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SUMMARY

Autism spectrum disorder (ASD) is a heterogeneous condition that lacks objective diagnostic biomarkers,
often resulting in delayed intervention. Evidence increasingly links gut microbiota dysregulation to ASD path-
ophysiology via the microbiota-gut-brain axis, suggesting plausible translational applications. This review
outlines mechanistic insights from preclinical and clinical studies to illustrate how microbial disturbances
affect neurodevelopment. It examines the evolution of biomarker research from early 16S rRNA sequencing
to advanced shotgun metagenomics incorporating functional integration, multi-omics, and genomic vari-
ants. Such advancements enhance diagnostic accuracy and generalizability. Although clinical causal evi-
dence remains indirect, these microbial signatures show potential for early diagnosis, presymptomatic risk
prediction, and tailored therapies. Key challenges include prospective validation in diverse cohorts, speci-
ficity testing against comorbidities, and addressing clinical heterogeneity. By summarizing methodological
gaps and providing future guidance, this review aims to bridge mechanistic research and clinical practice

to improve outcomes across the spectrum.

INTRODUCTION

Autism spectrum disorder (ASD) is a complex neurodevelop-
mental condition characterized by deficits in social communica-
tion and interaction, alongside restricted and repetitive behav-
iors. Historically, ASD was considered a rare condition (<1%),
whereas contemporary reports show that prevalence is in the
range of 2%-3% across different regions of the world." As an
early-onset neurodevelopmental condition with multifaceted
needs across the lifespan, ASD constitutes a major public health
concern and burdens the healthcare, education, and social wel-
fare systems. Early and accurate diagnosis is crucial for timely
intervention to optimize outcome.” However, lack of objective
biomarkers could make the diagnostic process for ASD chal-
lenging. The complexity of behavioral assessment that demands
expertise also limits diagnostic efficiency, contributing to the
common delay in diagnosis. This also precludes pre-symptom-

)

atic diagnosis, often leaving caregivers of children with elevated
neurodevelopmental risk and concerns stressed with the clinical
uncertainties.®

In recent years, evidence from preclinical animal models has
linked gut microbiota to ASD pathogenesis through the micro-
biota-gut-brain axis (MGBA)* (Figure 1), a bidirectional commu-
nication network that links the gut to the central nervous sys-
tem.° Supporting this postulation, individuals with ASD
consistently exhibit altered gut microbiome community and its
metabolites.®” In addition to compositional differences, the
functional characteristics of gut microbiota and its metabolic
outputs are also distinctive in children with ASD when compared
with typically developing (TD) children,®* alluding to the possibil-
ity of harnessing the gut microbiome as a biomarker for ASD.'®

The present review first summarizes the clinical studies and
current mechanistic understanding of the MGBA in ASD. We
then discussed the progression of translational research,

=2 Cell Reports Medicine 7, 102780, May 19, 2026 © 2026 The Author(s). Published by Elsevier Inc. 1

Gheck for
Updates

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:siewchienng@cuhk.edu.hk
mailto:qisu@cuhk.edu.hk
https://doi.org/10.1016/j.xcrm.2026.102780
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrm.2026.102780&domain=pdf

¢? CellPress

OPEN ACCESS

Exacerbate

ASD symptoms stimulus

Pro-

% inflammatory
\ microglia BB

Gut-Brain axis
Homeostatic /\
; .. Inflammatory

microglia

Neuroinflammation

Cell Reports Medicine

$5r
Neuropsychiatric \f;ﬁ
/ symptoms ‘_‘I\-[

Prom
E/l imbalance ———— Gl problem

BBB
leaky

/\(\/\/\/\/\

o Neurological dysfunction
e Mitochondrial dysfunction
o Neurotransmitter system disorder

Inflammatory:
cytokines

Degeneratlng . °
neuron Neuroinflammatory

microenvironment

ASD patients

e Dietary monotony

¢ Medication use

o ASD-specific lifestyles
¢ Genetic

Yy

¢ Environment /

®
®
el e Vagus nerve
® Pro-inflammatory ° )
Cytokines e [ Metabolite/
Incretion
°l e
[ ]
®
L]
® ®
° e
°
®/
2 *
A, o F B ¢
PO GABA .. <€
: 5TH .-
- .. Gut
hormones

. Intestinal o«

barrier 'L
. - . .
0 e '\'L1B L6

[ 11/ _ TNF-a ST
Probiotics.. 5 Neuro-
Bifi dobacterlbm I8 . transmitter
Prevotella... 2IR. p-cresol
Pathogemc Metabolite &° LPS....
h . Lo bacteria: - \
Gut microbiota dysbiosis Clostridia Disorder SCFAs ke
Bile acids 3
Sutterella... Trctonh \
Gut lumen ryptophan..g

Figure 1. Hypothesized gut-brain axis communication mechanisms

ASD-related factors (e.g., diet, genetics, medication) lead to gut microbiota dysbiosis, with reduced beneficial bacteria and increased pathogens. Dysbiosis
triggers metabolic changes (e.g., SCFAs, bile acids, neurotransmitters) and pro-inflammatory status in the gut. These signals propagate to the brain via a “leaky”
blood-brain barrier or the vagus nerve, activating pro-inflammatory microglia and causing neuroinflammation. Neuroinflammation drives neuronal degeneration
and neurotransmitter system dysfunction to exacerbate ASD symptoms. Conversely, neuropsychiatric symptoms from brain dysfunction reciprocally aggravate

gastrointestinal issues to form a vicious cycle.

