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Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by social
communication and interaction problems. The prevalence of ASD is increasing globally, with a higher
ratio of males to females. Gastrointestinal symptoms are common in individuals with ASD, and gut
microbiota has been implicated in the disorder’s development. This study aimed to investigate the
gut microbiota alteration in Thai individuals with ASD compared to healthy controls using 16S rRNA
gene sequencing. The influence of gender and age on gut microbiota composition and function was
also examined. A total of 65 ASD individuals and 30 neurotypical (NT) individuals were included in the
analysis. The results revealed notable differences in gut microbiota composition between the ASD and
NT groups, with variations observed in microbial richness and the presence of enriched microbial taxa.
These differences were influenced by both gender and age. Fusobacteriota, Fusobacteriaceae, and
Fusobacterium were found to be enriched in individuals with ASD. Furthermore, the study identified
gender-related taxa, such as Bacteroides plebeius, enriched in ASD females. Age-related taxa, including
Veillonella, known to be associated with poor oral hygiene, were also observed in ASD children.

The analysis of differentially abundant pathways highlighted the enrichment of various metabolic
pathways in individuals with ASD, including those related to endocrine-disrupting chemicals. These
findings underscore the importance of considering gender and age when studying gut microbiota

in ASD. They provide valuable insights into the potential role of gut microbiota dysbiosis in ASD
pathogenesis and highlight the influence of environmental factors.

Autism spectrum disorder (ASD) is a neurodevelopmental disorder resulting from abnormal brain organization
in early development. Although ASD symptoms and severity can vary from person to person, the main features
are social communication and interaction problems as well as restricted and repetitive behaviors or interests'.
According to a recent study, the prevalence of ASD is on the rise and affects 1 in 100 children around the world?.
From 2000 to 2016, the ASD prevalence has increased by approximately 2.8 times. In the United States, 1 in
54 children aged 8 years was diagnosed with ASD>. It is difficult to determine the cause of the disease, as its
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complexity includes a wide range of symptoms and severity. It is likely that multiple factors, including genetic,
epigenetic, and environmental risk factors, are involved*>. Approximately 46.8% of people with ASD experience
gastrointestinal (GI) symptoms, including constipation, diarrhea, abdominal pain, gaseousness/bloating,
and vomiting®. ASD children with frequent GI symptoms exhibited more irritability, social disengagement,
hyperactivity, and stereotypic behaviors compared with those without frequent GI symptoms’. Because of the
link between ASD and GI issues, scientists have become interested in gut microbiota as an etiology for ASD.
Several recent studies have discovered an altered gut microbiota composition in ASD individuals, which is
generally known as “dysbiosis™. Dysbiosis of gut microbiota can induce alterations in bacterial metabolites
and a leaky gut, which could be a potential factor for generating ASD’. Kang et al.'s 2017 study found that
Microbiota Transfer Therapy (MTT) improved GI issues and autism-related symptoms in children with ASD.
In 2019, a follow-up with the same 18 children revealed that these improvements in both GI and core ASD
symptoms were sustained even two years after the treatment had ended'!. In another study by Wong et al.
(2022), researchers examined 92 boys with ASD and 112 typically developing controls, finding significant
differences in gut microbiota composition between the two groups, regardless of the presence of functional
gastrointestinal disorders (FGID). This suggests that gut dysbiosis in ASD could influence neuropsychiatric
symptoms independent of GI conditions'2. The gut microbiota plays a crucial role in human health and can
impact brain development and behavior through the gut-brain axis'.

ASD is approximately four times more prevalent in males than in females. While the reasons for this gender
difference are not fully understood, sex-specific genetic and hormonal factors have been suggested to be
involved'*. Moreover, gender has been found to influence the composition of gut microbiota'>!6. However, a
comparative analysis of the gut microbiota in males and females with ASD is often overlooked. Another critical
consideration in gut microbiota dysbiosis in ASD is age, which exerts a notable influence on the composition
and functions of gut microbiota, particularly in early life!”. Despite ASD being a lifelong condition, there is
comparatively less research on changes in gut microbiota profiles in adolescents and adults. The findings from
studies examining gut microbiota in individuals with ASD have been inconsistent!®. Factors such as geographic
location have been identified as potential influences on gut microbiota composition'®. A recent study by
Fouquier et al. underscored the significant association between gut microbiota composition and ASD, especially
when accounting for the geographical area under study?’.

