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ABSTRACT Changes in the gut microenvironment may influence the pathogenesis
of autism spectrum disorders (ASD). Here, we investigated the composition of the
gut microbiota and metabolites in children with ASD. Ninety-two children with ASD
and 42 age-matched children exhibiting typical development (TD) were enrolled in
the two-stage study. In the discovery stage, shotgun metagenomic sequencing and
liquid chromatography-mass spectrometry (LC-MS) were performed simultaneously
on fecal samples obtained from 43 children in the ASD group and 31 children in the
TD group. Systematic bioinformatic analyses were performed to identify gut metabo-
lites associated with altered gut microbiota composition. At the validation stage, dif-
ferential metabolites were tested using LC-MS with an additional 49 and 11 children
in the ASD and TD groups, respectively. Altered glutamate metabolites were found
in the ASD group, along with a decline in 2-keto-glutaramic acid and an abundance
of microbiota associated with glutamate metabolism. These changes in glutamate
metabolism were correlated with lower levels of the highly abundant bacteria Bacte-
roides vulgatus and higher levels of the potentially harmful Eggerthella lenta and
Clostridium botulinum. Lower gut cortisol levels have also been identified in the ASD
group and associated with changes in gut microbiota glutamate metabolism. Finally,
gut 2-keto-glutaramic acid was validated as a potential biomarker for ASD. The sig-
nificant changes in the gut microenvironment in children with ASD may provide
new insight into the cause of ASD and aid in the search for diagnostic and thera-
peutic approaches.

IMPORTANCE Multiple lines of evidence suggest that the gut microbiota may play
an important role in the pathogenesis of ASD, but the specific mechanism is still un-
clear. Through a comprehensive gut metagenomic and metabolome study of chil-
dren with ASD, alterations in gut metabolite composition were found in children
with ASD, and these alterations were linked to changes in gut microbiota composi-
tion. This may give us a deeper understanding of the role of gut microbiota in the
pathogenesis of ASD.

KEYWORDS autism, glutamate, gut microbiota, liquid chromatography-mass
spectrometry, metabolome, metagenome

Citation Wang M, Wan J, Rong H, He F, Wang
H, Zhou J, Cai C, Wang Y, Xu R, Yin Z, Zhou W.
2019. Alterations in gut glutamate metabolism
associated with changes in gut microbiota
composition in children with autism spectrum
disorder. mSystems 4:e00321-18. https://doi
.org/10.1128/mSystems.00321-18.

Editor Chaysavanh Manichanh, Vall d’Hebron
Research Institute

Copyright © 2019 Wang et al. This is an open-
access article distributed under the terms of
the Creative Commons Attribution 4.0
International license.

Address correspondence to Mingbang Wang,
Mingbang.wang.bgi@qq.com, Zhaoqing Yin,
zhaoqingyin99@sina.com, or Wenhao Zhou,
zhouwenhao@fudan.edu.cn.

M.W., J.W., H.R., and F.H. contributed equally to
this work.

Received 12 December 2018
Accepted 21 December 2018
Published 29 January 2019

RESEARCH ARTICLE
Host-Microbe Biology

crossm

January/February 2019 Volume 4 Issue 1 e00321-18 msystems.asm.org 1

https://orcid.org/0000-0002-5989-5377
https://doi.org/10.1128/mSystems.00321-18
https://doi.org/10.1128/mSystems.00321-18
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
mailto:Mingbang.wang.bgi@qq.com
mailto:zhaoqingyin99@sina.com
mailto:zhouwenhao@fudan.edu.cn
https://crossmark.crossref.org/dialog/?doi=10.1128/mSystems.00321-18&domain=pdf&date_stamp=2019-1-29
https://msystems.asm.org


