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Abstract

Autism spectrum disorder (ASD) is associated with several oropharyngeal abnormalities,
including buccal sensory sensitivity, taste and texture aversions, speech apraxia, and salivary
transcriptome alterations. Furthermore, the oropharynx represents the sole entry point to the
gastrointestinal (Gl) tract. Gl disturbances and alterations in the GI microbiome are established
features of ASD, and may impact behavior through the “microbial-gut-brain axis.” Most studies of
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the ASD microbiome have used fecal samples. Here, we identified changes in the salivary
microbiome of children aged 2—6 years across three developmental profiles: ASD (7= 180),
nonautistic developmental delay (DD; 7= 60), and typically developing (TD; n= 106) children.
After RNA extraction and shotgun sequencing, actively transcribing taxa were quantified and
tested for differences between groups and within ASD endophenotypes. A total of 12 taxa were
altered between the developmental groups and 28 taxa were identified that distinguished ASD
patients with and without GI disturbance, providing further evidence for the role of the gut-brain
axis in ASD. Group classification accuracy was visualized with receiver operating characteristic
curves and validated using a 50/50 hold-out procedure. Five microbial ratios distinguished ASD
from TD participants (79.5% accuracy), three distinguished ASD from DD (76.5%), and three
distinguished ASD children with/without GI disturbance (85.7%). Taxonomic pathways were
assessed using the Kyoto Encyclopedia of Genes and Genomes microbial database and compared
with one-way analysis of variance, revealing significant differences within energy metabolism and
lysine degradation. Together, these results indicate that GI microbiome disruption in ASD extends
to the oropharynx, and suggests oral microbiome profiling as a potential tool to evaluate ASD
status.

Lay Summary:
Previous research suggests that the bacteria living in the human gut may influence autistic
behavior. This study examined genetic activity of microbes living in the mouth of over 300
children. The microbes with differences in children with autism were involved in energy
processing and showed potential for identifying autism status.

Keywords

microbiome; autism spectrum disorder; developmental delay; oropharynx; saliva; gastrointestinal
disturbance

Introduction

The microbiome of the gastrointestinal (GI) tract is essential for mammalian physiology,
aiding digestion, synthesis, and absorption of important nutritional components such as
amino acids, folate, and B vitamins [Preidis & Versalovic, 2009]. Accumulating evidence
suggests that the GI microbiome also influences host behavior and neurodevelopment
through the “microbial-gut-brain axis” [Cryan & O’Mahony, 2011]. This axis represents an
evolving concept of microbial-mediated cross talk between the central nervous system
(CNS) and Gl tract that occurs through several different modalities, including direct neural
activation, immune modulation, and hormonal, peptidergic, and epigenetic signaling [de
Theije et al., 2014].

Although the exact mechanisms remain enigmatic, it is also now increasingly clear that
alterations in the GI microbiome and gut-brain axis occur in a range of neuropsychiatric and
neurodevelopmental disorders, including autism spectrum disorder (ASD) [Mayer, Padua, &
Tillisch, 2014]. In fact, a disproportionate number of ASD patients suffer from Gl
comorbidities, including constipation, chronic diarrhea, abdominal pain, and
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gastroesophageal reflux [Horvath & Perman, 2002]. Although nearly 50% of ASD risk is
attributable to genetic variations (such as nucleotide polymorphisms and copy number
variants) [Sandin et al., 2017], it is possible that gene—environment interactions could act
through the gut-brain axis (under the influence of the GI microbiome) and significantly
modulate ASD risk [Finegold et al., 2002]. Microbial influence on serotonin levels provides
a striking example of this [O’Mahony, Clarke, Borre, Dinan, & Cryan, 2015].
Polymorphisms in the serotonin transporter gene contribute to the risk of ASD [Yirmiya et
al., 2001]. However, the majority of serotonin synthesis occurs in intestinal enterochromaffin
cells, through the conversion of tryptophan into serotonin via tryptophan hydroxylase
[Reigstad et al., 2015]. The GI microbiome enhances serotonin synthesis via the effects of
short-chain fatty acids on enterochromaffin cells [Yano et al., 2015]. Once synthesized, most
serotonin acts within the gut to promote intestinal motility, although some of it passes into
the peripheral circulation and can potentially impact the CNS, particularly during early brain
development. Thus, disturbance of the gut microbiome could alter serotonin signaling,
acting in concert with a child’s genetic background.

Building on this idea of gene—environment interactions, there is accumulating evidence for
disrupted gut-brain signaling in ASD [Frye, Rose, Slattery, & MacFabe, 2015]. For example,
a recent study of 13 children with regressive-onset autism and Gl comorbidities identified
increased levels of fecal Clostridium and nonspore-forming anaerobes compared to those
seen in typically developing (TD) controls [Finegold et al., 2002]. Disturbances in fecal
Clostridium abundance have also been reported in two additional ASD microbiome studies
[Parracho, Bingham, Gibson, & McCartney, 2005; Song, Liu, & Finegold, 2004]. Other
investigations have noted alterations in the Bacteroides/Firmicutes ratio in children with
ASD, though the directionality of those changes conflict [Finegold et al., 2010; Tomova et
al., 2015; Williams et al., 2011]. Additional reports also implicate Lactobacillus, Prevotella,
Sutterella, Desulfovibrio, and Veillonellaceae alterations in patients with ASD [Adams,
Johansen, Powell, Quig, & Rubin, 2011; Vuong & Hsiao, 2017; Wang et al., 2013]. The lack
of consensus between studies is challenging, but may be explained, in part, by the relatively
small sample sizes used to explore a highly heterogeneous disorder. The small size of these
investigations has also prevented subdivision of ASD participants into phenotypic subtypes.
A larger scale approach could provide valuable insights into the relationship of the
microbiome to autistic behavior, GI pathology, and immune function.

