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Recent research has highlighted the vaginal microbiome as a crucial factor
in women'’s health and fertility. The growing recognition of its significance
has intensified the focus on studying the female reproductive tract's microbial
ecosystem. While various analytical methods exist for examining the vaginal
microbiome, metagenomic next-generation sequencing (MNGS) has emerged
as an auspicious approach. This study examines how mNGS technology can be
applied to analyze vaginal microbiota. We begin by exploring the relationship
between vaginal bacterial communities and women'’s health, followed by
a comparative analysis of metagenomics against other detection methods,
highlighting their respective strengths and limitations. The paper systematically
reviews different detection techniques, examining their fundamental principles,
constraints, and advantages. Several factors can affect data quality, including
sampling procedures, contamination issues, and PCR amplification errors. We
suggest implementing third-generation sequencing (TGS) to address these
challenges to enhance reproducibility and read length, utilizing single-molecule
sequencing (SMS) to eliminate PCR amplification-related errors, and integrating
multiple analytical approaches to provide comprehensive insights. In summary,
mMNGS technology allows us to collect valuable information at a lower cost, and
it remains a leading method for detecting female reproductive tract microbes.
The goal of this review is to describe the principle, benefits and drawbacks,
and application areas of mMNGS, as well as to serve as a reference for research
into female reproductive tract microbial detection methods, promote the
improvement of mMNGS in the detection of female reproductive tract microbial
technology, and ensure the health of the female reproductive tract.
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1 Introduction

1.1 Importance of studying the vaginal microbiome

The human body is a holistic organism made up of various microorganisms, including
the vagina, which is a vast microecosystem containing billions of microorganisms. The
microorganisms in the vagina play an essential role in protecting the female reproductive
tract health and reducing gynecological infections (Nori and Vaginal, 2023). The disruption
of the vaginal ecosystem contributes to the overgrowth of pathogens, which causes
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complicated vaginal infections, predisposing factors such as
menses, pregnancy, sexual practice, uncontrolled usage of
antibiotics, and vaginal douching can alter the microbial
community (Chee et al., 2020).

In healthy people, the vaginal microbial environment has low
diversity of bacteria compared to the intestinal microflora (Ravel
et al., 2011; Collins et al., 2017). Numerous studies suggest that a
Lactobacillus-dominated community is probable to be discovered
in the healthy-state vaginal, Lactobacillus abundance acidifies the
vaginal medium to the average pH, 3.5 £ 0.2 (O'Hanlon et al,
2013), and higher vaginal pH (less acidic) has been observed in
diseased-state vagina (Ravel et al.,, 2011; Ceccarani et al., 2019;
Brooks et al., 2017a; Zheng et al.,, 2019; Drell et al., 2013), the
research study of 396 North American asymptomatic women from
four ethnic groups revealed that single or multiple Lactobacillus
species dominated a majority of vaginal microbiomes. Lactobacilli
have been confirmed to constitute the first line of defense against
pathogens, the moderate abundance of L. curl and L. inux (~80%)
(I-B: 54.35% and III-B: 57.73%) were found to be beneficial for
pregnancy outcome, Lactobacillus showed higher abundance in
women with premature ovarian insufficiency, which can reduce the
number of pathogens in the vagina and thus is related to vaginal
health (Kalia et al., 2020; Wang T. et al., 2024). They are divided
into five CSTs. CSTs I, II, III, and V are dominated by L. crispatus,
L. gasseri, L. iners, and L. jensenii. In contrast, CST IV refers to the
high diversity of the microbial community characterized by obligate
anaerobic bacteria (Chen X. et al., 2021). The vaginal microbiome
(VMB) in normal reproductive-aged women also constitutes the
fungal part designated as the “vaginal mycobiota” (Drell et al,
2013). The predominant part of this mycobiota was occupied by
C. albicans (72%—91%), Candida albicans, an opportunistic fungal
pathogen, grows in 20% of women without causing any overt
symptoms. Yet, it is one of the main causes of infectious vaginitis
(Bradford and Ravel, 2016), which is followed by non-albicans
Candida (NAC) species, including C. glabrata, C. tropicalis, and C.
para psilosis (Barousse et al., 2004).

Vaginal microecological disorders will cause changes in the
cleanliness and pH of the vagina, which will quickly result in
vaginitis and build an ideal environment for the ascending infection
of endogenous and exogenous pathogens, which leads to the
occurrence of pelvic inflammatory disease and further leading
to intrauterine adhesions (IUA) (Paavonen and Brunham, 2019).
Bacterial vaginosis (BV) is caused by a loss or sharp drop in the total
number of Lactobacillus and a corresponding substantial increase
in the concentration of anaerobic bacteria in women, and it is a
relatively widespread vaginal microbiota problem among women of
reproductive age worldwide (Figure 1A). BV sufferers were shown
to rely on nitrogen sources rather than carbon sources for their
energy needs. Amino acid catabolism produces amines that cause
fishy odors; hence, the patient’s secretions frequently smell like fish
(Kalia et al., 2020).

In addition to that, vulvovaginal candidiasis (VVC) and
aerobic vaginitis (AV) are recognized as risk factors for infertility
(Figure 1A). Vulvovaginal candidiasis is estimated to be the second
most common cause of vaginitis after bacterial vaginosis (Lopez,
2013), exceptionally common 3 in 4 women will be affected at
least once over their lifetime (Hurley and De Louvois, 1979),
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Candida albicans accounts for 85% to 90% of cases, asymptomatic
carriage rates for C. albicans in healthy women are estimated
at around 20% (Goldacre et al, 2010; Drake and Maibach,
1973). Recurrent vulvovaginal candidiasis affects nearly 138 million
women globally each year. The prevalence of aerobic vaginitis is
7% to 12%, especially during pregnancy, and is associated with
adverse pregnancy outcomes. Patients with AV had a reduced or
absent number of Lactobacilli in the vagina, increased secretion,
and a more severe inflammatory response. AV is similar to
BV, but the inflammatory response is more intense, involving
increased cytokines such as IL-1f8, IL-6, and IL-8 (Pecbles et al.,
2019). A recent study analyzed the vaginal microbiota of 1,411
women and found an association between vaginal microbial
composition and fertility. This finding suggests that detecting
vaginal microbiome composition may help diagnose infertility
and potentially improve the success rate of in vitro fertilization.
Vaginal microecological detection can be divided into two parts:
functional detection and morphological detection (Mahajan et al.,
2022), these two methods are complementary to each other and
can comprehensively evaluate the vaginal microecological status
(Chen H. et al, 2021; Sharma et al, 2021; Hong et al., 2016).
Functional test: functional testing assesses the functional status
of vaginal microbes by detecting their metabolites and enzymatic
activities. For example, Vaginal PH value, this index can reflect
the PH of the vaginal microecological environment, and then
determine whether there is a microecological imbalance (O’Hanlon
et al., 2019; van den Tweel et al., 2022; Heinze et al., 1989; Zodzika
et al., 2011), Examination of hydrogen peroxide concentration: it
is an index of ecological dominant bacteria (Tomds et al., 2003;
Pashaian and Oganesian, 2011). Leucocyte esterase test: it is an
indicator of host reaction (Arango-Sabogal et al., 2019; Chacko
et al., 1996; Mardh et al., 2003; Abbasi et al., 1985), Examination
of sialidase activity: the index of pathogenic bacteria is reflected.
Morphological detection: vaginal secretions wet microscopy: this
detection method is mainly to observe whether there are clues
in vaginal secretions, trichomonas vaginalis or white blood cells,
to diagnose inflammation (Abbasi et al.,, 1985; Roy et al., 2023;
Patil et al., 2012). Gram stain smear microscopy: this detection
method mainly evaluates the dominant bacterial community,
performs leucorrhea score, and observes whether there is false
mycelium or spores of candida (Danby et al., 2021; Schmidt and
Hansen, 2001). In clinical work, the two detection methods are
usually combined, with morphological detection as the primary
and functional detection as the auxiliary so doctors can make a
comprehensive judgment. This approach could improve diagnostic
accuracy, and help doctor’s better plan treatment.