Autism spectrum disorders (ASD) affect 2.24% of children aged 3 to 17 years in the
United States (1), and there is currently no feasible laboratory diagnostic or

effective cure for the condition (2). Multiple lines of evidence have shown that the gut
microbiota may play an important role in the pathogenesis of ASD through the
“gut-brain” axis (3); in patients with ASD, changes in the gut environment, initiated
through a fecal microbiota transplantation (FMT), can improve the core symptoms of
ASD (4). Indeed, in the clinical trial conducted by Kang et al., after an open-label fecal
transplantation in 18 patients with ASD, sixteen of eighteen (88.8%) patients had a
significant improvement in GI problems, and the core syndromes of ASD were also
significantly improved (4). In the ASD mouse model, which exhibits abnormal gut
metabolites, fecal transplantation can correct the metabolite abnormalities and im-
prove behavioral abnormalities in these mice (5). An increasing number of studies have
shown that the gut metabolites also play an important role in ASD (5). For example, the
ASD mouse model showed a significant increase in the level of the metabolite
4-ethylphenol sulfate, which can be lowered by administration with Bacteroides fragilis
(5), whereas other gut metabolites, such as short-chain fatty acids (SCFAs), which
originate from microbiota, can regulate blood-brain barrier permeability and affect
animal behavior (6). These studies suggest that changes in the gut microenvironment
in patients with ASD may play an important role in the pathogenesis of the disorder.
However, most of the current research focuses on understanding the taxonomic
composition of the gut microbiota in these patients and rarely simultaneously explores
the composition of gut metabolites (3). Therefore, studying the gut microbiota and
metabolite composition simultaneously in patients with ASD could be critical to our
understanding of the etiology of ASD.

In the present study, fecal samples were collected from children with ASD or those
exhibiting typical development (TD), and shotgun metagenomic sequencing and liquid
chromatography-mass spectrometry (LC-MS)-based metabolomics were performed to
identify gut metabolites and microbiota composition associated with ASD.

RESULTS
Subject characteristics. A total of 92 children with ASD and 42 children exhibiting

TD were enrolled in the study (as detailed in Table S1 in the supplemental material).
Demographic information and statistical analyses are shown in Table 1. A flowchart of
our study design and analysis is shown in Fig. S1 in the supplemental material. In short,
the study was divided into two stages. The gut metagenome and metabolome studies
were carried out at the discovery stage with 42 children in the ASD group and 31
children in the TD group. At the validation stage, an additional 49 children with ASD
and 11 children with TD were included for the metabolome study.

Gut metagenomic composition of ASD. The gut microbiota alpha diversity was
compared between children in the ASD and TD groups. We found a significantly lower
species richness in the guts of children with ASD compared with children with TD (P
value of �0.000111 [Fig. 1a]). To determine whether the gut microbiota can effectively

TABLE 1 Demographic and clinical characteristics of study subjects

　Characteristic
　

Value for characteristic
at the discovery stage 　

P valuea

Value for characteristic
at the validation stage 　

P valueASD TD ASD TD

No. of subjects 43 31 NA 49 11 NA
Gender (no. of females/no. of males) 7/36 14/17 0.0183274 7/42 6/5 0.008637198
Age (yr) 4.51 � 2.23 3.14 � 1.73 0.0515 5 � 2.8 6.8 � 3.7 0.149023209
Method(s) Metagenome and

LC-MS/MS
Metagenome and

LC-MS/MS
NA LC-MS/MS LC-MS/MS NA

GI problems (no. of subjects without GI
problems/no. of subjects with GI problems)

24/19 0/31 NA NA NA NA

IgA (OD450) 1.62 � 0.24 1.24 � 0.38 0.0000163 NA NA NA
aNA, not applicable.
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distinguish between the groups, a principal-component analysis (PCA) was performed,
with principal component 1 (PC1) and PC2 explaining 6.5% and 5.43% of the variation,
respectively. Furthermore, PC2 could effectively distinguish between children with ASD
and TD (Fig. 1b). This distinction between ASD and TD in children based on gut
microbiota was also confirmed by NMDS analysis (Fig. S2a and b). Next, we explored the
difference in gut microbiota at both the taxonomical and functional levels and found
significantly higher levels of the phylum Actinobacteria in children in the ASD group
than in children in the TD group (P value of �0.05 [Fig. 1c]). The abundance of
Eggerthella lenta in the phylum Actinobacteria was significantly negatively correlated
with PC2 (Fig. 1d).

