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Autism spectrum disorder (ASD) is a neurodevelopmental condition for which early identification and
intervention is crucial for optimum prognosis. Our previous work showed gut Immunoglobulin A (IgA)
to be significantly elevated in the gut lumen of children with ASD compared to typically developing
(TD) children. Gut microbiota variations have been reported in ASD, yet not much is known about viru-
lence factor-related gut microbiota (VFGM) genes. Upon determining the VFGM genes distinguishing ASD
from TD, this study is the first to utilize VFGM genes and IgA levels for a machine learning-based classi-
fication of ASD. Sequence comparisons were performed of metagenome datasets from children with ASD
(n = 43) and TD children (n = 31) against genes in the virulence factor database. VFGM gene composition
was associated with ASD phenotype. VFGM gene diversity was higher in children with ASD and positively
correlated with IgA content. As Group B streptococcus (GBS) genes account for the highest proportion of
24 different VFGMs between ASD and TD and positively correlate with gut IgA, GBS genes were used in
combination with IgA and VFGMs diversity to distinguish ASD from TD. Given that VFGM diversity,
increases in IgA, and ASD-enriched VFGM genes were independent of sex and gastrointestinal symptoms,
a classification method utilizing them will not pertain only to a specific subgroup of ASD. By introducing
the classification value of VFGM genes and considering that VFs can be isolated in pregnant women and
newborns, these findings provide a novel machine learning-based early risk identification method for
ASD.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY license (http://creativecommons.

org/licenses/by/4.0/).
1. Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental con-
dition that affects 1 in 54 (1.9%) of 8-year-old children in the US
[1], and 0.29% of 6 to 12-year-old children in China [2]. For this
condition with increasingly rising prevalence and no known single
cause or cure, comprehensive molecular diagnostic testing contin-
ues to reveal previously unidentified copy number and single
nucleotide variants, reasserting the genetic heterogeneity of ASD
and highlighting the difficulty of a molecular diagnosis for ASD
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[3]. Gut microbiota has been linked to many central nervous sys-
tem disorders, including neuropsychiatric disorders such as ASD
[4]. Several studies suggest that changes in the microbiota may
contribute to the symptoms of ASD [5], and fecal microbiota trans-
fer therapy has been shown to significantly improve autism symp-
toms [6], suggesting that gut microbiota may contribute to the
pathogenesis of ASD. Yet, limited studies to date explored the
genetics of the gut microbiota in ASD, especially those related to
virulence factors. Virulence factors (VFs) are molecules produced
by bacteria, viruses, fungi, and protozoa that enable a microorgan-
ism to establish itself on or within a host of a particular species and
enhance its potential to cause disease [7].

Our previous work showed gut Immunoglobulin A (IgA) content
to be significantly elevated in the gut lumen of children with ASD
compared to typically developing (TD) children [8]. IgA is an anti-
body that plays a crucial role in the immune function of mucous
membranes, as it regulates antibody responses against commensal
species [9]. Therefore, gut IgA is instrumental in controlling the
composition of commensal microbiota [10]. In return, the IgA con-
tent and diversity in gut is strongly affected by the gut microbiota
[11], where gut IgA content refers to IgA concentration in the gut.

