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Abstract

Background—Understanding the dynamics of the gut-brain axis has clinical implications for
physical and mental health conditions, including obesity and anxiety. As such disorders have early
life antecedents, it is of value to determine if associations between the gut microbiome and
behavior are present in early life in humans.

Methods—We used next generation pyrosequencing to examine associations between the
community structure of the gut microbiome and maternal ratings of child temperament in 77
children at 18-27 months of age. It was hypothesized that children would differ in their gut
microbial structure, as indicated by measures of alpha and beta diversity, based on their
temperamental characteristics.

Results—Among both boys and girls, greater Surgency/Extraversion was associated greater
phylogenetic diversity. In addition, among boys only, subscales loading on this composite scale
were associated with differences in phylogenetic diversity, the Shannon Diversity index (SDI),
beta diversity, and differences in abundances of Dialister, Rikenellaceae, Ruminococcaceae, and
Parabacteroides. In girls only, higher Effortful Control was associated with a lower SDI score and
differences in both beta diversity and Rikenellaceae were observed in relation to Fear. Some
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differences in dietary patterns were observed in relation to temperament, but these did not account
for the observed differences in the microbiome.

Conclusions—Differences in gut microbiome composition, including alpha diversity, beta
diversity, and abundances of specific bacterial species, were observed in association with
temperament in toddlers. This study was cross-sectional and observational and, therefore, does not
permit determination of the causal direction of effects. However, if bidirectional brain-gut
relationships are present in humans in early life, this may represent an opportunity for intervention
relevant to physical as well as mental health disorders.

Introduction

Our bodies are colonized by trillions of bacteria known as the microbiome which reside in
many niches of the human body including the gut, skin, vagina, and oral cavity. There are
remarkable differences in microbial communities across individuals (Huttenhower et al.,
2012). The role of the gut microbiome in health is rapidly gaining attention; overall bacterial
diversity as well as specific bacterial abundances in the gut have been implicated in not only
obesity, but also allergy, asthma, and inflammatory bowel disease among other conditions
(Kinross et al., 2011). In addition to affecting physical health, a central role of the gut
microbiome in regulating mood and behavior is emerging. Via communication along the
gut-brain axis, bacterial communities may affect both the hypothalamic-pituitary-adrenal
(HPA) axis and central nervous system via cytokine and neurotransmitter production among
other mediators (for review see Collins and Bercik, 2009; Forsythe et al., 2010; Foster and
McVey Neufeld, 2013). Relatedly, there is interest in the possibility of intervening on the
gut microbiome to affect mental health disorders (Dinan and Cryan, 2012; Foster and
McVey Neufeld, 2013).

Conversely, a causal direction from behavior to gut is also now clearly established. Stressor-
induced activation of the autonomic nervous system affects gastric acid, bile, and mucus
secretion as well as gut motility (Beckh and Arnold, 1991; Shigeshiro et al., 2012;
Soderholm and Perdue, 2001), all factors that impact gut microbes (Boesjes and Brufau,
2014; Drasar et al., 1969; Santos et al., 1999; Saunders et al., 2002; Sommer et al., 2014;
Sommer and Backhed, 2013; Tache and Perdue, 2004). Moreover, in vivo and in vitro
studies demonstrate that microbial composition can be altered through a direct recognition
of stress hormones, including norepinephrine and epinephrine (Freestone et al., 1999;
Freestone et al., 2002; Lyte, 2004; Lyte and Bailey, 1997; Lyte et al., 2003; Lyte et al.,
2011).

Determining the dynamics of the behavior-gut associations in early life is important because
many physical and mental health conditions (e.g., obesity, anxiety) have early life
antecedents (Caspi et al., 1996; Parsons et al., 1999) and the gut microbiome may be more
malleable in early versus later life (Clarke et al., 2013). Considerable changes in the
structure of the gut microbiota occur during the first year of life in response to changing diet
(i.e., introduction of solid foods) and environmental exposures (Dominguez-Bello et al.,
2010; Favier et al., 2003). However, by approximately two years of age, profiles of gut
microbiota resemble profiles found in adults (Koenig et al., 2011; Palmer et al., 2007). Once
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established, these profiles are relatively stable; although the gut microbiome changes in
response to illness, diet, and exposures such as antibiotics, overall profiles and the majority
of dominant microbes tend to revert back to the pre-exposure state after a given disruption
has passed (David et al., 2014; De La Cochetiere et al., 2005; Dethlefsen et al., 2008). Thus,
assessment of the gut microbiome as early as two years of age may provide insight as to
long-term functioning.