To understand the differences in the structural and functional composition of the
gut microbiota between children in the ASD and TD groups, an MWAS was performed,
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FIG 1 Altered gut microbiota composition in children with ASD. (a) The Chao 1 value for gut microbiota is significantly lower in the ASD group than in the
TD group; this means a lower richness in gut microbiota in children with ASD. ***, P � 0.001 by Wilcoxon rank sum test. (b) Principal-component analysis of
the gut microbiota composition at the species level shows that the two principal components (PC1 and PC2) can explain 6.5% and 5.43% of the variation,
respectively. Distinctions among the groups are clearer at the PC2 level. (c) The abundance of the phylum Actinobacteria is significantly higher in children with
ASD than in children in the TD group. *, P � 0.05 by Wilcoxon rank sum test. (d) PC2 (bacterial species level) is significantly negatively correlated with Eggerthella
lenta abundance.
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and 19 significantly different taxons were found; 11 taxons were significantly higher in
children in the ASD group compared with those in the TD group, including three
Clostridium taxons, Clostridium botulinum A3 strain Loch Maree, Clostridium botulinum
Ba4 strain 657, and Clostridium cellulolyticum, two Eggerthella taxons, Eggerthella lenta
and Eggerthella lenta DSM 2243, and two Klebsiella taxons, Klebsiella pneumoniae and
Klebsiella pneumoniae subsp. pneumoniae. Eight taxons were significantly lower in
children in the ASD group than in the TD group, including the highly abundant
Bacteroides vulgatus, Betaproteobacteria, Campylobacter jejuni subsp. jejuni 81-176,
Campylobacter jejuni subsp. jejuni ICDCCJ07001, “Candidatus Chloracidobacterium ther-
mophilum B”, Coraliomargarita akajimensis DSM 45221, Proteus mirabilis, and HI4320
Spirochaeta thermophila DSM 6192. Among the 14 significantly different functional
pathways, 11 were significantly elevated in children in the ASD group compared with
the TD group, including pathways associated with benzoate degradation and tyrosine
metabolism pathways. Three pathways were significantly lower in the ASD group,
including pathways related to D-glutamine and D-glutamate metabolism and neu-
rotransmitter metabolism. The differential gut microbiota compositions are listed in
Table S2.

To further understand the biological significance of these differences in gut micro-
biota composition, we performed correlation and regression analyses. As expected, the
differences in gut microbiota taxons and pathway were associated, it is worth noting
that the significantly higher abundance of the potentially harmful bacteria Clostridium
botulinum and Eggerthella lenta and lower abundance of Bacteroides vulgatus in chil-
dren with ASD were correlated with higher levels of gut microbiota of D-glutamine and
D-glutamate metabolism pathways (Fig. S3a), and aromatic amino acid metabolism
pathway: benzoate degradation (Fig. S3b), naphthalene degradation (Fig. S3c) and
tyrosine metabolism pathways (Fig. S3d).

Gut metabolomic composition of ASD. To gain a deeper understanding of the
composition of the gut microenvironment in children with ASD, a fecal metabolome
analysis was performed based on LC-MS/MS. A total of 297 metabolites were detected,
among which 123 and 174 were detected in positive mode (ESI�) and negative mode
(ESI�), respectively. PCA analysis showed that PC1 and PC2 were able to explain 9.87%
and 6.78% of the variation, respectively. Furthermore, children in the ASD and TD
groups could be clearly distinguishedon the basis of the metabolites (Fig. 2a and
Fig. S2c and S2d).

Through an MWAS performed on the gut metabolome data set, we identified a total
of 31 significant differential metabolites between the ASD and TD groups, 14 of which
were significantly higher in children in the ASD group, including two bile acid deriva-
tives, taurocholic acid and chenodeoxycholic acid 3-sulfate. The remaining 17 metab-
olites were significantly lower in the ASD group (Table S2). To interpret the biological
meaning of these differences, we performed a pathway enrichment analysis. Interest-
ingly, those metabolites that were significantly lower in children with ASD were
associated with alanine, aspartate, and glutamate metabolic pathways (Fig. 2b), includ-
ing three metabolites: 2-keto-glutaramic acid, L-aspartic acid, and fumaric acid. Thus,
the reduction of metabolites in the intestinal microenvironment mainly affects alanine,
aspartate, and glutamate metabolism and implies altered neurotransmitter metabo-
lism.