Recent studies have demonstrated a significant correlation
between the composition of the vaginal microbiota and the
outcomes of in vitro fertilization (IVF) treatments. Notably,
a vaginal microbiota dominated by Lactobacillus crispatus is
associated with higher implantation and pregnancy rates. A study
utilizing 16S rRNA sequencing classified cervical microbiota into
three types: CMT1 (dominated by L. crispatus), CMT2 (dominated
by L. iners), and CMT3 (dominated by other bacteria). The results
indicated that the biochemical and clinical pregnancy rates were
significantly higher in the CMT1 group compared to CMT2
and CMTS3, suggesting that a L. crispatus-dominant microbiota
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may serve as a predictive marker for successful IVF outcomes
(Guan et al,, 2023). Conversely, a vaginal microbiota dominated
by anaerobic bacteria such as Gardnerella vaginalis, Atopobium
vaginae, and Prevotella species has been associated with adverse
IVF outcomes. Systematic reviews and meta-analyses have found
that vaginal dysbiosis, including bacterial vaginosis and aerobic
vaginitis, correlates with reduced clinical pregnancy rates and
increased risks of early pregnancy loss in IVF patients (Maksimovic
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Celicanin et al., 2024). Furthermore, studies have indicated that
both excessively high and low abundances of Lactobacillus may
negatively impact pregnancy outcomes. A study involving 1,411
women found that a moderate abundance (~80%) of L. crispatus
and L. iners was associated with higher pregnancy rates, whereas
abundances exceeding 90% or falling below optimal levels could
potentially reduce the likelihood of successful pregnancy. In
summary, maintaining a balanced vaginal microbiota, particularly
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one dominated by L. crispatus, may enhance IVF success rates.
Therefore, assessing the vaginal microbiota composition prior to
IVF treatment and implementing interventions, such as probiotic
supplementation, when necessary, could serve as effective strategies
to optimize reproductive outcomes.

1.2 Brief overview of methods for analyzing
vaginal microbiomes

The morphological examination is usually used for vaginal
microbiology testing, performed by a smear of vaginal secretions,
vaginal Gram staining (Nugent score and Ison-Hay criteria),
culture-based, and pathogenic microorganisms of the vaginal
flora, for determining the density, diversity, and dominant species
(Figure 1B). The classical analysis employs methods contingent
upon cultural practices; indeed, after a defined period of cultivation,
various bacterial species can be distinguished through characteristic
cell staining, morphological examination, or observed biochemical
activities (Hok and Loen, 1967). Although these methods can
provide some information, they have certain limitations, such as
the inability to detect microorganisms that are difficult to culture.
It is also important to note that the Nugent score method does not
differentiate particular Lactobacillus species (Muzny et al., 2023).

Direct probe assays add the DNA probes into the vaginal
fluid specimen; the probes then attach to specific sequences of the
particular bacterium, allowing the detection of many germs in a
single specimen (Coleman and Gaydos, 2018). NAATS, like PCR,
can detect as few as one bacteria in a vaginal specimen (Coleman
and Gaydos, 2018). Quantification of bacterial species in the vaginal
microbiota by gPCR is a popular tool for identifying and measuring
specific vaginal microorganisms (Jespers et al., 2012; Fredricks et al.,
2009; Zozaya-Hinchliffe et al., 2010). The 16S rRNA gene was
selected to assay bacterial communities (Woese and Fox, 1977).
Scientists developed universal primers that amplify a particular
gene segment, making it possible to use PCR to analyze the total
DNA collected from an entire bacterial population in a community
sample (Baker et al., 2003). In practice, these primers achieve over
95% coverage, missing only a small proportion of microorganisms
in the community depending upon the primer selected (Sofie et al.,
2017).

Metagenomic (mNGS) s
increasingly used in clinical laboratories for indiscriminate

next-generation sequencing
microbial culture and independent diagnosis. This technology can
identify rare, novel, hard-to-detect, and co-infected pathogens
directly from clinical samples (Figure 1C). mNGS is characterized
by its high sensitivity; it can effectively improve the sensitivity of
hard-to-detect microorganisms and pulmonary co-infections. It
also shows excellent potential for predicting antibiotic resistance,
providing new diagnostic evidence to guide treatment options,
and providing important information for clinical treatment (Gu
et al., 2019). Recent publications have addressed the subject of
metagenomic analysis pipelines and the challenges encountered,
yet there is a paucity of in-depth exploration of host DNA
contamination and species misclassification. It is evident that
tools such as Kraken2 and MetaPhlAn are of pivotal significance.
Kraken2 employs k-mer-based classification with databases such
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as RefSeq, utilizing confidence score (CS) adjustments (e.g.,
0.2-0.4) to balance classification rate and precision. However,
higher CS (> 0.6) can significantly reduce classification accuracy
for smaller databases like Minikraken. MetaPhlAn4 integrates
reference genomes and metagenome-assembled genomes (MAGs)
via species-level genome bins (SGBs), leveraging unique marker
genes to improve taxonomic profiling, especially for uncultured
species, and outperforms alternatives in synthetic evaluations.

The these
misclassification of species due to taxonomic ambiguity or

challenges posed by issues include the
incomplete databases. MetaPhlAn4 mitigates this via SGB
clustering, while Krake2/s CS controls k-mer agreement to reduce
false positives. Host DNA contamination, although less frequently
discussed, necessitates preprocessing steps such as host read
filtering, which are implicit in workflows but not explicitly detailed.
In clinical settings, interpretation thresholds vary: Kraken2
employs CS = 1.0 for pathogen detection with the objective of
minimizing false alarms (Liu et al, 2024), while MetaPhlA4/s
marker-based approach facilitates strain-level profiling for the
discovery of biomarkers (Blanco-Miguez et al, 2023). The
management of ambiguity necessitates the curation of databases
(for instance, GTDB r202 to ensure taxonomic consistency) and
multi-tool validation. However, there is a paucity of standardized
protocols for clinical applications. The challenge of balancing
computational feasibility (for example, the size of RefSeq vs. the
efficiency of Minikraken) and accuracy remains significant. The
performance of larger databases such as nt is enhanced, but greater
demands for resources are placed upon them.

2 Methodological comparison
2.1 Culture

2.1.1 Mechanism and application of the culture
method

The conventional method for examining vaginal microbiota
relies on two primary techniques: wet mount microscopy and
discharge culture. During wet mount examination, clinicians place
a sample of vaginal discharge on a glass slide and examine it
microscopically to evaluate bacterial and fungal characteristics,
including their morphology, quantity, and types of microorganisms
present. This can help doctors get an initial understanding of the
state of the vaginal microbiome (Savicheva, 2023). The culture
process involves inoculating vaginal discharge specimens into
specialized growth media. This cultivation method enables the
identification and quantification of various bacterial and fungal
species, providing detailed insights into the vaginal microbiota
composition (Villaseca et al., 2015). The longitudinal study with
continuous sample collection tracked the changes for 6 months.
All samples were obtained during the follicular phase of the
menstrual cycle (days 7-14) to minimize hormonal changes as
much as possible.

Although culture-based diagnostic methods are slower
than modern molecular techniques, they remain the preferred
approach for detecting certain fungal pathogens due to their
ability to perform antimicrobial susceptibility testing (Willinger,
2017). Culture-based methods have the advantages of a more
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precise quantitative analysis and the ability to isolate the targeted
foodborne bacteria, but they also have the disadvantage of
providing information that is mainly focused on the target
microorganisms (Wang et al., 2017). Vaginitis/vaginal infections
are among the most prevalent gynecological conditions
encountered in clinical practice. The primary culprits include
yeast infections (most commonly caused by Candida albicans,
the protozoan Trichomonas vaginalis, or an imbalance in vaginal
bacteria leading to bacterial vaginosis. The incidence of each
varies significantly across different patient demographics. Since
symptoms and physical exams alone are insufficient for a definitive
diagnosis, laboratory testing plays a crucial role. For detecting
Trichomonas vaginalis, culture-based methods remain the gold
standard due to their high sensitivity. Meanwhile, bacterial
vaginosis can be diagnosed when at least three of the following
criteria are met: (1) a thin, homogeneous discharge, (2) vaginal pH
exceeding 4.5, (3) a distinct fishy odor upon amine testing, and (4)

the presence of clue cells under microscopy (Spiegel, 1989).