The potential role of the microbiome in ASD also gains strong support from several animal
studies that have modulated social behaviors through dysbiosis, and ameliorated those
symptoms with restoration of gut microbes [Buffington et al., 2016; Kumar & Sharma,
2016]. Parallel findings have even been reported in humans with ASD. For example, studies
of antibiotic therapy with vancomycin or cycloserine [Urbano et al., 2014] have been able to
temporarily mitigate some of the behavioral symptoms in ASD patients [Sandler et al.,
2000]. A recent study of fecal microbiota transfer therapy in 18 children with ASD also
demonstrated improvements in bacterial diversity alongside improvements in parent-
reported Gl and ASD symptoms [Kang et al., 2017]. These effects persisted for 8 weeks
after intervention.
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It is worth noting that nearly all studies of the ASD microbiome have focused on the lower
Gl tract. However, the oropharynx, which serves as the sole entry point to the Gl tract, also
represents a site of ASD pathology [Jaber, 2011]. Children with ASD suffer from increased
rates of motor (speech; Tierney et al., 2015) and sensory (food texture; Cermak, Curtin, &
Bandini, 2010) pathology in the mouth and we have previously described epitranscriptomic
changes in the saliva of children with ASD [Hicks, Ignacio, Gentile, & Middleton, 2016].
This led us to posit that perturbations in the oral microbiome might also occur in children
with ASD.

Here, we interrogate the human oral microbiome using high-throughput shotgun
metatranscriptome data from the oropharynx of 180 children with ASD, 106 TD controls,
and 60 children with nonautistic developmental delay (DD). We hypothesized that organisms
identified by previous studies with altered abundance in the lower Gl tract of ASD
individuals would demonstrate changes in transcriptional activity in the oropharynx.
Furthermore, we posited that specific microbiome communities would: (a) differentiate ASD
endophenotypes and (b) correlate with expression of mRNAs related to neuro-hormone
signaling and metabolic regulation.

This cross-sectional, observational, case control study was approved by the Independent
Review Boards at the Penn State College of Medicine and the State University of New York
Upstate Medical University. Written informed consent was obtained from the parents of all
children who participated in the study.

Children ages 26 years (/7= 346) were enrolled in the study. Participants were divided into
three groups (ASD, n=180; TD, n=106; DD, n= 60) based on developmental status. ASD
was defined by a clinician consensus diagnosis, using criteria specified in the Diagnostic and
Statistical Manual of the American Psychiatric Association, Fifth Edition (DSM-5). TD
participants included children with negative ASD screening on the Modified Checklist for
Autism in Toddlers—Revised, and children who met typical developmental milestones on
standardized physician assessment (e.g., survey of well-being in young children; parents’
evaluation of developmental status). The DD group included children with an ICD-10
diagnosis of DD (e.g., expressive speech delay, intellectual disability, behavioral concern)
who did not meet DSM-5 criteria for ASD on clinician assessment. Children with feeding
tube dependence, active tooth decay, fever, upper respiratory infection, or current use of oral
antibiotics were excluded from all groups. Children with a family history of ASD in a first
degree relative or a chronic medical condition requiring routine care by a pediatric specialist
were excluded from the TD group. Phenotypic subgroup analysis examined ASD children
with: (a) attention deficit hyperactivity disorder (ADHD; n= 43) or (b) Gl disturbance (n=
39) relative to ASD children without the given comorbidity. ADHD was identified through
parental survey, which asked “Does your child have a diagnosis of ADHD/ADD?” Positive
answers were confirmed by 1CD-10 diagnosis (F90.0), or stimulant medication (e.g.,
methylphenidate-based prescription) on chart review when possible. Gl disturbance was
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defined as constipation (K59.0), gastroesophageal reflux (K21), chronic abdominal pain
(R10), food sensitivities (T78.1), or recurrent diarrhea (K59.1, R19.7) reported by parental
survey and confirmed through chart review of associated ICD-10 diagnosis codes.

Data Collection

Parents of all participants were administered a child medical/demographic survey and the
Vineland Adaptive Behavior Scale—Second Edition (VABS-II) at the time of enrollment.
Most of the ASD (n7=138) and DD participants (n7= 21) were administered the Autism
Diagnostic Observation Schedule—Second Edition (ADOS-2), or previous assessment
scores were documented through chart review when available. ADOS-2 administration was
performed by a trained certified health professional. The participant characteristics that were
collected included: (a) demographic information (age, sex, ethnicity, body mass index); (b)
oral/Gl factors (time of collection, time of last meal, time of last tooth brushing, probiotic
use, history of Gl disturbance, medical/food allergies, dietary restrictions); and (c) medical
history (birth age, birth delivery route, birth weight, asthma status, vaccination status). These
factors were selected based on potential relevance to the profile of the oral microbiome.