In order to link gut microbiome composition to behavior in early life, behavior must be
captured in a valid and relevant manner. Reflecting affective-motivational and attentional
style, temperament is a central construct in behavioral measurement in early childhood.
Parental as well as direct observational ratings of temperament in early childhood predict
personality, behavior, and risk for psychopathology in later childhood, adolescence, and
adulthood (Rothbart and Posner, 2006). In addition, temperament has been linked to
differences in functioning of the HPA axis (Dougherty et al., 2013; Mackrell et al., 2014) as
well as autonomic nervous system (Brooker and Buss, 2010; Huffman et al., 1998; Stifter
and Fox, 1990), providing a plausible basis by which individual differences in temperament
may be mechanistically linked to the gut microbiome.

In this study, we examined the association between the community structure of the gut
microbiome, using next generation pyrosequencing, and maternal ratings of child
temperament in 77 children assessed at approximately two years of age. In this exploratory
investigation, we hypothesized that children would differ in their gut microbial structure, as
indicated by diversity, richness, and evenness of communities, based on their temperamental
characteristics. Consistent with the literature reviewed, we postulate direct physiological
pathways linking temperament and gut microbiome composition. However, the role of diet
must also be considered, as diet appreciably affects gut microbiome composition (David et
al., 2014; Wu et al., 2011). Thus, we examined dietary patterns in relation to temperament
and the gut microbiome in this cohort.

Study Design

This study included 79 mother-toddler pairs. Mothers of toddler-aged children were
recruited from the general community of Columbus, Ohio. Children were excluded if their
mother reported the child had a major health condition or developmental delay. Children
were also excluded if they were already toilet trained, as this hindered collection of stool
samples. Each mother completed an online questionnaire that included assessment of her
child's temperament and feeding behaviors, as detailed below.

Stool samples were collected by the mother from the child within 7 days of questionnaire
completion by the mother, as per the protocol detailed below. A final sample of 77 mother-
toddler pairs were used after removing two samples due to low sequence count (<5108).
This study was approved by the Ohio State University Biomedical Institutional Review
Board. All women completed written informed consent for themselves and provided written
consent on behalf of their children. Women received modest compensation for their
participation. Data collection occurred from May 2011 to December 2012.
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Demographic Characteristics and Child Diet

Women provided their age, race (self and child's father), marital status, and child's sex.
Women also reported the occurrence and duration of breastfeeding and the age at which
formula (if applicable), cereals/grains, fruits/vegetables, and meats were introduced as part
of the child's diet. The current frequency of each food type was also reported, from less than
once per month to two or more times per day.

Child Temperament

Temperament was assessed with the Early Childhood Behavior Questionnaire (ECBQ), a
widely used and well-validated instrument appropriate for children 18-36 months. This is a
finely differentiated measure providing 18 dimensions of temperament that load onto three
composite scales: Negative Affectivity, Surgency/Extraversion, and Effortful Control
(Putnam et al., 2006). Subscales are detailed and defined in Table 1.

Stool Sample Collection and Storage

bTEFAP

Stool samples were used for analysis of the child gut microbiome in lieu of tissue collection
due to the advantages of non-invasive collection and the common use of stool in human
microbiome analysis (Qin et al., 2014; Raman et al., 2013; Stiverson et al., 2014; Xiao et al.,
2014). Women were provided with sterile wooden applicators and 50-milliliter plastic
conical collection tubes for collection. The stool was sterilely collected from the child's
soiled diaper with the wooden applicator and placed in the collection tube. Samples were
stored at 4° Celsius (i.e., refrigerated) for up to 24 hours until collection by study personnel
from the participant's home or delivery by the participant to the Ohio State University
Wexner Medical Center (OSUWMC). In the latter case, women were instructed to transport
samples in a cooler with ice. While at OSUWMC, samples were stored at -80°C until
pyrosequencing was conducted.

Bacterial tag-encoded FLX-Amplicon Pyrosequencing (b TEFAP) was performed as
previously described (Dowd et al., 2008a; Dowd et al., 2008b). The 16s rrn universal
primers 27f (AGA GTT TGA TCM TGG CTC AG) and 519r
(GWATTACCGCGGCKGCTG) were used in a single-step 30 cycle PCR with the
following thermoprofile: a single cycle of 94°C for 3 minutes, then 28 cycles of: 30 seconds
at 94°C ; 40 seconds at 53°C, 1 minute at 72°C, with a single 5 minute cycle at 72°C for 5
minutes for elongation. Amplicons were pooled at equivalent concentrations and purified
(Agencourt Bioscience Corporation, MA, USA). Sequencing was performed with the Roche
454 FLX Titanium system using manufacturer's guidelines.