2.1.2 Culture-based techniques: strengths and
limitations

Microbial culture technology is a crucial experimental method
in microbiology through which various microorganisms can
be isolated, cultivated, and studied (Mahler et al., 2021). This
technology has many advantages; it can isolate microorganisms
from samples through appropriate media and culture conditions,
and culture and propagation in vitro, and can detect and
analyze different physiological and biochemical characteristics
of varying microbe (Preksha et al., 2021), such as morphological
characteristics, metabolic characteristics, growth rate, product
generation ability, etc., to further study the biological characteristics
and application value of microorganisms (Marcellino et al., 2015).
It can also avoid cell death and atrophy by regularly changing
the medium and adjusting the culture conditions to increase the
number of microorganisms and get more of the product we want
(Wan et al,, 2023). In terms of vaginal microbial detection, culture
technology can provide more accurate microbial quantification
and identification results and can detect some common pathogenic
bacteria and microorganisms (Schmidt et al., 2015). In addition,
the culture technique can also be used to conduct antimicrobial
susceptibility experiments to test the sensitivity and resistance
of different antibiotics to vaginal microorganisms, guiding
clinical treatment (Sood et al, 2022; Cheng et al, 2005)
(Figure 2).
culture technique has high specificity and sensitivity, which

Compared with other detection methods, the
can effectively detect the presence and number of microorganisms
and provide an essential basis for the evaluation and treatment of
vaginal microecology.

However, microbial culture technology has limitations, such
as the inability to detect difficult cultivated microorganisms
(Igny$ et al., 2014), which require special cultivation conditions,
such as anaerobic conditions or specific nutrients, which make
these microorganisms challenging to grow in the laboratory,
limiting further research and application of these microorganisms
(Erokhin et al, 2022). Microorganisms may behave differently
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under cultural conditions than in their natural environment,
affecting the reliability of the study’s conclusions (Li et al., 2023).
Traditional microbial culture techniques usually take a long time
to obtain results, which is unsuitable for microbial detection and
identification in urgent situations. Still, the new culture technology
requires professional skills, is more complex to operate, and
requires professional training. It is also challenging to ensure the
purity of microbial cultures during the cultivation process, and
they may be contaminated by other microorganisms (Margolles
and Ruiz, 2021). Finally, using some special culture conditions
and culture media will increase the cost of culture and limit large-
scale application.

In summary, among the currently implemented culture
methods, simulating natural environmental conditions and
maintaining the interrelationship between microbial populations
is the key to improving the cultivability of microorganisms in
the environment (Peng et al., 2021). Therefore, the research on
microbial culture technology should mainly focus on this aspect
for in-depth improvement and development. In addition, we
need to select the appropriate technology according to the specific
research purpose, time requirements, economic costs, experimental
conditions, and other factors.

2.2 Polymerase chain reaction (PCR)

Conventional detection methods have limited ability to
identify microbial species. With the advancement of technology,
Polymerase chain reaction (PCR) technology has been introduced
into the detection of vaginal microbiota. These changes have had a
profound impact on the study of vaginal microbes (Mortaki et al.,
2020).

PCR is a molecular biology technique in which specific
DNA fragments are rapidly amplified in vitro through specific
primers and DNA polymerases (Demkin et al, 2017). The
application of PCR technology in the detection of vaginal
microbiota mainly includes the detection of specific pathogens,
the quantitative analysis of microbial communities, and the
assessment of microbial diversity (Kalra et al., 2007). Through
high-throughput PCR, the vaginal microbial community can be
quantitatively analyzed, revealing the composition and changes of
the microbial community. The basic process of PCR detection is
sample preparation and extraction, primer design and synthesis,
PCR amplification reaction, and result analysis and interpretation.
With the development of technology, various variants of PCR have
gradually been derived, such as quantitative real-time PCR (qPCR),
multiplex PCR, nested PCR, etc. The qPCR detection process
differs from conventional PCR technology in that fluorescent
dyes or fluorescently labeled primers are added during PCR
amplification (Kubista et al., 2006). The progress and amount
of PCR amplification can be monitored in real-time through
the strength of the fluorescence signal, and the amplification
curve can be drawn (Arya et al, 2005). The analysis curve
allows for the quantification of the DNA of interest (Mattei
et al, 2019; Artika et al., 2022). QPCR has the characteristics
of high sensitivity, high specificity, and high accuracy (Klein,
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Antimicrobial susceptibility testing methods based on culture and molecular technologies.

2002; Harshitha and Arunraj, 2021). Multiplex PCR can detect
multiple target DNA sequences simultaneously in the same
PCR reaction (Sahu et al, 2019; Khaki et al, 2023), and the
detection process is the same as traditional PCR technology. In
multiplex PCR, amplified products of different target sequences
may have different lengths or fluorescent labels, allowing them
to be distinguished within the same -electropherogram or
fluorescent signal (Nell et al., 2022). Multiplex PCR allows for
the simultaneous detection of multiple microorganisms in the
same reaction, improving detection efficiency and saving samples
and reagents.

PCR technology possesses the advantages of strong specificity,
high sensitivity, saving time and raw materials, high efficiency
and rapidity, and simple operation. At the same time, there are
also the following disadvantages: different probes need to be
synthesized according to other sequences, which increases the cost
of experiments. Quantitation is susceptible to the performance of
reagents and enzymes. The test results make determining the actual
amplification characteristics difficult, and there is a high probability
of false positives (Zhu et al., 2020).

Frontiers in Microbiology

2.3 16S rRNA

The 16S rRNA gene sequence is ~1,550 base pairs in length
and is comprised of a variable region and a conserved region.
The gene is sufficiently large to allow for the measurement of
16S rRNA gene intragenic variation, which can be used for the
purpose of differentiation and statistical analysis. In addition, the
16S rRNA gene can be compared with the 16S rRNA genes of all
bacteria, as well as with the 18S rRNA genes of eubacteria and true
eukarya. In the 1960s, Dubnau et al. (1965) it was observed that
the 16S rRNA gene sequence of the genus Listeria exhibited a high
degree of conservation. Following Woese’s pioneering research, this
sequence has become a widely utilized tool for the identification
and classification of bacteria. The 16S rRNA gene is arguably one
of the most conservative genes, despite the ambiguity surrounding
its absolute variability. It serves as a significant indicator of
the evolutionary distance and relatedness of various biological
organisms. The 16S rRNA gene sequence has been utilized in the
field of microbiology for the purpose of bacterial identification and
the delineation of relationships at the species and strain levels.

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1578681
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Liu et al.

Its application in clinical microbiology is well-documented. The
sequence exerts a significant influence on the relationship between
more distant related lineages. The 16S rRNA gene is a universal
feature of bacteria, thus enabling the measurement of relationships
between all bacterial species (Nygaard et al., 2020; Brinkmann et al.,
2021). Tt is generally accepted that the comparison of 16S rRNA
gene sequences enables the differentiation of most bacterial species
at the species level. In addition, the classification of strains at
multiple levels, including the present species and subspecies levels,
is possible. The utility of 16S rRNA gene sequencing is occasionally
contingent on the presence of multiple well-known species with
similar or identical sequences.

In general, 16S rRNA gene analysis is not considered adequate
for the purpose of comparing the prevalence of specific strains or
for the identification of strains with specific virulence factors, due
to the absence of sufficient variation in the gene region in question
(Clarridge, 2004). A comparison of genetic sequences can provide
a clear definition of the species or strain of bacterium in question.
However, the author’s approach of establishing a “species” match
for these sequences is not consistent with current standards. In
these studies, the definition of “match” for species is not more
than 99% similar (<1% different). In the case of Vibrio cholerae,
the genetic sequence can include up to six copies of the 16S
rRNA gene, with a difference of up to 1. This indicates that there
is heterogeneity within the 16S rRNA gene of the Mycoplasma
species, and that the method should not be used for the purpose
of species identification (Janda and Abbott, 2007).