In Thailand, research on altered gut microbiota in individuals with ASD has been infrequently mentioned.
Hence, this study employs 16S rRNA gene sequencing to investigate the modified gut microbiota in Thai
individuals with ASD compared to healthy controls. The putative microbial biomarkers and changes in gut
microbiota functions were investigated in additionally considering gender and age effects. These findings offer
insight into the potential correlation between compositional and functional changes in the gut microbiota
and ASD, as well as the significance of gender and age differences. Moreover, this research may advance our
understanding of potential biomarkers or treatment targets for ASD.

Methods

Study participants

All experiments and methods were performed following the relevant guidelines and regulations, as approved
by the ethics committee of Yuwaprasart Waithayopathum Child and Adolescent Psychiatric Hospital, and
all participants provided written informed consent before the study commenced. Informed consent was also
obtained from a parent and/or legal guardian. In 2019, we recruited a total of 95 Thai participants aged 3 to 35
years. This cohort included 33 neurotypical (NT) individuals, who were siblings of ASD participants, and 62
individuals with ASD, all from Yuwaprasart Waithayopathum Child and Adolescent Psychiatric Hospital. The
research was conducted under the project titled “Discovery of biomarkers for autism spectrum disorders from
exome sequencing and gut microbiome using big data technology for life science approach” at King Mongkut’s
University of Technology Thonburi. Among the 62 ASD participants, there were 35 males and 27 females, while
the 33 NT participants included 30 males and 3 females. Participants were categorized into three age groups
based on the Medical Subject Headings (MeSH) definition: children aged 6 to 12 years (ASD=19, NT=12),
adolescents aged 13 to 18 years (ASD =15, NT =14), and adults aged 19 to 35 years (ASD=26, NT=6). ASD
diagnoses were made by an experienced child psychologist using the Autism Diagnostic Observation Schedule
(ADOS). Participants had not received antibiotics and probiotics for at least three months before sampling.

Fecal sample collection and DNA extraction

Fecal samples of approximately 1 gram were collected in DNA/RNA Shield™ Fecal Collection Tubes (Zymo
Research) by participants or their guardians, as appropriate. The samples were transported to the laboratory
within 1 month of collection. DNA/RNA Shield™ reagent ensured sample stability during transport and storage
at ambient temperatures. Upon arrival, they were stored at —20 °C until DNA extraction. DNA was extracted
from the fecal samples using the QIAamp Fast DNA Stool Mini Kit (Qiagen, Hilden, Germany), following the
manufacturer’s instructions, which incorporated both enzymatic and mechanical cell lysis. Extracted DNA was
determined for DNA quality and quantity by the NanoPhotometer® N60/N50 spectrophotometer. DNA quantity
and quality criteria were 1.8-2.0 for A, /A, and 2.0-2.2for A /A . . Only samples with DNA concentrations

260/ 2280 260 £2230°
greater than 10 ng/pl were further analyzed for 16S rRNA sequencing.

16S rRNA gene sequencing analysis

DNA library for sequencing was prepared using MiSeq Reagent Kit v2 following the manufacturer’s instructions.
The DNA was amplified by polymerase chain reaction (PCR) to target the V4 hypervariable region of the 16
S rRNA gene. The forward primer was 515 F (5-GTGCCAGCMGCCGCGGTAA-3’) and the reverse primer
was 806R (5'-GGACTACHVGGGTWTCTAAT-3’). The 16 S rRNA amplicons were sequenced by the Illumina
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NovaSeq platform (Genome Quebec, Canada), generating demultiplexed paired-end (250x2 bp) reads. The
sequence reads were supplied as FASTQ-format files and were processed through QIIME2 (Quantitative Insights
into Microbial Ecology 2) pipeline version 2021.4%!. Under QIIME?2 plugins, adapters and primers were removed
by q2-cutadapt. The sequence reads were processed to remove adapters and primers. The data were filtered by
truncating the forward and reverse reads at position 200, based on quality profiles and amplicon length, to
eliminate low-quality regions. Chimeras were checked, paired-end reads were merged, and amplicon sequence
variants (ASVs) were identified using the DADA2 method. Singleton ASVs, defined as sequences appearing
only once across all samples, were removed to reduce the impact of potential sequencing errors. Taxonomic
assignment was carried out by feature-classifier classify-sklearn, which is based on machine learning classification
and requires trained classifiers of reference databases. The naive Bayes classifier was specifically trained using
the SILVA 138 reference database on the V4 region of the 16 S rRNA. The assignment of eukaryotes, unassigned
kingdoms, mitochondria, and chloroplast from ASVs was eliminated. The Kyoto Encyclopedia of Genes and
Genomes (KEGG) database was used to predict metabolic functions based on their 16 S rRNA genes using
Phylogenetic investigation of communities by reconstruction of unobserved states 2 (PICRUSt2) version
24,1272,