Sequencing Analysis

The software package, Quantitative Insights Into Microbial Ecology (QIIME), v.1.8.0.
(Caporaso et al., 2010b) was used for filtering and analysis of attained sequences. Quality
filtering and demultiplexing were performed using the provided sequence file (.fasta) and
sequence quality file (.qual). Filtering was completed with the following parameters: quality
score >25, sequence length between 200bp-1000bp, 6 allowed ambiguous bases, maximum
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of 6 homopolymer run, and zero allowed primer mismatches. On average, 14862 sequences
passed filtering per sample.

UClust (Edgar, 2010) clustered sequences at 0.97 similarity into operational taxonomic units
(OTUs). After representative sequence selection for each OTU, Greengenes v.13_8 was
used for taxonomic assignment (McDonald et al., 2012). PyNAST was used for sequence
alignment (Caporaso et al., 2010a) with the Greengenes core reference alignment database
(DeSantis et al., 2006). A phylogenetic tree was constructed from these alignments with
FastTree for downstream statistical analysis. (Price et al., 2010). Sequences from boys and
girls were filtered and de-multiplexed using the above method together, but were separated
before OTU-picking.

Statistical Analyses

Because prior data show that temperament ratings differ by child sex (e.g., Casalin et al.,
2012), we compared temperament ratings between boys and girls. Temperament ratings
among boys versus girls were compared via t-tests. As temperament ratings differed by child
sex, analyses related to associations between temperament and gut microbiome composition
were conducted separately for boys and girls. Cases in which temperament measures were =
3 standard deviations from the mean were considered outliers and excluded from analyses.

Alpha diversity was measured with a phylogenetic diversity measurement, PD_Whole_tree,
and the Shannon Diversity Index (SDI), a non-phylogenetic measurement of bacterial
abundance (richness) and how equal these abundances are (evenness), using QIIME (Faith
and Baker, 2006; Shannon, 1997). Depths of 5780 sequences for boys and 4838 sequences
for girls were used in statistical analyses related to the SDI. Two samples were below the
threshold for SDI, resulting in a sample of 75 for analyses of SDI. Parametric t-tests were
used to compare SDI and PD whole tree values. In order to detect changes in beta-diversity
defined as the overall microbiota community composition, weighted (accounts for
abundances of OTUs) and unweighted (presence/absence of OTUs only) UniFrac distances
were used (Lozupone and Knight, 2005). For beta-diversity, a depth of 5108 sequences/
sample was used for boys, and 6022 sequences/sample for girls. UniFrac distance variances
were measured and beta diversity compared through permutational multivariate analysis of
variance through the vegan package on the open-source statistical software R, and
implemented in QIIME (Oksanen J. et al., 2012; R Core Team Development, 2013).
Temperament characteristics, Surgency/Extraversion, Sociability, High intensity pleasure
and activity level were measured and analyzed as continuous covariates in their relationship
with beta diversity.

Pearson's correlations (denoted by r) and regression analyses were used to examine
associations between temperament ratings as continuous measures with the SDI. Spearman's
correlation coefficient (denoted by rg) was used to estimate associations between the
temperament ratings and genus abundances given the skewed distribution of the bacterial
abundances. Associations between genus abundances and diet were assessed by the rank
based Kruskal-Wallis test and rank based linear regression was used to explore the
relationship between several covariates (predictors) on genus abundances. To examine the
potential mediating role of diet in the relationship between temperament and the gut
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microbiome, we examined eating behavior in association with those temperament
characteristics that had previously shown significant associations with microbiome
parameters. All presented p-values are two-sided and are unadjusted for multiple hypothesis
tests. These analyses were performed using SPSS v.21 (IBM, Chicago, IL) and Stata
Statistical Software version 13 (StataCorp. 2013. Sata Satistical Software: Release 13.
College Station, TX: StataCorp LP.).

Participant characteristics

This study included 77 children, 41 boys and 36 girls. Children were 18-27 months at the
time of assessment (Mean = 23.14 SD = 2.00), with 91% falling between 21-26 months. In
this sample, 87.0% (n = 67) of mothers were White, 9.1% (n = 7) were Black and 3.9% (n =
3) were Asian. The mean maternal age at the time of delivery was 31.1 (SD=5.43) and
87.0% of mothers (n = 67) were married.

