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Environmental factors such as diet are known influencers on gastrointestinal (GI)

microbiota variability and some diseases are associated with microbial stability. Whether

microbial variability is related to symptoms of Autism Spectrum Disorder (ASD) and

how diet impacts microbial stability in ASD is unknown. Herein, temporal variability in

stool microbiota in relation to dietary habits in 2–7 years-old children with ASD (ASD,

n = 26) and unaffected controls (CONT, n = 32) was investigated. Fecal samples were

collected at baseline, 6-weeks and 6-months. Bacterial composition was assessed using

16S rRNA sequencing. Short fatty acid (SCFA) concentrations were analyzed by gas

chromatography. Nutrient intake was assessed using a 3-day food diary and dietary

patterns (DP) were empirically derived from a food frequency questionnaire. Social deficit

scores (SOCDEF) were assessed using the Pervasive Developmental Disorder Behavior

Inventory-Screening Version (PDDBI-SV). GI symptoms were assessed using the GI

severity index. Overall, temporal variability in microbial structure, and membership did

not differ between the groups. In children with ASD, abundances of Clostridiaceae,

Streptophyta, and Clostridiaceae Clostridium, varied significantly, and concentrations of

all SCFAs decreased over time. Variability in community membership was negatively

correlated with median SOCDEF scores. Additionally, Clostridiales, Lactococcus,

Turicibacter, Dorea, and Phascolarctobacterium were components of a more stable

microbiota community in children with ASD. DP1, characterized by vegetables, starchy

vegetables, legumes, nuts and seeds, fruit, grains, juice and dairy, was associated

with changes in species diversity, abundance of Erysipelotricaceae, Clostridiaceae

Clostridium, andOscillospira and concentrations of propionate, butyrate, isobutyrate and

isovalerate in children with ASD. DP2 characterized by fried, protein and starchy foods,

“Kid’s meals,” condiments, and snacks was associated with variations in microbiota

structure, abundance of Clostridiaceae Clostridium, and Oscillospira and changes in all

SCFA concentrations. However, no association between microbial stability and SOCDEF

or GI severity scores were observed. In conclusion, microbiota composition varies

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://doi.org/10.3389/fnut.2019.00193
http://crossmark.crossref.org/dialog/?doi=10.3389/fnut.2019.00193&domain=pdf&date_stamp=2020-01-10
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles
https://creativecommons.org/licenses/by/4.0/
mailto:sdonovan@illinois.edu
https://doi.org/10.3389/fnut.2019.00193
https://www.frontiersin.org/articles/10.3389/fnut.2019.00193/full
http://loop.frontiersin.org/people/312726/overview
http://loop.frontiersin.org/people/312759/overview


Berding and Donovan Diet and Longitudinal Microbial Dynamics in ASD

over time in children with ASD, might be related to social deficit scores and can be

impacted by diet. Future studies investigating the physiological effect of the changes

in specific microbial taxa and metabolites are needed to delineate the impact on

ASD symptomology.

Keywords: autism, microbiota stability, dietary patterns, nutrition, short chain fatty acids

INTRODUCTION

The gastrointestinal (GI) microbiota is increasingly being
recognized for its ability to modulate host physiology, including
host metabolism, immune function, as well as, behavior and
cognition. A growing body of work has implicated that many
neurological and psychiatric diseases can be associated with
an altered microbial composition, including Autism Spectrum
Disorder (ASD). Although it has previously been suggested that
the GI microbiota under normal conditions is relatively stable,
other studies have shown that even in adults the microbiota
composition can be highly variable and changes over the course
of a day (1) or weeks (2, 3) can occur. Thereby, microbial stability
is defined as the “ability to respond to perturbations by resisting
change and returning to the original state” (4). Higher microbial
stability is associated with a healthier microbiota due to the
ability to maintain bacterial function, to resist environmental
stressors and protect against infection by pathogens (5–7). Some
studies suggest that a stable individual microbial core containing
predominant microbial taxa exists, whereas low abundance
members may contribute more significantly to the variation in
the microbiome (3, 8, 9). Likewise, the degree of variation in the
microbiome might be specific to each individual, meaning that
microbial taxa that are stable in one individual might undergo
more variation in another individual (10). Understanding the
long-term variability of the GI microbiota is important as
resistance to environmental stressors and pathogen invasion,
as well as, a rapid return to a baseline state after perturbation
are key features of a healthy microbiome (5, 11). Indeed,
previous studies have linked greater microbiota instability to
certain disease states [e.g., Crohn’s disease, irritable bowel
syndrome (12–14)].

Changes in GI microbial composition over time can be
attributed to environmental factors and diet has been identified as
one of the most influential modifying factors. Although extreme
shifts in the intake of dietary macronutrients and fiber are
associated with short-term changes in the GI microbiota, most
studies have found that these shifts are reversible and that the
GI microbiota returns to a baseline composition (15, 16). On
the other hand, habitual, longer-term dietary patterns might be
more influential on microbial stability and a healthier long-term
dietary pattern could promote a microbial profile that can protect
against the development of certain diseases (17, 18). Previously,
in healthy children a dietary pattern that was characterized by
higher intakes of vegetables and lower intakes of snacks, sweets
and dairy food was associated with greater microbial stability
over a 6-month period, demonstrating a direct relationship
between dietary patterns and temporal variability of the fecal
microbiota (19).

