, which was Shigella, enteroaggregative Quantitative PCR to detect 29
etal. [28] quantitative PCR assays considered diagnostic of Escherichia coli, Campylobacter, ~ enteropathogens in stool samples
targeting 29 enteropathogens,  Shigella spp. Giardia, and E. bieneusi. collected from children in the MAL-
with the presence of ipaH ED study using custom-designed
considered diagnostic of TaqMan Array Cards.
Shigella spp
Liu et al. Quantitative real-time PCR ipaH target for detection of ~ Shigella spp; Rotavirus Quantitative real-time PCR (qPCR)
[29] (qPCR) with a custom Shigella spp. Adenovirus 40/41; ST-ETEC to test for 32 enteropathogens in stool
TagMan Array Card for 32 (heat-stable enterotoxin- samples from cases and controls,
enteropathogens in stool producing E. coli); allowing for a more accurate and
samples from cases and Cryptosporidium spp. detailed assessment of the causes of
controls in the GEMS study Campylobacter spp diarrhoea
Fiedoruk et PCR Isolating genomic DNA Toxigenic C. difficile, Isolating genomic DNA from stool
al. [30] from Stool samples using Campylobacter jejuni, samples, performing duplex and
Polymerase Chain Reaction  Salmonella spp, and atypical triplex PCRs, visualizing PCR products
(PCR) enteropathogenic E. coli (aEPEC) using agarose gel electrophoresis,
conducting PCRs in duplicate, and
retesting samples to exclude false-
positive results
Becker et The Luminex® Gastrointestinal Luminex ° xXTAG Enterotoxigenic Escherichia Luminex ® XTAG Gastrointestinal
at. [31] Pathogen Panel (GPP), Gastrointestinal Pathogen  coli (ETEC), Giardia Pathogen Panel (GPP), a multiplex PCR
parasitological microscopic Panel (GPP) intestinalis, Shigella species,and  assay that allows for the concurrent
examinations, and rapid Strongyloides stercoralis detection of 15 pathogens, including
antigen detection tests for the bacteria, viruses, and intestinal
diagnosis of diarrhoeagenic protozoa
pathogens in patients with
persistent diarrhoea
Zhangetal. BioFire FilmArray GI test 5-gene panel targeting Common bacterial pathogens Multiplex PCR-based tests, real-time
[32] specific genes in common  such as Campylobacter, PCR-based multiplex GI assays, 2-tube
bacterial pathogens Salmonella, Shigella, Clostridium  TaqMan-based real-time PCR assays,
difficile, and pathogenic multiplex tandem PCR technology,
Escherichia coli. low-density microarray detection,
and dual priming oligonucleotide
technology for detecting various
enteric bacterial pathogens and
other pathogens causing infectious
gastroenteritis
Kannetal. PCR Isolating genomic DNA Protozoan parasites such Real-time Polymerase Chain Reaction
[33] from Stool samples using as Giardia intestinalis, (RT-PCR). This method was used to

Polymerase Chain Reaction
(PCR)

Entamoeba histolytica,
Cryptosporidium spp., and
Cyclospora cayetanensis, bacteria
including Campylobacter
jejuni, Salmonella spp.,
Shigella spp./enteroinvasive
E. coli (EIEC), Yersinia spp.,
enterohemorrhagic E. coli
(EHEC), enteropathogenic
E. coli (EPEC), enterotoxin-
producing E. coli (ETEC),
and enteroaggregative E. coli
(EAEC), as well as helminths
like Necator americanus

target and detect the various pathogens
including protozoan parasites, bacteria,
and helminths in the stool samples
collected from the study participants
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Table II (continued)
Fandino et  The Luminex® Gastrointestinal Luminex ®* XTAG Giardia intestinalis Multiplex PCR-based tests, real-time
al. [34] Pathogen Panel (GPP), Gastrointestinal Pathogen Entamoeba histolytica PCR-based multiplex GI assays, 2-tube
parasitological microscopic Panel (GPP) Cryptosporidium spp. TagMan-based real-time PCR assays
examinations, and rapid Cyclospora cayetanensis
antigen detection tests for the Campylobacter jejuni
diagnosis of diarrhoeagenic Salmonella spp.
pathogens in patients with Shigella spp. /Enteroinvasive E.
persistent diarrhoea coli (EIEC)
Yersinia spp.
Enterohemorrhagic E. coli
(EHEC)
Enteropathogenic E. coli (EPEC)
Enterotoxin-producing E. coli
(ETEC)
Enteroaggregative E. coli (EAEC)
Necator americanus
Strongyloides stercoralis
Ascaris lumbricoides
Lopez- Multiplex nucleic acid assay Luminex ° xTAG Nine bacteria (Campylobacter, Real-time Polymerase Chain Reaction
Medinaet  (xXTAG GPP; Luminex Gastrointestinal Pathogen Clostridium difficile toxin A/B, (RT-PCR). This method was used to
al. [35] Corporation) Panel (GPP) E. coli (O157, enterotoxigenic, target and detect the various pathogens

and Shiga-like toxin-producing),
Yersinia enterocolitica, Vibrio
cholerae, Salmonella, Shigella),
three viruses (norovirus GI/GII,
rotavirus A, adenovirus 40/41),
and three parasites (Giardia, E.
histolytica, Cryptosporidium)

including protozoan parasites, bacteria,
and helminths in the stool samples
collected from the study participants.