covering the advances in methodologies in developing gut mi-
crobiota biomarkers for ASD. Subsequently, we provide a crit-
ical appraisal to the gaps in existing empirical research, the po-
tential applications across different clinical scenarios, as well as
the hurdles in this developmental process, ultimately laying out
a research roadmap and a recommendation guideline to further
the progression in the field. While this article is not a systematic
review, we did a comprehensive literature search to identify
relevant research articles on the topic of using the gut micro-
biome as a diagnostic marker for ASD with the following main
strategy: (“autism spectrum disorder” OR ASD) AND (“micro-
biota”) AND (“biomarker” OR “AUC” OR “intervention” OR
“mechanism”). In this review, we employ the term “ASD” in
alignment with the diagnostic criteria outlined in the Diagnostic
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and Statistical Manual of Mental Disorders, 5th edition (DSM-5),
particularly as our discussion centers on biomarkers for diag-
nostic purposes. Our team recognizes that autism is not inher-
ently a disorder and fully embraces the principles of neurodi-
versity,'" with no intention of diminishing the value of different
neurotypes.

CURRENT DIAGNOSTIC CHALLENGES OF ASD AND THE
NEED FOR BIOMARKERS

Similar to other psychiatric disorders, ASD lacks objective bio-
markers,'? and the current diagnostic approach is entirely based
on clinical observation and early developmental history accord-
ing to the DSM-5 or the International Classification of Diseases
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11th Revision criteria. While these criteria provide guidance on
the assessment of symptomatology, the phenotypic heteroge-
neity, sex differences in clinical manifestations, presence of
other co-occurring neuropsychiatric and physical symptoms,
and variability of cognitive functions all pose significant chal-
lenges in the early and accurate identification of ASD."® For
instance, diagnostic overshadowing is common among children
with co-occurring anxiety and attention-deficit/hyperactivity dis-
order (ADHD)."* The presentations of autistic symptoms among
females could be qualitatively different from those in males.'®
Cognitive abilities may facilitate camouflaging to obscure the
behavioral presentations of social difficulties.'® Moreover, ASD
exists on a continuum with typical development, such that symp-
toms and traits of ASD also exist in the general population.’”
Therefore, diagnosis often relies on skilled expertise and inevi-
tably involves elements of subjective judgment. Even for skilled
clinicians, diagnostic uncertainty is not uncommon, especially
among toddlers against the background of the highly dynamic
nature of child development.'® As a result, while symptoms of
ASD can emerge as early as 12 months of age, the average
age of attaining a diagnosis is 4-5 years.'® This reliance on
expertise, especially in regions with limited resources, also cre-
ates a bottleneck for the child to receive a diagnostic label, which
is often required by institutional bodies for the initiation of educa-
tional and social welfare support. The resultant delay in early
intervention significantly impacts prognosis, as early intervention
during the critical period of neuroplasticity in brain development
may mitigate the subsequent risk of adverse functional and psy-
chiatric outcomes.**%*"

Furthermore, although this remains a subject of ongoing
debate, the neurodevelopmental nature of ASD suggests that
the onset of the condition predates observable symptom mani-
festation.?” However, the reliance on behavioral observation pre-
cludes the possibility of predicting and identifying infants with
ASD prior to symptom onset, which is especially relevant among
children who are at higher risk, e.g., those with a family history of
neurodevelopmental disorders.

To overcome these limitations, the scientific community has
been actively exploring biomarkers to aid the diagnostic pro-
cess, such as electroencephalogram, eye tracking, neuroimag-
ing, and genetics.?*?° Although signals from these modalities
have shown consistent positive associations with ASD diag-
nosis, the effect sizes remain modest and generalizability is
limited. On the other hand, the gut microbiota has gained sig-
nificant attention as a potential biomarker of ASD with the
evolving conceptualization of the MGBA and evidence from
both preclinical and clinical research.?” The dynamic nature
of the gut microbiome contrasts with the static nature of ge-
netic marker and could serve as a modifiable biosensor of
ASD-related processes and developmental trajectories.
Compared with neuroimaging approaches, which could be
technically demanding in young children, harnessing the gut
microbiota offers distinct advantages from the caregiver’s
perspective: it requires only a simple, non-invasive stool sam-
ple that can be collected at home without specialized equip-
ment or clinical visits. This high accessibility makes it well
suited in pediatric settings,”® enabling scalability at the popula-
tion level for broad translational applications.
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ASD GUT MICROBIOTA DYSBIOSIS AND GUT-BRAIN
AXIS MECHANISMS

Compositional and taxonomic alterations of the gut
microbiota in ASD

The earliest clinical evidence supporting the involvement of the
gut microbiome in ASD dates back to case reports documenting
abnormal gut permeability,?® symptomatic relief following vanco-
mycin treatment,*® and elevated levels of Clostridium species in
children with ASD.®' Over the past decade, advances in high-
throughput sequencing technologies have enabled comprehen-
sive profiling of the gut microbial community, leading to a surge
of research that has consistently demonstrated altered gut mi-
crobiome composition (B-diversity) in children with ASD.®” Early
efforts in this field primarily focused on identifying differentially
abundant taxes between children with ASD and controls. These
studies commonly reported enrichment of potentially pathogenic
bacteria, including species within the class Clostridia (e.g., Clos-
tridium perfringens),**~>* as well as the genera Desulfovibrio®>-°
and Sutterella,>”*® which are implicated in the production of
neurotoxic metabolites and induction of gut mucosal inflamma-
tion.*>%%39-42 Goncurrently, reductions in beneficial bacteria,
such as the genera Bifidobacterium and Prevotella, have been
observed in ASD.***** These taxa promote intestinal homeostasis
through anti-inflammatory effects, regulation of vitamin B meta-
bolism, and competitive inhibition of pathogens.*>~*° Although
a general pattern of imbalance between pathogenic and benefi-
cial bacteria emerges across studies, inconsistence persists for
numerous specific taxa.” There have also been contradictory
findings of enriched beneficial bacterial genera such as Lactoba-
cillus and Bacteroides in ASD,**"°° which could be attributable to
the methodological heterogeneity and the numerous con-
founders of gut microbiome composition such as age, sex, diet,
socioeconomical status, and geographical regions.