Although increasing evidence is presented for a microbial
dysbiosis in individuals with ASD, little is known about
the temporal variability of the microbiota. Given the new
evidence showing that specific microbes (e.g., Clostridium or
Desulfovibrio) could contribute to some symptoms of ASD
(20, 21), identifying long-term dietary patterns that could
potentially promote the stability of a more beneficial microbiota
composition could be important advances in the understanding
of the microbiota-brain connection in ASD. Thus, the goal of this
longitudinal observational study was to test the hypothesis that
children with ASD will have more variability in their microbiota
compared to unaffected controls over a 6 month period and that
a dietary pattern characterized by higher intakes of healthy foods
such as fruits, vegetables and grains will be associated with amore
stable microbiota composition. We further hypothesized that a
higher degree of microbial variability over time will be associated
with more severe ASD symptoms.

MATERIALS AND METHODS

A detailed description of study design, study population, sample
collection and analysis has previously been described (20) and
is briefly described below. Children between 2- and 7-years-
of-age diagnosed with ASD (ASD; n = 26) and age- and sex-
matched controls (CONT, n = 32) were recruited between
April 2016 and October 2017. Baseline samples were collected
after recruitment and additional samples were collected 6-weeks
and 6-months after baseline sample collection. Introduction
of medication, pre- or probiotics as well as specialty diets
(e.g., gluten-free/casein-free diet) was monitored throughout
the study period. Participants provided oral assent and their
legal guardians provided written consent in accordance with
the ethical standards of the Institutional Review Board of the
University of Illinois at Urbana-Champaign.

Assessment of Microbiota Composition
and Short Chain Fatty Acid Concentration
For each subject, freshly-voided morning stool samples were
collected for the analysis of the fecal microbiota and short chain
fatty acid (SCFA) concentrations as previously described (20).

Microbiome Sequencing
Microbial DNA was extracted from stool using a bead beating
method followed by a combination of QIAamp Fast DNA
Stool Mini Kit (Qiagen, Valencia, CA) and the FastPrep-24
System (MP Biomedicals, Carlsbad, CA) as previously described
(22). The V3 to V4 regions (ca. 430 bp) of 16S rRNA gene
was amplified using established primers (forward, 5′-GTGCCA
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GCMGCCGCGGTAA−3′ and reverse, 5′-GGACTACHVGG
GTWTCTAAT−3′) using the Fluidigm Access Array System and
sequenced using Illumina MiSeq bulk V2 chemistry at the W. M.
Keck Center at the University of Illinois, Urbana-Champaign,
a previously described (23). The 16S rRNA sequences were
processed and analyzed using the QIIME 1.9.1 bioinformatics
package (24, 25). Sequences were demultiplexed and clustered
into operational taxonomic units (OTUs) using closed-reference
OTU picking with default parameters against the Greengenes
13_8 reference OTU database at a 97% similarity level. Singletons
and OTUs with an abundance lower than 0.005% were removed
prior to rarefying to a sampling depth of 49,446 sequences
per sample for subsequent analysis. α- and β- diversity were
calculated using QIIME. Taxonomy summary was performed
using the core diversity script in QIIME.

qPCR
Bacterial genomic DNA was analyzed for total bacteria,
Lactobacillus spp., Bifidobacterium spp. Prevotella, Clostridium
perfringens, C. difficile as well as methylmalonyl-CoA
decarboxylase (mmdA) gene in the succinate pathway
of propionate production and the butyryl-CoA:acetate
CoA acyltransferase (BCoAT) gene in the butyrate
production pathway.

Short Chain Fatty Acids
Sample preparation for and analysis of SCFA concentrations were
performed as previously described (22).

ASD Symptoms Severity Assessment
Parents were asked to complete the Pervasive Development
Disorder Behavior Inventory Screening Version (PDDBI-SV)
(PAR, Inc., Lutz, FL) in order to assess the social deficit symptom
severity. The answers are scored by summing the ratings and
yield an overall T score for the severity of ASD symptoms. A
T-score of 50 is defined as typical of children with ASD. As the
SOCDEF score increases, social communication skills worsen
and challenging behaviors increase (26).

Assessment of Gastrointestinal Symptoms
and Stool Consistency
The severity of GI symptoms was assessed for constipation,
diarrhea, stool smell, flatulence, and abdominal pain in an
adapted version of the GI Severity Index. This version has
previously been used in a study investigating GI health in
children with ASD (27). Additionally, average stool consistency
was assessed using the Bristol Stool Chart (28).

Assessment of Dietary Intake
Information on dietary intake was assessed using a 3-day
food diary and the Youth and Adolescent Food Frequency
Questionnaire (YAQ). To monitor short-term nutrient intake
prior to fecal sample collection, a 3-day dietary food record was
completed the 3 days prior to each sample collection. The food
diary data were analyzed using the Nutrition Data System for
Research (NDSR, Minneapolis, MN, 2014) software to assess
nutrient intake and for comparison to recommended intakes (i.e.,

Recommended Daily Allowance, Adequate Intake). The YAQ
containing 156 food items was completed by the parents to
estimate their child’s usual food and beverage intake over the past
year (29). To estimate the number of servings of any food group,
each response was converted to the corresponding frequency
factor (Harvard T.H. Chan School of Public Health Nutrition
Department’s Food Group Serving Table) and summed over all
the food items to get the average servings of a specific food group
per day.