Therefore, there is an urgent need for further applied
research to elucidate the cost-effectiveness, sensitivity,
specificity and rapidity of using these molecular diagnostic
methods in the context of Colombian and/or Latin American
settings [43-45]. Within this review, PCR emerged as the
outstanding molecular technique, demonstrating exceptional
efficacy in the diagnosis and identification of a wide range
of enteric pathogens associated with infectious diarrhoea.
Its superior sensitivity, specificity and speed made it the
dominant method among those evaluated (their sensitivity and
specificity of this test have been reported to be above 94% and
98%, respectively [41]). This underscores the importance of
prioritising the research and validation of molecular diagnostic
approaches tailored to the unique healthcare landscape of the
Latin American and Colombian contexts.

Limitations of the Reviewed Studies

The limitations identified in the reviewed studies cover
several key aspects. In particular, there is a notable lack of
evaluation of patient outcomes and health economic impact,
which could provide valuable insights into the wider impact
of molecular diagnostic methods [18, 22, 32]. In addition, a
recurring limitation is the omission of testing for pathogens
not included in the pathogen panel, suggesting a potential gap
in comprehensive pathogen detection.

Further investigation is warranted to assess the clinical
utility of including additional pathogens in diagnostic panels
and to address the inherent limitations of multiplex PCR, in
particular its inability to provide information on antibiotic
susceptibility or to detect novel genes or gene variants. Some
of the studies included [23, 27, 28], have methodological
limitations, such as the exclusive use of stool samples preserved
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in Cary-Blair medium for molecular testing, which may limit
the scope of pathogen detection. In addition, the selective
performance of reflex culture in some studies may introduce
bias and affect the overall accuracy of molecular diagnostic
results.

Although most of the research in this review mainly
focuses on the use of multiplex PCR to identify pathogens, it is
important to recognise that this method does not automatically
provide information on antibiotic resistance. For example,
the study by Rogawski et al. [28] used multiplex PCR-based
methods to detect specific pathogens such as Shigella and E.
coli, which are associated with significant health outcomes
such as inflammatory diarrhoea and intestinal malabsorption.
However, this approach did not extend to the identification of
antibiotic resistance genes, which are essential to guide effective
treatment strategies.

The identification of resistance genes, as highlighted in the
study by Xiao et al. [22] , involved the prediction of significantly
different functional categories and enriched pathways related
to bacterial resistance mechanisms. This study highlighted the
importance of understanding genetic pathways, functions and
metabolites that are dysregulated in diseases such as psoriasis
to gain insight into possible mechanisms of resistance. It is
imperative that molecular diagnostic protocols incorporate
resistance gene assessment. Enhancing our knowledge of
pathogen resistance profiles, facilitating targeted therapy and
preventing the spread of antibiotic resistance all depend on
this integration. Molecular diagnostics can provide a more
comprehensive understanding of infectious diseases by
combining in-depth genetic analyses, such as resistance gene
detection. This can ultimately improve patient outcomes and
inform public health strategies.
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Limitations of Molecular Techniques: the Role of Culture

Examination as the Gold Standard

While culture examination remains the traditional
gold standard, it has inherent limitations, including long
turnaround times of several days to weeks. In contrast,
molecular techniques such as PCR offer a distinct advantage
over traditional culture methods by providing rapid results,
often within hours. This rapid turnaround time allows for the
prompt initiation of targeted therapy and the implementation
of effective infection control strategies [46, 47].

Despite the rapid turnaround time of molecular methods,
culture testing remains essential to validate the presence of
pathogens detected by molecular assays. This validation process
helps reduce the risk of false positives and ensures the accuracy
of diagnostic results, ultimately improving patient care and
infection control measures [48, 49]. For instance, a study by
Beal et al. [50] compared the turnaround times of PCR-based
methods with culture for several infectious diseases and
highlighted the significant reduction in time-to-result achieved
by the use of molecular techniques. In addition, the findings
of a systematic review by Kaur et al. [51], aimed to elucidate
the diagnostic accuracy and potential clinical applications of
these tests, particularly in the context of diarrhoeal diseases.
The results highlighted the importance of rapid diagnostic tests
in improving patient outcomes and reducing the burden on
healthcare systems, and identified opportunities and challenges
in diarrhoeal diagnostics and the need for continued research
and development in this area.

In one study in particular, limitations include the statistical
power of the study to determine the aetiology of diarrhoea, the
focus on long-term outcomes rather than specific aetiological
factors, assumptions about appropriate antibiotic use, and
the limitations of standardised definitions of diarrhoea [29].
In addition, the need to validate the Shigella score for clinical
applicability and the observed high rates of inappropriate
antibiotic use underscore the complexity and multifaceted
nature of the challenges inherent in diarrheal disease research
[19].