Microbial metabolic outputs that inform gut-brain
pathomechanism in ASD
Shifts in gut microbiota composition can profoundly alter micro-
bial metabolic pathways that influence human physiology. The
functional redundancy within the microbiome, wherein diverse
taxa can converge on overlapping metabolic roles, suggests
that shifting focus from taxonomic profiles to functional outputs
could offer a complementary perspective on pathomechanistic
contributions to ASD, circumventing the pitfalls of taxon-centric
interpretations and potentially reconciling inconsistencies.®’
Functional analysis and metabolomic studies have identified
several key microbial metabolic alterations in ASD. These
include alterations in short-chain fatty acids (SCFAs),>>~%*
elevated levels of the neurotoxic metabolite p-cresol,”*° dysre-
gulated inflammatory pathways,*®°” and perturbations in neuro-
transmitter metabolism, such as the tryptophan-kynurenine
pathway,’®° glutamate,*” and y-aminobutyric acid (GABA).®"
A recent meta-omics analysis further revealed a linkage between
inflammation, sphingolipids, and steroid hormone dysregulation,
suggesting that these metabolic changes may act in concert to
affect the MGBA in ASD.®?

These microbial metabolic outputs are implicated in ASD
pathophysiology. For instance, SCFAs serve as key mediators
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of gut-brain signaling® and may link to mitochondrial dysfunc-
tion and epigenetic dysregulation in ASD.°* On the other hand,
p-cresol, a phenolic compound derived from microbial tyrosine
metabolism, exhibits neurotoxic effects that disrupt neuronal
development.®® Furthermore, these microbial metabolic pertur-
bations coincide with some of the proposed mechanisms in
ASD, including the linkage between pro-inflammatory state, ky-
nurenine-driven excitotoxicity, and excitatory-inhibitory (E/I)
imbalance.®®®® Collectively, these findings position the gut mi-
crobiome as a plausible mediator of these metabolic distur-
bances to the pathophysiology in ASD.

Fine-grained mechanistic insights from preclinical
animal models

While clinical studies provide compelling associations between
gut dysbiosis and ASD pathophysiology along the MGBA, estab-
lishing causality in humans remains challenging due to ethical
and methodological constraints. Preclinical animal models, on
the other hand, offer relatively robust evidence of the micro-
biome’s causal role in ASD-like behaviors. For instance, fecal mi-
crobiota transplant (FMT) from children with ASD to germ-free
mice induces social deficits and repetitive behaviors.” Recipro-
cally, FMT from neurotypical donors to established ASD mouse
models, such as valproic acid (VPA)-induced or BTBR mice, al-
leviates the behavioral phenotypes.®®"°

Mechanistic insights from animal models not only align with
clinical observations of metabolic, immune, and neural alter-
ations but also elucidate their interrelatedness. Early work
demonstrated that intraventricular propionic acid infusion in
rats elicits ASD-like repetitive behaviors, implicating SCFAs in
pathogenesis.”’ Probiotic interventions in VPA-exposed rats
ameliorate social deficits by restoring fecal SCFAs.”> Down-
stream, SCFA effects interface with inflammation: acetate sup-
plementation in Shank3-knockout mice rescues social deficits
and prefrontal cortex transcriptomic signatures related to synap-
tic plasticity and immune regulation.”® These results corroborate
the roles of SCFA signaling in immune and inflammatory
response.’*

Immune dysregulation induced by the microbiome intersects
with E/I imbalance, a hallmark of ASD,®’ in preclinical models.
For instance, multi-strain probiotics in VPA-exposed rats
enhance sociability, while suppressing serum pro-inflammatory
cytokines (e.g., IL-6 and TNF-a).”® Extending this linkage,
Lactobacillus murinus in BTBR mice drives brain infiltration
and activation of IFN-y-producing CD4* and CD8" T cells,
elevating fecal and cerebral glutamate levels, while suppressing
GABA. This perturbation skews the glutamate/GABA ratio, dis-
rupts E/I homeostasis, and intensifies repetitive and social def-
icits. Notably, FMT from healthy donors or protective probiotics
reverses these immune-neural cascades and behavioral
impairments.”®

At the neurotransmitter and synaptic levels, ASD-FMT in
germ-free mice dysregulates serotonergic components in the
gut-brain axis: colonic tryptophan hydroxylase (TPH1) upregu-
lation with serotonin transporter (SERT) and 5-HT1A receptor
downregulation, contrasted by prefrontal TPH2 and SERT
elevation, alongside perturbed tryptophan metabolites.®°
Therapeutic probiotics Lactobacillus reuteri restores social
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motivation in multiple ASD mouse models via vagus nerve-
dependent oxytocin-dopaminergic reward pathway,”” while
Lactiplantibacillus plantarum PS128 reinstates hippocampal
and prefrontal dendritic arborization, spine density, and gluta-
mate receptor expression in VPA mice.”® Complementing
these, microbial p-cresol, elevated in human ASD, induces so-
cial avoidance and stereotypies in mice by dampening ventral
tegmental dopamine neuron excitability in the social reward
circuit.”®

Collectively, these preclinical data reinforce clinical observa-
tions, while revealing the MGBA’s intricate mechanisms in
ASD. Whether these represent parallel or converging pathways
(e.g., via neuroinflammation) remains unresolved, as does their
interaction with the genetic component given ASD’s high herita-
bility.?° Although mechanistic understanding is incomplete, this
empirical support bolsters the gut microbiome’s promise as a
biomarker for ASD.