In addition, information on food intolerances, food
avoidance and nutritional supplement use, including pre-
and probiotics, and medical prescriptions was collected in an
online questionnaire.

Statistics
All data were analyzed using SAS 9.4 (SAS Institute, Cary,
NC). The 16S rRNA sequences were processed and analyzed
using QIIME 1.9.1 bioinformatics software and baseline dietary
patterns (DP) derived from the YAQ using Principal Component
and Factor Analysis with Varimax rotation as previously
described (19). Scores for DP were calculated for each participant
and stratified as either falling above or below the median.
Data in the ASD group was analyzed for significant differences
between the two groups based on DP (above vs. below median).
Variability in diversity measures (α- and β-diversity) was assessed
for participants who provided all three sample (ASD n = 22;
CONT n = 29). Variability of α-diversity (within an individual
over time) was assessed by calculating the coefficient of variation
(CV = standard deviation/mean) for Chao 1 index, observed
OTUs and Shannon index (30). Higher values indicated a more
variable community. The median weighted and unweighted
UniFrac distances for each individual over time were calculated
to determine the variability in community composition over
time (3). Higher median values correspond to more variability
whereas lower median values are indicative of a more stable
microbial community. For both groups, the study population
was divided into stability classes (falling above or below the
median based on median weighted UniFrac distances) in order
to determine which bacteria or dietary measures could contribute
to the stability or instability of the overall composition (3, 7).
Children falling above the median were denoted as less stable
whereas children below the median were denoted as more stable.
Differences in outcome measures were analyzed using mixed
models including participant as a repeated effect. Model fit
was assessed using the Chi-square-to-df ratio. Values <2 were
indicative of an appropriate model fit (1). Factors known to
influence the microbiota composition including age, gender,
body mass index (BMI), season of sample collection, change in
use of medications, probiotics or specialty diet, as well as, food
groups and nutrient intake that changed over the 6-month period
were included as covariates. Spearman correlation was used to
investigate relationships between variability and ASD symptoms.
Data are expressed as median (IQR) or mean ± SD. Level of
significance was set at p ≤ 0.05 and p ≤ 0.10 was considered
a trend. All p-values reported are FDR corrected for multiple
comparisons using the Bonferroni-correction.
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RESULTS

Enrollment and Attrition Rate of Study
Population
From the 32 children enrolled in the CONT group, all subjects
provided samples at the 6-week time point and 29 subjects
provided samples at the 6-month time point. In the ASD group,
from the 26 children enrolled at baseline, 25 children provided
samples at the 6-week time point and 22 at the 6-month
time point. Participant characteristics at baseline are previously
described (20).

Introduction of Medication, Specialty Diets,
or Probiotics
Three children with ASD began medication during the
study, including Clonidine, Conerta (stimulant), and Namenda
(cognitive enhancing medicine). Three CONT children took
medication over the study period, including cold relief
medication or antibiotics. Regarding specialty diets, no children
in the CONT group started a specialty diets. In the ASD
group, four children were following a specialty diet at the 6-
week sample collection and seven children at the 6-month time
point. These diets included the gluten-free/casein-free diet and
other exclusions diets (i.e., decrease sugar alcohols and fructose).
Probiotics were not introduced in either of the groups.

GI Symptoms, Stool Consistency, and ASD
Symptoms
GI symptoms, stool consistency as measured by the Bristol stool
chart and SOCDEF T-scores did not change over the 6-month
study period.

Changes in Nutrient and Food Group Intake
From Baseline to 6-Month Post-baseline
Nutrient intake from the 3-day food records were analyzed for
changes over the 6-month period to determine the potential
impact of diet on the temporal variability of the GI microbiota.
In the ASD group, a decrease in intake of vitamin A (p = 0.02)
and vitamin E (p = 0.08), was observed. In the CONT group, no
significant changes in nutrients were observed. Regarding intake
of food groups, no changes were observed in the ASD group. In
the CONT group, intake of starchy vegetables (p = 0.04) and
protein foods (p = 0.03) increased from baseline to 6-week and
6-month post-baseline with the greatest intake at the 6-week time
point (Supplemental Table 1).

Temporal Microbial Diversity and Changes
in Microbial Taxa
α- and β-diversity, bacterial abundance at the phyla level,
expression of mmDA and BCoAT as well as the count of bacteria
assessed by qPCR did not differ between the time points in either
group (data not shown).

When comparing temporal variability between children with
ASD and unaffected controls, no differences in variability in
community membership (unweighted UniFrac) and structure
(weighted UniFrac) (Figure 1) as well as temporal variability
within each group quantified by the coefficient of variation

FIGURE 1 | Plots of variability measured by unweighted (A) and weighted (B)

UniFrac distance in children with ASD and CONT. Temporal variability in

β-diversity did not differ between the groups.

(CV) of species richness (Chao 1 Index and observed OTUs)
and diversity (Shannon and Simpson Index) (Figure 2) did
not differ. Analyzing changes in specific microbial taxa showed
that different bacteria changed over a 6-month period in each
group. In ASD children, abundance of Streptophyta (p = 0.07)
increased whereas abundances of Clostridiaceae (p = 0.01), and
Clostridium (p = 0.003) decreased over the 6-month study
period, with the highest abundance of Clostridiaceae being
observed at the 6-week time point. In CONT children, the
abundance of Enterobacteriaceae was increased (p = 0.01) and
Enterococcus tended (p = 0.08) to increase over the 6-month
study period (Table 1).