Machinelearning,whichrefers to thestudyofcomputers learning
patters inempiricaldata [12], has started tobeused to identifymark-
ers to distinguish childrenwithASD fromTDchildren.Maenner et al.
developed amachine learningmodel based onwords and phrases to
predictthestatusofASDcases,whichisusedtoevaluatewhetherchil-
dren on surveillance sites meet ASD surveillance criteria [13]. In the
meantime, machine learning methods based on electroencephalog-
raphy data have also achieved good performance in distinguishing
ASD children fromTDchildren,with an accuracyof > 85% indifferent
studies [14–16]. Machine learning methods have also been widely
used in metagenomics research to discover the composition of
disease-related intestinal flora [17,18]. In our previous study, we
found that the tryptophanpathway is associatedwithmajor depres-
sion based on machine learning methods [17]. Recently, machine
learning was used with gut microbiota to classify ASD with an AUC
value of 0.768 [18], yet no studies looked at the genetics of the gut
microbiota for such classification via machine learning. Machine
learning techniques are increasingly being used to understand rela-
tionships between microbial pathogens and mammalian hosts [19]
and are being preferred to othermodelingmethods in genetic inves-
tigations where knowledge about underlying mechanisms remain
insufficient [20], as is also the case with microbial alterations in
ASD. Additionally, viruses in the gut have been implicated in patho-
genesis of certain conditions as they are suggested to induce alter-
ations in DNA of the bowel wall and influence immune homeostasis
[21]. Combining these utilization avenues of machine learning with
implications about gut viruses in pathogenesis and their relations
with the immune system, the present study aimed to predict viru-
lence factor-related gut microbiota (VFGM) genes and investigate
theconnectionof theseVFGMgeneswithASDandgut IgA, andthere-
upon test a machine learning-based classification system for ASD
usingVFGMgenesand IgA. Sincenotmuch isknownabout thegenet-
ics of VFGM in ASD, establishing its connectionswith other reported
physiological alterations in ASD such as immunological aberrations
viaIgAmeasurementsisimportanttounderstandhowthesedifferent
components relate with each other and play a role in the etiology of
ASD.
2. Materials & methods

2.1. Participants

The recruitment of children with ASD and TD has been
described in detail in previous studies [8,24]. In short, the diagnosis
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of ASD followed DSM-5 and the ASD symptoms were further eval-
uated by Childhood Autism Rating Scale (CARS) [25]. The inclusion
criteria for ASD group included being aged between 2 and 8 years
of age and having a diagnosis of ASD according to the criteria of
DSM-5; the inclusion criteria for TD group was being age-
matched typically developing children. The exclusion criteria for
ASD and TD groups were having a diagnosis of mental conditions
other than ASD such as attention-deficit hyperactivity disorder or
obsessive compulsive disorder, and having used antibiotics within
the past month. For all enrolled children, signed informed consent
was obtained from the parents. The protocol of this study was in
accordance with the Declaration of Helsinki and was approved by
the Ethics Committee of Shenzhen Children’s Hospital.

2.2. Clinical phenotype evaluation and gut IgA content detection

Collection of clinical information, the evaluation of gastroin-
testinal (GI) symptoms using Rome IV criteria, collection of partic-
ipant stool samples and IgA content in gut lumen, and shotgun
metagenome sequencing and analysis were performed as detailed
in previous studies [8,26]. Feature GI was used as binary variable
for further analyses. For clinical information collection, the Rome
IV criteria for functional gastrointestinal disorders was used for
evaluating GI symptoms. IgA content in gut lumen was measured
from participants’ stool samples by enzyme-linked immunosor-
bent assay, as in our previous studies [8,26,27]. Fecal supernatant
was added to an ELISA plate pre-coated with goat anti-human
IgA, IgG, IgM antibody (Jackson ImmunoResearch, West Grove,
USA), the plate was incubated at 37 �C for 1 h, then horseradish
peroxidase labeled goat anti-human IgA (Jackson ImmunoRe-
search) was added, and finally absorbance at 450 nm was detected.
Feature IgA was used as continuous variable for further analyses.

2.3. Shotgun metagenome sequencing

Following previously used procedures [24], to collect stool sam-
ples, participants discharged the feces in the designated manure
collection basin, and participants’ parents prepared the medical
disposable stool sampling tubes. They wore gloves, collected feces,
collected the middle section, and avoided inadvertent pollution. If
any contamination was found, they were instructed to resample.
After completion, the samples were quickly frozen and stored in
a refrigerator at �20 �C. On the present or the next day, the
researchers took the sample with an incubator containing dry ice
and stored it in a �80 �C refrigerator for later use.

Shotgun Metagenome sequencing and taxonomic annotation of
shotgun metagenomics dataset were performed, following previ-
ous studies [24,28]. DNA from stool samples were extracted using
StoolGen DNA kit (CWBiotech Co., Beijing, China), and the libraries
were constructed with a TruSeq DNA Sample Preparation kit (Illu-
mina, San Diego, CA, USA), and libraries were sequenced using an
Illumina Hiseq4000 sequencer (Illumina, San Diego, CA, USA),
reads with empty adapter or low quality were filtered out, and
all reads were aligned to the human reference genome Hg19 to fil-
ter out reads with possible human contamination.