Current challenges and opportunities of translational
applications

Converging lines of evidence from human association studies
and preclinical animal models suggest considerable translational
potential for the MGBA as biomarker for ASD. Within the frame-
work of MGBA lies substantial opportunity, as the microbiome
extends beyond a purely diagnostic role by serving as a modifi-
able therapeutic target. Preclinical models demonstrate that gut
microbiome modulation can ameliorate ASD-like behaviors even
in genetic models of ASD mice, suggesting that such therapies
may produce changes that override genetic predispositions.”®"”
Despite the preliminary nature of existing human clinical trials,®’
the available arsenal of microbiome modulation strategies—
including probiotics, prebiotics, synbiotics, and FMT,%? opens
avenues for mechanism-informed interventions. Given this dual
diagnostic and therapeutic potential, the following section re-
views the existing literature on microbial biomarker studies in
ASD, focusing on reported discriminatory accuracies, key taxo-
nomic and functional features, and prospects for clinical
translation.

Microbial biomarkers for ASD prediction and diagnosis
As discussed, symptoms of ASD emerge around 12 months of
age, and yet formal diagnosis often occurs later at 4-5 years.
This creates a window of opportunity for gut microbiome-
based biomarkers to serve two different purposes: (1) early
prediction of ASD risk during the pre-symptomatic or early
symptomatic toddler stage, when the clinical presentation is
evolving and diagnostic uncertainty is common, and (2) iden-
tification of children who have already met the criteria for
ASD. The two objectives necessitate distinct methodological
approaches. Predictive biomarkers require prospective longi-
tudinal designs, ideally initiating from birth or early infancy.
However, given the low prevalence of ASD in the general pop-
ulation, tracking of clinical outcomes in high-risk cohorts (i.e.,
younger siblings of children with ASD)®® is an approach often
adopted. In contrast, diagnostic biomarkers can be evaluated
through cross-sectional case-control studies comparing chil-
dren with established ASD with neurotypical controls or
siblings.
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Predictive marker for ASD: Preliminary data from
longitudinal cohorts

To date, the majority of microbiome biomarker research in ASD
has pursued the diagnostic approach, employing case-control
designs to assess discriminatory performance (reviewed in the
following section). There is a paucity of studies that have exam-
ined the predictive microbiome markers for ASD, due to sub-
stantial logistical and methodological demand, such that no vali-
dated predictive models have emerged from gut microbiome
research. The limited longitudinal studies available are largely
exploratory.

Two recent prospective studies provide illustrative exploratory
evidence. Zuffa et al.®* followed 35 infants, including 19 with
high-risk vs. 16 with low-risk ASD from 5 to 36 months. At
5 months, high-risk infants displayed reduced Bifidobacterium,
increased Clostridium and Klebsiella, and lower fecal GABA
levels. At 36 months, the high-risk group had higher Autism
Diagnostic Observation Schedule, Second Edition (ADOS-2)
scores, although no participants received formal ASD diagno-
ses. Laue et al.?° profiled 304 infants in a general-population
cohort using shotgun metagenomics and metabolomics from
6 weeks to 2 years. Early-life microbial genes involved in SCFA
synthesis, along with fecal butyrate concentrations, were associ-
ated with higher degree of autism traits, quantified by the Social
Responsiveness Scale (SRS-2). Complementing smaller explor-
atory studies, a large prospective Swedish birth cohort found
that gut microbiome profiles at 1 year of age were associated
with subsequent diagnoses of neurodevelopmental disorders,
including ASD.®¢

Overall, these studies provide preliminary evidence that early-
life gut microbial composition, functionality, and metabolites
(e.g., SCFAs and their metabolic pathways) may be associated
with emerging ASD-related traits. These data call for larger co-
horts with standardized diagnostic endpoints to investigate the
predictive ability of the gut microbiome for diagnostic outcomes.
Another fundamental limitation is our incomplete understanding
of normative gut microbiome maturation during early life and its
association with neurodevelopment.?” Without robust bench-
marks for typical microbial succession and its interplay with neu-
rodevelopment, it remains challenging to discern whether
observed deviations in high-risk ASD cohorts could reflect
causal mechanisms.

Evolution of gut microbiota-based diagnostic
biomarkers for ASD
In contrast to predictive models, which target early risk identifi-
cation, the majority of studies in the field have focused on diag-
nostic biomarkers for ASD. This progression mirrors advances in
our understanding of the gut microbiome’s role in ASD, evolving
from early analyses of diversity indices and taxonomic composi-
tion, primarily with 16S rRNA sequencing, to more mechanisti-
cally informative functional pathway analyses enabled by high-
resolution shotgun metagenomics. Subsequent developments
have incorporated multi-omics integration and multi-kingdom
and microbial genomics variants perspectives, alongside
increasingly sophisticated machine learning frameworks.
Below, we summarize key research efforts that have evaluated
the diagnostic utility of gut microbiota biomarkers in ASD
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(Figure 2). Beginning with simple associative findings, the field
has progressed toward robust, integrated models that enhance
diagnostic accuracy, while providing deeper insights into gut-
brain axis mechanisms—narrowing the gap between correlative
observations and clinically actionable tools.