Association Between Microbial Variability
and ASD Symptoms
In children with ASD, variability based on community
membership (unweighted UniFrac) tended to be negatively
correlated (ρ = −0.38; p = 0.07) with median SOCDEF scores
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FIGURE 2 | Temporal variability measured by coefficient of variation (CV) in α-diversity measures. Data expressed as median (IQR). There was not difference between

the groups. CV is shown for (A) Chao 1 Index, (B) Observed OTUs, (C) Shannon Index and (D) Simpons Index. CV - Coefficient of variation; ASD - children with

Autism spectrum disorder; CONT - control group; Data expressed as mean ± SEM.

TABLE 1 | Measures of relative abundance of bacterial genera in feces that

differed between time points in children with ASD and CONT.

Bacterial taxa (%

of sequences)

Baseline

(n = 26)

6-weeks p.-b.

(n = 25)

6 months p.-b.

(n = 22)

ASD

Bacterial order

Streptophyta 0 (0–0.001) 0 (0–0.005) 0.002 (0–0.02)†

Bacterial family

Clostridiaceae 0.28 (0.14–1.5) 0.53 (0.16–1.47) 0.25 (0.08–0.49)†

Bacterial genus

Clostridaceae_

Clostridium

0.33 (0.05–0.66) 0.19 (0.07–0.42) 0.06 (0.03–0.14)*

CONT

Bacterial taxa (%

of sequences)

Baseline

(n = 32)

6-weeks p.-b.

(n = 32)

6 months p.-b.

(n = 29)

Bacterial family

Enterobacteriaceae 0.02

(0.007–0.12)

0.02 (0.01–0.39) 0.03 (0.005–0.11)†

Bacterial genus

Enterococcus 0 (0–0.001) 0 (0–0.002) 0.001 (0–0.002)†

Data expressed as median (IQR); within same group and row, significant at FDR-corrected

*p ≤ 0.05; †p ≤ 0.1; p.-b., post-baseline.

over the 6-month period (Figure 3). The diversity within each
child with ASD (based on CV for α-diversity measures) was not
associated with SOCDEF scores.

SCFA Concentrations From Baseline to
6-Month Post-baseline
In ASD, a statistically significant decrease in the concentration of
acetate (p= 0.01), propionate (p= 0.05), butyrate (p= 0.02), and
isobutyrate (p = 0.01) and a trend for a decrease in isovalerate
(p = 0.05) and valerate (p = 0.09) concentrations was observed
over time. In CONT, SCFA concentrations did not change
over the 6-month study period (Figures 4A,B). Dietary fiber
consumption did not change in either group over the 6-months
study period (Figure 4C).

Bacterial Taxa and Dietary Factors
Contributing to Microbial Variability
In order to determine whether specific bacterial taxa could
contribute to a more or less stable microbial structure in both
groups, differences in the average relative abundance of bacterial
taxa and dietary factors between children dichotomized by
stability category (more stable vs. less stable) were assessed.
In children with ASD, Clostridiales (p = 0.05), (p = 0.05),
Lactococcus (p = 0.002), Turicibacter (p = 0.04), Dorea
(p = 0.04), and Phascolarctobacterium (p = 0.05) were more
abundant in children with ASD whose microbiota structure
was temporally more stable over a 6-month period (Figure 5).
Measures of bacterial richness and diversity as well as SCODEF
T-score and GI symptoms severity scores did not differ based on
stability category.
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FIGURE 3 | Association between social deficit scores and unweighted

UniFrac distance. Children with ASD and less variability in community

membership measured by the median unweighted UniFrac distance had

higher social deficit scores.

Regarding dietary intake, children with ASD that had a
more stable microbial community had higher intake of total
protein (p = 0.06) whereas children with ASD categorized as
having lower microbial stability had higher intake of condiments
(p= 0.03) (Table 2).

CONT children with a more stable microbial community
tended to have higher species diversity as measured by the
Shannon index (p = 0.1) compared to children with a less stable
microbiota. Verrucomicrobia (p = 0.05), Enterobacteriaceae
(p = 0.09), and Akkermansia (p = 0.02) were more abundant
in CONT children with a more unstable microbiota. On the
other hand,Adlercreutzia (p= 0.04), Faecalibacterium (p= 0.07),
and Sutterella (p = 0.01) and Bilophila tended (p = 0.06) to be
more abundant in CONT children with a more stable microbiota
community over the 6-month study period. Regarding dietary
intake, CONT children with a more stable microbiota had higher
intakes of whole grains (p = 0.04), vegetables (p = 0.05), fish
(p= 0.01), and condiments (p= 0.03) and a tendency (p= 0.09)
for higher intake of sweetened beverages, whereas children with a
less stable microbiota had higher intakes of Kid’s meals (p= 0.03)
(Supplemental Table 2).

Nutrient and Food Group Intake,
Microbiota Stability, and SCFA
Concentrations Over 6-Month Period
Based on Baseline DP in Children With ASD
In order to determine whether microbial stability was impacted
by baseline dietary patterns, changes in microbiota abundance
and SCFA concentrations in children with ASD were investigated
based on dietary patterns. The process for determining dietary
patterns was as previously described (20).