Sample Collection and RNA Analysis

Saliva was collected from each participant at the time of enrollment. Following an oral water
rinse, an ORAcollect swab (DNA Genotek, Ottawa, Canada) was used to obtain saliva from
the sublingual and parotid regions of the mouth in a nonfasting state, at least 15 min after the
most recent consumption of food or drink. Swabs were stored at —20°C prior to processing
at the State University of New York Upstate Molecular Analysis Core Facility. Salivary
RNA was extracted using a standard Trizol technique and the RNeasy mini column (Qiagen,
Valencia, CA). Yield and quality of RNA was checked with an Agilent Bioanalyzer prior to
library construction and quantification with next generation sequencing. Multiplexed
samples were processed on a NextSeq 500 Instrument (Illumina, San Diego, CA) at a
targeted depth of 10 million single end 50 base reads per sample. After adapter trimming and
quality control analysis, RNA reads were aligned to the Human Microbiome Database using
k-SLAM software. Sequence alignment with the k-mer method was used for comprehensive
taxonomic classification and identification of microbial genes, as previously described
[Ainsworth, Sternberg, Raczy, & Butcher, 2017]. Only taxa with raw read counts of 10 or
more in at least 20% of samples were interrogated for differential abundance. Individual
RNA transcripts were not subjected to analysis. Instead, we interrogated the pathways and
ontologies represented by the community of microbial transcripts through cross-referencing
the Kyoto Encyclopedia of Genes and Genomes (KEGG) microbial database using
MicrobiomAnalyst software. This database consists of 82 KEGG Ontology (KO) Pathway
sets, 11 KEGG Metabolism sets, and 20 Clusters of Orthologous Groups Function sets.
Mapping was limited to those transcripts present at raw read counts of five or more in at
least 10% of samples. Both taxonomic and pathway level data were analyzed for differences
between groups following quantile normalization, using MetaboAnalyst software [Dhariwal
et al., 2017] to perform nonparametric comparisons of the observed abundance counts
between groups. These data sets will be made publicly available on the NCBI Sequence
Read Archive following acceptance for publication.
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Statistical Analysis

Differences in medical, demographic, and neuropsychological characteristics between ASD
and TD or DD groups were assessed with a two-tailed Student’s #test, with significant
differences defined by an uncorrected £ < 0.05. Taxa with the greatest abundance (present in
the largest concentrations) and prevalence (present in the largest number of samples) were
reported at the species and phylum levels. The Shannon alpha diversity index and Bray—
Curtiss index of beta diversity (homogeneity of group dispersions method) were calculated
from the taxonomic profiles and compared across the three groups. Differential taxon
expression across all participants was visualized with a multivariate partial least squares
discriminant analysis (PLS-DA) and variable importance in projection was determined for
each taxon. Individual taxa differences among the three groups were investigated with
nonparametric Kruskal-Wallis testing, followed by posthoc between group comparisons
(ASD:TD or ASD:DD) with a Mann-Whitney U'test. Differences in KEGG pathway
transcripts between diagnostic groups were evaluated using a one-way analysis of variance
with a false discovery rate (FDR) correction for multiple testing set at (P < 0.05). Post hoc
testing was performed between all three groups using a Tukey’s Honestly Significantly
Difference test.

Taxon associations with a predefined set of ASD endophenotypes were assessed as follows:
(a) taxon differences between ASD participants with/without GI disturbance; or with/
without ADHD were examined with a nonparametric Mann—Whitney U'test. (b) ASD
participants were divided into three adaptive behavior groups (0-, 1-, or 2- SD below the
mean value of 100) for Communication, Socialization, and Activities of Daily Living
subscales of the VABS-I1I. A three group comparison was chosen to differentiate ASD
participants with “minimal,” “moderate,” and “severe” impairment within each subdomain,
in light of previous reports that the Gl microbiome differed among children with varying
autism severity [Finegold et al., 2010]. Between-groups taxonomic differences were
assessed with nonparametric Kruskal-Wallis testing for the three VABS-I1I categories. (c)
Relationships between autistic behavior measures on the ADOS-2 (Social Affect,
Restrictive/Repetitive Behavior, and Comparison Score) and oral taxon activity were
assessed with Pearson’s correlations. Factors with Benjamini—-Hochberg FDR correction
<0.05 were reported for each phenotype-taxonomic comparison.

Relationships between oral microbe activity, metabolomic pathways (KEGG IDs), and
clinical characteristics were assessed with Pearson’s correlation (for continuous variables) or
Spearman’s rank test (for dichotomous variables). Diagnostic accuracies of taxon levels in
the oral microbiome were assessed with a multivariate logistic regression analysis,
comparing: (a) ASD:TD; (b) ASD:DD; and (c) Gl disturbance phenotypes across diagnoses.
Classification accuracy was visualized with a receiver operating characteristic (ROC) curve,
using the first 50% of samples from each group (chosen at random) and a 10-fold cross-
validation procedure. The remaining 50% of samples were used to validate the predictive
model for each comparison. Area under the curve (AUC) was calculated and 95%
confidence intervals (Cl) were reported.
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Results

Participant Characteristics

The ASD group (/7= 180) had a mean age of 53 (+16) months, was 85% males, and was
59% Caucasian (Table 1). TD participants (7= 106) were, on average, 10 months younger
(43 £ 16 months), were 60% males, and were 63% Caucasian. The DD group (7= 60) had
an average age of 50 (£13) months, was 70% males, and was 67% Caucasian. There was no
difference in average collection time between ASD (12:29 p.m. + 2:48), TD (12:21 p.m.
2:43), and DD (12:43 p.m. £ 2:43) subjects. There were also no differences between groups
in time since last meal, or time since last tooth brushing. Only 3% of ASD and DD children
were taking a probiotic, compared with 0% of TD children. ASD participants had higher
rates of Gl disturbance (22%) than the TD group (3%), but not the DD group (20%). More
ASD participants had a food or medicine allergy (21%) than TD (9%) and DD (8%)
participants, but they had similar rates of dietary restrictions. There was no difference
between groups in birth weight, though children in the ASD group had higher rates of
cesarean section (19%) than TD (9%) and DD (8%) participants. There were no differences
between groups in rates of asthma or vaccination. The ASD group had lower mean VABS-II
scores on the Socialization (73 + 13) and Activities of Daily Living (75 + 14) domains
relative to TD and DD groups. Average scores on the VABS-II Communication scale in the
ASD group (72 + 18) differed from TD participants (103 £ 15), but not DD participants (76
+ 17). ASD subjects had higher ADOS-2 scores on the Social Affect domain (13 £ 5) and
the Restrictive and Repetitive Behavior domain (3 % 1) relative to DD participants (6 + 4;
and 2 + 1, respectively). Their ADOS-2 comparison scores (7 £ 2) were also higher than DD
participants (4 £ 2).