Taxonomic classifier: From single- to multi-cohort
validation
Early investigations into gut microbiome differences in ASD used
single-cohort designs to identify taxonomic differences. These
early studies were constrained by small sample sizes and lack
of external validation, resulting in inconsistent signatures that
lacked generalizability. Kang et al.*® pioneered this line of inquiry
by pyrosequencing the 16S rRNA gene in fecal samples from 20
children with ASD and 20 neurotypical controls. With a multi-
genus logistic regression and random forest classifiers, cross-
validated areas under the curve (AUCs) of 0.839 and 0.837
were obtained. Kong et al.,®® in 20 ASD and 19 matched controls,
derived individual taxonomic features with AUCs up to 0.724.
Dan et al.? applied random forest to 24 differential genera in a
larger cohort of 143 ASD and 143 controls and reached an
AUC of 0.931. Finally, a shotgun metagenomics study by Ye
et al. in 71 ASD and 11 controls selected a 10-species panel
(e.g., Prevotella buccae, Bifidobacterium longum, Clostridium
ramosum, Streptococcus thermophilus) via random forest, re-
porting an AUC of 0.947.%°

Despite internal AUCs exceeding 0.80, these early taxonomic-
only models suffered from risks of overfitting, irreproducible
markers, and lack of external validation. Hence, researchers
subsequently adopted multi-cohort approaches to harmonize
confounding factors such as geographical and demographic
characteristics, and to derive more generalizable results with
external validation. Key examples include Xu et al.,°’ who
meta-analyzed 10 cohorts of 16S datasets (569 individuals
with ASD and 450 controls) to produce a 12-genus panel
achieving validation AUC of 0.761. Wan et al.? used ultra-
deep metagenomics for species markers, yielding discovery
and validation AUCs of 0.826 and 0.762, respectively; Wang
et al. tested Eubacterium sp. CAG 248, Prevotella copri, Bifido-
bacterium pseudocatenulatum, and 64 other species markers
across cohorts from China and Moscow. Despite substantial di-
etary differences, this taxonomic panel maintained strong diag-
nostic accuracy (AUC = 0.984 and 0.81, respectively), and a
combined model yielded an AUC of 0.86.%°

Although multi-cohort approaches filtered noise and boosted
credibility, AUC performance rarely exceeded 0.80 in external
sets. Furthermore, with signatures predominantly composed of
taxonomic features, the underlying mechanistic insight is limited.

Advancing to functional pathway analysis and multi-
omics integration

A major progression in microbial biomarker research for ASD has
been the incorporation of metabolic pathways through metage-
nomic and multi-omics approaches. Purely taxonomic models
are constrained by considerable inter-individual and inter-cohort
variability in microbial composition. Functional redundancy ex-
plains why this taxonomic variability can coexist with more
consistent functional profiles across individuals and populations.
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Figure 2. Evolution of gut microbiota-based biomarkers for ASD prediction and diagnosis

Microbial biomarker development for ASD has advanced through progressive stages of increasing complexity and robustness: from early core taxonomic
signatures in small, single-center cohorts, to multi-cohort validation for enhanced generalizability, then to functional pathway analysis and multi-omics integration
for greater stability and mechanistic insight, and most recently to multi-kingdom approaches encompassing bacteria, archaea, fungi, viruses, and shared
metabolic pathways. These diverse inputs are analyzed via machine learning and deep learning to yield diagnostic models. Despite progress, persistent limi-
tations at each stage highlight the key unmet need: large-scale prospective clinical cohort validation of real-world model effectiveness.

By prioritizing these shared functional outputs over variable taxa,
pathway-based and multi-omics strategies may yield more
reproducible and generalizable biomarkers. They also provide
clearer links between microbial functions and ASD pathophysi-
ology through the gut-brain axis, turning correlative taxonomic
findings into mechanistically meaningful tools.**

Initial studies demonstrated the potential of pathway-based
approaches but were again constrained by small cohorts and
lack of external validation. Wu et al.®® analyzed 169 children
with ASD and 128 controls, identifying six differentially abundant
pathways (including oxidative phosphorylation) and developing
a random forest classifier with an AUC of 0.827. Similarly, Zhang
et al.”® used a quasi-paired cohort (39 ASD, 40 TD individuals) to
uncover deficiencies in detoxification pathways, notably the
y-glutamyl cycle (PWY_4041) and methylphosphonate degrada-
tion (PWYO0-1533), yielding a diagnostic AUC of 0.88.

Larger multi-cohort investigations subsequently strengthened
evidence for functional integration. Lou et al.*® examined 773
ASD and 429 TD individuals, showing that combining two oper-
ational taxonomic units (Veillonella and Enterobacteriaceae) with
17 metabolic functions produced an AUC of 0.86 in the discovery
cohort and 0.67-0.82 across three independent validation co-
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horts—highlighting improved robustness over taxonomy-alone
models. Wan et al.?® further advanced this by integrating five
bacterial taxa with functional annotations from 44 metage-
nome-assembled genomes, achieving AUCs of 0.886 (discov-
ery) and 0.734 (validation), and demonstrated stability across
age, gender, and comorbidities.

Multi-omics studies have extended these gains by linking mi-
crobial functions to host physiology. Morton et al.?” integrated
metagenomic, metatranscriptomic, and other omics data from
528 ASD-control pairs, associating species such as Prevotella
copri, Bifidobacterium longum, and Bifidobacterium callitrichi-
darum with immune and metabolic dysregulation. A micro-
biome-derived classifier achieved an overall AUC of 0.78 across
cohorts (exceeding 0.87 in six studies).