2.4 Metagenomics next generation
sequencing (MNGS)

mNGS technology stands out in the detection of vaginal
microbiomes for its broad-spectrum capabilities, high sensitivity,
and rapid detection. Compared with traditional methods, mNGS
can analyze the structure and composition of vaginal microbial
communities more comprehensively. This diagnostic method can
directly perform unbiased high-throughput sequencing on the
microbial genomes in clinical samples, and can simultaneously
detect multiple microorganisms such as bacteria, viruses, fungi, and
parasites (Chiu and Miller, 2019), including hard-to-culture and
uncommon organisms (Hong et al., 2016). Through precise analysis
of the vaginal microbiota, mNGS can diagnose various vaginal
diseases more accurately. Meanwhile, its rapid result delivery is
especially valuable for diagnosing acute infections. Furthermore,
mNGS can predict antibiotic resistance based on microbial genome
information, aiding clinical treatment decisions.

mNGS refers to metagenomic next-generation sequencing
technology, which does not rely on traditional microbial culture,
directly extracts all nucleic acids in the specimen for high-
throughput sequencing, and compares the screened data with the
pathogen database through the analysis of biological information
after removing the human sequence, to obtain the species
information of suspected pathogenic microorganism. Due to
the development of newer sequencing assays, assessing all
microorganisms in a sample through a single mNGS analysis
has become feasible (Diao et al., 2021). The mNGS method is
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a valuable supplement to conventional culture methods, which
perform a higher positive rate and sensitivity (Chen H. et al., 2021).
It has proven a potentially formidable instrument in various fields,
including clinical diagnosis, hospital epidemiology, microbial
evolutionary biology, and exploring host-pathogen interactions
(Handel et al, 2021). In the field of clinical microbiology,
metagenomic sequencing is referred to as clinical metagenomics.
Unprecedented ability to capture total nucleic acid of any
microorganism in parallel from a single clinical sample. mNGS
provided promising support to rapid pathogen diagnosis (Chen M.
et al., 2024). Using high resolution can provide a more decadent
visual hierarchy, making details more refined and creating a sense
of three-dimensional space. High-resolution techniques can extract
richer biological information, more significant amounts of data,
and more details.

Metagenomic sequencing technology can overcome the
shortcomings of unbiased methods, such as the typical PCR assay
is difficult to quantify and has various limitations (Lee et al., 2023).
Sometimes, unsuitable reaction conditions will affect the effect of
the PCR reaction, resulting in inaccurate results and a relatively
low detection rate.

2.5 Third generation sequencing (TGS)

The revolution in large-scale parallel sequencing began in
2005 with the introduction of Roches 454 pyrosequencing
system, which ushered in next-generation sequencing (NGS)
technology (Margulies et al., 2006). This alternative to traditional
pyrosequencing enabled DNA sequencing to be performed in a
massively parallel manner, marking the birth of the first high-
throughput sequencing platform. While NGS transformed the field
by delivering unprecedented sequencing power, remarkable depth,
and impressive accuracy, it wasn’t without its drawbacks—chief
among them being the production of short read lengths. The called
“short-read sequencing” inherent to all NGS platforms necessitated
specialized bioinformatics tools and complex post-processing
workflows, complicating the handling of high-throughput data and
extending overall analysis times. These limitations were eventually
overcome with the advent of third-generation sequencing (TGS),
a groundbreaking approach that signaled the dawn of a new era
in sequencing. At the same time, we compared the sequencing
principle, sequencing read length, advantages, and disadvantages of
the three sequencing methods (Table 1).

The TGS method introduces two fundamental and distinctive
(SMS) and
sequencing, which enable nucleotide (DNA or RNA) analysis

features: single-molecule sequencing real-time
without PCR amplification of the template. This approach also
facilitates immediate data processing as sequencing occurs. A
major advancement of TGS lies in its ability to sequence genetic
material directly, bypassing the need for template amplification—
thereby minimizing the biases typically introduced by PCR during
library preparation. In contrast to the relatively brief read length
(maximum 600 nt) of NGS platforms, TGS platforms have been
shown to exhibit a longer read length, with an average length
in excess of 10kb (van Dijk et al., 2018; Goodwin et al., 2016).

The significant increase in the length of generated sequencing

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1578681
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Liu et al.

TABLE 1 Comparison of three generation sequencing technologies.

10.3389/fmicb.2025.1578681

Detection Technical Principle of Read length Advantages Limitations
method platform sequencing
The first Sanger Chain-terminating 600-1,000 bp Long reads; high accuracy; Low throughput; high cost of
generation sequencing good ability to deal with Sanger sample preparation; making
sequencing repetitive and homopolymer massively parallel sequencing
regions. prohibitive.
The second Roche/454 Pyrosequencing 200-400 bp Longest read lengths among Challenging sample preparation;
generation the second-generation; high hard to deal with
sequencing throughput. repetitive/homopolymer regions.
Ilumina Sequencing by synthesis 2x150 bp Very high throughput Short reads; genome assembly is
difficult due to complex data
processing and short sequence
generation
ABI/Solid Sequencing by ligation 25-35bp High throughput; low cost. Long sequencing mns (days); short
reads, resulting in difficulties in
subsequence data analysis and
genome assembly.
The third PacBio SMRT Sequencing by ~1,000 bp Long average read length; no Low accuracy; dependence on
generation synthesis/DNA amplification of sequencing DNA polymerase activity.
sequencing polymerase fragments; longest individual
reads approach 100 kb.
Nanopore Electronic signals Maximum record 22M | Over-long read; electronic High sequencing error
sequencing/exonuclease sequencing; portable.

reads is considered to be one of the most advantageous features
of TGS technology, as it has been demonstrated to markedly
enhance the quality of genome assembly and structural analysis
of genomes (Michael et al., 2018; Roberts et al., 2013). It can be
stated with greater accuracy that the longer the read length, the
more representative the sequence of the genome, and according to
the analysis of variation, the longer the read length, the more likely
it is that the insertion, deletion, and other structural variations
in the entire genome will be identified. Consequently, the more
continuous the reconstruction of the genetic sequence.

TGS has been demonstrated to facilitate the acquisition of
novel insights into the analysis of microbial communities. The TGS
platform has been demonstrated to facilitate rapid 16S sequencing
procedures, thereby enabling the real-time identification of any
target sample’s existing bacterial species (Heikema et al., 2020).
The employment of full-length 16S rRNA sequencing in the
efficient and timely selection of microbial communities facilitates
the simplification of analysis and the provision of in-depth strain-
level distinguishing information, as well as the current microbial
composition’s unbiased composition and functional characteristics.

Despite the extensive research and clinical applications of TGS
technology, and this technique streamlines the library construction
process, it comes with notable drawbacks, including time-
consuming sequencing runs, elevated costs, higher error rates, and,
not least of all, the production of relatively short reads (averaging
~32 bp) (Athanasopoulou et al, 2021). Due to the inaccuracies
observed in the results obtained during the survey period (~15%),
it is not recommended to utilize TGS for the precise detection
of single-nucleotide polymorphisms (SNP) or point mutations.
Nevertheless, the TGS platform’s chemical analysis is undergoing
enhancement to reduce these error rates and enhance the accuracy
of the surveys (Amarasinghe et al., 2020). In consideration of
the fact that TGS embodies a pioneering methodology in the
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TABLE 2 Compare TGS to mNGS regarding accuracy, throughput, read
length, cost, and current limitations.

Parameter TGS mNGS

Accuracy High per-read error Ultra-high base accuracy
(5%—15%), but (error rate <1%), but PCR
correctable (> 99%) bias

Throughput Moderate (50-100 Extremely high (hundreds
Gb/run) of Gb to Tb/run)

Read length Ultra-long (50-100 kb) Short (250-300 bp)

Cost Higher instrument and Lower cost at high
pre-base cost throughput

Current limitations Short-read fragmentation,

host contamination

High error rates,
computational intensity

domain of surveying, the evolution of downstream analysis tools
and algorithms for alternative biological information constitutes a
formidable undertaking (Jung et al., 2019).

Comparing TGS with mNGS (Table 2), firstly, the third-
generation sequencing (TGS) technology requires a higher current
during the sequencing process to maintain the stability of
single-molecule sequencing. However, due to its single-molecule
sequencing characteristics, current limitation is not as significant
as traditional sequencing techniques in the electroporation
transfection process of mRNA. Current parameters such as electric
field strength and duration have a significant impact on transfection
efficiency and cell survival rate. Excessive current may cause cell
membrane damage and cell death, while insufficient current may
lead to insufficient transfection efficiency. The third-generation
sequencing (TGS) technologies have high precision and can
provide real-time sequencing at the single-molecule level. They can
directly detect RNA modifications and full-length transcripts. The
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throughput of TGS is usually low, with fewer reads per run but
more runs, while NGS has a higher throughput, generating billions
of reads per run, making it suitable for sequencing many samples
in one run.