Gut metagenome-metabolome association. To understand whether the key
changes in the gut metabolites were linked to gut microbiota composition of children
with ASD, we first performed a regression analysis of the 31 differential metabolites and
metagenome components (PC1/2) and found that around half (16/31) of the metabo-
lites were significantly correlated with PC1/2, and as expected, most (15/16) were
significantly correlated with PC2 (data not shown), which may imply that alterations in
gut metabolites are linked to changes in gut microbiota composition. Furthermore, we
associated the differential metabolites with differential metagenome components; the
results showed that not only can most metabolites be correlated with gut microbiota
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FIG 2 Changes in the gut metabolome of children with ASD are significantly associated with changes in the gut microbiota. (a) PCA analysis of gut metabolome
data. The effect of gut metabolites in children with ASD and TD children is effective. (b) Differential gut metabolites can be significantly enriched in alanine,
aspartate, and glutamate metabolism and phenylalanine metabolism pathways. (c) Differential metabolites are related to the gut microbiota functional
pathway. The gut metabolites L-2-keto-glutaramic acid and aspartic acid are positively associated with the gut microbiota pathways of D-glutamine and
D-glutamate metabolism, and gut metabolites benzaldehyde and L-phenylalanine are negatively correlated with gut microbiota pathways of naphthalene
degradation and tyrosine metabolism. A color key is shown to the right of the heatmap to show the size of the correlation coefficient; red represents a positive
correlation. The � and � symbols in each lattice represent a significant positive and negative correlation, respectively.
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composition at the taxon level (Fig. S4), they can also be correlated with gut microbiota
composition at the functional level (Fig. 2c). It is interesting that altered (reduction) gut
microbiota glutamate metabolism (Fig. S5 part A) was found and linked to an alteration
in the gut hormone 11-deoxy PGF2 (Fig. S5 part B), and changes in the gut hormone
cortisol were associated with an increase in potentially harmful bacteria Eggerthella
lenta DSM 2243; furthermore, altered aromatic metabolism in the guts of children with
ASD were also found. Altered aromatic metabolism was linked to the gut hormone
cortisol and associated with changes in the abundance of Bacteroides vulgatus and
bacilli (Fig. S5 part C).

No significant differences in dietary patterns were found between ASD and TD
children (Table S3). We evaluated the impact of important clinical phenotypes (e.g., GI
problems and gender) on the core differential taxons and metabolites. We found no
association between having a GI problem and the presence of Bacteroides vulgatus,
Eggerthella lenta, Clostridium botulinum, 2-keto-glutaramic acid, or cortisol (Fig. S6).
Similarly, gender had a limited impact on the presence of core differential taxons and
metabolites (Fig. S7).

Finally, to further validate whether differential gut metabolites are potential bio-
markers for ASD, we collected fecal samples from 49 children with ASD and 11 children
with TD and tested for differences using LC-MS/MS and a systematic metabolomic
analysis. We found that as in the discovery phase, metabolites involved in glutamate
metabolism (e.g., 2-keto-glutaramic acid) were significantly lower in the guts of children
with ASD (Fig. 3c and d).

DISCUSSION

Multiple lines of evidence indicate a role for excitatory/inhibitory imbalance,
especially abnormalities in the excitatory neurotransmitter glutamate, in the patho-
genesis of ASD (7, 8). In support of this, we found that 2-keto-glutaramic acid,
L-aspartic acid, and fumaric acid, which are involved in glutamate metabolism, were
significantly lower in the guts of children with ASD than in children with TD. Our
results are consistent with a study by Tebartz van Elst et al., which found signifi-
cantly lower glutamate signals in the anterior cingulate cortex and cerebellum of
patients with ASD compared with healthy controls (9). Altered gut microbiota
associated with glutamate metabolism has been linked to human health. Liu et al.
found that a lower abundance of the glutamate metabolic bacteria Bacteroides
thetaiotaomicron is linked to obesity (10), and Olson et al. found that the antiseizure
effect of the ketogenic diet is linked to gut microbiota-regulated glutamate levels
(11). We found that metabolites associated with glutamate metabolism, 2-keto-
glutaramic acid, L-aspartic acid, and fumaric acid, are associated with gut microbi-
ota. We also found that a lower abundance of two strains of Campylobacter jejuni,
81-176 and ICDCCJ07001, were associated with lower levels of fumaric acid in the
guts of children with ASD. Campylobacter jejuni has been reported to activate
glutamate synthesis (12), and therefore, a lower abundance of Campylobacter jejuni
may affect the synthesis of glutamate, which in turn would have an indirect impact
on glutamate metabolism.