Multi-kingdom integration: An advanced paradigm in
biomarker development

Although metabolic pathway integration has substantially
enhanced biomarker stability and interpretability, a bacteria-
centric view has largely overlooked the synergistic contributions
of other members in the gut ecosystem, including archaea, fungi,
and viruses.”® For fungi, Strati et al.>®> and Zou et al.®® reported
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higher abundance of Candida species in children with ASD,
which may contribute to gut dysbiosis through immune dysregu-
lation and potential disruption of gut barrier integrity. On the
other hand, Wan et al.'®° reported enrichment of certain bacte-
riophages (e.g., Clostridium, Bacillus, and Enterobacteria
phages) in ASD, while Shahin et al.'®" noted expansion of Cau-
doviricetes bacteriophages, which can modulate bacterial abun-
dance through lysis or prophage induction, thereby disrupting
gut homeostasis and altering neuroactive metabolite production.
These studies, although smaller in scale and did not aim to
develop a diagnostic marker for ASD, highlight the importance
of considering the whole gut microbiome community in relation
to potential pathomechanisms within the MGBA for developing
diagnostic biomarkers.

A landmark study by Su et al. markedly advanced the field by
developing a 31-marker diagnostic panel encompassing bacteria,
archaea, fungi, viruses, microbial genes, and metabolic path-
ways.®" Using a discovery cohort (709 ASD and 374 neurotypical)
and a balanced 1:1 paired subcohort, the team developed a
31-marker panel that included Streptococcus thermophilus (bacte-
ria), Natrinema pellirubrum (archaea), Candida albicans (fungi), a
Faecalibacterium phage (virus), and depleted metabolic pathways
in ASD, such as the GABA shunt and ubiquinol-7 biosynthesis.

The model demonstrated consistent diagnostic performance
across cohorts, with AUCs of 0.91 (discovery), 0.87 (independent
hospital cohort), 0.89 (community cohort), and 0.78 (international
public dataset). Classification was prominently driven by
depleted biosynthesis pathways for ubiquinol-7 (an antioxidant
coenzyme) and thiamine diphosphate, implicating oxidative
stress and metabolic dysregulation in ASD pathogenesis.
Notably, single-kingdom models exhibited inferior performance
(AUCs 0.68-0.87), confirming the diagnostic advantage
conferred by non-bacterial kingdoms and functional elements.
By embracing broader microbial interactions, multi-kingdom
and multi-omics integration not only elevates biomarker reliability
and cross-cohort generalizability but also deepens the under-
standing of gut-brain axis mechanisms, offering promising ave-
nues for precision diagnostics and targeted interventions in ASD.

Strain-level variation and microbial genomic
heterogeneity

Further advancing the field, recent studies have begun to explore
strain-level microbial genomic variation, including single-nucleo-
tide variants (SNVs), insertions/deletions (InDels), and structural
variants (SVs), which can confer functional heterogeneity within
the same species to influence host-microbe interactions.'® A
recent investigation identified a distinct layer of ASD-associated
microbial variants (1,369 SNVs, 233 InDels, and 195 SVs)
that were not detectable through conventional taxonomic
profiling,'® which were linked to altered metabolic outputs
and host responses. When incorporated into a 20-feature panel
(combining species, genes, and genomic variants), this
approach achieved superior diagnostic performance (AUC =
0.961 in the discovery cohort, median AUC = 0.78 in external da-
tasets) compared with models using species, genes, and path-
ways alone, highlighting strain-level resolution as also a prom-
ising next frontier for enhancing biomarker precision and
mechanistic insight.
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Limitation of existing studies that hinders translational
application

Existing microbiota-based biomarker studies for ASD, while
promising, are constrained by methodological limitations. First,
the cross-sectional design across the majority of the reviewed
studies precludes establishment of causality, rendering it un-
clear whether microbial alterations contribute to ASD patho-
physiology or emerge as consequences of ASD-associated be-
haviors such as restrictive eating.'®* Establishing the causal role
of the altered gut microbiome is crucial to transcend correlative
biomarkers into predictive and treatment indicators.%®

Second, other than the variation in stool sample processing,
sequencing platform, and bioinformatic analysis pipeline, het-
erogeneous findings may arise from inadequate control for major
confounders known to shape gut microbiota composition.
Among the mentioned studies, while the majority of studies
consider the effect of sex and age, only a limited number of
studies considered socioeconomic status.?®®' Dietary intake,
which is especially relevant for children with ASD given the com-
mon restrictive eating pattern,'°® while captured in a few studies,
varies in the instruments used and data processing: some em-
ployed standardized instruments such as food-frequency ques-
tionnaires or 3-day dietary recall,’®*"-%? while others adopted in-
house surveys on special diet.*>%® Gastrointestinal symptoms,
which are common in ASD and independently alter micro-
biota,'®” were evaluated in some*®!:88:8992:96 Kyt apsent in
others, while one study only included ASD children with gastro-
intestinal symptoms.’®® Although most studies consider the use
of antibiotics and probiotics, use of psychiatric medications
(e.g., antipsychotics, ADHD medications, and antidepressants),
although known to impact the gut microbiome'® and frequently
used in children with ASD, was only documented or excluded in
only a subset.?®6":9

Third, while ASD diagnosis was generally robust in most
studies using standardized research instruments of Autism
Diagnostic Interview-Revised (ADI-R) and Autism Diagnostic
Observation Schedule, Second Edition (ADOS-2), or by clini-
cians using the DSM-5 criteria, assessment of control children
tends to be minimally reported and inconsistent. Without
rigorous control evaluation, subclinical ASD traits or undiag-
nosed conditions could contaminate the “neurotypical” group,
thereby reducing specificity and inflating false-negatives.
Methods for screening and ruling out ASD (e.g., SRS-2 or AQ-
Child) were explicitly described in some studies,®"%? performed
via clinical evaluation in others,®®°¢ but were minimal or absent in
many.***%8%% Fyrthermore, common childhood psychiatric
conditions such as ADHD and anxiety'®® may overshadow
autistic features,’ yet comprehensive evaluation of multiple
psychiatric conditions by specialists is often not feasible in
sizable cohorts. This situation highlights the need for validated
screening instruments with high negative predictive value when
aiming for clean case-control designs.

