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Abstract

Temperament in early childhood is a good predictor of later personality, behavior, and

risk of psychopathology. Variation in temperament can be explained by environmen-

tal and biological factors. One biological mechanism of interest is the gut microbiome

(GM), which has been associated with mental and physical health. This review syn-

thesized existing literature evaluating the relationship between GM composition and

diversity, and temperament in early life. Web of Science, PsycInfo, PubMed, and Sco-

pus were searched, and data were extracted according to PRISMA guidelines. In total,

1562 studies were identified, of which six remained following application of exclu-

sion/inclusion criteria. The findings suggest that there is an association betweenhigher

alpha diversity and temperament: greater Surgency/Extraversion and High-Intensity

Pleasure in males, and lower Effortful Control in females. Unique community struc-

tures (beta diversity) were found for Surgency/Extraversion in males and Fear in

females. An emerging pattern of positive temperament traits being associated with

GM communities biased toward short-chain fatty acid production from a metabolism

based on dietary fiber and complex carbohydrates was observed and is worthy of fur-

ther investigation. To gain deeper understanding of the relationship, future research

should investigate further the functional aspects of the microbiome and the influence

of diet.

KEYWORDS

child, development, gut microbiome, gut–brain axis, infant, temperament

1 INTRODUCTION

The global prevalence of mental health disorders in children and ado-

lescents, aged between 6 and 18 years, is close to 15% (Polanczyk

et al., 2015). For example, it is estimated that currently in the United

Kingdom, one in eight children aged between 5 and 19 years old is

diagnosed with at least one mental health problem, including emo-
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tional, behavioral, and/or hyperactivity disorders (Baker, 2021). These

disorders typically have a pervasive effect upon individuals through-

out their childhood, adolescence, and intoadulthood (Kretschmeret al.,

2014). Identification of early childhoodmarkers of later behavioral and

mental health problems provides the possibility of developing inter-

ventions and prevention programs targeted at early life stages. Mea-

sures of temperament in early childhood, through parent, teacher, or
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observationalmeasures, havebeen shown tobegoodpredictors of per-

sonality, behavior, and risk of psychopathology in later childhood and

adolescence (Muris &Ollendick, 2005), and thus are good early targets

for investigation of precedingmarkers.

Temperament, which refers to an individual’s patterns of behav-

ior, including emotional responsiveness, mood, and the speed and

intensity of reactions, is often considered to be a fundamental compo-

nent of personality, present early in life (Sanson et al., 2004). During

early childhood, an individual’s reactions to their environment are

predominantly influenced by temperament (Rothbart, 2012) and tem-

peramental traits in children are closely linked with the broad factors

used to describe personality traits in adulthood (McCrae et al., 2000).

Temperament in childhood can give insight into later behavior through

its close relationship with personality (Rothbart et al., 2011), suggest-

ing that it is a strong marker of later behavioral phenotypes. Although

temperamental traits have previously been considered to be stable

over time, it is possible for them to undergo change during an individ-

ual’s development (Rothbart & Bates, 2006). Evidence for individual

differences in temperament has shown that between 20% and 60% of

phenotypical variance in personality can be accounted for by genet-

ics (Saudino, 2005). Nevertheless, data from twin and adoption studies

have also shown that environmental factors play an important role in

individual differences in child temperament (Saudino, 2005).

Composition of the gut microbiome (GM) is likely to influence

children’s temperament, given that several studies in children have

implicated the GM in a range of other physical and mental and devel-

opmental outcomes. The GM includes both the composition of the

communities of bacteria, viruses, archaea, and fungi that colonize the

gut, as well as the collective genome. In contrast, the term “microbiota”

refers to the composition of a community including bacteria, viruses,

archaea, and fungi but not its collective genome. In this review, the use

of GM refers exclusively to gut microbiome, and where microbiota is

the topic of discussion, this term is written in full.