We found that the hypothalamic-pituitary-adrenal (HPA) axis-associated human
hormone cortisol was significantly lower in children with ASD than in children with TD.
Cortisol is a fear-related hormone synthesized in response to activity in the HPA axis.
Abnormal cortisol concentrations have been detected in the sera of patients with
ASD (13), and cortisol levels are thus currently considered to be associated with ASD
(14, 15); however, little is known about the role of cortisol in the pathogenesis of
ASD. We found that lower levels of cortisol in the gut were positively correlated
with higher abundance of potentially harmful Clostridium botulinum and Eggerthella
lenta and were positively correlated with a lower abundance of Bacteroides vulgatus.
Together with previous studies (16), our results suggest that the cortisol-mediated
HPA pathway may be involved in the pathogenesis of ASD through altered gut
microbiota composition.
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We found that aromatic compounds such as epinephrine, benzaldehyde, and cin-
namic acid were significantly lower in children with ASD than in children with TD.
Epinephrine is a neurotransmitter transformed from tyrosine, and studies have shown
that epinephrine can regulate animal behavior, especially fear-related behavior (17),
with epinephrine-deficient mice exhibiting impaired conditional fear responses (18).
Given that fear and anxiety are important comorbidities for children with ASD (19), we
believe that altered epinephrine levels could be associated with ASD. Indeed, in
support of this hypothesis, we found that children with ASD have significantly lower
epinephrine levels than those with TD. Benzaldehyde is an aromatic compound with
antimicrobial and antioxidant functions, and its lower level in the gut may reflect an
alteration in gut oxidative stress. We found that the lower levels of benzaldehyde were
strongly associated with a higher abundance of the potentially harmful Eggerthella
lenta and Clostridium botulinum, which supports the previous hypothesis that children
with ASD have defective gut oxidative stress mechanisms and colonization of abnormal
microbiota (20). We also found that cinnamic acid, an aromatic compound, was
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FIG 3 Gut 2-keto-glutaramic acid is a potential marker of ASD. (a) A higher level of gut 2-keto-glutaramic acid is associated with a lower abundance of gut
microbiota involved in the D-glutamine and D-glutamate metabolism pathways. (b) A lower abundance of the usually highly abundant Bacteroides vulgatus is
significantly correlated with lower levels of D-glutamine and D-glutamate metabolic pathways in the guts of ASD children. (c and d) Significantly lower levels
of gut 2-keto-glutaramic acid at the discovery and validation stages, respectively. Values that are significantly different by the Wilcoxon rank sum test are
indicated by bars and asterisks as follows: **, P � 0.01; ***, P � 0.001.
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significantly lower in ASD children. Cinnamic acid can be converted from phenylal-
anine under the catalysis of the enzyme phenylalanine ammonia-lyase; however,
phenylalanine ammonia-lyase is a nonmammalian enzyme, found only in plants and
bacteria (21, 22).

This study has some innovations. First, the shotgun-based metagenomic sequencing
method is conducive to the study of gut microbiota composition at the functional level.
Second, conducting metagenome and metabolome studies on the same batch of
samples allowed us to identify the gut microbiota composition and metabolites
associated with ASD. However, there is limitation in the present study given that it
is difficult to distinguish whether the metabolites are from the host or the gut
microbiota.

In conclusion, alterations were found in the gut metabolite composition in
children with ASD, and these alterations were linked to changes in gut microbiota
composition. The hypothesized mechanism based on key gut metabolites and gut
microbiota composition (Table 2) are summarized in Fig. 4. In short, we found that
children with ASD have abnormalities in aromatic compounds, glutamate metab-
olism pathways, and bile acid metabolism in the gut, and these changes are
associated with a higher abundance of Eggerthella lenta bacteria and Clostridium
botulinum and lower levels of Bacteroides vulgatus. These findings are helpful
toward the development of new methods for the diagnosis of ASD based on gut
microbiota and metabolites.