2.6 Method comparison: sensitivity,
specificity, taxonomic resolution, time to
result, cost per sample, can detect novel
microbes, and limitations

Metagenomic next-generation sequencing differs significantly
from other traditional methods (e.g., Culture-based techniques and
PCR) regarding specificity, sensitivity, breadth of detection
mNGS is
characterized by unbiased detection (Wang et al., 2019), which

organisms, and analysis complexity (Figure 3).
can detect all the DNA information in the sample. However,
traditional detection methods often target specific microorganisms
or genes. Hence, their specificity is high (Liu et al., 2022b), but
conventional detection methods make it difficult to detect other
unknown microorganisms (Han et al., 2020), which has certain
limitations. In terms of sensitivity, mNGS has high sensitivity and
can detect a very low abundance of microorganisms in a sample.
This is because mNGS does not rely on the process of microbial
culture and directly sequences nucleic acids in a sample (Akagin
et al., 2022).

Overall, metagenomic next-generation sequencing offers
significant advantages in detecting organisms regarding specificity,
sensitivity, and breadth, providing more comprehensive, accurate,
and rapid detection results (Punzén-Jiménez and Labarta, 2021;
Moreno and Simon, 2019; Gwinn et al., 2019). To this end,
an investigation was conducted into the various methods of
performing vaginal microbial examinations. The investigation
encompassed the following parameters: sensitivity, specificity,
diagnostic capacity, duration of action, cost, and the ability to
detect pathogens. The investigation focused particularly on the
limitations of the methods (Table 3).

3 mNGS: applications, technical, and
clinical challenges

3.1 Applications of mMNGS in vaginal
microbiome research

Metagenomic Next Generation sequencing

(mNGS) is an advanced molecular diagnostic method that can

technology

obtain sequence information of microbial nucleic acid fragments
in a single run and detect all microbial species and sequences
through analysis and comparison (Lecuit and Eloit, 2014). In
addition, mNGS can be used to identify and type all pathogens
because mNGS does not rely on culture and can retrieve all DNA
without bias (Lefterova et al., 2015). Therefore, this technique has
significant application value in vaginal microbiome research. The
vaginal microbiome is a complex and dynamic microecosystem
that changes throughout a woman’s life and is dominated by
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lactobacillus-producing bacteria of the genus Lactobacillus (Ma
et al., 2012).The mNGS technique enhances our understanding
of this ecosystem by providing a high-resolution analysis of
the vaginal microbiome. It allows researchers to identify and
characterize the microbial diversity within the vagina accurately
and how these microbes interact with the host. The application
of this technique reveals changes in the vaginal microbiome
in different health conditions. By revealing the complexity and
dynamic changes of the microbiome, mNGS provides an essential
scientific basis for improving women’s health.

The primary focus of the metagenomic sequencing data
analysis encompassed gene prediction and abundance analysis,
specimen annotation, dimensionality analysis of
of differential

groups, cluster analysis of species abundance, and Metastats

species
abundance, LEfSe analysis species between
analysis of different species between groups (Avershina et al., 2013;
Oh et al,, 2014; Noval Rivas et al., 2013). The main applications
of mNGS in vaginal microbiome research include: microbial
diversity Analysis; mNGS can provide a comprehensive assessment
of microbial diversity in the vagina, helping researchers (Kero
et al., 2023). Disease diagnosis and biomarker discovery: by
comparing the vaginal microbiome of healthy women with those
with specific gynecological conditions, mNGS helps identify the
types of microbes (Aronson and Ferner, 2017). Resistance gene
detection: mNGS can detect resistance genes, help to understand
the resistance of pathogenic microorganisms, and guide the
rational use of antibiotics in clinics (Liu et al., 2022a). Precision
Medicine: mNGS helps enable precision medicine targeting
the vaginal microbiome by analyzing an individual’s microbiome
characteristics to provide a personalized treatment plan for patients
(Scher et al., 2013).

Metagenomics is defined as the sum of all microbial genomes
in the environment and is the sequencing of the sum of all
microbial genomes. We focused our research mainly on women
of childbearing age (18-45 years old) diagnosed with bacterial
vaginosis (BV) through the Nugent score or Amsel criteria,
excluding participants who had recently used antibiotics or had
concurrent fungal infections. mNGS can be used to detect and
analyze the vaginal microbiome by following the steps below Gu
etal. (2019).

Step 1: Sample collection. A microbial sample needs to be
taken from the vagina. This usually uses sterile cotton swabs
or specialized sampling tools to collect specimens directly from
the posterior vaginal fornix, external cervix, and inner cervical
area (Subramaniam et al., 2016), and requires strict hygiene and
aseptic practices to be followed to avoid contamination by external
microorganisms. Step 2: DNA extraction. The collected sample
undergoes a series of processes to extract the DNA. This step
can be accomplished using a DNA extraction kit or a lab-made
extraction method, which includes using chemical reagents to
lyse cells, centrifugation, and purification of DNA. The quality
of the extracted DNA is critical for subsequent sequencing and
analysis (Xiao et al, 2022). Step 3: Metagenomic sequencing.
High-throughput sequencing of the extracted DNA, such as
second or third-generation sequencing technology, generates a
large amount of DNA sequence data representing the genome
sequence of all the microorganisms in the sample. Step 4:
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microbial species in the vaginal microbiome can be identified.
Step5: Interpretation and application of results. Based on the results
of the analysis, it is possible to interpret the characteristics of
the vaginal microbiome, such as microbiota structure, functional
activity, etc. This information can help us understand the state
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of the vaginal microbiome and assess the health of the vagina
(Gauthier et al., 2023).

Metagenomic technology has many advantages in the detection
and analysis of the vaginal microbiome, providing new methods
and means for vaginal microbial detection (Gwinn et al., 2017),
which helps understand the diversity and complexity of the
vaginal microbiome more comprehensively. It is important to note
that when performing vaginal microbial metagenomic sequencing,
it is crucial to avoid the influence of contamination and
interfering factors.

3.1.1 mNGS-guided personalized therapy based
on vaginal microbiome

The mNGS technology provides the possibility for a deeper
understanding of the composition and dynamic changes
of vaginal microbiota (Tsang et al, 2024). By conducting
metagenomic sequencing on vaginal samples, researchers can
obtain comprehensive information about the vaginal microbiota,
including the presence (Indelli et al, 2021), abundance, and
interactions of different bacterial species (Lazarevic et al., 2022).
These pieces of information help us better understand the role
of vaginal microbiota in women’s health and its relationship with
gynecological inflammation and other diseases.

The analysis of vaginal microbiota based on mNGS technology
can provide an important basis for the development of personalized
treatment strategies (Wang et al, 2023). Specifically, doctors
can develop targeted treatment plans according to the patient’s
vaginal microbiome characteristics. For example, for gynecological
inflammation caused by imbalanced vaginal microbiota, doctors
can restore the balance of the microbiota by using probiotics,
antibiotics, or other drugs (Chee et al, 2020). In addition,
personalized treatment strategies can also consider factors such as
the patient’s age, lifestyle, and genetic background to achieve more
precise treatment (Wallace and Moodie, 2014).

Furthermore, mNGS technology can also monitor treatment
outcomes and the risk of disease recurrence (Huang et al., 2023;
Zhang J. et al., 2022). By conducting metagenomic sequencing
of vaginal samples after treatment, doctors can understand the
recovery of microbial communities and whether there is a potential
risk of recurrence (Lian et al., 2024). This helps to adjust the
treatment plan promptly and improve the treatment effect and
patients’ quality of life.

In summary, mNGS technology provides essential support for
personalized treatment strategies based on vaginal microbiome
(Zhao et al,, 2021). By gaining a deeper understanding of the
composition and dynamic changes of vaginal microbiota, doctors
can develop more precise and personalized treatment plans to meet
the individualized needs of patients (Adamczak et al., 2024). With
the continuous development and improvement of technology, it
is believed that mNGS will make more excellent contributions to
women’s health in the future (Figure 4) (Tsang et al., 2024).

3.1.2 Impact of biological variability on the

consistency of vaginal microbiome sampling
Biological variability is a key factor that affects the consistency

and comparability of sampling in vaginal microbiome studies. The
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composition of the microbiota can vary significantly both between
individuals and within the same individual over time, influenced by
multiple physiological and behavioral factors.

For instance, the menstrual cycle has been shown to
significantly alter the diversity and composition of the vaginal
microbiota. During menstruation, microbial diversity tends to
increase, with a notable decrease in Lactobacillus abundance and
an increase in genera such as Gardnerella and Streptococcus,
potentially due to elevated bioavailable iron levels in menstrual
blood (Song et al., 2020). Fluctuations in hormone levels also
impact microbiome stability. Estrogen and progesterone modulate
glycogen levels in the vaginal epithelium, which in turn affects the
colonization and persistence of Lactobacillus species (Oerlemans
et al,, 2022). Additionally, the use of hormonal contraceptives,
such as oral pills or intrauterine devices, may disrupt the
microbial equilibrium, often reducing Lactobacillus dominance
(Brooks et al., 2017b). Lifestyle factors, including dietary habits
(e.g., vegetarianism) and physical activity, are also associated with
variability in vaginal microbiota composition and stability (Song
et al., 2020).