Temperament ratings and gut microbiome indicators by child sex

Significant sex differences in temperament ratings were found for 4 of 18 individual scales.
Boys received higher ratings for Motor Activation, (t(75) = 2.31, 95% CI [0.056, 0.77], p=
0.024), and High-Intensity Pleasure, (t(75) = 2.57, 95% CI [0.13, 1.01], p = 0.012), while
girls were rated as having greater Inhibitory Control, (t(75) = -2.49, 95% CI [-0.95, -0.11], p
= 0.015), and Soothability, (t(75) = -2.12, 95% CI [-0.69, -0.02], p = 0.037).
Correspondingly, significant differences were observed for the 2 composite scales on which
these 4 individual scales loaded. Specifically, compared to girls, boys were rated more
highly on Surgency/Extraversion, (t(75) = 2.28, 95% CI [0.04, 0.61], p = 0.026), and lower
on the Effortful Control scale (t(75) = -2.37, 95% CI [-0.46, -0.40], p = 0.02).

In relation to microbiome measures, boys and girls did not differ substantially in alpha
diversity as indicated by comparison of the Shannon Diversity Index (t(73) = -0.92, 95% ClI
[-0.76, 0.26], p = 0.36) or through the phylogenetic diversity measure, (i.e., PD_whole_tree;
t(73) = -0.69, p = 0.49). In addition, community distance matrices were compared in boys
versus girls directly, showing no significant difference in the community structure of the
fecal microbiota between boys and girls using an unweighted UniFrac distance matrix (p =
0.776) or a weighted UniFrac distances (p = 0.68).

Thus, sex differences in temperament ratings were not paralleled in differences in the
microbiome. Indeed, sex differences in temperament have been established (Else-Quest et
al., 2006). Moreover, sex differences in the associations between HPA axis functioning and
child behavior (Kryski et al., 2013), and the associations between child temperament, HPA
axis functioning, and child behavior (Hastings et al., 2011), have been reported. As such,
subsequent analyses were conducted separately for girls versus boys. For similar reasons,
others studying the associations of temperament with food consumption and related
constructs have also analyzed data for boys and girls separately (e.g., Faith and Hittner,
2010; Vollrath et al., 2012).
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Child temperament and alpha and beta diversity in the gut microbiome

We first examined the association between temperament ratings and both the Shannon
Diversity Index (SDI) and phylogenetic diversity measurement provided by QIIME
(PD_Whole_tree). Among boys, higher scores on the composite scale of Surgency/
Extraversion were associated with greater phylogenetic diversity (r = .414, p = 0.009; Fig
1a), but were not significantly associated with the SDI (r =.249, p =0.126; Supp Fig 1c).
Also among boys, two subscales that load on the composite scale of Surgency/Extraversion
were associated with microbiome measures. Specifically, greater Sociability was associated
with greater phylogenetic diversity (r = 0.55, p < 0.001; Fig 1b) and higher SDI scores (r =
0.45, p = 0.004; Supp. Fig 1A). In addition, an association between greater High-Intensity
Pleasure and higher phylogenetic diversity (r = 0.35, p = 0.029; Fig 1c) and SDI scores (r =
0.31, p=0.052; Supp Fig 1a) were also observed.

Paralleling results in boys, among girls, higher scores on the Surgency/Extraversion
composite scale were associated with greater phylogenetic diversity (r =.375, p = 0.027; Fig
1a) but not the SDI (r =.249, p = .126; Supp Fig 1c). Also among girls, lower scores on the
composite scale of Effortful Control were significantly associated with higher SDI scores (r
=-0.38, p = 0.023; Supp Fig 1d) but there was no association of this scale with phylogenetic
diversity (r =-2.1, p = 0.22).

No temperament variables were significantly associated with age in boys or girls. However,
both the SDI and phylogenetic diversity were associated with age at sampling among boys,
(r=0.42, p=0.009 and r = .49, p = 0.001, respectively), but not in girls (r =0.11, p=0.512
and r =.073, p = 0.673, respectively). When age was included in the model, associations of
High-Intensity pleasure with the SDI and phylogenetic diversity among boys were
attenuated (p = 0.166 and p = 0.117, respectively). However, associations of Sociability with
SDI and phylogenetic diversity among boys were not meaningfully affected (p = 0.033 and p
= 0.005, respectively). In addition, the association between the Surgency/Extraversion
composite scale and phylogenetic diversity remained after controlling for age (p = .052).