MATERIALS AND METHODS
Study participants. A total of 92 children with ASD and 42 children exhibiting TD were recruited at

the Shenzhen Children’s Hospital. Forty-three children with ASD and 31 children with TD were enrolled
in the discovery stage for both shotgun metagenome sequencing and metabolome analyses, and an
additional 49 children with ASD and 11 children with TD were enrolled in the validattion stage for
metabolome analyses. The inclusion and exclusion criteria for ASD and TD were as described in our
previous study (23) and are detailed in the supplemental material. A diagnosis of ASD was based on
guidelines set out in the Diagnostic and Statistical Manual of Mental Disorders, 5th edition. The protocol
for clinical information collection, including GI problems was detailed in our previous study (24), in which
the Rome IV criteria for functional gastrointestinal disorders (25) was used for evaluating GI problems.
Dietary habits were investigated through questionnaires. Stool samples were collected from each
participant and stored at �80°C before use. The study protocol was in accordance with the Declaration
of Helsinki and was approved by the Ethics Committee of Shenzhen Children’s Hospital. Written informed
consent was obtained from the children’s parents.

Shotgun metagenome sequencing and analysis. Shotgun metagenome sequencing was
performed as described in our previous study (26). Briefly, we used the StoolGen fecal DNA

TABLE 2 Key gut microbiota composition and metabolites responsible for distinguishing among children with ASD and children with
typical development

Marker names Marker type Description
FDR value
(Deseq2)

Regulation
mode

D-Glutamine and D-glutamate metabolism Gut microbiota pathways Glutamate metabolism 5.5893E-05 Down
2-Keto-glutaramic acid Gut metabolites Glutamate metabolism 0.009440927 Down
L-Aspartic acid Gut metabolites Glutamate metabolism 0.015566567 Down
Bacteroides vulgatus Gut microbiota taxons Glutamate-fermenting commensal 0.005836312 Down
Benzoate degradation Gut microbiota pathways Aromatic compound metabolism 0.012717845 Up
Naphthalene degradation Gut microbiota pathways Aromatic compound metabolism 0.025979256 Up
Tyrosine metabolism Gut microbiota pathways Aromatic compound metabolism 0.011855325 Up
Benzaldehyde Gut metabolites Aromatic compound metabolism 0.00746784 Down
L-Phenylalanine Gut metabolites Aromatic compound metabolism 0.014748155 Down
L-Tyrosine Gut metabolites Aromatic compound metabolism 0.004732451 Down
Chenodeoxycholic acid 3-sulfate Gut metabolites Gut bile acid metabolism 0.046136738 Up
Taurocholic acid Gut metabolites Gut bile acid metabolism 0.028487916 Up
Epinephrine Gut metabolites Gut hormone 0.019309289 Down
11-Deoxy PGF2 Gut metabolites Gut hormone 1.36591E-10 Down
Cortisol Gut metabolites Gut hormone 1.99163E-07 Down
Eggerthella lenta Gut microbiota taxons Bile acid metabolism taxons 0.013429179 Up
Clostridium botulinum A3 strain Loch Maree Gut microbiota taxons Bile acid metabolism taxons 0.021268458 Up
Clostridium botulinum Ba4 strain 657 Gut microbiota taxons Bile acid metabolism taxons 0.033169563 Up
Eggerthella lenta DSM 2243 Gut microbiota taxons Bile acid metabolism taxons 0.010687164 Up
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extraction kit (CWBiotech Co., Beijing, China) to extract genomic DNA, which was quantified using
NanoDrop 2000 (Thermo Scientific, Foster City, CA, USA). A total of 5 �g (or more) of DNA was
required for library construction using the TruSeq DNA sample preparation kit (Illumina, San Diego,
CA, USA). Libraries were sequenced using an Illumina Hiseq4000 sequencer (Illumina). Metagenome

FIG 4 Schematic diagram of the gut pathway and metabolites involved in the pathogenesis of ASD. The gut microenvironment of children with ASD
is characterized by altered glutamate metabolism, which is associated with a lower abundance of bacteria such as Bacteroides vulgatus, a species with
glutamate metabolism, which may directly affect neurotransmitter inhibition/excitatory imbalance. Children with ASD also exhibit alterations in gut
metabolites, such as lower levels of aromatic compounds and higher levels of bile acids, which are related to higher abundance of Eggerthella lenta and
Clostridium botulinum. Children with ASD also show altered levels of the stress hormone cortisol, which implies an impact to the gut microbiota via the
hypothalamic-pituitary-adrenal (HPA) axis. Abbreviations: AAT, aspartate aminotransferase; �-KG, �-ketoglutaric acid; GABA, gamma-aminobutyric acid;
GABA-T, GABA transaminase; GAD, glutamic acid decarboxylase; GLN, glutamine; GLU, glutamic acid; TCA, tricarboxylic acid.
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analysis was carried out according to our previous studies (26, 27) and detailed in the supplemental
material.