Microbiome diversity analysis

This study examined the differences in gut microbiota composition between ASD and NT. Additionally, we
examined the impact of this alteration on different gender and age groups. The data were analyzed using
MicrobiomeAnalyst for comprehensive statistical, graphical, and meta-analysis of microbiome?. All data were
normalized by rarefaction to provide the same number of reads in each sample.

The diversity of the gut microbiota community was assessed through alpha diversity (within-sample) and beta
diversity (between-sample). The alpha diversity indices, including Observed ASVs, Shannon’s diversity index,
and Simpson’s diversity index, were statistically tested by the Wilcoxon rank-sum test to compare between ASD
and NT. Additionally, these statistical tests were done to compare ASD and NT in each gender and age group,
which could impact the outcome. The beta diversity was computed using the Bray-Curtis distance matrix and
visualized through principal coordinates analysis (PCoA). Differences in the bacterial communities between
ASD and NT (with and without separating by gender and age group) were investigated using Permutational
multivariate analysis of variance (PERMANOVA) with a P-value of 0.05. The alpha and beta diversities were also
explored in addition to age range consideration.

Differential abundance bacteria and functional enrichment analysis

Bacteria with a prevalence of less than 10% across all samples were excluded from the discovery of biomarkers.
The linear discriminant analysis (LDA) effect size (LEfSe) tool was utilized to characterize differentially
abundant bacteria between ASD and NT with and without separating by gender and age group. Differentially
abundance bacteria with significance were discovered based on a Kruskal-Wallis statistical analysis and a Linear
Discriminant Analysis (LDA) model implemented in LEfSe?’. Taxa with LDA >2.0 and a P-value of 0.01 were
examined as putative microbiome biomarkers for ASD. We also employed the LEfSe to identify differentially
abundant bacterial functions, using a cutoff of LDA >2.0 and a P-value of 0.05.

Ethics approval and consent to participate

This study protocol was approved by the Ethics Committee of the Yuwaprasart Waithayopathum Child and
Adolescent Psychiatric Hospital and the King Mongkuts University of Technology Thonburi. All participants
provided written informed consent to participate in the study.

Results

Characteristics of study participants

In this study, a total of 95 subjects were recruited between March to July 2019, comprising 62 individuals
diagnosed with ASD and 33 neurotypical (NT) individuals. Of these, 28 pairs of siblings were included. The age
of the participants ranged from 3 to 35 years old, and there were 65 males and 30 females. The male-to-female
ratio was 35:27 for those diagnosed with ASD and 30:3 for those without ASD (NT). The study included 31
children, 29 adolescents, 32 adults, as well as 2 individuals whose age was not specified, and one preschool-aged
child. The information on the study participants is presented in Table 1.

Characteristics ASD | NT
Subjects (n) 62 33
Male/Female 35/27 | 30/3
Age range

Child (6 to 12 years) 19 12
Adolescent (13 to 18 years) | 15 14
Adult (19 years and older) | 26 6

Table 1. Characteristics of study participants.
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Summary of sequencing data characteristics

A total of 47,004,242 paired-end reads were obtained from the 95 subjects, with an average of 494,781 reads
per sample. After processing the sequence data, 46,951,861 high-quality amplicon sequences were classified
into 6,122 ASVs. The average sequence read per sample was 494,230, with a range of 277,860 to 747,549 reads.
To account for differences in sequencing depth, the ASV abundance was normalized by rarefying at a depth
of 277,860, resulting in the retention of all 95 samples for downstream analysis. The taxonomic classification
revealed 34 phyla, 76 classes, 174 orders, 301 families, 657 genera, and 1,137 species.

Gut microbiota diversity in ASD and NT

The alpha diversity measures, including observed ASVs, Shannon’s, and Simpson’s diversity indices, did not show
any significant difference between ASD and NT groups, as illustrated in Fig. la. Beta diversity was evaluated
using the Bray-Curtis dissimilarity metric and visualized through a PCoA plot, which revealed that ASD and
NT individuals shared a similar gut microbiota community (Fig. 2a). The statistical significance of these results
was further confirmed by the PERMANOVA analysis, which showed no significant difference in the overall
microbial community structure between ASD and NT groups (PERMANOVA, P-value=0.313).