To improve sampling consistency and data comparability,
several strategies should be adopted in study design: (1)
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Standardizing sampling time—it is recommended to collect
samples at a specific stage of the menstrual cycle, such as 48 h after
menstruation, to minimize hormonal fluctuation effects (Santiago
et al, 2011); (2) Controlling behavioral variables—participants
should avoid vaginal intercourse, intravaginal products, or other
behaviors that may affect the microbiota at least 48h prior to
sampling (Santiago et al., 2011); (3) Collecting detailed metadata,
including information on menstrual phase, contraceptive use, diet,
and physical activity, which can help in adjusting for confounding
variables during data analysis; (4) Selecting appropriate sampling
methods—studies have confirmed that self-collected and clinician-
collected vaginal swabs yield comparable microbiome profiles,
though the use of lubricants during sampling should be avoided to
prevent interference (Forney et al., 2010).

3.1.3 Ethical and data privacy considerations

The integration of metagenomic next-generation sequencing
(mNGS) into gynecological diagnostics introduces significant
ethical and data privacy concerns. The comprehensive microbial
data generated can inadvertently reveal sensitive information
about a patient’s health status, genetic predispositions, or familial
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relationships, potentially leading to unintended disclosures.
Therefore, obtaining informed consent becomes paramount.
Patients must be thoroughly educated about the scope of mNGS,
including the types of data collected, potential incidental findings,
and the implications of such information. This ensures that consent
is both informed and voluntary, aligning with ethical standards
in medical practice. Furthermore, safeguarding patient privacy is
critical. Implementing robust data protection measures, such as
encryption, access controls, and anonymization, is essential to
prevent unauthorized access and misuse of sensitive information.
These practices are in line with established guidelines that
emphasize the importance of confidentiality and data security in
medical research and diagnostics. In summary, while mNGS offers
advanced capabilities in gynecological diagnostics, it necessitates
a careful balance between technological advancement and ethical
responsibility. By adhering to stringent informed consent processes
and implementing comprehensive data protection strategies,
healthcare providers can mitigate the ethical and privacy risks
associated with this powerful diagnostic tool.

3.2 The merits and challenges of mMNGS
both technical and clinical

3.2.1 Case studies or research findings highlight
the merits of MNGS

mNGS has been extremely useful in studying the vaginal
microbiome (Han et al, 2019). The following case studies
demonstrate the unique advantages and applications of mNGS
technology in vaginal microbiome research: association of vaginal
microbiota with bacterial vaginosis: the study found that the vaginal
microbiota of healthy women was dominated by Lactobacillus
bacteria. In contrast, those with bacterial vaginosis had decreased
levels of Lactobacillus and other bacteria such as Gardnerella
and Prevotella proliferated (Chen H. et al, 2021; Onderdonk
et al, 2016). mNGS revealed bacterial Gardnerella and fungal
Candida co-infections. mNGS technology can accurately detect
this difference in microbial composition, providing a basis for
diagnosing and understanding the etiology of bacterial vaginosis
(Coudray and Madhivanan, 2020). Relationship between vaginal
microbiota and HPV infection: the vaginal micro biostructure
of HPV-infected women is significantly different from that of
uninfected women, with a decrease in Lactobacilli and an increase
in aerobic and anaerobic bacteria. mNGS analysis showed that
these changes in the microbial composition may affect host
immune function, thereby increasing the risk of persistent HPV
infection (Santella et al, 2022; Lebeau et al., 2022; Zhang Y.
et al., 2022). Dynamic changes in the vaginal microbiota during
pregnancy: mNGS was used to track and monitor the changes in
vaginal microbiota in pregnant women. The results showed that
the microbial composition of the predominance of Lactobacilli
changed significantly with the progress of pregnancy, which was
conducive to preventing complications during pregnancy (Saraf
et al.,, 2021; Smith and Ravel, 2017). Effect of probiotic treatment
on vaginal microbiome: the effects of taking probiotic supplements
on the vaginal microbiota of women were evaluated using mNGS
technology. The results showed that probiotic intervention could
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TABLE 4 Host DNA contamination percentages in vaginal microbiome
studies by using mNGS method.

Number  Site Sequence  Host References
of platform DNA
samples
71 Vaginal DNBSEQ-T7 65.53% Wang T. et al.,
—99.82% 2024
15 Vaginal Oxford >90% Mike et al.,
nanopore 2022
351 Vaginal Metagenomic 95.5% Wei et al., 2024
sequencing
2 Vaginal Oxford 97.25% Ongetal,
nanopore 2022
technologies
6 Cervical Iumina 93% Arroyo Miihr
NextSeq500 etal., 2021
23 Cervical Illumina 61.3% Kaelin et al.,
and MiSeq 2022
vaginal

significantly increase the abundance of Lactobacilli and improve
the abnormal microbial composition, which provided a basis for
applying probiotics in treating vaginitis and other diseases (Chee
et al,, 2020; Yang et al., 2020) mNGS can affect our understanding
of microbial-related diseases, such as bacterial vaginosis or other
reproductive tract infections. mNGS classifies BV into different
subtypes based on microbiome characteristics (such as bacterial
community composition and functional genes), guiding precise
treatment (Zhang et al., 2018). In addition, the causes of some
reproductive tract infections (such as atypical vaginitis) remain
unknown and may be related to uncultured microorganisms or
viruses. mNGS can detect that vaginal bacteriophages (such as
Caudovirales) may regulate the stability of the bacterial community
(Gonzalez-Serrano et al., 2020).

It boasts broad-spectrum detection capabilities, enabling
the testing of samples for all microorganisms without bias,
including viruses, bacteria, fungi, and parasites. In contrast,
traditional methods are typically limited to detecting one specific
microorganism at a time (Diao et al., 2022), avoiding a prespecified
detection range. The technology does not require a preset detection
range, which means it can detect unexpected pathogens, thus
enhancing the comprehensiveness of diagnostic outcomes (Diao
et al,, 2022). Furthermore, the mNGS technology can also be used
to detect and study the percentage of host DNA contamination
in the vaginal microbial community (Table 4). Therefore, mNGS
has apparent advantages in diagnosing LRI with unknown causes
and co-infection. Additionally, mNGS provides rapid detection,
delivering results relatively quickly, which is crucial for rapidly
diagnosing severe infections (Gu et al., 2019; Lv et al., 2024).

The long-term advantage of mNGS lies in its continuous
technological iteration and potential for cross disciplinary
applications. With the further reduction of sequencing costs
and the increase of throughput, mNGS will promote the
comprehensive popularization of precision medicine, achieve
personalized diagnosis and early screening and diagnosis. The
integration of multiple omics and artificial intelligence will deepen
the analysis of complex biological systems, assist in the study of
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disease mechanisms and target discovery. In the field of public
health, mNGS’s real-time pathogen monitoring capability can
significantly improve the efficiency of global infectious disease
prevention and control. The platform-based nature of mNGS
makes it the cornerstone of future life science research and the
development of the biotechnology industry, providing sustained
power for human health and sustainable social development.