Dietary Pattern 1
In children above the median in DP1, intake of servings per
day of fruit (p = 0.05) and added sugars (p = 0.05) decreased
and servings of vegetables (p = 0.06), and total carbohydrates
(p = 0.09) tended to decrease over the 6-month study period

(Table 3). Regarding the microbial variability composition, no
difference in temporal variability of α-diversity community
membership (unweighted UniFrac), structure (weighted
UniFrac), or SCFA concentrations was observed (Table 4;
Supplemental Figure 1; Supplemental Table 3), but relative
abundance of Erysipelotrichaceae (p = 0.05) increased and
abundance of Clostridiaceae Clostridium (p = 0.03) decreased
over the study period (Table 4).

More changes in nutrient and food group intake and
microbiota composition were observed in children with ASD
below the median in DP1. An increase in servings per day of
legumes, nuts and seeds (p = 0.1), and refined carbohydrates
(p = 0.01) was observed in children below the median in
DP1 (Table 3). Regarding the microbiota composition, species
diversity based on Shannon index (p = 0.002), decreased in
children below the median in DP1. Additionally, abundance of
Clostridiaceae Clostridium (p= 0.02), and Oscillospira (p= 0.04)
decreased over the 6-month study period in children below
the median in DP1 (Table 4). Lastly, concentrations of butyrate
(p = 0.02) decreased and propionate (p = 0.08), isobutyrate
(p = 0.09) and isovalerate (p = 0.06) tended to decrease in
children below the median in DP1 (Table 4).

Dietary Pattern 2
Community structure variability (median weighted UniFrac)
tended (p = 0.07) to differ based on DP2. Children above
the median in DP2 tended to have higher variability (higher
median values) compared to children below the median
(Figure 6). There was no difference based on DP2 in median
unweighted UniFrac or temporal variability of α-diversity
(Figure 6, Supplemental Table 3).

Children with ASD falling above the median in DP2 tended
to have decreased intakes of vitamin A (p = 0.1) and sodium
(p = 0.1) (Table 3). Regarding the microbiota composition
a decrease in the abundance of Clostridiaceae Clostridium
(p= 0.01) andOscillospira (p= 0.04) was observed. Additionally,
concentrations of butyrate (p = 0.02), isobutyrate (p = 0.02),
isovalerate (p = 0.02) and valerate (p = 0.04) decreased and
propionate tended (p = 0.08) to decrease in children above the
median in DP2 (Table 4).

Children with ASD falling below the median in DP2 tended
to have increased (p = 0.09) intakes of refined carbohydrates
and decreased (p = 0.1) intakes of vitamin E (Table 3). The
microbial profile was characterized by a trend for decreases in
Clostridiaceae Clostridium (p = 0.06). Acetate (p = 0.04) and
propionate (p= 0.02) concentrations also decreased significantly
in children falling below the median in DP2-ASD (Table 4).

SOCDEF and total GI severity scores did not significantly
change over time in either dietary pattern in children with ASD.

DISCUSSION

Increasing evidence supports microbial dysbiosis in children
with ASD and some studies suggest that specific bacterial taxa
might be associated with some symptoms of ASD (20, 21, 31).
Additional evidence indicates that microbial instability could be
linked to some diseases such as Crohn’s or Irritable Bowel Disease
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FIGURE 4 | SCFA concentrations and dietary fiber intake at baseline and 6-months post-baseline (p.-b.) in children with ASD (ASD) and unaffected controls (CONT).

Concentration of all SCFAs decreased in children with ASD whereas SCFA concentrations in CONT remained stable. (A) LSCFA and (B) BSCFA concentrations at

baseline and 6-months post-baseline for ASD and CONT; (C) Dietary fiber intake at baseline and 6-months post-baseline for ASD and CONT; LSCFA, linear short

chain fatty acids (acetate, propionate, butyrate); BSCFA, branched short chain fatty acids (Isobutyrate, isovalerate, valerate); p.b. - post-baseline; data expressed as

median (IQR); *p ≤ 0.05; †p ≤ 0.1.

(8, 12). However, to the best of our knowledge no studies have
investigatedmicrobial stability in children with ASD andwhether
it could be linked to symptom severity. Additionally, various
environmental factors, such as host health (32), genetics (33), age,
and diet (19) are known to influence the abundance of bacterial
taxa. Achieving a balanced dietary intake can often be challenging
in children with ASD (34) and dietary interventions (i.e., gluten-
free/casein-free diet) are commonly used by parents in an effort
to alleviate some symptoms of ASD (35). However, how habitual
dietary patterns are potentiality correlated with the microbiota
stability in children with ASD is unknown.

To address this gap in the literature, three fecal samples as well
as information on diet were collected from children with ASD
and unaffected controls over a 6-month period. Additionally,
symptoms of children with ASD were assessed at each time point
in order to investigate microbial stability in relation to dietary
patterns and symptoms of ASD. Changes in the microbiota
composition with different bacterial taxa contributing to a stable
microbiota were observed in both groups. Although microbial
stability was associated with baseline dietary patterns and food
intake, the severity of social deficits and GI symptoms were not
associated with a microbial profile linked to baseline dietary

patterns. Thus, this study provides preliminary evidence that
that long-term eating patterns in children with ASD impact
the temporal variability of the microbiota; additional research is
needed to further delineate the potential impact on symptoms
of ASD.