Finally, model validation strategies across the reviewed
studies further underscore important limitations. While internal
validation approaches such as cross-validation or train-test
splits were commonly employed,®™°*°® external validation on
independent cohorts has only emerged in more recent work.
Su et al.°" and Chen et al.'”® evaluated performance across
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multiple independent in-house and public datasets, Wan et al.®

and Lou et al.°® tested on a separate validation cohorts, Wu
et al.”® included newly collected external samples, and Morton
et al.”” leveraged multi-cohort meta-analysis. The sole reliance
on internal validation carries a substantial risk of overfitting and
overestimation of diagnostic performance. When combined
with marked heterogeneity in methodological approaches, this
dependence severely limits the generalizability of reported mi-
crobial signatures and impedes the development of field-wide
consensus.

Collectively, these gaps highlight the pressing need for longi-
tudinal studies and greater external validation through
open data sharing and coordinated meta-analyses, alongside
improved harmonization of study methodologies, including
rigorous confounder adjustment and thorough clinical evaluation
of controls, to enhance cross-study comparability in future
research.

Challenges in real-world applicability and clinical
heterogeneity of autism

Amid these limitations that require ongoing effort to address,
translating biomarker models into clinical practice faces addi-
tional practical hurdles. These include the complexities of clinical
diagnosis, the heterogeneous nature of ASD, and the setting in
which testing would be implemented.

The primary challenge stems from the spectrum nature of
ASD and its substantial overlap with other conditions. ASD is
not a binary condition but exists on a continuum, with varying
severity and subthreshold traits (e.g., broader autism pheno-
type).'% Children with developmental concerns also often pre-
sent with multiple co-occurring neurodevelopmental features or
physical illnesses to complicate differential diagnosis. In
contrast, most biomarker studies employ clean case-control
designs that compare children with formal ASD diagnoses
against neurotypical controls, potentially inflating diagnostic
performance by exaggerating differences between clearly
demarcated groups.

This case-control framework may limit specificity of gut micro-
biome biomarkers in real-world settings. Even if microbiota alter-
ations contribute to ASD pathophysiology, it remains unclear
whether current biomarkers can distinguish ASD from related
conditions along the continuum or from disorders with overlap-
ping gut dysbiosis profiles, such as ADHD or eczema.''%"""
Although Su et al.°" provided evidence of disease specificity —
demonstrating reduced discriminative performance of their
31-marker multi-kingdom panel when applied to independent
pediatric cohorts with ADHD (n = 118; AUC = 0.51) or atopic
dermatitis (n = 78; AUC = 0.58), systematic and direct compari-
son between ASD, ADHD, other neurodevelopmental condi-
tions, and subclinical ASD is largely absent. This gap leaves
the full specificity and real-world discriminative power of current
microbiota-based markers incompletely characterized for
routine clinical practice. In this regard, the use of siblings as con-
trols has dual merits: they tackle multiple shared environmental
and genetic factors that confound the microbiome,’'? while
also having a higher prevalence of other neurodevelopmental
conditions and autistic traits than the general population.'"®
This approach can isolate ASD-specific signals and allow com-
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parison along the spectrum of autistic phenotypes and related
neurodevelopmental conditions. The spectrum nature of ASD
extends beyond its continuum with neurotypical development
to profound intra-diagnostic heterogeneity.''* Cross-section-
ally, this manifests in varying severity across core symptom do-
mains, frequent co-occurring conditions (e.g., ADHD, anxiety,
depression, and sleep disturbances),’'® and broad differences
in cognitive abilities.”'® Longitudinally, developmental trajec-
tories and prognosis diverge substantially, with some individuals
achieving symptom remission, while others facing persistent,
significant impairments.’’” This heterogeneity raises funda-
mental questions about underlying biological drivers of diverse
clinical outcomes. In neuroimaging and genetics, subclassifi-
cation of ASD cohorts has uncovered subgroup-specific signals
tied to distinct phenotypes.''®'"® In contrast, microbiome
research relies predominantly on study designs that treat ASD
as a largely homogeneous entity and is yet to explore the dimen-
sionality of ASD meaningfully. Such approaches obscure poten-
tial links between microbiota profiles and specific symptom do-
mains, comorbidities, and prognosis.

As discussed, the modifiable nature of the gut microbiome
further positions it as a potential therapeutic target. However,
limited understanding of how microbiota alterations interface
with specific clinical phenotypes—or which ASD features are
most strongly associated with such changes—hampers prog-
ress toward targeted interventions. The Lancet Commission on
autism emphasizes the need for interventions tailored to individ-
ual profiles of need.'?° This knowledge gap likely contributes to
the inconsistent efficacy observed in previous microbiota modu-
lation therapies,®' although symptom-targeted probiotic formu-
lations for ASD have only recently begun to emerge.'?" Hence,
elucidating microbiome-phenotype relationships is essential for
developing prognostic tools and treatment-selection biomarkers
that enable personalized support.