2.4. VFGM gene prediction and metagenomic analysis in the present
study

To obtain the VFGM gene composition, we first downloaded the
most recent version of VFDB [29] as a reference VFs database, and
then the reference database was built using Diamond’s [30]
makedb, finally, the Diamond’s blastx method was used to get
VFGM gene abundance profile, where the parameters were
‘‘--evalue 1e-5 --threads 4 --max-target-seqs 1 --outfmt 600.
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The impact of each clinical index on VFGM composition was
evaluated based on Permutational Multivariate Analysis of Vari-
ance Using Distance Matrices (PERMANOVA) method via the use
of VEGAN package (version 2.0–9) in R (Version 3.6.3). Sample
diversity was measured using the formula: normalized Shannon
diversity index =

P
i-log(pi)*pi=logðnÞ, where n is the number of

reads blasted to the VFDB and pi is the frequency of each VFGM
gene i. TheWilcoxon rank-sum test was used to compare the diver-
sity differences between groups, and p values <0.05 were consid-
ered statistically significant. To determine whether the diversity
indices were associated with IgA content, we performed a correla-
tion analysis using cor.test () function in R, and linear regression
analysis using lm () function in R.

To determine whether VFGM gene composition can be used to
distinguish children with ASD from TD children, Linear Discrimi-
nant Analysis (LDA) was also performed using ggord package (ver-
sion 1.1.5, http://fawda123.github.io/ggord/). Differences in VFGM
genes between ASD and TD were determined using Deseq2 pack-
age (version 1.4.5), false discovery rate (FDR)-corrected
p < 0.0001 was considered significant.

In order to visualize the significant differences VFGM genes
between ASD and TD children, and evaluate the correlation
between the VFGM genes and clinical indicators, the violinplot
function and lmplot function of the seaborn package (version
0.10.1) were used to draw the violinplot and lmplot, respectively;
statannot (version 0.2.3) was used for the analysis of differences
between groups, and the selected test method was Mann-
Whitney; the stats function of the scipy package (version 1.5.0)
was used for linear regression analyses.
2.5. Candidate VFs and GBS genes validation with the SRP182132
study

Group B streptococcus, or Streptococcus agalactiae (GBS) genes
accounted for the highest proportion of 24 different VFGMs. As
gut GBS genes abundance and gut IgA level, the potential biomark-
ers of ASD we found [8,26], were positively correlated, we further
evaluated if the different VFGMs, together with GBS VF genes, were
potential ASD markers. For this purpose, the published metagen-
ome data by Kovtun et al. [31] (referred to as the SRP182132 study)
was first downloaded, and then the abundance of 24 different
VFGMs and GBS VF genes were predicted. In short, the 24 different
VFGMs from VFDB and all GBS VF protein sequences from the Vic-
tors pathogen database [32] were downloaded as reference, and
then the reference database was built using Diamond’s [30]
makedb. Finally, the Diamond’s blastx method was used to get
VFs gene abundance profile, where the parameters were ‘‘--
evalue 1e-5 --threads 4 --max-target-seqs 1 --outfmt 600. As men-
tioned before, the differences in VF genes between ASD and TD
were determined using the Deseq2 package (version 1.4.5) and
p < 0.05 was considered significant for the data of the SRP182132
study.
2.6. Machine learning

First, the train_test_split function from the model_selection
module of the sklearn package (version 0.23.1) in Python (version
3.7.6) was used to split the present study and SRP182132 study
into training and test data sets, the set parameters are: test_-
size = 0.4, random_state = 2020; Then, the RandomForestClassifier
from the ensemble module of the sklearn package was imported as
RandomForest model, and the parameters of the RandomForest
model were set as: random_state = 0, n_estimators = 100,
oob_score = True, n_jobs = -1; Then, the RandomForest model
was fitted based on the training data set, the feature_importances_
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function of the RandomForest model was used to rank the impor-
tance of features, and barh function from pyplot module of the
matplotlib package (version 3.2.2) in Python was used to visualize
important features. Finally, the roc_curve and auc function from
metrics module of the sklearn package were used for ROC analysis
and AUC score evaluation on the test samples respectively, and plot
module of the matplotlib package was used for visualization. In
order to get the 95% confidence interval of the AUC score on test
samples, the cross_val_score function from model_selection mod-
ule of the sklearn package was used to perform cross-validation
analysis, the parameter is cv = 5, and the 95% confidence interval
is computed as: scores_cv.mean() ± scores_cv.std() * 1.96.
3. Results

3.1. VFGM gene composition associated with ASD phenotype

A total of 43 children with ASD (7 females, ranged 2–6 years
old), together with 31 TD children (14 females, range 2–5 years
old) participated in this study. The study design was shown in
Fig. 1.