To support these analyses, unweighted UniFrac distance matrices, based upon the presence
and absence of bacterial OTUs, and weighted UniFrac distance matrices which accounted
for the actual abundances of the OTUSs, were used to assess differences between overall
microbiota community structures, known as beta diversity, in children based on
temperament ratings. The Adonis statistic showed that, among boys, Surgency/Extraversion
was associated with a unique microbiota community structure using unweighted UniFrac (p
= 0.002; Fig 2a), but not weighted UniFrac (p = 0.061; Supp. Fig 2a). Analyses of subscales
demonstrated that 3 subscales loading on this composite scale drove the effect seen with
unweighted UniFrac distances. Specifically, Sociability (p = 0.025; Fig 2b), High-Intensity
Pleasure (p < 0.008; Fig 2c), and Activity Level (p = 0.039; Fig 2d) were all significantly
associated with differences in microbiota structures among boys. Only High-Intensity
Pleasure was significantly associated with a different microbiota community structure when
OTU abundances were included via weighted UniFrac (p = 0.035; Supp Fig 2b-d).

In contrast, among girls only one significant association was observed; the subscale for Fear,
which loads on the composite scale of Negative Affectivity, was associated with a unique
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microbiome using unweighted UniFrac distances (p = 0.03; Fig 3). This was not significant
using weighted UniFrac distances (p = 0.095; Supp Fig 3).

Child temperament and phylogenetic differences in the gut microbiome

We next examined phylogenetic differences in the fecal microbiome of the children to
determine if differences in abundances of given genera were evident in relation to
temperamental characteristics. Analyses were limited to the genera that made up at least 1%
of the total sample by relative abundance, in order to focus on the association between the
dominant, highly abundant genera and temperament (Kong et al., 2013), as lesser abundant
genera may have reduced functional input (Bajaj et al., 2012). This encompassed the top 20
genera for boys (92% of total male sample sequences) and the top 18 genera for girls (92%
of total female sample sequences).

In boys, three subscales that load onto the composite scale of Surgency/Extraversion were
related to differences in abundances. Sociability was positively associated with the
abundances of an undefined genus in the family Ruminococcaceae (rg = 0.37, p = 0.019) and
the genus Parabacteroides (rg = 0.44, p = 0.004). High-Intensity pleasure was positively
associated with the genus Dialister (rg=0.37, p=0.019) and an undefined genus in the
family Rikenellaceae (r¢ = 0.43, p = 0.005), while Activity Level was positively associated
with abundances of the genus Dialister (rg=0.48, p = 0.001) and an undefined genus in the
family Rikenellaceae (rg = 0.35, p = 0.026). In girls, Fear was positively associated with an
undefined genus in the family Rikenellaceae (rg= 0.37, p = 0.028).

The potential association of these genera with age at the time of sampling was examined.
Among boys, age was significant associated with abundances of Ruminococcaceae ((rg =
0.43, p =0.005), but no other markers. Analyses including age in the model demonstrated
that the observed associated of Ruminococcaceae with Sociability among boys was
attenuated (F(1,38) = 2.51, p=0.121).

Associations of temperament with diet

Among boys, temperament characteristics associated with microbiome differences
(Surgency/Extraversion, Activity Level, High-Intensity Pleasure, Sociability) were not
associated with breastfeeding duration (<6 mos vs = 6 mo; t(39) < 1.7, ps = 0.09), age at
which grains/cereals were introduced into the diet (< 6 mos vs = 6 mos; t(39) < 1.46, ps=
0.15), or age at which non-cereal foods (vegetable, fruits, and/or meats) were introduced (<
6 mos vs = 6 mos; t(39) < 0.86, ps= 0.43).

In relation to current feeding patterns in boys, frequency of meat consumption (< once per
day, once per day and > once per day) was related to High-Intensity Pleasure (F(2, 38) =
3.38, p = 0.045), with higher scores on both scales associated with less meat consumption.
Frequency of vegetable consumption (< once per day, once per day, > once per day) was
also significantly associated with High-Intensity Pleasure (F(2, 38) = 4.54, p = 0.017), with
higher scores among those with less vegetable consumption.

In girls, temperament characteristics associated with differences in the microbiome (Fear
and Effortful Control) were not associated with breastfeeding duration (t(34) < .28, ps=
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0.78), age at which grains/cereals were introduced into the diet (t(34) < 1.6, ps= 0.13), or
age at which non-cereal foods (vegetable, fruits, and/or meats) were introduced (t(34) <
0.18, ps= 0.46). In relation to current feeding patterns in girls, neither Fear nor Effortful
Control were associated with the frequency of vegetable consumption (Fear: F(2, 33) = 1.01,
p = 0.374), Effortful control: F(2, 33) = 0.17, p = 0.845) or meat consumption (Fear: F(2,
33) = 0.51, p=10.604), Effortful control: F(2, 33) =0.17, p = 0.843).