Studies in children have implicated the GM in several health out-

comes, including physical health conditions, such as obesity (Muruge-

san et al., 2018) and asthma (Attar, 2015; Moossavi et al., 2018), as

well as mental health conditions such as attention deficit hyperac-

tivity disorder (ADHD; Adesman et al., 2017). Furthermore, bacterial

colonization of the gut has been shown to be directly related to the

maturation of both the central nervous system (CNS) and enteric ner-

vous system (ENS) in children (Barbara et al., 2005; Stilling et al., 2014).

From a developmental perspective, the most rapid phase of coloniza-

tion of the gut starts at birth and continues until maturation of the

GM at approximately 31–46 months (Stewart et al., 2018). The GM

andbrain are thought to share similar sensitive periods of development

during infancy that are known to extend up until the second year of life

(Borre et al., 2014; Heijtz et al., 2011). Sensitive periods in the devel-

opment of the microbiota include birth and the early postnatal period,

as well as during complementary feeding (the period of introduction to

solid food, typically around 6 months of age as recommended by the

WorldHealthOrganization [WHO]). These periods alignwith neurode-

velopmental periods of plasticity including sensory function, language,

learning, andmemory (for a review, see Cowan et al., 2020).

The GM and brain share a bidirectional relationship, and this com-

munication route between them is known as the gut–brain axis (GBA;

Wang et al., 2018). The GBA comprises several pathways including

the CNS, ENS, and the hypothalamic–pituitary–adrenal axis (HPA;

Skonieczna-Żydecka et al., 2018). Through their metabolism of several

substrates including dietary fiber and carbohydrates, bacteria pro-

duce short-chain fatty acids (SCFA) consisting primarily of acetate,

propionate, and butyrate (Silva et al., 2020). Each bacterium can be cat-

egorized by the SCFA that they produce, and each may produce one

or more, through different metabolic processes (Louis & Flint, 2017).

Production of SCFAs in the gut plays an important role in maintaining

gut health, including prevention of inflammation and maintenance of

intestinal barrier function. SCFAs additionally play a central role in the

communication in the GBA (Silva et al., 2020). Bacteria within the gut

also play an important role in the metabolism of tryptophan, an amino

acid precursor of serotonin production, with the serotonergic system

being key to the regulation of mood (Jenkins et al., 2016). For these

reasons, altered composition of the GM, through colonization of aber-

rant species or changes in overall diversity or composition, may disrupt

the communication of the GBA and further impact both physical and

mental health of an individual. It is plausible that these effects may be

evident in early development of temperament.

Animal models provide further evidence for the mechanism by

which GM may influence the development of temperament. Stud-

ies of germ-free (GF) animals (specially raised animals that are free

from all microorganisms) have shown that dysregulation of the GM is

associated with lasting impact upon brain chemistry affecting stress

response, cognition, and behavior relating to anxiety and depression

(Cryan & Dinan, 2012; Zheng et al., 2016). In humans, the HPA axis

(which plays an important role in emotional regulation and stress

response) has been shown to be affected by GM dysregulation (De

Weerth, 2017). It is plausible that these changes in the composition of

the GM may alter both the functioning of the HPA axis and the rela-

tionship between the ENS and the CNS, which has been suggested

as a mechanism that drives individual differences in temperament

(Luczynski et al., 2016).

To understand how variation in temperament is related to later

adverse development, it is important to understand the relationship

between temperament and its underpinning biological mechanisms,

specifically the development of the GM. Despite emerging and devel-

oping interest in the relationship between the GM and temperament,

there is no current consensus regarding specific bacterial composition

or diversity of the GM and its relationship with different aspects of

temperament. Thus, the aim of this systematic review was to gather

and synthesize existing evidence relating to the relationship between

GM composition and diversity and temperament in early childhood.

2 METHODS

A systematic review was conducted using methods set out in

the Preferred Reporting Items for Systematic Review and Meta-

Analysis (PRISMA) guidelines (Moher et al., 2010). A protocol for this
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systematic review was registered on PROSPERO, registration number

CRD42020196919.