A total of 2580 VFGM genes have been predicted using the VFDB
database. To determine whether the clinical phenotype was signif-
icantly associated with VFGM gene composition, we performed
PERMANOVA analysis, and the results (Supplementary Table 1)
show that the ASD phenotype (p = 0.0001), gut IgA content
(p = 0.0294), and prolonged labor (p = 0.0057) significantly associ-
ated with VFGM gene composition. Other clinical variables, such as
age, sex, GI symptoms, family history of neurological diseases and
other clinical indices, were not associated with VFGM gene compo-
sition. Therefore, we next focused on evaluating the relationships
between IgA content, ASD phenotype, and VFGM gene
composition.

3.2. VFGM gene diversity is positively correlated with IgA content, and
VFGM gene composition distinguishes between children with ASD and
TD children

Since IgA content was significantly associated with VFGM gene
composition, we computed the Shannon diversity of VFGM genes
for each sample and analyzed their correlations with IgA content.
The results showed that VFGM gene Shannon diversity positively
correlated with IgA content (Fig. 2a, p = 0.0347). We also found that
in children with ASD, the gut IgA level was significantly higher
than that of TD children (Fig. 2b and Supplementary Fig. 1a-b,
P < 0.05, Wilcoxon rank sum test). To further assess whether VFGM
gene Shannon diversity was a potential biomarker for ASD chil-
dren, we first compared the difference in VFGM gene Shannon
diversity between ASD children and TD children, and found that
the difference was significant (Fig. 2c). We also found that GI
symptoms and sex were not factors that lead to the difference in
VFGM diversity between children with ASD and TD. (Supplemen-
tary Fig. 1c-d). To evaluate whether VFGM gene composition could
be a potential biomarker for ASD, we performed LDA analysis and
found that ASD cases could be clearly separated from TD cases
based on VFGM gene composition (Fig. 2d).

3.3. Several VFGM genes are differentially enriched in children with
ASD

We next determined whether any of the identified VFGM genes
were specifically enriched or depleted in children with ASD. Using
DESeq2 [26], we identified a total of 24 ASD patient-specific VFGM
gene markers (FDR-corrected p < 0.0001; Supplementary Table 2).
Seventeen VFGM genes were significantly enriched in children

http://fawda123.github.io/ggord/


Fig. 1. Study design flowchart. ASD, Autism Spectrum Disorder; TD, Typical Development; VFDB, virulence factor database; VFGM, virulence factor-related gut microbiota;
IgA, immunoglobulin A.
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with ASD, including two type III secretion system (T3SS) genes,
OspC4 and espA, from species Shigella flexneri 2a str. 301 and Escher-
ichia coli O157:H7 str. EDL933, respectively; two type IV secretion
system genes, lpg2552 and legK2, from species Legionella pneu-
mophila subsp. pneumophila str. Philadelphia 1; two cytolysin genes,
cylI and cylR1, from species Enterococcus faecalis str. MMH594; four
lipopolysaccharide (LPS) genes, acpXL, kfiC, wlaN, and Cj1137c, the
latter two of which are from species Campylobacter jejuni subsp. je-
juni NCTC 11168; and seven capsule and surface antigen-related
genes, csbD, hasA, capC, cpsJ, cpsH, cpsM, and casO, the latter four
of which are from species Streptococcus agalactiae 2603 V/R.