Child temperament, diet and the gut microbiome

To examine a potential mediating role for diet, we further examined eating behaviors and
indicators of gut microbiome composition associated with High-Intensity pleasure in boys,
as this temperament characteristic showed associations with both. Kruskal-Wallis rank test
revealed no associations of abundances of either Dialister with either meat (p = 0.974) or
vegetable consumption (p = 0.331) in boys. In relation to Rikenellaceae, significant
associations were seen with vegetable consumption (p = 0.039), but not meat consumption
(p=0.117). Rank based regression models demonstrated that when both vegetable
consumption and High-Intensity Pleasure were included in the model with Rikenellaceae as
the outcome, effects of vegetable consumption were considerably reduced (F(2, 37) = 1.47,
p = 0.244), while effects of High-Intensity Pleasure were only marginally attenuated (F(1,
37) = 3.28, p=0.078). These relationships were not meaningfully affected by the addition of
child age to the model.

Discussion

In the current investigation, we found differences in alpha and beta diversity as well as the
structure and specific bacterial taxa of the gut microbiome in association with maternal
ratings of temperament in toddlers, particularly among boys. Some associations between
temperament and dietary patterns were observed. However, these did not appear to explain
the observed differences in the microbiome.

The most consistent associations were observed in relation to Surgency/Extraversion. Higher
scores on this composite scale were associated with greater phylogenetic diversity in boys as
well as girls. In addition, among boys only, subscales loading on the composite scale of
Surgency/Extraversion were associated with differences in beta diversity, the SDI, and
differences in the relative abundances of Dialister, Rikenellaceae, Ruminococcaceae, and
Parabacteroides although some of these relationships were attenuated by the inclusion of
age at sampling in the model. The Surgency/Extraversion scale reflects a trait aspect of
emotional reactivity characterized by a tendency towards high levels of positive affect,
engagement with the environment, and activity. In children, higher scores are associated
with lower depressive symptoms (Rothbart and Posner, 2006). Some data suggest that
greater Surgency/Extraversion assessed as early as 3 months of age may be associated with
growth trajectories in infants (Burton et al., 2011). Similarly, low sociability in 6-12 year
olds has been linked with higher BMI at ages 24-30 years (Pulkki-Raback et al., 2005).

Overall, associations of temperament with the gut microbiome in girls were fewer and less
consistent in terms of their clustering with particular temperament scales. In addition to the
noted association of higher Surgency/Extraversion with greater phylogenetic diversity,
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higher Effortful Control was associated with a lower SDI score and differences in both beta
diversity and Rikenellaceae were observed in relation to Fear. Greater Effortful Control
reflects better executive attention and regulation of emotional responses and can buffer from
risk of depression and anxiety (Rothbart and Posner, 2006). In addition, greater inhibitory
control in 2-year-olds has been associated with reduced risk of being classified as
overweight or at-risk in later childhood (Graziano et al., 2010). It is unknown if such
relationships between temperament and body composition may be mediated by differences
in the gut microbiome.

Analyses were conducted separately for boys versus girls because, as expected, temperament
ratings differed based on child sex. Specifically, girls were rated higher in Effortful Control
and boys had higher scores for Surgency/Extraversion. Both findings are highly consistent
with prior studies (Casalin et al., 2012; Gartstein and Rothbart, 2003; Parade and Leerkes,
2008; Putnam et al., 2006). Sex differences are also seen in experimenter ratings of
children's behavioral responses to standardized laboratory tasks (Kochanska et al., 2000).
Thus, although parental gender bias may play a role, objective behavioral differences likely
underlie these ratings. In contrast, there were no sex differences in microbiome indicators.
Because sex differences in temperament did not correspond to differences in the gut
microbiome, associations of microbial profiles with temperament characteristics may be
most readily interpreted in the context of same sex comparisons. Notably, emerging data
from animal studies also suggests that associations between the gut and behavior are sex
dependent (Clarke et al., 2013).