2.1 Data sources

Asearchof the academic databasesWebof Science, PsycInfo, PubMed,

and Scopus was conducted from September to October 2020. Search

terms were established relating to gut (gut, intestin*, enterotype),

microbiome (microbiome, microbio* or bacteri*, composition, diver-

sity), and temperament (temperament, personality, anxiety, sociability,

“negative affect,” fear, shyness, mood, stress). Following establishment

of search terms, Boolean operators were applied, and appropriate

adjustments were made for each database. This process was repeated

in June 2021 to ensure themost up-to-date papers were included.

2.2 Eligibility criteria

All studies reporting on the relationship between variation in compo-

sition of GM and temperament in children up to the age of 6 years

11 months were eligible for inclusion. From the age of 7 years, the

temperament measures used move toward the middle and late child-

hood, 8–14 years of age. Therefore, for the purpose of this review

the age range was limited to the early childhood years and related

measurements. The study types of interest were cross-sectional and

longitudinal observational studies. Inclusion criteria for this review

were as follows:

Studies thatmeasured the composition and/or diversity ofGMusing

either whole genome sequencing, 16S rRNA, or shotgun sequencing

methods;

Studies that used established scales tomeasure behavioral outcome

measures of temperament;

Studies involving healthy child participants (and their parents), from

birth to 6 years 11months;

Studies involving children born at full term, after 36 weeks but

before 42weeks;

Studies with children born either via vaginal delivery or caesarean

section;

Studies involving children with either single or multiple births, with

or without siblings.

Exclusion criteria for this review were as follows:

Studies not written in English;

Reviews, meta-analyses, book sections, book chapters, and studies

not published in peer-reviewed journals;

Studies that did notmeasure theoutcomesof interest and/or did not

use next-generation sequencing tomeasure GM composition;

Studies with children born prematurely <36-week gestation or late

>42-week gestation;

Studies of children with diagnosed gastrointestinal health condi-

tions, such as studies focused on Crohn’s disease;

Studies focused on children with severe/multiple allergies;

Studies of children with diagnosed genetic disorder or syndrome,

learning or developmental disorder, or acquired injuries that have

known links with altered GM composition or behavior, such as studies

focused on autism.

2.3 Study selection and data extraction

Endnote version x9 software was used to collate articles from aca-

demic database searches and to remove duplicate articles. Two review-

ers, EAJ and EB, independently screened each article by title and

abstract to remove articles that either did not meet the inclusion

criteria or met the exclusion criteria. Full articles were then indepen-

dently screened for inclusion by two reviewers (EAJ and EB), and final

selection was made for data extraction. A third reviewer (JB) was con-

sulted to settle discrepancies in review decisions at each stage of the

review process. Researcher EAJ extracted all data for the final articles

included in this review. Data were first extracted into an excel sheet

for synthesis, including details on author and location of study, pub-

lication year, study design, participant demographics including age at

each time point, GM technique including, collection method, sequenc-

ing method, hypervariable regions, temperament measurement, GM

diversity, and/or composition measures. Statistical methods and study

resultswere also extracted including significance levels and effect sizes

with confidence intervals, where possible.

2.4 Quality assessment

All articles that met inclusion criteria for this reviewwere assessed for

risk of bias independently by two reviewers (EAJ and EB). TheNational

Heart, Lung, and Blood Institute (NHLBI) quality assessment tool for

observational cohort and cross-sectional studies (NHLBI, 2021) was

used to rate the articles. This tool has14questions evaluating the inclu-

sion and quality of the research question, study population, sample size

justification, exposure measures, outcome measures, statistical analy-

ses, timeframe, blinding, and repeated exposures. Each question was

scored as either “yes,” where the criteria is satisfied; “no,” where the

criteria is not met; or “not applicable.” A score of “yes” corresponded

with one and “no” or “not applicable” corresponded with zero. Scores

for each article were totaled, and a grading system developed byUloko

et al. (2018) was employed to rate the selected articles into: “Good”

(≥70%), “Fair” (≥50%), and “Poor” (<50%).