Among the notable shortcomings identified, a significant
proportion of studies suffered from inadequate data availability,
with two studies in particular lacking comprehensive data
sets [30, 31]. In addition, a subset of studies failed to perform
quantitative analyses or strain typing, limiting the depth
of insight into microbial strains and their epidemiological
implications [26, 36].

In addition, two studies raised concerns about bias due
to the omission of cost estimates, potentially biasing the
economic evaluation of molecular diagnostic methods [23,
29]. Furthermore, the reliance on retrospective designs in two
studies introduces inherent limitations in data interpretation
and inference. These multiple limitations highlight the need
for more methodologically rigorous investigations using
standardised protocols. Such efforts are essential to validate the
true clinical utility of emerging diagnostic tools in the context
of diarrhoeal diagnosis.

The heterogeneous nature of these limitations underscores
the critical need for expanded, high-quality trials. These studies
play a key role in informing clinical guidelines and facilitating
the widespread adoption of new non-invasive diagnostic

techniques, thereby improving the effectiveness of diarrhoeal
disease management strategies.

The future research agenda includes a multi-faceted
approach aimed at improving the effectiveness and scope
of molecular diagnostics in the management of diarrhoeal
diseases. Key priorities include evaluating the impact of
multiplex PCR on patient outcomes and cost-effectiveness,
and exploring the potential expansion of pathogen panels to
include additional diarrhoeal pathogens. There is also a critical
need to further investigate the benefits of using multiplex
PCR for the diagnosis of gastroenteritis, with a particular
focus on improving assay specificity to differentiate between
closely related pathogens such as Shigella and Enteroinvasive
Escherichia coli (EIEC). In addition, efforts should be directed
towards validating the superior detection capabilities of
molecular PCR-based assays compared to traditional culture
methods [52-54].

Expanding the applications of sensitive molecular tests
in surveillance and diagnostic accuracy, and conducting
comprehensive cost-benefit analyses in different healthcare
settings are essential components of the future research agenda.
In addition, improving test sensitivity and understanding the
impact of false-negative results on disease transmission are
paramount. Innovations in diagnostic methods to improve the
detection of protozoal diarrhoea should be pursued vigorously
[55]. Clinicians are advised to be cautious about relying on
test results alone and to consider the need for multiple testing,
especially during the transition to molecular testing.

There is also an urgent need for more targeted approaches
to treatment initiation, using the increased availability of
sensitive PCR diagnostic tests to optimise patient care and
effectively reduce the risk of disease transmission [56]. This
comprehensive research agenda underscores the need for
continued advances in molecular diagnostics to address the
global burden of diarrhoeal diseases.

In a comprehensive analysis, this systematic review
critically evaluates the efficacy of molecular methods in
detecting enteropathogenic microorganisms associated with
diarrhoeal diseases. It highlights the transformative potential of
these techniques in reshaping diagnostic paradigms, paving the
way for improved individual health outcomes and strengthened
epidemiological control strategies [57]. Echoing the concerns
of Domanovich et al. [58], the escalating threat of antimicrobial
resistance (AMR) underscores the imperative for robust and
cost-effective diagnostic solutions. Molecular techniques are
emerging as a beacon of hope in this endeavour, offering rapid
identification of pathogens such as Helicobacter pylori, along
with genetic markers indicative of antibiotic resistance, thus
providing a formidable arsenal in the battle against AMR.

The implementation of these methods presents formidable
challenges. The complex biochemical and metabolic
characteristics of Helicobacter pylori pose significant hurdles to
its isolation in culture, necessitating phenotypic validation of
molecular findings [59]. Although molecular techniques offer
accelerated detection, their reliance on phenotypic validation
underscores the need for rigorous validation protocols.
Furthermore, our review highlights the evolving diagnostic
landscape, particularly the prevalent emphasis on stool samples
as the gold standard in the current literature. While molecular
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analysis of stool samples shows promising results, the paucity
of studies on culture isolation from stool samples highlights a
critical gap in our understanding. The lack of follow-up makes
it difficult to fully evaluate this approach and thus determine
its diagnostic accuracy.

CONCLUSIONS

The introduction of molecular methods for rapid
diagnosis of enteropathogens represents a transformative
leap forward in the management of diarrheal diseases.
These methods offer numerous advantages, including the
rapid delivery of actionable results, which are critical for
initiating timely treatment interventions to prevent serious
complications resulting from delayed diagnosis. In addition,
their ability to accurately differentiate between bacterial and
non-bacterial causes of diarrhoea plays a key role in curbing
antibiotic misuse, thereby addressing the growing threat of
antimicrobial resistance. Notably, these molecular tests have
demonstrated sensitivity and specificity greater than 94% and
98%, respectively, compared to conventional tests, further
underscoring their diagnostic power and potential impact on
improving patient outcomes and public health.
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