Identification of gut microbiota biomarkers of ASD

In order to investigate potential gut microbiota biomarkers associated with ASD, we conducted LEfSe analysis
to investigate the potential gut microbiota biomarkers associated with ASD by comparing the differential
abundance of bacteria between individuals with ASD and NT at various taxonomic levels, including phylum,
family, genus, and species. The results of the LEfSe analysis indicated that Fusobacteriota, Fusobacteriaceae, and
Fusobacterium were taxa differentially abundant and enriched in the ASD group compared to the NT group. In
contrast, no taxa were found to be significantly differentially abundant (p-value=0.01, LDA >2) in the NT group
(Fig. 3, Supplementary Fig. S1).

Gender-related alterations in gut microbiota composition in ASD

To investigate whether there were any gender-related differences in gut microbiota composition between
individuals with ASD and NT, we analyzed the alpha and beta diversities separately in the male and female groups.
The observed ASVs indicated significantly higher richness in NT males than in ASD males (P-value=0.0149).
In females, NT also had higher observed ASVs, but the difference was not significant (Fig. 1b). We observed no
significant differences in Shannon’s and Simpson’s diversity indices between the ASD and NT groups in males or
females (data not shown). Beta diversity analysis, taking gender into account, showed no significant difference
in the microbial community between the two groups. The statistical significance of this similarity was confirmed
by the PERMANOVA, with a non-significant P-value of 0.186 (Fig. 2b).

To identify gender-related putative biomarkers of ASD, we employed LEfSe analysis separately in male and
female groups. The results showed that the differentially abundant taxa between ASD and NT were different
depending on gender, as shown in Fig. 3 and Supplementary Figs. S2-S3. Ruminococcus gnavus group was a
differentially abundant genus enriched in ASD males. Conversely, in NT males, the Synergistota phylum,
along with the Synergistaceae and Clostridiales vadinBB60 group families, exhibited significant enrichment.
Several genera, including Cloacibacillus, Oscillospiraceae UCG-002, Christensenellaceae R7 group, Eubacterium
ruminantium group, Ruminococcus gauvreauii group, and Clostridia vadinBB60 group, were also found to be
significantly enriched in NT males. In the female group, Fusobacteriota, Fusobacteriaceae, Fusobacterium,
and Bacteroides plebeius were differentially abundant taxa enriched in ASD. On the other hand, there were not
significantly differentially abundant taxa identified in the NT females compared with ASD females.

Age-related alterations in gut microbiota composition in ASD

To investigate whether there were any age-related alterations in gut microbiota composition between ASD and
NT of different age groups. We analyzed the alpha and beta diversities separately in child, adolescent, and adult
groups to compare the observed ASVs, Shannon’s and Simpson’s diversity indices, and microbial community
between ASD and NT. The results revealed no significant differences in observed ASVs, Shannon’s and Simpson’s
diversity indices between ASD and NT in any of the three age groups. (Fig. 1c). Furthermore, beta diversity
analysis, taking age into account, showed no significant difference in the microbial community between ASD
and NT. The similarity between ASD and NT in each age group was found to be non-significant through
PERMANOVA analysis with a P-value of 0.378 (Fig. 2¢).

To identify age-related putative biomarkers of ASD, LEfSe analysis was used separately in the three age groups.
The results showed that the differentially abundant taxa between ASD and NT were different depending on age
(Fig. 3, Supplementary Figs. S4-S5). Veillonella demonstrated significant enrichment in ASD children, while
Acidaminococcaceae, Phascolarctobacterium, Tyzzerella, and Bacteroides clarus were significantly enriched in
ASD adolescents. However, no significant bacterial enrichment was observed in ASD adults. Additionally, there
were no identified bacterial taxa that significantly enriched in NT individuals across each age group.