The significant associations between microbiota community structure and temperament
ratings observed using unweighted UniFrac distances were not duplicated using weighted
UniFrac distances. This indicates that it is the presence and absence of bacterial OTUs, not
the relative abundance of the OTUs, that is directing this association with overall
community structure. Despite this, there were significant correlations between the relative
abundance of bacteria in the families Rickenellaceae and Ruminococcaceae, and the
Parabacteroides and Dialister genera and temperament (i.e., Fear in girls and Activity
Level and High-Intensity Pleasure in boys). This is not the first report of an association
between these groups and host behavior. For example, Alistipes, a member of Rikenellaceae,
has been associated with depression in humans and is increased in stressor-exposed mice
using the grid-floor stress model (Bendtsen et al., 2012; Naseribafrouei et al., 2014).
Likewise, members of the family Ruminococcaceae have been associated with differences in
behavior in mice in the grid-floor stress model, as assessed using anxiety-like behavior tests
such as open-field testing and the elevated plus maze (Bendtsen et al., 2012), and in humans,
Parabacteroides has been associated with autism (Finegold et al., 2010). Though not
previously associated with host behavior, Dialister has been linked to lower levels of I1L-6
after exposure to a whole gratin diet in humans (Martinez et al., 2013). However, higher
Dialister in rectal samples from children with appendicitis, an inflammatory condition,
versus controls have been reported. (Jackson et al., 2014). Thus, associations of Dialster
with host inflammatory function are suggested, although the nature of this relationship is
poorly defined. The presence of the gut microbiota is key in the gut-brain axis and in
behavior, as shown in mouse studies, but more work must be done to delineate how
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individual bacterial groups impact host behavior, as well as the extent to which these
associations evolve over time (e.g., with chronic exposure to a given behavior pattern or
bacterial group).

In order for direct physiological pathways to plausibly underlie the observed associations,
key behavioral influences must be ruled out. A primary behavioral pathway by which the gut
and temperament may be linked is diet. As noted earlier, although parents control what
foods are offered, children with certain temperamental characteristics may accept different
quantities, varieties, or types of food (Faith and Hittner, 2010; Haycraft et al., 2011). In
addition, parental feeding behavior may be influenced by child temperament; for example,
parents may use food to soothe or reward fussy children (Stifter et al., 2011). As described,
in the current study, we observed some associations between temperament and child dietary
patterns, as reported by mothers. However, these differences did not appear to be a central
contributor to the observed temperamental differences in the microbiome, supporting a role
for postulated direct physiological links between the gut and brain. However, in this pilot
investigation, diet was measured in a relatively simple manner. Comprehensive and detailed
assessment of diet, ideally in a longitudinal manner would greatly strengthen future
research.

If diet is truly not a central contributor to the observed associations, direct physiological
pathways may be implicated. As described, animal studies demonstrate bi-directional
connections between the gut and brain. For example, in infant Rhesus monkeys, the stress of
maternal separation causes significant disruptions in the composition of the gut microbiome
(Bailey and Coe, 1999). Thus, temperament may affect the microbiome via differences in
novelty seeking, stressor exposure, and responses to stressors. Conversely, the gut affects
behavior/stress-responses. For example, germ-free mice exhibit an exaggerated HPA
response compared to conventional mice (Sudo et al., 2004). Therefore, a causal pathway
from gut to temperament is also possible. In the current study, due to the correlational nature
of the analyses, we are unable to determine if observed associations are a function of effects
of temperament on the gut, effects of gut on temperament, or a combination thereof.

In addition to dietary and direct physiological pathways linking gut microbiome composition
and behavior in early life, the potential role of the prenatal environment must be considered.
Most dimensions of temperament show moderate genetic influences (Saudino, 2005) and
prenatal stress has been shown to alter bacterial colonization of the gut in infant monkeys
(Bailey et al., 2004). Thus, as child temperament may reflect genetic factors shared with the
mother, it is possible that differences in the composition of the gut microbiome in relation to
child temperament may actually reflect differences in the prenatal environment.

Studies in both human subjects and animal samples have highlighted major differences in
the communities that comprise the stool and mucosa-associated microbiomes of the host Gl
tract (Carroll et al., 2011; Hong et al., 2011; Zoetendal et al., 2002). Those microbes that
adhere to the mucosal layer nearer the epithelium are believed to interact with host
immunity, guiding immunoregulation, while bacteria associated with the luminal/fecal niche
are involved in nutrition and metabolism (Van den Abbeele et al., 2011). However, it should
be noted that true stratification of the luminal and mucosal populations does not exist.
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Microbes that can adhere to colonic mucus originate from the lumen of the intestines, and
over time, tissue-associated microbes are shed into the lumen. Thus, there is substantial
crossover between luminal and tissue-associated microbial populations. To obtain a
complete picture of the GI microbiome, it is important to analyze both luminal and stool
microbiota samples. However, colonic tissue sample collection in humans is particularly
invasive and the lone use of stool in human microbiome studies is common (Qin et al., 2014;
Raman et al., 2013; Stiverson et al., 2014; Xiao et al., 2014).