3.2.2 The challenges of mMNGS both technical and
clinical

While mNGS technology offers many benefits, it still faces
certain limitations. The application of mNGS technology in clinical
diagnostics presents several challenges. Firstly, sample collection,
transportation, and potential contamination can introduce errors
in the diagnostic process, necessitating stringent quality-control
measures to ensure sample integrity (George et al., 2021). Secondly,
the vast amount of data produced by mNGS requires specialized
bioinformatics tools and expertise for analysis, which can pose
a challenge for some laboratories (Edward and Handel, 2021).
Additionally, the high cost of mNGS compared to some traditional
microbial detection methods may limit its widespread adoption
in certain areas (George et al, 2021). Furthermore, even when
pathogens are identified, determining their pathogenicity remains
challenging and requires a comprehensive evaluation incorporating
clinical information and other laboratory test results. Lastly,
the standardization and validation of mNGS technology is an
evolving field, and further studies and clinical data are needed
to establish standardized operating procedures and validation
methods (George et al., 2021).

mNGS has many advantages in microbial detection and is
becoming increasingly widely used, but there are still many
challenges in the actual application process. Firstly, the vast and
complex amount of data is one of the main challenges faced
by mNGS (Chiu and Miller, 2019). Metagenomic sequencing
can generate massive amounts of short DNA fragment sequence
data (Lei et al, 2022), which includes genetic information of
all microorganisms in the sample. However, extracting valuable
information from massive amounts of data and providing
accurate explanations is a considerable challenge. In addition,
the composition and structure of microbial communities are
often very complex (Guo et al, 2021), and the interactions
between different microorganisms are also complex (Handel et al.,
2021), making data analysis and interpretation more difficult.
For example, if we conducted mNGS on a blood sample from a
patient suspected of having a complex infection. This sample may
contain genetic material from various microorganisms, including
bacteria, viruses, fungi, and parasites. Secondly, quality control
and data standardization are another important challenge (Han
et al,, 2019; Bal et al., 2018). Due to the limitations of sequencing
technology and the complexity of samples, raw data often has
quality issues, such as low-quality sequences, sequencing errors,
and host contamination (Lin et al.,, 2023; Ji et al., 2020). These
issues will affect the accuracy and reliability of the data, which in
turn will affect subsequent analysis and interpretation. In addition,
there is currently a lack of unified mNGS data analysis and
interpretation standards, and different research teams may use
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various methods and parameters, resulting in inconsistent and
difficult-to-compare results.

Otherwise, the content of host DNA in vaginal samples is often
very high, which leads to many host DNA sequences in sequencing
results (Chen H. et al., 2024). These host DNA sequences occupy
a large amount of sequencing resources and make the proportion
of microbial DNA sequences relatively low, thereby increasing the
difficulty of data analysis and interpretation (Mo et al., 2022). To
overcome this challenge, researchers often need to perform host
sequence filtering on sequencing data to remove interference from
host DNA sequences. However, this step carries specific technical
difficulties and error risks, excessive filtering may mistakenly delete
microbial sequences (especially pathogens with high homology
to the host), while insufficient filtering may result in residual
host interference, which greatly affects the accuracy of subsequent
analysis (Pan et al., 2023).

Moreover, the presence of host DNA may also lead to masking
or contamination of microbial DNA sequences. For example,
when using molecular biology techniques such as PCR to detect
pathogens causing vaginal infections, the presence of a large
amount of host DNA may mask or interfere with the signals of
the pathogens, leading to false-negative or false-positive results.
Due to the similarity in sequence between host DNA and microbial
DNA, it is sometimes difficult to completely distinguish. This may
lead to certain microbial species being misidentified as host sources
or specific host DNA sequences incorrectly identified as microbial
sources (Kalantar et al., 2020). This masking or contamination
phenomenon can seriously affect the accuracy and reliability of
mNGS data, causing difficulties for subsequent interpretation and
application (Han et al., 2022; Wang et al., 2022).

There are still some issues that we need to pay attention to.
Firstly, the cost of next-generation sequencing of metagenomes
is relatively high (Mitchell and Simner, 2019). This technology
involves a large amount of sequencing work, requiring the
use of high-throughput sequencing platforms. The costs of
sequencing reagents, equipment, and consumables are relatively
high. Moreover, the amount of data generated by mNGS is huge,
which requires professional bioinformatics analysts and powerful
computing resources for data analysis. The cost in this aspect is
also relatively high (Akacin et al, 2022). These make the cost
of mNGS technology much higher than traditional microbial
identification methods. The high cost limits the popularization and
application of this technology in areas with limited resources or
underdeveloped economies.

The
metagenomes is limited. Despite the continuous development of

accessibility ~of next-generation sequencing of
sequencing technology, metagenomic sequencing still requires
professional laboratory equipment, technical personnel, and
bioinformatics analysis capabilities. This makes it difficult for
researchers and medical institutions to independently conduct
metagenomic sequencing experiments, relying on professional
institutions or collaborative laboratories (Han et al., 2019; Sun
et al, 2022). In addition, data analysis and interpretation also
require profound knowledge and experience in bioinformatics
(Gokdemir et al., 2022), which is a challenge for nonprofessionals.
Many medical institutions lack relevant equipment or talent
and need to outsource to third-party laboratories. Extended the
detection cycle.
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There are limitations in the interpretation of data for next-
generation sequencing of metagenomes. Metagenomic sequencing
generates a massive amount of short DNA fragment sequence data,
which requires a series of complex steps such as preprocessing,
assembly, alignment, and annotation to obtain valuable biological
information (Wan et al, 2024). However, each of these steps
may introduce errors or uncertainties, which can affect the
accuracy and reliability of the result. And after obtaining the
data, there are still misjudgments of false positives and false
negatives (Diao et al., 2023b). False positives may be due to
database annotation errors, such as contamination sequences being
mistakenly identified as pathogens, false negatives may be due
to low abundance pathogens not being sequenced or pathogen
genomes not matching the database. It is worth noting that mNGS
may detect multiple microorganisms, but it is difficult to distinguish
between contaminating bacteria and real pathogenic bacteria (Liu
et al., 2022a). For example, oral commensal bacteria in respiratory
samples may have a false clinical value.

4 Future perspectives

4.1 Advancements in bioinformatics tools
and computational resources have resulted
in the advancement of mNGS technology

The proliferation of “omics” data from large consortia and
individual laboratories, in conjunction with bioinformatics tools
(Malkaram et al, 2012), underscores the pressing need for
enhanced computational resources to facilitate expeditious, large-
scale data processing. Concurrently, substantial technological
advancements are poised to overcome the critical limitations
of current NGS platforms. Despite the shortcomings of NGS,
including its inability to resolve complex genomic regions (e.g.,
highly repetitive or modified sequences), its lack of single-molecule
resolution, and its reproducibility challenges stemming from
complex protocols, amplification errors, and reagent dependency
(Zhang Y. et al., 2024), third-generation sequencing, particularly
nanopore technology, offers transformative potential. The device’s
capacity for ultra-long reads has been demonstrated to facilitate
the process of mapping, while its workflow has been streamlined
to enhance reproducibility and reduce experimental artifacts.
Most critically, nanopore sequencing achieves true single-molecule
sequencing, enabling the direct detection of modifications on
individual molecules—a breakthrough which is essential for
applications such as rigorously assessing the quality of therapeutic
mRNAs where modification patterns are paramount. These
advancements, in conjunction with the development of advanced
computing and sequencing hardware, signify a paradigm shift
toward more efficient, accurate, and insightful biological analysis.

4.2 Potential clinical applications of mMNGS
in vaginal health

We analyzed studies published between 2015-2023 that
applied mNGS to vaginal microbiome research. Included studies

Frontiersin Microbiology

10.3389/fmicb.2025.1578681

focused on reproductive-age women (18-45 years) with BV or
vulvovaginal candidiasis (VVC), excluding immunocompromised
individuals. Samples were collected via standardized swabs from
the posterior fornix, with DNA extracted for bacterial (16S
rRNA), fungal (ITS), and viral (whole-genome) sequencing. Meta-
analysis prioritized bacterial taxa (e.g., Lactobacillus, Gardnerella),
while fungal/viral data were summarized descriptively due to
heterogeneity in reporting.

In the field of vaginal health, mNGS holds potential clinical
application value (Chiu and Miller, 2019). The application
of sequencing technology is shifting from research to clinical
laboratories owing to rapid

technological ~developments

and substantially reduced costs. An agnostic, unbiased,
and comprehensive method for detection, and taxonomic
characterization of microorganisms, has become an attractive
strategy (Li et al, 2021). Since 2008, numerous studies from
over 20 countries have revealed the practicality of mNGS in
the work-up of undiagnosed diseases. mNGS performs well
in identifying rare, novel, difficult-to-detect, and coinfected
pathogens directly from clinical samples and presents great
potential in resistance prediction by sequencing the antibiotic
resistance genes, providing new diagnostic evidence that can
be used to guide treatment options and improve antibiotic
stewardship (Han et al., 2019). Therefore, using mNGS for the
diagnosis of vaginitis is an inevitable trend. Firstly, mNGS can
be used in the diagnosis and monitoring of various gynecological
diseases such as vaginitis, cervicitis and pelvic inflammatory
disease. Vaginitis is a common gynecological disease; its pathogens
include bacteria, fungi, viruses, and others (Shroff, 2023; 2020).
Traditional methods for detecting pathogenic microorganisms
often target only a specific pathogen (Liu et al., 2022a), whereas
mNGS can detect multiple pathogens simultaneously (Piantadosi
et al., 2021), significantly improving the accuracy and efficiency
of diagnosis. For instance, a study conducted NGS tests on
89 vaginal swab samples from South Korean women and
found that compared with traditional methods, it had better
consistency in predicting vaginitis and could detect more types
of microorganisms, which is helpful for accurately diagnosing
the disease and assessing its severity (Savicheva et al, 2023).
Through mNGS testing, doctors can gain a more accurate
understanding of the microbial composition and types of
pathogens in the patients vagina, enabling them to develop more
precise treatment plans.