Seven differentially enriched VFGM genes were significantly
depleted in children with ASD compared with TD children, includ-
ing afaC-VII, an afimbrial adhesin AFA-VII (AI014) gene from spe-
cies Escherichia coli str. 239 KH 89; wcbE, a glycosyltransferase
from species Burkholderia pseudomallei K96243; dotB, a Dot/Icm
type IV secretion system ATPase from species Legionella pneu-
mophila subsp. pneumophila str. Philadelphia 1; flgF, a flagellar basal
body rod protein from species Burkholderia pseudomallei K96243;
mtrE, a multidrug efflux pump channel protein gene from species
Neisseria meningitidis MC58; pvdM, a dipeptidase precursor gene
from species Pseudomonas aeruginosa PAO1; and tcpI, a toxin co-
regulated pilus biosynthesis protein I gene from species Vibrio cho-
lerae O1 biovar El Tor str. N16961.

3.4. VFGM genes are related with ASD

To further evaluate the 24 ASD-related VFGM genes, we corre-
lated them with Shannon diversity and IgA content. We found that
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three of nine ASD-enriched VFGM genes, cpsH, cpsJ, and cpsO, were
from Streptococcus agalactiae 2603 V/R, and the abundance of Strep-
tococcus agalactiae 2603 V/R was increased in gut of ASD children
with/without GI symptoms compared with that of TD children,
(Fig. 3a), and the significant increase in gut IgA levels in children
with ASD was independent of the GI symptoms. It is worth noting
that we found that the gut abundance of three GBS VFs, cpsH, cpsJ
and cpsO to be positively correlated with gut IgA levels (Fig. 3b-d).

3.5. Machine learning prediction based on VF

We used the machine learning method RandomForest to evalu-
ate variables, including differential VFGMs, gut VFGMs diversity
index, gut IgA level, and clinical indices for ASD diagnosis. The
importance of variables, which is an indicator in RandomForest
that marks the contribution of a variable to distinguish cases with
ASD from control, is ranked in Fig. 4a and Supplementary Fig. 3a.
Finally, we also used the machine learning method Randomforest
to construct binary classifiers to distinguish the ASD and TD groups
based on VF markers. The performance of binary classifiers was
evaluated with Receiver Operating Characteristic (ROC) curves
and Area Under ROC Curve (AUC) score, where AUC score ranged
from 0.5 to 1 and a higher AUC score indicates better performance
for classifiers. It is worth noting that the three GBS genes (cpsH,
cpsJ, cpsO) had an AUC score of 0.974 (95% CI: 0.83 ± 0.21), and
three GBS genes (cpsJ, cpsH, cpsO) combined with IgA and gut
VFGMs diversity index had an AUC score of 0.958 (95% CI: 0.97 ± 0
.13), top 10 VFs had an AUC score of 1.0 (95% CI: 0.97 ± 0.13)
(Fig. 4b).



Fig. 2. Comparison of VFGM gene between ASD and TD. a, Correlation and linear regression analysis of Shannon diversity index for VGFM and IgA content; b, Comparison of
gut IgA level between ASD and TD children; c. compared VFGM gene diversity between the ASD and TD groups; d, LDA analysis showing that gene composition clearly
distinguishes between children with ASD and TD children; Wilcoxon rank sum test, ***p < 0.001, **p < 0.01, *p < 0.05.
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Given that we have previously found GBS genes to account for
the highest proportion of 24 different VFGMs, and that gut GBS
gene abundance was positively correlated with gut IgA level, we
further evaluated the correlation between VFs of GBS and ASD.
We first downloaded the publicly published ASD gut metagenomic
dataset (SRP182132), where the abundance of gut GBS VF genes,
together with 24 different VFGMs, were predicted. A total of nine
VFs were significantly decreased in gut of ASD compared with con-
trols in the SRP182132 study, including five new GBS genes,
namely YP_329683.1, NP_688616.1, NP_687996.1, NP_688615.1,
YP_330350.1 and five non-GBS VF genes identified in the present
study, namely kfiC, pvdM, mtrE and hasA. Then, we used the
machine learning method Randomforest method to analyze the
importance of these markers (Fig. 4c). The results showed that
top 3 new GBS genes had an AUC score of 0.833 (95% CI:
0.74 ± 0.33) in the SRP182132 study, top 3 new GBS genes com-
bined with two non-GBS VF genes (mtrE and kfiC) had an AUC score
of 0.92 (95% CI: 0.84 ± 0.36) in the data of the SRP182132 study,
and that all 5 new GBS genes combined with 4 non-GBS VF genes
(mtrE, kfiC, pvdM and hasA) had an AUC score of 0.929 (95% CI:
0.87 ± 0.24) in the data of the SRP182132 study (Fig. 4d).
4. Discussion