The gut microbiota diversity analysis was performed using Vegan’s diversity function in the R
package at species level data. For alpha diversity-based comparison, the Chao 1 value was computed by
Vegan’s estimate function. The diversity values for children with ASD and TD are displayed using the
boxplot function in R package. For beta diversity-based comparison, principal-component analysis was
performed using the ade4 function in R package, and the top two principal components are shown using
the dudi.pca function in the R package. Nonmetric multidimensional scaling (NMDS) was performed
using Bray-Curtis distance.

To identify gut microbiota composition associated with ASD, a metagenome-wide association
analysis (MWAS) was performed according to our previous study (28). The taxonomic composition at the
kingdom, phylum, class, order, family, genus, and species levels were used. Briefly, the Wilcoxon rank sum
test method and DEseq2 (29), which consider the relative ranking to normalize the basic data were used
to identify gut microbiota taxonomic and functional composition associated with ASD. The cutoffs for
significant differential taxonomic composition were as follows: mean relative abundance of �0.002%,
and false-discovery rate (FDR)-corrected P values of �0.05 for both Wilcoxon rank sum test and Deseq2.
The cutoffs for significant differential pathways were as follows: mean relative abundance of �0.1%;
FDR-corrected P values of �0.05 for both Wilcoxon rank sum test and Deseq2; coverage of �0.99;
and |Deseq2 log fold change| of �0.15.

Liquid chromatography-mass spectrometry analysis. Liquid chromatography-mass spectrometry
(LC-MS) was performed according to a previous study (30) and the method is detailed in the supple-
mental material. In short, metabolites were first separated by liquid chromatography using the Acquity
Ultra Performance LC-QTOF system (Waters Corporation, Milford, MA, USA) and further detected using
quantitative time-of-flight mass spectrometry (Waters Corporation). The acquired data were processed
using Masslynx 4.1 software (Waters Corporation) to obtain a two-dimensional data matrix containing
retention time (RT), positive mode or negative mode mass-to-charge ratio (MZ), observations (sample),
and peak intensity. Differential gut metabolites between children in the ASD and TD groups were
selected according to the Wilcoxon rank sum test and the Deseq2 difference analysis, with cutoffs of
FDR-corrected P values of �0.05, |Deseq2. log fold change| of �0.45, and mean metabolite abundance
of �0.08%. Differential metabolite-associated pathways were enriched using the on-line metaboanalyst
4.0 software (https://metaboanalyst.ca) (31).

Metagenome-metabolome association analysis. The linear relationship between metabolites and
gut microbiota composition was evaluated using the lm function in R’s regression analysis package and
Spearman rank correlation analysis between gut metabolites, taxons abundance, and microbiota path-
ways were evaluated using the cor and cor.test functions in the R package. FDR-corrected P values of less
than 0.05 and an absolute value of Spearman correlation coefficient of more than 0.3 were considered
significant.

Data availability. The metagenome sequencing data set has been uploaded to European Nucleotide
Archive under accession no. PRJEB23052. The LC-MS data sets generated and algorithms/scripts used to
analyze in this study are available from the corresponding author upon request.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/

mSystems.00321-18.
FIG S1, PDF file, 0.2 MB.
FIG S2, PDF file, 0.1 MB.
FIG S3, PDF file, 0.1 MB.
FIG S4, PDF file, 0.05 MB.
FIG S5, PDF file, 0.2 MB.
FIG S6, PDF file, 0.1 MB.
FIG S7, PDF file, 0.1 MB.
TABLE S1, XLSX file, 0.01 MB.
TABLE S2, XLSX file, 0.01 MB.
TABLE S3, XLSX file, 0.01 MB.
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