Secondly, mNGS can also be used to assess the vaginal
2022). The vaginal

microecological balance is one of the essential factors for

microecological balance (Shen et al,

maintaining female reproductive health (Shen et al, 2022),
and its imbalance may lead to various gynecological diseases
(Zhang H. et al, 2022). By sequencing and analyzing the
microbiota in vaginal samples, mNGS can understand the
composition and diversity of the vaginal microecology (Tsang
et al, 2024), For instance, studies have shown that through
mNGS testing, the potential risks of reduced diversity of vaginal
microbiota and increased specific harmful bacteria can be
detected in advance, and then corresponding intervention
measures can be taken (Savicheva et al, 2023), thus assessing
the balance state of the vaginal microecology. This is significant
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for preventing and treating gynecological diseases (Chang et al.,
2023).

In addition, mNGS can also be used for drug resistance
analysis of vaginal infections (Chiu and Miller, 2019). With
the widespread use of antibiotics, the issue of drug resistance
is becoming increasingly severe (Zhang H. et al, 2022). By
sequencing and analyzing the drug-resistance genes of pathogenic
microorganisms, mNGS can understand their resistance and
sensitivity to antibiotics, providing crucial reference information
for clinical treatment (Hu et al., 2023).

4.3 The broader applications of mMNGS

Macrobarcoding, known as metagenomic science, has been
extensively applied since it was used for the health sciences realm
in 2008 (Gu et al, 2019; Palacios et al, 2008). Metagenomic
next-generation sequencing (mNGS) has emerged as a game-
changer in clinical diagnostics, revolutionizing pathogen detection
beyond conventional culture-based methods. This cutting-edge
technology’s true strength lies in its ability to comprehensively
analyze diverse clinical specimens—from bodily fluids (Gu et al.,
2021) and lung tissue (Qian et al, 2020; Li et al, 2018), to
cerebrospinal fluid (Wang X. et al., 2024) and even prosthetic
joints (Wang et al., 2020) without any prior bias. By simultaneously
detecting all microbial signatures (viral, bacterial, fungal, and
parasitic), mNGS overcomes the inherent limitations of traditional
techniques that require targeted testing approaches. Particularly
valuable for identifying rare, novel, or fastidious pathogens,
as well as complex co-infections, this method represents a
quantum leap in diagnostic microbiology (Diao et al, 2022). In
addition to detecting different infections, beyond the application
of mNGS for identifying diverse infections, scholars participating
in the Human Microbiome Project have dedicated their efforts
to mapping microbial communities that play a significant role
in human health, particularly in areas such as the gut, oral
cavity, skin, and vaginal region (Turnbaugh et al., 2007; Gevers
et al., 2012). mNGS techniques are gaining traction in forensic
medicine, particularly for resolving various forensic issues; these
applications include geolocation and surface analysis (Habtom
et al,, 2019), identification (Schmedes et al., 2018), biological sex
determination (Zhou and Bian, 2018), trace evidence (Robinson
et al., 2020) determination of the mode of death and cause of death
(Zhang et al., 2019), and postmortem microbiota determination is
becoming increasingly common (Metcalf et al., 2013; Pechal et al.,
2014).

5 Conclusion

The evolution of detection methods has improved the
diagnostic accuracy and efficiency of microbial testing, which has
had a profound impact on the study of vaginal microbiology,
enabling us to more accurately understand the types and
composition of vaginal microbes and helping to study the
relationship between vaginal microbes and women’s health. mNGS
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has a significant impact on advancing our understanding of the
vaginal microbiome and its impact on women’s health.

In terms of studying the vaginal microbiome, there are
other emerging technologies and methods in development beyond
mNGS techniques that may complement or even surpass mNGS.
For example, research presents an approach based on a manifold
detection framework for studying the dynamics of the vaginal
microbiome. Drawing inspiration from single-cell analysis, this
methodology seeks to uncover low-dimensional trajectories within
a high-dimensional compositional space, enabling the assignment
of a score (pseudo-time) to each sample based on its closeness
to the BV state (bacterial vaginosis). This approach can reveal
the transition path between health status and BV status and
accurately quantify the health status of the sample (Tsamir-
Rimon and Borenstein, 2023). In addition, an article pointed
out that one focus of vaginal microbiome research is to
better characterize the vaginal microbiome community state
subtypes and apply advanced “omics” techniques to improve the
understanding of the pathogenesis of BV (bacterial vaginopathy).
These techniques include 16S ribosomal RNA gene sequencing,
which has helped identify previously unrecognized members of the
vaginal microbiome, such as Lactobacillus iner, Atopobium vaginae,
Sneathia, Leptotrichia, Megasphaera, Dialister, and Eggerthela
(Martin and Marrazzo, 2016).

These studies have shown that the composition of the vaginal
microbiome is associated with a variety of women’s health
conditions, including BV and adverse pregnancy outcomes. These
studies suggest that other emerging technologies and approaches
besides mNGS are emerging as powerful tools to study the vaginal
microbiome, and they may provide deeper understanding and
more effective diagnostic and therapeutic strategies in the future.

At the same time, some emerging technologies have also
solved some problems faced by some mNGS in the detection
of vaginal microorganisms. For example, numerous experiments
demonstrate that the parallel algorithm of third-generation
sequencing technologies has significantly improved runtime,
speedup, throughput, and memory usage. When utilized on
the most extensive human dataset, the algorithm achieves an
impressive speedup of 10.78 x, resulting in a substantial
enhancement of throughput on a vast scale, making the third-
generation sequencing technologies enable faster and more efficient
processing of large-scale genomic datasets. It effectively makes up
for the shortcomings of mNGS in processing complex and massive
data (Wang and Zhang, 2024).

While genomics studies can identify many potential biomarkers
(Gupta and Alfirevic, 2022), these approaches cannot accurately
predict the actual biomass of the protein in question, nor can
they infer the metabolic activity or function of the cell in the
body, as the presence of a gene does not necessarily indicate
when or why the protein is being translated. Meta-proteomic
and metabolomics are mass spectrometry-based methods that
measure proteins and metabolites in clinical samples, including
amniotic fluid, cervicovaginal fluid (CVF), urine, serum, and
plasma, enabling the collection of detailed microbial and host
functional messages (Masson et al., 2023). Additionally, MS-
based proteomics provides quantitative and relative protein
abundances and the ability to provide actual microbial function,
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traditional and novel mMNGS detection methods.
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host immune response, and microbe-microbe and microbe-
host interactions. This makes it possible to study further
all molecular pathways, cellular components, or biological
processes that may be over or under-expressed in different
conditions (Masson et al., 2023).

Although mNGS still faces some challenges and still has some
defects in comparison with current technologies, it remains an
effective way of identifying and describing the female vaginal
microbiome through mNGS based on its mature detection method,
skill to detect unexplained disease, the low price compared with
other emerging techniques, and combinations of 16S rRNA gene
sequencing, qPCR and bacterial culture or shotgun metagenomics
together with the analysis of host responses are likely to yield
higher quality data to answer some questions (Figure5). And
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most of the studies show that mNGS applied in the detection
of vaginal microorganisms is more mature, compared to the
traditional culture method and microscopy method, as well as the
emerging third generation sequencing technology, mNGS still with
its broad-spectrum detection ability, and the advantages of the
fast speed in the female genital tract microbial detection field has
an irreplaceable position. With the continuous improvement of
bioinformatics tools and computational resources, mNGS-related
techniques are also advancing, enabling mNGS to provide a more
comprehensive and unbiased view of microbial communities,
becoming a valuable approach to study vaginal health and
disease, it is expected to increase our in vaginal microbiome and
its impact on women’s health understand play an increasingly
important role.
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