Autism spectrum disorder (ASD) is a condition that eludes a sin-
gle etiology. The social nature of the impairments it creates both
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delays diagnosis and makes adaptation to mainstream communal
contexts challenging. Early diagnosis and intervention are key in
achieving the best outcomes and improvement in behaviors and
communication. Machine learning approaches hold the potential
to be harnessed to obtain such early diagnosis. To date, machine
learning has been used to classify cases that fall into an ASD diag-
nosis for prevalence surveillances [13] and to distinguish ASD cases
based on gut microbiota genera [18]. In this study, we utilized two
novel parameters, virulence factor-related gut microbiota (VFGM)
genes and IgA, for a machine learning-based classification of ASD.

First, we found that VFGM gene diversity was higher in children
with ASD than in TD children, and was positively correlated with
IgA content in children with ASD. These findings implicated VFGM
and IgA as potential biomarkers to distinguish between children
with ASD and TD children. Using the machine learning method
on VFGM gene diversity, VF markers, and IgA was able to distin-
guish children with ASD and TD.

Among the 17 ASD-enriched VFGM genes, 7 genes were associ-
ated with IgA and Shannon diversity, including 4 VFGM genes,
capC, cpsH, cpsJ, and cpsO encoded surface protein as potential anti-
gen, three of which (cpsH, cpsJ, and cpsO) were derived from Strep-
tococcus agalactiae 2603 V/R. Previous studies have shown that
group B streptococcus (GBS) can induce maternal immune activa-
tion in pregnant mice and leads to autistic-like phenotype in off-
springs [33,34], indicating that streptococcus may be potential
pathogenic factors for ASD. Our results agreed with previous stud-



Fig. 3. Association of VFGM genes with ASD. a, increased abundance of Streptococcus agalactiae 2603 V/R in gut of children with ASD with/without GI symptoms (ASD_GI+/
ASD_GI-) compared with TD children, *, P < 0.05, **, P < 0.01, Wilcoxon Rank Sum test; b-d, increased abundance of Streptococcus agalactiae 2603 V/R gene cpsH (c), cpsJ (d),
and cpsO (e) are associated with rise of gut IgA level.
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ies and suggested that cpsH, cpsJ, and cpsO derived from Streptococ-
cus agalactiae 2603 V/R were potential biomarkers of ASD, and sub-
sequent in-depth studies can help determine whether they are
involved in the etiology of ASD. Three LPS genes, kfiC, Cj1137c,
and wlaN, were significantly enriched in children with ASD and
positively correlated with gut IgA and VFGM gene diversity. Our
results are consistent with previous studies showing that prenatal
exposure to LPS induced maternal immune activation (MIA) and
lead to autistic-like behaviors in rats [35–37]. lpg2552, a T3SS gene
used by pathogenic bacteria to inject virulence proteins into host
immune cells and regulate the immune response [36], and cylI, a
cytolysin protein encoding gene associated with quorum-sensing
autoinduction [37], were also significantly enriched in children
with ASD and positively correlated with gut IgA and VFGM gene
diversity. Previous studies have shown that cytolysin itself may
also stimulate NF-jB-mediated pro-inflammatory responses [38],
and that potential pathogen Enterococcus faecalis has been found
to sense target cells via cytolysin expression [39]. These are consis-
tent with our observations that both cylI and Enterococcus faecalis
were enriched in gut of ASD children compared with TD children.

In terms of machine learning-based classification, the three GBS
genes cpsH, cpsJ, cpsO had an AUC score of 0.974, and when com-
bined with IgA and gut VFGMs diversity index, revealed an AUC
score of 0.958, which is better than the AUC value of 0.768
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obtained when gut microbiome was used for a machine-learning
based ASD classification recently [18]. As GBS is one of the most
common bacteria that infect pregnant women and GBS-induced
maternal immune-activated rats often show behaviors similar to
ASD [33,34], our findings implicate these genes as potential
biomarkers to enable detection of ASD risk from as early as birth.