Enriched functions of gut microbiota in ASD

The functional contribution of gut microbiota to ASD and NT individuals was analyzed using PICRUSt2
based on ASVs. A total of 179 KEGG pathways were identified across all samples. Following the prediction
of functional pathways, we utilized LEfSe analysis to identify differentially abundant pathways between ASD
and NT individuals as shown in Fig. 4 and Supplementary Figs. S6-S10. The results showed that when age and
gender were not considered, fluorobenzoate degradation and carotenoid biosynthesis pathways were enriched in
ASD. However, when gender was considered, styrene degradation was enriched in male ASD, while linoleic acid
metabolism was enriched in female ASD. Additionally, when age was considered, nitrotoluene degradation and
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Fig. 1. Alpha diversity indices in individuals with ASD and NT. The box plots compare the observed ASVs,
Shannon index, and Simpson index as measures of alpha diversity between individuals with ASD and NT
individuals (a). Additionally, the observed ASVs are compared between individuals with ASD and NT,
considering gender (b) and age (c).

fluorobenzoate degradation were enriched in ASD children, whereas apoptosis was enriched in NT children.
Geraniol degradation and atrazine degradation were enriched in ASD adolescents. However, no significant
functional pathways were observed in ASD adults. After False Discovery Rate (FDR) correction, no significant

functional differences were found between the ASD and NT.
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Fig. 2. Beta diversity of gut microbiota in individuals with ASD and NT. The PCoA plot illustrates the
beta diversity of gut microbiota based on Bray-Curtis dissimilarity, comparing individuals with ASD and
NT individuals (a). Furthermore, the beta diversity was examined by considering gender (b) and age (c) in
individuals with ASD and NT.

Discussion

Based on an analysis of the 16S rRNA sequence data obtained from 65 individuals diagnosed with ASD and 30
neurotypical individuals across gender and age groups, including children, adolescents, and adults, we observed
notable differences in the composition of gut microbiota between ASD and NT. These differences encompassed
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Phylum

Family

Genus

Species

Differentially abundant taxa Overall Male Female Child Adolescent Adult
Fusobacteriota
Synergistota
Fusobacteriaceae
Clostridiales vadinBB60 group
Synergistaceae
Acidaminococcaceae
Fusobacterium
Ruminococcus gnavus group
Clostridia vadinBB60 group
Ruminococcus gauvreauii group
Eubacterium ruminantium group
Christensenellaceae R7 group
Oscillospiraceae UCG-002
Cloacibacillus
Veillonella

Phascolarctobacterium
Tyzzerella

Bacteroides plebeius _
Bacteroides clarus _

Fig. 3. Summary of differentially abundant bacteria by LEfSe analysis in each subject group enriched in ASD
and NT. The LEfSe analysis at the phylum, family, genus, and species level identified taxa with an LDA score
(log10) >2.0 and a P-value of 0.01, revealing significant differences between individuals with ASD and NT
individuals. The LEfSe analysis was performed considering gender (male and female) and age groups (child,
adolescent, and adult) in individuals with ASD and NT. Red boxes represent enrichment in ASD, while blue
boxes represent enrichment in NT. The numbers indicate the LDA score, with negative values indicating
enrichment in NT individuals.

Differentially abundant functions Overall Male Female Child Adolescent Adult
Fluorobenzoate degradation
Carotenoid biosynthesis
Styrene degradation
Linoleic acid metabolism
Nitrotoluene degradation

Apoptosis

Geraniol degradation
Atrazine degradation

Fig. 4. Summary of KEGG pathway differential abundance between ASD and NT based on LEfSe analysis.
The significant pathway enrichments were identified based on an LDA score (log10) > 2.0 and a P-value of 0.05.
Additionally, the LEfSe analysis was further performed, considering gender (male and female) and age groups
(child, adolescent, and adult) in individuals with ASD and NT. Red boxes represent enrichment in ASD, while
blue boxes represent enrichment in NT. The numbers indicate the LDA score, with negative values indicating
enrichment in NT individuals.

variations in microbial community structure, as well as the presence of differentially enriched microbes. These
differences were influenced by both gender and age. Importantly, our results suggest that gender and age play
a crucial role in shaping the differences observed in the gut microbiota between individuals with ASD and NT.
In this study, the alpha diversity analysis revealed a significant difference in microbiota richness between
males with ASD and NT males. Specifically, males with ASD had a lower species richness compared to NT males,
which is consistent with previous studies that have also reported lower diversity and richness in individuals
with ASD?%2?°. However, this significant difference in richness was observed only within the male group, and
no significant difference was found between ASD and NT individuals when considering different age groups.
The limited sample size of only three neurotypical females in our study might have contributed to the lack of a
significant difference in microbial richness between female individuals with ASD and NT females. Therefore,
larger sample sizes are needed to draw more reliable conclusions about microbial richness in female individuals
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with ASD compared to NT. Nevertheless, when gender was not taken into account, there was still no significant
difference in microbial richness. This suggests that gender bias may impact the measurement of microbial
diversity between individuals with ASD and NT individuals.