Microbial Diversity Profiles

Among all samples, there was an average of 790,031 taxonomic reads per sample. The mean
read count did not differ between ASD (785,766), TD (823,480), and DD (738,335) groups.
Taxonomic reads were filtered to include only the taxa with counts of 210 in >20% of
samples. Of the 753 taxa meeting these criteria, 41 were present in all samples. The core,
oral microbiome (defined as taxa present in >70% of samples with relative abundance
>0.5%) included 10 taxa (Fig. 1): Streptococcus (3.9 x 107 total raw reads), Streptococcus
pneumoniae (2.0 x 107), Gemella sp. oral taxon 928 (3.5 x 107), Streptococcus mitis
(2.0x107), Neisseria (9.2 x 10%), S. mitis B6 (7.3 x 10%), Proteobacteria (5.1 x 10),
Pasteurellacae (6.0 x 10%), Flavobacteriaceae (5.6 x 10%), and Streptococcus sp. oral taxon
064 (3.6 x 106). The most abundant oral phyla among all samples was Firmicutes (58% of
reads), followed by Proteobacteria (16%) and Bacteroides (11%; Fig. 2A). The most
prominent taxonomic orders within the Firmicutes phylum were Lactobacillales (72% of
reads) and Bacillales (25%; Fig. 2B). There was no difference in Shannon alpha diversity
between ASD, TD, and DD groups at the species (P=0.60; F = 1.01; Fig. S1A, Supporting
Information), or phylum levels (p = 0.48; F = 0.73; Fig. S1B, Supporting Information).
Bray—Curtis beta diversity, measured with a homogeneity of group dispersions technique,
demonstrated significant differences (P= 0.04, F= 3.25) between ASD, TD, and DD groups
(Fig. 3). The greatest between-sample diversity was present in the TD group. The DD group
displayed the least distribution relative to ASD and TD groups.
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Microbial Differences

Differences between ASD, TD, and DD groups were explored at the phylum and species
levels with a Kruskal-Wallis test. There were 12 taxa with significant differences (FDR <
0.05) between ASD, TD, and DD groups. There were six taxa with differential expression
(FDR < 0.05) between ASD and TD groups on Mann Whitney U'test (Table 2). Two taxa
were elevated in children with ASD (L/imnohabitans sp. 63ED37-2, FDR = 0.01;
Planctomycetales, FDR = 0.04) and four were decreased (Ramlibacter tataouinensis
TTB310, FDR = 0.001; Mucilaginibacter sp. PAMC 26640, FDR = 0.001; Bacteroides
vulgatus, FDR = 0.05; Gemmatasp. SH-PL17, FDR = 0.05). Three taxa showed significant
differences (FDR < 0.05) between ASD and DD children. Two taxa were elevated in
children with ASD (Brucella, FDR = 0.05; Enterococcus faecalis OG1RF, FDR = 0.05) and
one was decreased (Flavobacteriumsp.PK15,FDR=0.05). Phylum differences were observed
between the three diagnostic groups (Fig. 4) for Planctomycetes (;(2 =31.0,FDR =
3.2E-06), Cyanobacteria (y? = 14.8, FDR = 0.005), and Calditrichaeota (y? = 9.6, FDR =
0.04). These differences resulted largely from ASD/TD variation (Table S1, Supporting
Information). Only Planctomycetes differed between ASD and both TD (fold change (FC) =
1.28, FDR = 0.001) and DD groups (FC = 0.03; FDR = 0.02). Notably, no changes were
observed in the Firmicutes:Bacteroides ratio of the ASD group, though Bacteroides
displayed nominally lower expression in ASD vs. TD participants (FC = 0.89, FDR =
0.051). A PLS-DA was used to visualize differences in taxonomic profiles at the species
level between ASD, TD, and DD groups in two dimensions. A model accounting for 4% of
the variance between groups resulted in partial separation of ASD, TD, and DD participants
(Fig. 5A). The 20 taxa most critical for the differential group projection are shown (Fig. 5B).
Of these 20 taxa, 14 demonstrate relative reductions in ASD samples and three are increased
in saliva of ASD participants relative to TD and DD groups.

Microbiome Variations Among ASD Phenotypes

Variations among microbiome elements at the phylum and taxon level were explored among
common ASD phenotypes (Table 3). Differential expression among ASD subjects with/
without ADHD, and with/without GI disturbance was investigated with a non-parametric
Mann-Whitney approach. There were no taxa or phyla with differential expression among
ASD children with and without ADHD. There were no phyla and 28 taxa with significant
differences (FDR < 0.05) between ASD patients with and without GI disturbance (Table S2,
Supporting Information). Three of these taxa were down-regulated in ASD children with Gl
disturbance and 25 were upregulated. None of the 28 taxa overlapped with those identified
in ASD:TD and ASD:DD comparisons. Domain standard scores for adaptive behaviors
(Communication, Socialization, and Activities of Daily Living) were characterized as 0-, 1-,
or 2SD below the mean value (100) and phyla/taxon differences across ASD participants
were identified with a Kruskal-Wallis test. There were one phylum (Calditrichaeota) and
five taxa with differences across ASD Communication groups (Acinetobacter, Micrococcus
luteus, Moraxella, Porphyromonas, and Pasteurellaceae bacterium). There were no
differences across Socialization, or Activities of Daily Living phenotypes at the phyla or
taxon level. Relationships of microbiome elements with Restrictive/Repetitive Behavior,
Socialization, and Comparison Scores on ADOS-2 were interrogated using a Pearson
correlation. At the phylum level, actinobacteria levels were significantly correlated (R >

Autism Res. Author manuscript; available in PMC 2021 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hicks et al.