This study and its findings are important on four levels: First,
previous genetic investigations into ASD have revealed a multitude
of candidate genes that are related to ASD but do not have high
classification value due to their multitude and heterogeneity across
cases. Second, the recent interest in the gut-brain axis in neurode-
velopmental disorders and especially ASD yielded many investiga-
tions into gut microflora differences in ASD, but not much is known
about the differences in VFGM genes of individuals with ASD.
Third, the relationship of these genes with another common corre-
late of the condition, inflammation, and with an ASD diagnosis is
investigated for the first time. Fourth, the value of these two novel
indices in enabling a machine learning-based classification method
of ASD is evidenced.

VFGM gene diversity is thought to reflect the diversity of patho-
genic bacteria in the gut; thus, the higher VFGM gene diversity in
children with ASD may indicate a greater risk for pathogenic bac-
terial invasion compared with TD children. The ‘‘gut–brain axis”
hypothesis proposes a role for the gut in ASD pathogenesis [5],



Fig. 4. GBS genes as potential biomarkers for ASD diagnosis. RandomForest and testing samples were used, a, the rank of top ten importance of VFGM genes, gut VFGMs
diversity index, gut IgA level, and clinical indices for ASD diagnosis in the present study; b, three GBS genes (cpsJ, cpsH, cpsO) had a AUC score of 0.974 in the present study,
three GBS genes (cpsJ, cpsH, cpsO) combined with IgA and gut VFGMs diversity index had an AUC score of 0.974 in the present study; c, the rank of top ten importance of new
GBS genes and clinical indicators for ASD diagnosis in the SRP182132 study; d, top 3 new GBS genes had an AUC score of 0.833 in the SRP182132 study, top 3 new GBS genes
combined with other non-GBS VF genes (mtrE and kfiC) had an AUC score of 0.92 in the data of the SRP182132 study, all 5 new GBS genes combined with other non-GBS VF
genes (mtrE, kfiC, pvdM and hasA) had an AUC score of 0.929 in the data of the SRP182132 study.
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and children with ASD often show gastrointestinal problems [40].
The recent finding that fecal microbiota transfer can improve the
core symptoms of children with ASD [6] suggest an important,
and possibly pathogenic, role for the gut microbiota in ASD. Our
finding that VFGM gene diversity was higher in children with
ASD compared with TD children supports the possibility that
pathogenic gut microbes may be associated with the development
of ASD.

Two forms of IgA are present in the gut lumen; natural
(polyspecific) and antigen-specific. IgA content and diversity are
associated with multiple factors, including subject age, gut micro-
biota composition, and T cell abundance [41]. IgA-responsive bac-
teria can be enriched and identified using the recently developed
method of IgA-seq, a flow cytometry-based bacterial cell sorting
and 16S sequencing method [42]. Recent studies found that bacte-
ria enriched by IgA-seq were directly involved in the development
of inflammation, inflammatory bowel disease (IBD) [44], and
spondyloarthritis [45], Oral W27 IgA, an IgA that specifically binds
to non-beneficial bacteria, is a potential treatment for IBS [46].
Therefore, measuring the gut IgA content is important because
the IgA content may indirectly reflect the composition and diver-
sity of disease-associated gut microbiota. We found that VFGM
gene diversity was positively associated with IgA content, and that
both VFGM gene diversity and IgA content were higher in children
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with ASD (with or without GI symptoms) than in TD children. Thus,
we speculate that children with ASD may carry higher levels of
IgA-responsive bacteria, referring to bacteria that may introduce
host IgA, some of which may be tied to the development of ASD.
Furthermore, although the gut IgA content showed a strong corre-
lation with VFGM diversity in the total sample, this correlation was
revealed to only be present in the ASD group (Fig. 2a), suggesting
that IgA content may be a response to the diversity of VFGM in
ASD children, but not in TD children. Studies have also found that
IgA-responsive bacteria may be associated with IBD etiology
[44,46].

Of the seven ASD-depleted VFGM genes, six were associated
with Shannon diversity and IgA content. The lower VFGM gene
abundance in children with ASD may mean that they have less
exposure to potentially pathogenic bacteria. Our results are consis-
tent with a previous study, which found that less exposure to
potential pathogens Listeria monocytogenes, bacillus species, and co-
rynebacterium species was related to a risk of autoimmune diseases
such as asthma in children [47]. Considering that the presence of
autoimmune diseases is an important risk factor for ASD [48],
and that the occurrence of autoimmune diseases is closely related
to gut microbiota imbalance [49], our observation of VFGM gene
imbalance may imply abnormal immune function in gut of individ-
uals with ASD, which makes sense in relation to the differential IgA
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levels observed in this group. Our study on virulence factors
extends such previous findings to show how they relate with other
immune agents and how they can distinguish the gut microsystem
of individuals with ASD from that of TD individuals.