Regarding beta diversity, a previous study by Strati found that the gut microbiota community of individuals
with ASD was different from that of NT individuals®®. However, our study’s findings did not align with this.
Instead, we observed a shared community between individuals with ASD and NT individuals in terms of beta
diversity. This discrepancy could arise from various factors. A potential explanation could be that the previous
study matched participants based on age and sex between ASD and NT groups, while in our study, approximately
half of the total subjects were paired siblings. These siblings may share genetic and lifestyle patterns that could
have influenced the observed results.

Our study, which investigated changes in gut microbiota at taxonomic levels, revealed an enrichment of
Fusobacteriota, Fusobacteriaceae, and Fusobacterium in individuals with ASD. These enrichments were also
observed when considering gender, specifically in females with ASD. However, they did not reach significance
in males with ASD. The studies on sex differences in the oral microbiome and gut microbiome found that
Fusobacteriumwas present in higher numbers in males compared to females®*2. This higher baseline in healthy
males may contribute to the inability to observe significant differences between ASD and NT in the male group.

In males, Ruminococcus gnavus group was found to be enriched in ASD. Conversely, in males, we observed
numerous bacteria enriched in NT individuals, including Synergistota phylum, as well as the families
Synergistaceae and Clostridiales vadinBB60 group. Several genera, such as Cloacibacillus, Oscillospiraceae
UCG-002, Christensenellaceae R7 group, Eubacterium ruminantium group, Ruminococcus gauvreauii group, and
Clostridia vadinBB60 group, were also enriched in the NT group. Previous studies have also linked Fusobacterium
and Ruminococcus with ASD3*3., Certain species of Fusobacterium and Ruminococcus gnavus have been linked
to inflammation. However, the processes involved are complex and probably involve a combination of factors,
including potential interactions with the immune system through surface molecules and toxins production®>3.

Among gut microbiota enriched in males with N'T, Ruminococcus gauvreauii group and Clostridia vadinBB60
group belong to the Ruminococcus and Clostridium, respectively. Both groups are known to include butyrate-
producing bacteria®’. However, no significant change was observed in the butyrate metabolism pathway.
Even with the enrichment of specific bacteria, other bacteria may assume a more dominant role in butyrate
production, potentially resulting in similar overall effects on butyrate metabolism?®. A previous study conducted
by Zheng et al. discovered that individuals with ASD and constipation have lower levels of beneficial bacteria
that produce butyrate, a short-chain fatty acid (SCFA) that supports gut health. They also tend to show elevated
levels of Fusobacterium, a bacterium that may induce gut inflammation®. Furthermore, the earlier investigation
revealed a connection between a lower risk of depression and a higher abundance of Oscillospiraceae UCG-002,
which was enriched in individuals with NT males*’. Therefore, our study on ASD implies that the gut microbiota
may play a crucial role in its development by impacting inflammation and mental health, which underscores the
complexity of these relationships in ASD.

Additionally, our results revealed notable differences in gut microbiota between genders. A previous study
involving germ-free mice indicated that the manipulation of the gut microbiota had sex-specific effects on
social behaviors, including aggression!. Therefore, our findings indicated that the bacterial taxa associated with
gender further emphasize the importance of gender in influencing both the composition and outcomes of the
gut microbiota.

Regarding age-related taxa, our results showed variations in the differential abundance of gut microbiota
between individuals with ASD and NT across different age groups. An interesting finding was the enrichment
of Veillonellain ASD children, a bacterium previously associated with poor oral hygiene status in Thai children,
which often leads to periodontitis and dental caries*2. Some studies have suggested a potential association
between Veillonellaand certain gastrointestinal diseases, such as inflammatory bowel disease (IBD)*>*. In a
20-year large-scale birth cohort study, Ahrens et al. (2024) found an association between gut microbiota and
neurodevelopmental disorder (including ASD), as well as early-onset mood and gastrointestinal problems®.
Additionally, Tyzzerellawhich exhibited enrichment in ASD adolescents in this study, has been proposed as
potentially associated with IBD*. It corresponds with studies indicating that individuals with ASD have a higher
likelihood of developing IBD compared to the general population?”,