Page 9

0.20, FDR < 0.05) with ADOS-2 Social Affect (R =0.24; FDR = 0.036). There were no
phyla correlated with ADOS Restrictive/Repetitive Behavior Scores. At the taxon level,
there were four elements correlated with ADOS-2 Restrictive/Repetitive Behavior Scores
(Moraxella bovoculi, S. mitis, Riemerella anatipestifer, and Chryseobacteriumsp. IHB B
17019). There were no taxa correlated with ADOS-2 Socialization or Comparison Scores.
None of the taxa or phyla associated with ASD endophenotypes overlapped with those
identified in ASD:TD and ASD:DD comparisons. Thus, the microbes with differential
activity in the ASD group may contribute to the appearance of autistic traits at a critical
threshold, but do not display a dose-response relationship with the abundance of autistic
traits.

Relationship of Oral Microbiome Elements and Clinical Characteristics

There were no significant (R = 0.20; FDR < 0.05) relationships between clinical
characteristics and individual phylum levels on Spearman (dichotomous variables) or
Pearson correlation analysis (continuous variables). Individual taxa showed relationships
with age, body mass index, time of collection, time since last meal, and time since last tooth
brushing (Table 4). None of the taxa associated with clinical features overlapped with taxa
identified as “altered” in ASD patients, or among ASD endophenotypes. The largest number
of taxon associations (21) was found with time of saliva collection, and 15 of these taxa
were from the Streptococcus genus. The strongest correlation was found between time since
last toothbrush and Candlida dubliniensis CD36 (R = 0.43; FDR = 0.048). Notably, dietary
restrictions, food/medicine allergies, probiotic use, and vaccination status showed no
correlations with oral taxonomic concentrations.

Classification Accuracy

The utility of individual taxa to identify ASD status and GI phenotype was explored with a
multivariate logistic regression analysis and classification accuracy was visualized by ROC
curve analysis. For each comparison, 50% of the participants in each group were used to
identify ratios between taxa with predictive accuracy, which were then tested in the
remaining 50% of naive “hold-out” samples. Five ratios, involving eight taxa
(Mucilaginibacter/R. tataouinensis, Sphingomonadales/Planctomycetales,
Alphaproteobacteria/Cyanobacteria, Alphaproteobacteria/Limnohabitans, and R.
tataouinensis/Thiobacillus denitrificans) correctly identified 66/90 ASD participants and
38/53 TD participants in the training set, demonstrating an AUC of 0.795 (95% CI: 0.711-
0.872). This panel of taxa demonstrated nearly identical performance in the hold-out set
(Fig. 6A), identifying 73/90 ASD children and 33/53 TD children (AUC = 0.796). Three
ratios, involving five taxa (Chamaesiphon minutusl Lactococcus lactis, Pseudomonadaceae/
Lactococcus lactis, Flavobacterium sp. PK15/Burkholderiales) correctly identified 64/90
ASD children and 20/30 DD children in the training set, demonstrating an AUC of 0.770
(95% CI: 0.643-0.867). These three ratios performed similarly in the hold-out set of naive
samples, identifying 82/90 ASD children and 21/30 DD children (AUC = 0.765; Fig. 6B).
Taxon levels also demonstrated utility for differentiating ASD children with GI disturbance
from ASD children without Gl disturbance. Three ratios, involving five taxa (/Neisseria
meningitidis M04—-240196/ Sideroxydans lithotrophicus ES-1, Neurospora crassa OR T4A/
Acidipropionibacterium acidiproprionici, Enterobacterales/ Neurospora crassa OR 74A),
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correctly identified 17/19 ASD children with GI disturbance and 51/70 ASD children
without GI disturbance in the training set (AUC = 0.839; 95% CI: 0.759-0.958). In the hold-
out set, this panel of taxa identified 7/20 ASD children with Gl disturbance and 67/71
children without GI disturbance (AUC = 0.857; Fig. 6C).

Metabolomic Pathway Profiling

The functional properties of microbial RNA transcripts measured in the oropharynx were
investigated through alignment to the KEGG microbial database. KEGG pathways were
filtered to include those with five or more alignments in at least 10% of the samples and
quantile normalized. This resulted in 113 total KEGG pathway sets. Among the 113
pathways, seven demonstrated differential abundance (FDR < 0.05) between ASD, TD, and
DD groups (Table 5). KEGG pathways with differential representation included Microbial
Energy Metabolism, Translation Ribosome Structure and Biogenesis, Pyrimidine
Metabolism, Lysine Degradation, Nucleotide Metabolism, Carbon Metabolism, and
Nucleotide Transport and Metabolism (Fig. S2, Supporting Information). A Pearson analysis
was used to identify phylogenetic groups most highly related to these metabolomic pathways
(Table 5). Six KEGG IDs displayed significant (R > 0.4, FDR < 0.05) associations with
activity of three phyla. Notable relationships were observed between K00415 (ubiquinol
cytochrome C reductase; UBCR2) and both Ascomycota (/= 0.45, FDR = 1.6E-16) and
Cyanobacteria (#=0.46, FDR = 2.8E-17). UBCR?2 is involved in oxidative phosphorylation,
is disrupted in patients with mitochondrial respiratory chain deficiencies, and is implicated
in Alzheimer’s, Parkinson’s, and Huntington’s disease. Ascomycota activity was also
associated with K14221 (tRNA-Asp; R=0.53; FDR = 4.5E-24) and K14226 (tRNA-His; R
= 0.58; FDR = 1.5E-30), the latter of which is implicated in myoclonic epilepsy. Additional
phyla associated with disrupted metabolomic pathways were Spirochaetes (K04069,
pyruvate formate lyase activating enzyme, = 0.42, FDR = 2.2E-14; and K04043, DNAK, R
=0.44, FDR = 9.7E-16) and Cyanobacteria (K01979, ssUrRNA, = 0.47, FDR = 2.1E-18).