Recent studies have linked microbial stability to certain
diseases and mood (8, 12–14, 36, 37). Contrary to our hypothesis,
neither the overall diversity within an individual, nor the
variability in community structure and membership across time
differed between children with ASD and unaffected controls.
Likewise, the previously reported temporal changes in the α-
and β-diversity of study populations (3) were not observed in
either group. Yet, other studies have reported that the microbial
community might be relatively stable over time (38–40). Even
though overall microbial structure did not change significantly,
changes in individual bacteria as well as in microbial metabolites
were observed in this cohort.

In children with ASD, a trend toward changes in the
abundance of bacteria with potential interest to ASD
symptomology (e.g., Clostridiaceae, Clostridiaceae Clostridium)
were detected. Interestingly, the variation in the abundance of
Clostridiaceae Clostridium seemed to be independent of dietary
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FIGURE 5 | Bacterial taxa that differed significantly among stability categories in children with ASD. Relative abundance for (A) Clostridiales, (B) Ruminococcaceae,

(C) Coriobacteriaceae, (D) Dorea, (E) Lactococcus, (F) Phascolarctobacterium, and (G) Turicibacter differed between more and less stable categories in children with

ASD. Data expressed as median (IQR); *p ≤ 0.05; †p ≤ 0.1; Individuals in the ASD group were assigned to a category of stability based on falling above or below the

median of median weighted UniFrac distances.
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factors. Higher abundances of Clostridium are often observed
in the ASD population (41, 42) and it has been hypothesized
that Clostridium contributes to ASD symptoms due to the
production of entero- and neurotoxins (43). Additionally,
the abundance of Clostridiales was increased in children with
ASD who developed GI symptoms at or around the same time
of ASD diagnosis, suggesting that this bacterial order could
potentially contribute to symptom development (44). Previous
studies have reported that Clostridiaceae, a family within the
order of Clostridiales, was more prevalent in adults with a more
variable microbiota composition over a 3-month period (3).
Surprisingly, in this cohort, Clostridiales was more abundant

TABLE 2 | Nutrient and food group contributing to stability categories in children

with ASD.

Less stable (n = 13) More stable (n = 13)

Food group (servings/day)a

Fish 0 (0–0.14) 0.04 (0–0.14) †

Condiments 0.36 (0–0.5) 0.08 (0–0.4)*

Nutrientb

Total protein (g) 43 (34–49) 52 (31–68) †

Data expressed as Median (IQR); FDR-corrected *p ≤ 0.05; †p ≤ 0.1; Individuals in the

ASD group were assigned to a category of stability based on falling above or below the

median of median weighted UniFrac distances.
aFood groups derived from food frequency questionnaire.
bNutrient intake derived from 3-day food diary.

in children with ASD and a more stable microbiota. Since
Clostridiales has been associated with ASD symptomology it
could be hypothesized that a stable microbiota that is high in
bacteria within the Clostridiales order in children with ASD
might be less beneficial and associated with persistent ASD
symptomology. However, it is important to note that genera
and species within Clostridiales also include commensals with
potentially beneficial effects (45–49). Thus, future studies at
the species level are required to delineate whether a stable
microbiota is more beneficial in children with ASD. Likewise,
further research is warranted to elucidate which species within
the Clostridiales order could potentially promote a more stable
microbiota in children with ASD. Other microbial genera
with a potentially stabilizing effect in the ASD population (i.e.,
Lactococcus, Turicibacter, Phascolartobacterium) have been
described as beneficial symbionts. Lactic acid bacteria, such as
Lactococcus, could have beneficial functions through production
of anti-microbial compounds, modulation of the host’s immune
response (50, 51) and counteracting the virulence factor of
pathogenic bacteria such as Staphylococcus aureus (52). Low
abundance of Phascolartobacterium was associated with the
presence of inflammation in IBD (53) suggesting potential
anti-inflammatory effects of these genera.

In the unaffected control group, different bacterial taxa were
identified as stabilizing and destabilizing bacteria and similar to
previously published literature, species diversity was associated
with a more stable microbiota over the 6-month period (3).
Surprisingly, this relationship was not observed in children with

TABLE 3 | Changes in nutrient intake baseline to 6 months in children with ASD based on DP.

Above Median Below Median

Baseline 6-weeks p.-b. 6 months p.-b. Baseline 6-weeks p.-b. 6 months p.-b.

(A) Dietary pattern 1

Food Group (servings/day)a

Fruit 3.0 (2.7–3.6) 2.5 (1.6–2.7) 1.9 (1.4–2.7)* 1.0 (0.5–2.3) 1.1 (0.6–2.1) 1.8 (0.8–2.6)

Vegetables 1.7 (0.9–2.4) 0.7 (0.6–1.1) 0.9 (0.7–1.3)† 0.3 (0.08–0.7) 0.6 (0.4–1.3) 0.5 (0.2–0.9)

Legumes, nuts and

seeds

0.4 (0–0.8) 0.08 (0–0.14) 0.1 (0–0.3) 0.1 (0.1–0.16) 0.1 (0.1–0.3) 0.22 (0.1–0.9)*

Refined

carbohydrates

1.1 (0.9–1.7) 1.02 (0.9–1.2) 1.3 (0.8–1.4) 0.9 (0.5–1.1) 1.4 (1.2–1.5) 1.1 (0.9–1.9)*

Nutrientb

Total carbohydrate

(g)

194 (143–220) 173 (162–194) 133 (102–182)† 173 (151–209) 141 (112–254) 182 (117–209)