Beyond scientific implications, ASD heterogeneity intersects
with the neurodiversity paradigm, which frames autistic differ-
ences as natural variation rather than solely deficits and
disability. A purely medicalized biomarker risks reinforcing path-
ologization and stigmatization. Yet failing to identify individuals
with substantial needs could delay access to interventions that
optimize long-term outcomes.'®' Biomarkers may thus be
more valuable if they predict specific risks of actual medical
needs (e.g., co-occurring psychopathology) rather than
providing a simple binary classification. At minimum, deploy-
ment of a biomarker for ASD must balance diagnostic utility
with ethical considerations around labeling and societal
perception.

The intended use of a microbiota-based test further influences
its clinical utility. Diagnostic performance metrics (e.g., sensi-
tivity, specificity, and AUC) must be interpreted in the context
of disease prevalence and testing thresholds. Given ASD’s rela-
tively low population prevalence,’ universal screening with even
highly specific tests could yield excessive false-positives and
substantially reduce the accuracy of the test. This may also
arouse unnecessary anxiety among caregivers and place extra
burden on diagnostic services for confirmatory assessment.
Such tools may be better positioned as adjunctive aids in high-
risk populations (e.g., children with developmental concerns or
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Table 1. Recommendations for future gut microbiota biomarker studies in ASD

Research domain

Strategies

Primary objectives

1.Study design

2.Control group selection

3.Confounder assessment

4.Addressing ASD heterogeneity

5.Validation & data synthesis

prioritize longitudinal cohorts over cross-sectional
designs.

conduct prospective studies in general or at-risk
populations (e.g., infants with early signs).

implement follow-up studies in children with
established ASD.

incorporate family-based cohorts (unaffected
siblings or parents).

systematically screen controls for ASD traits and
related conditions using validated instruments.

include direct comparisons with other dysbiosis-
related disorders (e.g., ADHD and eczema).

implement standardized metadata collection:

diet: validated tools (e.g., FFQs, 3-day records).
Gl symptoms: standardized scales (e.g., Rome
criteria,'*® Gastrointestinal Severity Index'??).
medication: psychiatric drug use tracking.

SES: standardized indices (e.g., Hollingshead
Index).

adopt dimensional approaches by profiling core
symptom domains, co-occurring conditions, and
cognitive/adaptive functioning.

stratify analyses by severity, comorbidity profiles,
and developmental trajectories.

mandate rigorous external validation on
independent cohorts.

adhere to MIXS standards and deposit raw
sequences with metadata in public repositories
(e.g., NCBI SRA).

promote open data sharing and coordinated meta-

establish temporality and causality.

enable early prediction.

evaluate prognosis, symptom trajectories, and
microbial signal stability.

account for shared genetic and environmental
factors.

examine the broader autism spectrum (including
subclinical traits).

improve biomarker specificity.

accurately control for major environmental and
physiological variables that drive microbiome
shifts.

accurately map clinical diversity.

uncover phenotype-specific microbial signatures
rather than generic markers.

enable confounder-adjusted, generalizable
models.

accelerate field-wide consensus and
reproducibility.

analyses.

siblings of affected individuals), where prevalence is higher and
pretest probability supports rule-in or rule-out strategies. Evalu-
ating test properties in these targeted settings is essential for
meaningful implementation.

Technical barriers also impede scalability. Microbiota profiling
relies on diverse sequencing approaches: 16S rRNA gene
sequencing offers cost-effective, genus-level taxonomic resolu-
tion, whereas shotgun metagenomics provides strain-level iden-
tification and functional insights.'?? Models developed on one
platform may not be transferred effectively to the other. This plat-
form incompatibility hinders widespread adoption across clinics
with varying infrastructure and protocols.

In summary, the limitations identified across study design,
confounder control, control group assessment, model valida-
tion, and clinical challenges constrain the translational potential
of current microbiota-based biomarkers for ASD. Moving for-
ward, advancing the field will require a fundamental shift from bi-
nary case-control frameworks toward more nuanced, prospec-
tive, and harmonized approaches. The following practical
guidelines (Table 1) are proposed to address these gaps and

facilitate the development of robust, generalizable, and clinically
useful microbiota biomarkers.

CONCLUDING REMARKS AND OUTLOOK

Gut microbiota research in ASD stands at a promising cross-
roads. Cross-disciplinary efforts to elucidate gut-brain
axis mechanisms, coupled with steady advances in biomarker
development—driven by robust multi-cohort designs, func-
tional integration, and sophisticated sequencing technolo-
gies—have generated genuine optimism for meaningful transla-
tional impact.

That said, prudence remains essential: amid ASD’s multifacto-
rial etiology, direct causal evidence for the microbiota’s role in
humans is still elusive. Yet these discoveries increasingly high-
light the plausibility of microbiota signatures as valuable comple-
ments to behavioral assessments—potentially enabling earlier
risk detection, prognostic stratification, and personalized inter-
ventions tailored to individual needs.
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Realizing this promise depends on rigorous, prospective vali-
dation in real-world settings: longitudinal studies of presymp-
tomatic and high-risk cohorts, systematic specificity testing
against related neurodevelopmental conditions and subclinical
traits, and deep clinical phenotyping to account for ASD’s pro-
found heterogeneity and confounders.

In essence, the extent to which the gut microbiota will reshape
ASD diagnostics and therapeutics remains uncertain—while it
may not serve as a singular transformative solution, it provides
a compelling lens into the disorder’s complexity. With sustained
and forward-looking research, it could meaningfully enhance
clinical precision, inform targeted therapies, and improve out-
comes across the autism spectrum.
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