We recently investigated potential common mechanisms of
action for inflammation and gut microbiota on the neural basis
of ASD, and proposed them to be their effects on neurodevelop-
ment, ASD-susceptibility genes, and intestinal and blood–brain
barrier integrity [50]. Our findings extend this theoretical model
by showing how virulence factor-related gut microbiota genes
can also be important, alongside ASD-susceptibility genes, in regu-
lating the gut microbiota and related inflammatory status of the
gut, and thus may have consequences for ASD neurology. The
recent finding that ASD microbiota induces alternative splicing of
ASD-implicated genes in the brain [51] suggests a connection
between the virulence factor-related gut microbial genes and the
genetic expression in the brain, which may connect the gut and
the brain within the genetic sphere. Another recent finding shows
that oral probiotic administration to pregnant MIA mice prevented
the emergence of ASD-like behaviors normally seen in MIA off-
spring and the MIA-induced increases in pro-inflammatory cytoki-
nes interleukin 6 (IL-6) and IL-17a, suggesting that probiotics may
induce their effects on the gut microbial system in ASD via their
anti-inflammatory effects [52]. Thus, our findings involving VFGM
genes and IgA levels add to the recently emerging modelings of the
gut-immune-brain system for understanding and treating ASD, and
contribute the dimension of genetics to this axis.

Finally, since not all individuals with ASD have abnormal EEG
findings, previous reports of machine learning classification meth-
ods based on EEG may only be applicable to certain subgroups of
individuals with ASD. However, as VFGM gene diversity, IgA
increase, and ASD-enriched VFGM genes were found in this study
to be independent of sex and GI symptoms, basing machine learn-
ing on these parameters may make it more broadly applicable to
larger ASD populations.
4.1. Limitations and future directions

To our knowledge, this is the first study to use a machine
learning-based classification of ASD based on VFGM genes and
IgA levels. However, our study has some limitations, such as the
sex was not perfectly matched between ASD and TD children as
the male-to-female ratio in ASD children reached 4:1 or more,
which reflects the ASD prevalence in the general population. Addi-
tionally, although fungi are also increased in the gut of children
with ASD [51], the reference VFDB database used here contains
only bacterial pathogens.

In the future, we will systematically validate the differentially
enriched VFGM genes in a large-scale study with a larger sample.
We will continue our investigations to verify that these VFGM
genes are ASD-specific markers, and determine whether VFGM
gene diversity and VFGM gene-specific IgA could be used as reli-
able biomarkers before or shortly after birth, since some different
VFs detected in ASD came from the pathogen GBS that can be iso-
lated in pregnant women and newborns. Finally, future investiga-
tions into whether the increase in IgA content is due to VFGM
genes may inform ASD models by providing another puzzle piece
for the mystery of autism etiology.
5. Conclusion

The two important findings of this study are: (1) VFGM gene
diversity positively correlated with IgA content and both VFGM
gene diversity and IgA content were higher in children with ASD.
This suggests a connection between the genetics of VFGM and
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immunological abnormalities in ASD, where potentially higher
levels of IgA-responsive bacteria may relate to the inflammation
observed in individuals with ASD; and (2) VFGM genes were able
to distinguish between ASD and TD children, suggesting a novel
method for early detection and intervention for ASD, which was
supported by machine learning results.

This study has the value of showing a new connection between
gut microbiota and the immune system in ASD, where alterations
in both have been reported in these individuals. It also introduces
VFGM genes into the realm of genetic investigations in ASD and as
a parameter for machine learning-based prediction of ASD. Given
the increasing importance given to gut-brain axis in pathophysiol-
ogy of neurological conditions, VFGM genes may become the next
hot genetic topic in ASD, as candidate genes and epigenetic signa-
tures are yet to reveal promising diagnostic and therapeutic
results.
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