Added sugars (g) 31 (24–42) 36 (19–42) 21 (12–26)† 36 (19–42) 35 (22–55) 20 (17–55)

(B) Dietary pattern 2

Refined

Carbohydrates

0.9 (0.8–1.4) 1.2 (1.0–1.3) 0.9 (0.7–1.2) 0.9 (0.6–1.2) 1.1 (0.9–1.4) 1.5 (0.9–1.8)†

Nutrientb

Vitamin A (µg) 412 (282–565) 395 (198–488) 252 (96–445)† 441 (278–651) 315 (234–475) 275 (218–321)

Sodium (mg) 1985 (1687–2228) 1891 (1635–2245) 1445 (1199–2133)† 1891 (1635–−2245) 1660 (1461–2180) 1825 (1470–2019)

Vitamin E (µg) 5.8 (4.2–7.9) 5.7 (3.9–6.8) 5.4 (3.5–6.5) 6.5 (4.5–9.5) 5.6 (4.2–7.4) 4.2 (3.5–5.7)†

Data expressed as median (IQR); FDR-corrected *p≤0.05; †p≤0.1; p.b., post-baseline.
aFood groups derived from food frequency questionnaire.
bNutrient intake derived from 3-day food diary.
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TABLE 4 | Changes in relative abundance of bacterial genera and SCFA based on DP in children with ASD.

Above Median Below Median

Baseline 6-weeks p.-b. 6 months p.-b. Baseline 6-weeks p.-b. 6 months p.-b.

(A) Dietary pattern 1

Bacterial richness/diversity

Shannon Index 5.3 (4.7–5.5) 5.2 (4.6–5.6) 5.1 (4.7–5.6) 5.7 (5.2–6.1) 5.3 (5.0–5.8) 4.8 (4.3–5.3)†

Bacterial taxa (% of sequences)

Erysipelotrichaceae 0.3 (0.12–0.98) 0.98 (0.22–1.23) 0.9 (0.33–1.44)† 0.51 (0.22–1.29) 0.59 (0.51–0.92) 0.25 (0.13–1.35)

Clostridium 0.33 (0.11–0.66) 0.11 (0.07–0.33) 0.09 (0.03–0.11)† 0.23 (0.05–0.49) 0.26 (0.09–0.50) 0.05 (0.03–0.11)†

Oscillospira 0.43 (0.25–0.52) 0.35 (0.23–0.44) 0.32 (0.27–0.65) 0.37 (0.29–0.56) 0.15 (0.11–0.37) 0.14 (0.07–0.25)*

SCFA

Acetate 155 (214–229) · 98 (76–136) 173 (131–242) · 126 (84–211)

Propionate 50 (39–77) · 30 (23–41) 55 (51–90) · 38 (39–59)†

Butyrate 49 (37–74) · 29 (22–38) 65 (42–76) · 29 (23–47)*

Valerate 6.8 (4.7–8.1) 4.9 (1.4–5.5) 6.8 (4.7–8.1) · 3.9 (2.9–5.6)

Isobutyrate 6.2 (4.2–7.6) · 5.5 (4.7–7.1) 7.8 (4.5–10) · 3.9 (2.3–4.6)†

Isovalerate 8.5 (5.5–11) · 7.6 (6.7–11) 11.7 (6.3–15) · 4.8 (3.2–6.4)†

(B) Dietary pattern 2

Bacterial taxa (% of sequences)

Erysipelotrichaceae

Clostridium 0.23 (0.05–0.49) 0.28 (0.06–0.44) 0.05 (0.03–0.14)† 0.42 (0.17–0.66) 0.13 (0.08–0.39) 0.07 (0.02–0.16)†

Oscillospira 0.38 (0.37–0.52) 0.28 (0.13–0.40) 0.17 (0.13–0.29)† 0.43 (0.21–0.56) 0.34 0.17–0.40) 0.34 (0.26–0.67)

SCFA

Acetate 200 (131–255) · 150 (78–211) 143 (110–246) · 102 (74–127)*

Propionate 68 (51–90) · 38 (28–59)† 50 (39–61) · 29 (23–42)*

Butyrate 67 (41–76) · 26 (23–43)* 49 (37–74) · 29 (10–49)

Valerate 7.8 (6.5–10.8) 4.5 (2.9–5.6)* 4.1 (0.9–5.6) 4.1 (0.9–5.6)

Isobutyrate 9.4 (6.2–11.5) · 4.6 (2.3–6.9)* 5.4 (3.7–7.2) · 5.1 (3.8–6.9)

Isovalerate 13 (8–15.5) · 6.4 (3.2–8.4)* 6.7 (5.5–10.6) · 7.5 (4.7–10.4)

Data expressed as median (IQR); within same group and row, significant at FDR-corrected *p ≤ 0.05; †p ≤ 0.1; p.b., post-baseline.

FIGURE 6 | Differences in weighted and unweighted UniFrac distances based

on DP2 in ASD. Children with ASD falling above the median in DP2 tended to

have higher variability in community structure measured by weighted UniFrac

distance than children below the median; Data expressed as median (IQR);
†p ≤ 0.1.