Discussion

To the best of our knowledge, this study comprises the largest investigation of the
microbiome in children with ASD, and the first to utilize oropharyngeal samples. It
identifies distinct oral microtranscriptomic activity in ASD children relative to both TD
peers and nonautistic peers with DD. These taxonomic patterns show some overlap with
previous reports of the gut microbiome, but also identify novel changes in the oropharynx.

Like the gut, the oropharynx is a site of significant pathology in ASD [Cermak et al., 2010;
Tierney et al., 2015]. Children with ASD experience increased rates of motor (speech
apraxia) and sensory (food texture and taste) dysfunction. In addition, the oropharynx
represents the sole point of entry to the Gl tract and a major site of host-environment
interaction. Sensory and motor innervation of the oropharynx by five cranial nerves (V, VII,
IX, X, and XII) provides major linkages between the oropharynx and CNS and a plausible
exchange pathway for the gut-brain axis (which also exerts major influences via cranial
nerve X) [Bercik et al., 2011]. Thus, it is not surprising that particular microtranscriptome
profiles are enhanced in ASD children with Gl disturbance. Notably, we found that several
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of these “alterations” are also associated with specific autistic features. For example, M.
luteus levels are decreased in both ASD children with Gl disturbance and ASD children with
adaptive communication scores more than two standard deviations below the mean.
Similarly, levels of R. anatipestiferand Actinobacteria demonstrated correlations with
measures of restricted/repetitive behavior, and social affect, respectively, and were “altered”
in children with GI disturbance. Such trends are particularly striking when considering that
ASD phenotypes unrelated to the Gl tract (ADHD) showed no differences in microbiome
profiles at the phylum or species levels.

In the context of recent studies highlighting the genetic contributions to ASD [Sandin et al.,
2017], it is unlikely that microbial shifts represent the sole driver of autistic behavior.
However, alterations in the microbiome have been linked with atypical social,
communicative, and repetitive behavior in animal models [Buffington et al., 2016; Kumar &
Sharma, 2016]. One mechanism for this link may be metabolomic disruptions [De Angelis et
al., 2013]. Here we show that the microbial RNA profiles disrupted in children with ASD
(relative to DD and TD peers) differentially target metabolic pathways in the oropharynx. It
is well established that microbial activity in the Gl tract plays an important role in the
metabolism of compounds essential to host nutrition [LeBlanc et al., 2013; Preidis &
Versalovic, 2009]. Here, we identify upregulation of microbial RNASs related to Lysine
Degradation in the oropharynx of children with ASD. Lysine is a ketogenic amino acid
whose degradation results in glutamate production. Glutamate is a key neurotransmitter
involved in learning and memory. Increased levels have been reported in plasma [Aldred,
Moore, Fitzgerald, & Waring, 2003; Shinohe et al., 2006] and the CNS of patients with ASD
[Bejjani et al., 2012; Brown, Singel, Hepburn, & Rojas, 2013]. Interestingly, we also found
evidence of increased “Energy Metabolism” and “Carbon Metabolism” transcripts in the oral
microbiota of ASD children relative to TD and DD children. The KEGG Energy Metabolism
entry includes a set of subcategories (oxidative phosphorylation, photosynthesis, carbon
fixation, methane metabolism, nitrogen metabolism, and sulfur metabolism). Of these,
further inspection strongly suggests that the increase in “Energy Metabolism” in ASD
children is driven by increased expression of bacterial transcripts involved in Oxidative
phosphorylation (1.6-fold) and Methane metabolism (1.2-fold). Indeed, oxidative
phosphorylation by QCRC2 (a pathway implicated in CNS pathology such as Alzheimer’s
and Parkinson’s disease) was strongly associated with cyanobacteria activity; and
cyanobacteria activity was elevated in ASD participants relative to TD peers.

A second mechanism by which host-microbial interactions may lead to altered social
behavior is through toxicological effects [Vuong & Hsiao, 2017]. For example, here we
report alterations in oral Cyanobacteria in children with ASD at the phylum (Fig. 4), and
species (Table 2) level, and show that levels of Cyanobacteria may be used to differentiate
children with autism from TD peers. Cyanobacteria are water-borne pathogens that produce
cyanotoxins and can lead to serious illness (e.g., Gl disturbance, hay fever, pruritus). The
cyanobacteria neurotoxin B-N-methylamino-L-alanine has been proposed to contribute to
neurodegenerative conditions such as Parkinson’s and Alzheimer’s diseases. In addition,
Son et al. [2015] have previously reported disruptions in cyanobacteria levels in the fecal
microbiome of children with ASD relative to neurotypical siblings.
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Clinical Implications

Limitations

The microtranscriptome profiles found in the oropharynx of children with ASD may provide
an objective tool for screening, diagnosing, or classifying patients. We show here that the
levels of eight oral taxa may distinguish children with ASD from TD peers, while a panel of
five taxa classifies ASD and DD subjects, both with nearly 80% accuracy. Previously, we
have demonstrated that microRNA levels in saliva may differentiate children with ASD from
healthy controls [Hicks & Middleton, 2016]. It is intriguing to consider that some
perturbations in salivary microRNA may be driven by host interactions with the microbiome.
Given the role of microRNA as an intercellular signaling molecule and its importance in
normal brain development, microbial-microRNA cross talk may be one mechanism by
which the gut-brain-axis functions. This interaction deserves further study.