Another study by Soltysova et al. found an age-related bacterial signature in people with psychiatric disorders
including Attention-Deficit/Hyperactivity Disorder (ADHD), depressive disorder, Rett syndrome, and anorexia
nervosa®®. This implied that the composition of gut microbiota may exhibit age-related variations in autistic
individuals, similar to observations in other psychiatric disorders”

In our analysis of differentially abundant pathways, we observed that fluorobenzoate degradation, carotenoid
biosynthesis, styrene degradation, linoleic acid metabolism, nitrotoluene degradation, geraniol degradation, and
atrazine degradation were enriched in individuals with ASD, considering gender and age as separate groups.
Specifically, we found that atrazine degradation was enriched in adolescents with ASD. Atrazine is an endocrine-
disrupting triazine herbicide that has been studied previously for its immunosuppressive effects. In mouse
models, it has been observed to cause decreased delayed-type hypersensitivity (DTH) response and reduced
socialization behaviors™. Regarding nitrotoluene degradation, while there is currently no direct link established
between nitrotoluene degradation and ASD, it is worth mentioning that p-nitrotoluene, a specific compound
in the nitrotoluene family, has been used in the synthesis of various chemicals, dyes, and materials such as
agricultural and rubber chemicals®'. The study by Ishido et al. found that p-nitrotoluene, an endocrine disruptor,
caused hyperactivity in rats®2 It is important to highlight those certain environmental chemicals, including
atrazine and p-nitrotoluene, may have a potential association with behavioral effects in individuals with ASD.

A study conducted by Gomez in 2021 revealed that early-life exposure to environmental toxicants can lead
to persistent changes in the gut microbiota of adult male mice. Throughout the research, maternal exposure
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to bisphenol S (BPS) took place from pregnancy day 8 to the end of lactation (postnatal day 21)%. BPS, a
Bisphenol compound extensively used for food storage in the form of plastic, can disrupt the neuroendocrine
system within the hypothalamus. This compound is prevalent in various food packaging materials, including
baby bottles, canned food/drinks, as well as sales receipts®*. The study involved examining the offspring mice
in adulthood, revealing a noteworthy alteration in fluorobenzoate degradation within their gut microbiota.
Fluorobenzoate, a fluorinated aromatic compound commonly found in pesticides, demonstrated a distinct
change due to the exposure™. As a result, maternal exposure and early-life exposure to certain environmental
toxicants, particularly endocrine disruptors, may have an impact on gut microbiota changes in individuals with
ASD and could be implicated in the development of the disease.

In conclusion, our study provides insights into the differences in gut microbiota composition, microbial taxa,
and functional pathways between individuals with ASD and neurotypical individuals. Gender and age were
found to play significant roles in shaping these differences. The gut microbiota potentially associated with ASD,
as indicated in this study, has primarily been linked with other diseases, such as gastrointestinal inflammation
(e.g., IBD) and mental health issues. Furthermore, certain environmental chemicals, particularly those classified
as endocrine-disrupting chemicals, may have potential associations with behavioral effects in individuals with
ASD. However, further research is needed to elucidate the precise mechanisms underlying these associations and
their implications for individuals with ASD.

Limitations

This paper would be incomplete without addressing some of its potential limitations. First, while 16S rRNA gene
sequencing is a commonly accepted and practical method for microbiota research, it has limitations compared
to full-genome sequencing. This approach does not allow for precise species-level identification, and the uneven
distribution of 16S rRNA gene copies across different bacterial taxa can introduce biases in relative abundance
estimates™. Second, the study’s sample sizes are quite limited, with only three neurotypical female participants
and six neurotypical adults, which may impact the generalizability of the findings for these groups. A larger sample
size would strengthen the conclusions regarding differences in microbiota. Third, we did not collect detailed
dietary information from participants, which is a limitation given that diet can significantly influence microbiota
composition. Lastly, the differential abundance analysis employed the LEfSe method, which is susceptible to null
inflation and a high type I error rate when zeros are present in the data. Despite these drawbacks, we chose LEfSe
for its ability to provide both statistical significance and biological relevance, effectively identifying key microbial
taxa that explain differences between groups in line with our research objectives. Future studies should consider
incorporating alternative methods such as ANCOM-BC or MaAsLin2%.

Data availability

Raw sequences of the V4 hypervariable region of the 16 S rRNA gene for all samples, in FASTQ file format,
are available under BioProject accession number PRJNA928241, with the BioSample accession number:
SAMN33247443 - SAMN33247537.
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