This study was cross-sectional and observational in approach and, therefore, does not permit
determination of the causal direction of effects. However, if the gut microbiome influences
human behavior in a meaningful and relatively stable manner, this may represent an
opportunity for early life intervention. Psychiatric disorders account for a larger portion of
disability in developed countries than any other group of illnesses including cancer and heart
disease (Reeves et al., 2011). As with physical health disorders, behavior problems in
childhood and mental health disorders in adulthood are commonly preceded by indicators
earlier in life (Caspi et al., 1996; Lahey et al., 2008). Thus, identification of modifiable early
life antecedents may be key to addressing this global health burden.

Temperament in this study was defined based on maternal report. Reports from primary
caregivers are desirable because they have the greatest opportunity to observe the child's
behavior across a wide variety of situations and contexts (Gartstein and Rothbart, 2003).
Moreover, parental reports have excellent predictive validity in relation to future child
behavior problems (Gartstein et al., 2012; van Aken et al., 2007). However, maternal and
paternal reports of child temperament tend to differ (Casalin et al., 2012; Parade and
Leerkes, 2008), which may be attributable to biases as well as interaction styles (e.g., more
rough play of fathers with boys) which elicit different behaviors from the child. In addition,
parental reports often do not correspond strongly with observers' ratings of the child's
behavior in standardized settings (Mangelsdorf et al., 2000). Thus, while each provides
insight, maternal ratings, paternal ratings, and objective observations tap into different
aspects of the construct of temperament. Inclusion of observational as well as both maternal
and paternal reports would greatly strengthen future studies on this topic.

In the current investigation, we used next generation 454 pyrosequencing which allows for
wider study of microbial communities than permitted by earlier methods, including
denaturing gradient gel electrophoresis (DGGE) and polymerase chain reaction (PCR). This
technology permits the analyses of entire bacterial communities rather than examination of
smaller classification subsets selected by a priori hypotheses. Thus, our ability to examine
the gut microbiome in a comprehensive manner is greatly enhanced by technological
advancements. The 454 pyrosequencing approach was chosen over competing technologies,
particularly lllumina, due to the greater average amplicon length at the time the sequencing
was conducted. In addition, although it provides less coverage (sequences per sample), 454
pyrosequencing has a lower error rate. Thus, while greater sequence depth might have
allowed for the detection of more bacterial groups and OTUSs, the greater read length
provided by 454 pyrosequencing granted classification at lower taxonomic levels. The
average sequence depth was ~14k per sample and a rarefaction curve indicated that
increasing depth further would not substantially increase observed OTUs, supporting the use
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of 454 in this dataset. However, we did not assess microbial function, through the use of
metagenomic or metatranscriptomic methodologies, or microbial metabolites, through
metabolomics-based analyses. Such technologies will be utilized in future studies.

In conclusion, this study contributes to a growing literature that links gut microbiota to host
behavior and physiology, by demonstrating that microbial populations are associated with
host behavior, operationalized as maternal ratings of temperament. These associations were
evident in this relatively small exploratory study in young children, suggesting that
microbiota-behavior interactions are already evident at an early age and are relatively robust.
Although this study was not designed to address causal pathways between the microbiota
and host behavior, future studies involving larger cohorts and incorporating metagenomics,
or even metabolomics, will help begin to elucidate mechanisms by which the bidirectional
communication between the host and its microbiota occur.
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Figure 1. a-c. Temperament and Phylogenetic Diversity
Associations between temperament characteristics and phylogenetic diversity among boys

(circles; solid lines) and girls (X's; dashed lines). Significant associations were observed
among both boys and girls for the composite scale of Surgency/Extraversion (ps < 0.03).
Among boys only, phylogenetic diversity was significantly correlated with the subscales of

Sociability (r = 0.55, p < 0.001) and High-Intensity Pleasure (r = 0.35, p = 0.029).
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Figure 2. Beta Diversity and Temperament in Boys
Permutational multivariate analysis of variance indicated that microbial community structure

was significantly different in boys with different levels of Surgency/Extraversion (p < .05).
This was reflected in Principal Coordinate Analyses (PCoA) in which samples were plotted
continuously based on ratings in A) Sociability/Extraversion and its subscales, including B)
Sociability, C) High-Intensity Pleasure, and D) Activity subscales of the Surgency/
Extraversion composite scale. Overall, samples were distributed on a gradient based on
increasing temperament level. PCoAs were based on Unweighted UniFrac distances
calculated by QIIME.
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Figure 3. Beta Diversity and Temperament in Girls
Microbial populations were different in girls with different Fear ratings, which loads on the

Negative Affectivity composite scale, as indicated by a significant difference in
Permutational multivariate analysis of variance (p = .03). Samples were distributed on a
gradient based on increasing Fear rating. Unweighted UniFrac distances were calculated in
QIIME.
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