Large-scale individual profiling of the microbiome also highlights a potential avenue for
therapeutic targets. Several previous studies have demonstrated changes in autism symptoms
or traits with antimicrobial or probiotic interventions [Kang et al., 2017; Sandler et al., 2000;
Urbano et al., 2014]. These studies successfully reset the gut microbiota using untargeted
approaches. Given the heterogeneity of taxonomic features that become evident when large
numbers of ASD children are studied alongside specific measures of behavioral features, it
seems that a more individualized approach could improve treatment success. For instance,
based on these findings, probiotics targeted at the restoration of Micrococcus species in
children with autism, GI disturbance, and communication difficulties may provide
individualized benefit. Alternatively, antibiotics selected to specifically target Riemerella
species in ASD children with Gl difficulties and repetitive behaviors might be of clinical
utility. Perhaps the greatest benefit to the oral microbiome approach is it allows easily
repeated microbiome collections on-demand, over time, so that one can track changes in
these microbial communities in response to targeted therapy.

It is impossible to control for every variable that could conceivably influence the oral
microbiome across ASD, TD, and DD groups. The present study included a rigorous
collection of relevant factors (Table 1) so that the results could be interpreted with full
transparency. It is worth noting that the only oral/Gl factors that differed between ASD, TD,
and DD groups were Gl disturbance rates, and food/medical allergy rates, and the latter was
not associated with expression patterns of any oral taxa. One oral taxon (R. anatipestifer
Yb2) was associated with Gl disturbance (Table S2, Supporting Information) and weakly
associated with age (Table 4). A second oral taxon (S. /ithotrophicus ES1) with utility for
detecting Gl disturbance among ASD subjects was also associated with age and collection
time. Thus, it is possible that several microbial factors identified in the present study are
confounded by changes in the GI tract over time. Longitudinal analyses of the oral
microbiome among developing children would be useful in elucidating these relationships.

A second factor to consider when comparing results of the present study to previous
literature is the use of high-throughput metatranscriptomic sequencing, rather than a 16S
rRNA approach. In the present study, the resulting values provide a direct measure of
transcriptional activity within the microbiome from different species and taxa, rather than
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focusing on microbial abundance. This approach allows for a functional interrogation of
RNA properties through KO databases, but also makes comparisons to previous literature
somewhat difficult. Thus, patterns of microbial disturbance previously reported in the fecal
microbiome may be missed with this approach if abundance did not translate directly to
transcriptional activity (i.e., the bacteria in those studies were not actively transcribing gene
products).

The characterization of ASD subgroups as it relates to oral microbe transcriptional activity
should be interpreted with caution. In this study, ASD group assignment was based on
DSM-5 criteria that were interpreted by multiple providers across several medical sites, and
phenotypic subgrouping was based on VABS-1I and ADOS-2 evaluation for a subset of
participants. The largest previous microbiome study in ASD characterized 59 ASD patients
with the child behavior checklist [Son et al., 2015], while the current study characterizes
only 138 of its 180 ASD participants with the ADOS-2. Furthermore, the ADOS-2 was
administered by clinicians rather than research-reliable administrators. The ADOS-2 scores
reported here are subdomain and total scores, which are not typically used quantitatively due
to their psychometric properties. Finally, designation of ASD participants into ADHD or Gl
subgroups is based on parental report and medical record validation, not standardized scales
such as the child behavior checklist or the Gl severity index. Such scales would provide
meaningful, quantifiable data for subgroup analyses and should be considered in future
studies of the ASD microbiome.

Conclusions

There is mounting evidence that the GI microbiome is disrupted in children with ASD
[Finegold et al., 2010; Mulle, Sharp, & Cubells, 2013]. The present study shows that this
disruption may extend to the oropharynx, influencing the transcriptional activity of the
microbial community. Such shifts appear to be associated with ASD comorbidities (such as
Gl disturbance), as well as social and repetitive behaviors. The mechanism for this
relationship may result from alterations of microbial metabolism, or through pathogenic
microbial-host relationships, but will certainly require further study. Oral taxonomic and
functional profiling may provide utility as objective markers of ASD phenotypes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The core oral microbiome. The 10 oral taxa with the highest transcriptional activity across

all participants (n = 346) are shown. Relative abundance (x-axis) for all 10 taxa exceeded
0.5% of the oral microbiome, and each taxa was present in counts of 10 or more in at least
70% of samples (prevalence, shown in red-blue scale).
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The core oral phyla. Abundance of oral transcripts at the phylum level across all participants
(n=346) are shown as percentage of the total (A). Firmicutes (58%) was the most abundant
phylum, followed by Proteobacteria (16%) and Bacteroides (11%). Among the Firmicutes
phylum (B) Lactobacillales was most abundant (72.4%) order, followed by Bacillales

(24.5%).
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Sample Type
© ASD
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Bray—Curtis beta diversity. Microbial diversity between participants was calculated using a
homogeneity of group dispersions technique for autism spectrum disorder (ASD) (red; n=
180), typically developing (TD) (green; n= 106), and developmental delay (DD) (blue; 7=
60) groups. There was a significant difference (P= 0.04, F= 3.25) between groups, with the
greatest between-samples diversity in the TD group. This two-dimensional plot accounts for
38.3% of the variance among participants. Confidence intervals of 95% are shown by the

colored ovals.
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Figure 4.