ASD. Thus, further investigation of this association is warranted,
but it could indicate that diversity might affect stability differently
depending on the health state of the host. Contrary to our

hypothesis we also observed that children with ASD who have
less changes in presence and absence of OTUs (based on
unweighted UniFrac distance) had higher social deficit scores.
Although less variability is considered to be more beneficial
due to the ability to maintain bacterial functions over time
and to resist pathogen invasion (6), less variability in ASD
could correspond to a constant presence of pathogenic bacteria
that could affect symptomology. The physiological significance
of these bacterial changes observed in this ASD population,
especially Clostridiaceae Clostridium, is unknown. Here, changes
in the symptom severity of social deficits or GI symptoms did not
change over the 6-month period. Thus, future studies potentially
collecting samples more frequently, including a larger sample
size, and measuring other symptoms associated with ASD are
needed to investigate microbial temporal variability in children
with ASD as well as the impact of environmental factors and the
importance for health outcomes of this variability.

Changes in SCFA concentrations, specifically acetate,
propionate, butyrate, isovalerate and valerate, in children
with ASD were observed over time, but no changes were
observed in CONT children. These variations could be due
to changes in substrate availability, in the capacity of the
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bacteria to produce SCFAs or SCFA absorption by the host.
Here, we did not find significant changes in the mmDA
and BCoAT genes in children with ASD, suggesting that
the decrease in fecal SCFA concentrations could be due to
increased absorption by the host, as opposed to decreased
production by the bacteria. Previous research has indicated
that considering stability based on microbiota function is
important (54), as compositional changes might not reflect
functional changes due to functional redundancy (55). Changes
in microbial metabolites, such as SCFAs, could have important
health implications since associations between host health and
SCFAs have been established (56) and higher levels of SCFAs
were observed in children with ASD (57). Thus, it could be
proposed that fluctuations in SCFA concentrations could be
associated with host responses due to the impact of SCFAs on
GI health (32) and the potential as serving as a messenger in
the communication between the GI microbiota and brain (58).
Since changes in social deficit or GI symptoms were not detected
herein, future studies are needed to elucidate the potential
physiological importance of SCFA fluctuations in children
with ASD.

Exploring the impact of diet on the microbial stability in
children with ASD is important in order to identify potential
modifiable environmental influences in promoting microbial
stability. In childrenwith ASDwhowere also below themedian in
the healthier DP1, a reduction of species diversity was observed,
suggesting that the diversity within an individual in this cohort
could be more impacted in children scoring low on a healthy
eating pattern. Moreover, community structure measured by
weighted UniFrac distance tended to change more in children
above the median in DP2, indicating the potential that an
unhealthier dietary pattern rich in animal-based and processed
foods might have a more significant impact on the relative
abundance of bacteria in this population. This observation could
support previous literature suggesting that the relative abundance
of bacterial taxa that are persistently present in the GI tract
might be a more significant contributor to temporal dynamics
(3). Furthermore, animal-based diets increased β-diversity in
humans (15) and individuals following a Western-diet had a
decreased diversity compared to individuals following a plant-
based diet (59).

Although only a few bacterial taxa were changed in association
with dietary patterns in children with ASD, some of the shifts
were distinct for each dietary pattern. For example, a decreased
intake of healthy foods, such as fruit and vegetables, in children
above the median in DP1 coincided with a trend for an increase
in potentially pathogenic bacteria such as Erysipelotrichaceae.
Erysipelotrichaceae could be correlated with inflammation (60)
and immunomodulation that drives intestinal disease such as
colitis (61) and was more abundant in patients with intestinal
diseases (e.g., Crohn’s Disease, Clostridium difficile infection)
(62). Furthermore, differences in some SCFA concentrations
were observed based on dietary patterns, suggesting that
the overall the functional capability to produce SCFA could
potentially also be affected by habitual dietary intake in children
with ASD.

Overall, less variations than expected were observed in overall
structure and abundance of bacterial taxa in this population of
children with ASD. The lack of significant changes in individual
bacterial taxa could be explained by the relative stability of the
microbiota based on α- and β- diversity matrices, as well as
the small sample size, the limited amount of samples collected
for each participant and the time between collection time
points. Additionally, since no associations with GI symptoms or
social deficit scores were observed throughout the analyses, the
physiological relevance of the temporal variability observed in
microbial taxa and metabolites remains to be determined. The
lack of association with could potentially be explained by the
relative stability of ASD symptoms over time (63) as well as the
potential that the microbiota could potentially have a stronger
impact on other symptoms of ASD (i.e., repetitive behaviors) as
well as on associated symptoms (e.g., irritability). Nevertheless,
the preliminary data reported herein can inform future studies
including a larger number of subjects with more frequent stool
sampling and measuring other symptoms of ASD to further
identify the microbial stability in this population and to analyze
how microbial variability potentially impacts symptomology.

Despite these limitations, the results reported herein provide
preliminary evidence that the microbiota composition of
children with ASD could vary over time and that diet might
play an important role in determining stability of microbiota
in this population. Future studies investigating the longitudinal
dynamics in the GI microbiota and factors contributing
to stability or instability are warranted. Our analyses are
strengthened by including factors known to influence the
microbiota composition, such as changes in dietary intake and
medication (64) as covariates in the longitudinal analysis. To
the best of our knowledge, this is the first study investigating
longitudinal dynamics of the GI microbiota in children with
ASD. Understanding the environmental factors that determine
the functional and compositional changes in the GI microbiota
could provide important evidence for the development of
intervention strategies for microbiota-associated diseases such
as ASD.
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