Oral phyla abundance across autism spectrum disorder (ASD), typically developing (TD),
and developmental delay (DD) children. The relative abundance of 16 oral phyla is shown
for children with autism spectrum disorder (ASD; n= 180), typically developing (TD; n=
106), and nonautistic DD (= 60). Nonparametric Kruskal-Wallis testing revealed

significant differences false discovery rate (FDR < 0.05) among the three groups for
Planctomycetes (12 = 31.0, FDR = 3.2E-06), Cyanobacteria (y~ = 14.8, FDR = 0.005), and

Calditrichaeota (y? = 9.6, FDR = 0.04).
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Oral taxonomic profiles distinguish autism spectrum disorder (ASD) children from typically
developing (TD) and developmental delay (DD) peers. A PLS-DA was used to visualize
differences in taxonomic profiles at the species level between ASD, TD, and DD groups in
two dimensions (A). A model accounting for 4% of the variance between groups resulted in
partial separation of ASD participants (red) from TD (blue) and DD (green) peers. The 20
taxa most critical for group projection are shown, based on variable importance in projection
score (B). The majority of these taxa (14) are reduced (green boxes) in ASD samples relative
to TD and DD groups. Three taxa are elevated in ASD participants (red boxes) and three
demonstrated intermediate expression patterns (yellow boxes).
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Figure 6.
Transcriptional activity of oral taxa differentiates autism spectrum disorder (ASD)

participants. The ability of taxonomic RNA profiles to identify ASD status was explored
with multivariate logistic regression analyses and visualized on receiver operator
characteristic curve. The first 50% of subjects in each comparison were used to build cross-
validation (CV) curves (blue), that were tested in the remaining 50% of naive holdout
samples (pink). Five ratios, involving eight taxa differentiated ASD and typically developing
(TD) children with an area under the curve (AUC) of 0.795 (95% Confidence interval (Cl):
0.711-0.872) on CV and 0.796 on holdout testing (A). Three ratios, involving five taxa
differentiated ASD and developmental delay (DD) children with an AUC of 0.770 (95% CI:
0.643-0.867) on CV and 0.765 on holdout testing (B). Finally, three ratios, involving five
taxa identified ASD children with gastrointestinal (GI) disturbance relative to ASD peers
without GI disturbance in both CV (AUC = 0.839; 95% CI: 0.759-0.958) and holdout
models (AUC = 0.857) (C).
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Table 1.
Participant Characteristics
Clinical characteristics ASD (n=180) TD(n=106) DD (n=60)
Demographics
Age, mean (SD), years 53 (16) 43 (16)* 50 (13)
Male (%), No. 154 (86) 64 (60)* 43 (70)*
Caucasian (%), No. 107 (59) 67 (63) 40 (67)
Body mass index (SD), kg/m?2 16.5 (2.8) 16.4 (2.0) 17.0 (3.1)
Oral/Gl factors
Time of collection (SD) 12:29 (2:48) 12:21 (2:43)  12:43(2:38)
Time since last meal (SD), hr 3(3) 3(3) 2(2)
Time of last tooth brush (SD), hr 8 (5) 5 (4) 5(@3)
Food/medical allergies (%), No. 38 (21) 9 (9)* 5(8)*
Dietary restrictions (%), No. 25 (14) 8(8) 11 (18)
Probiotic use (%), No. 5(3) 0 (0) 2(3)
Gl disturbance (%), No. 39 (22) 3(3)* 12 (20)
Medical characteristics
Cesarean section (%), No. 35 (19) 9 (9)* 5 (8)*
Birth weight (SD), kg 3.3(0.9) 3.2(0.7) 3.2(1.2)
Asthma (%), No. 18 (10) 8(8) 10 (17)
Fully vaccinated (%), No. 169 (94) 97 (92) 58 (97)
Neuropsychiatric characteristics
ADHD (%), No. 43 (23) 10 (9)* 17 (24)
Vineland communication (SD) 72 (18) 103 (15)* 76 (17)
Vineland socialization (SD) 73 (13) 107 (17)* 80 (19)*
Vineland ADL (SD) 75 (14) 104 (18)* 81 (18)*
ADOS social affect (SD) 13 (5) - 6 (4)*
ADOS RRB (SD) 3(1) - 2 (1)*
ADOS comparison (SD) 7(2 - 4(2)

Page 23

Note. Characteristics with significant (P < 0.05) between-group differences on Student’s two-tailed ¢test are denoted with asterisks. Vineland
domain standard scores are shown (where a score of 100 is average). ADOS subdomain and comparison scores are shown. Abbreviations: ADHD,
attention-deficit hyperactivity disorder; ADL, activities of daily living; ADOS, Autism Diagnostic Observation Schedule; ASD, autism spectrum

disorder; DD, developmental delay; Gl, gastrointestinal; RRB, restricted and repetitive behavior; TD, typically developing.
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Taxon Differences Between ASD/TD and ASD/DD Groups at the Species Level

Taxon FC FDR

ASD vs. TD
Mucilaginibacter sp. PAMC 26640 0.17 0.001
R. tataouinensis TTB310 0.85 0.001
Limnohabitans sp. 63ED37-2 1.05 0.01
Planctomycetales 121 0.04
B. vulgatus 0.43 0.05
Gemmata sp. SH-PL17 0.86 0.05
Cyanobacteria 2.38 0.06
Bacteroides ovatus 0.23 0.07
Thiobacillus denitrificans ATCC 25259  0.53 0.10
Porphyromonas gingivalis TDC60 1.24 0.10

ASD vs. DD
Brucella 279 0.05
Flavobacterium sp. PK15 041 0.05
E. faecalis OG1RF 227 0.05
C. minutus PCC 6605 062 0.11
Comamonas testosterone TK102 0.69 0.11
Pseudomonadaceae 0.77 011
Cellulomonas fimi ATCC 484 163 0.11
Flavobacterium psychrophilum 062 0.11
Flavobacterium crassostreae 074 011
M. luteus NCTC 2665 134 011

Note. The 10 species with the largest differences among autism spectrum disorder (ASD), typically developing (TD), and nonautistic
developmental delay (DD) groups on Mann-Whitney U'test are shown. Fold changes (FC) among ASD/TD and ASD/DD groups are listed.
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