3 RESULTS

A total of 2176 articles were identified (1698 in the first search [S1],

478 in the second search [S2]). Duplicate articles (n = 614: S1 = 544,

S2= 70) were removed, and 1562 (S1= 1154, S2= 408) articles were

screened by abstract and title. Following the first screening, 1128 did

not meet the eligibility criteria and were removed. Full text screen-

ing was carried out on a total of 30 articles (S1 = 26, S2 = 4) and
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F IGURE 1 PRISMA flowchart illustrating systematic review screening process

24 articles were unanimously excluded, including one for which the

third reviewer (JB) was consulted to resolve conflict in the review deci-

sion. Six articleswere included in this systematic review, each reporting

on a unique study, that met the review criteria as shown in Figure 1,

PRISMA flowchart (Moher et al., 2010).

3.1 Study characteristics

The six studies included a total of 733 participants, with individual

studies including 40–301 participants (Aatsinki et al., 2019; Christian

et al., 2015; Flannery et al., 2020; Kelsey et al., 2021; Loughman et al.,

2020; Wang et al., 2020). Child participants ranged in age from birth

to 6 years 11 months old. Publication dates of the articles ranged

from 2015 to 2021 (see Table 1). Two studies were longitudinal studies

(Aatsinki et al., 2019; Loughman et al., 2020) and four were cross-

sectional observational studies. Both longitudinal studies recruited

families during the prenatal period andhave continuing follow-ups, one

focused on the age range from birth to 6 months of age, and the other

from birth to 2 years of age. Location of study samples occurred across

several continents; three were conducted in the United States, one in

Australia, one in Europe (Finland), and one in China.

3.2 Quality assessment

Overall, the quality of articles was varied: two papers were assessed as

“Good,” three “Fair,” and one “Poor” (Flannery et al., 2020; see Table 2).

All articles included a clear research question, well-defined exposures,

including levels of measures, and outcome measures. Only one of the

articles included in this review presented effect sizes, which satisfied

question 5: “Was a sample size justification, power descriptions, or

variance and effect estimates provided?” (Kelsey et al., 2021). None of

the articles included power descriptions or sample size justifications.

For all studies, blinding of the assessor to the exposures of partici-

pants was marked as not applicable; no studies were interventions.

Cross-sectional studies were scored as “no” to the following questions:

question 6, “For the analyses in this paper, were the exposure(s) of

interest measured prior to the outcome(s) being measured?”; question

7, “Was the timeframe sufficient so that one could reasonably expect to
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TABLE 2 Quality assessment scores according to the NHLBI quality assessment tool for observational cohort and cross-sectional studiesa

Study Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 Q11 Q12 Q13 Q14 Quality rating

1. Christian et al. (2015) Yes Yes Yes Yes No No No Yes Yes No Yes NA No No 7/14 (Fair)

2. Aatsinki et al. (2019) Yes Yes Yes Yes No Yes Yes Yes Yes No Yes NA Yes Yes 11/14 (Good)

3. Loughman et al.

(2020)

Yes Yes Yes Yes No Yes Yes Yes Yes Yes Yes NA Yes Yes 12/14 (Good)

4.Wang et al. (2020) Yes Yes Yes Yes No No No Yes Yes No Yes NA Yes Yes 9/14 (Fair)

5. Flannery et al. (2020) Yes No CD CD No No No Yes Yes No Yes NA No Yes 5/14 (Poor)

6. Kelsey et al. (2021) Yes Yes Yes Yes No No No Yes Yes No Yes NA No Yes 8/14 (Fair)

Note: Each question is answered either Yes, No, CannotDetermine (CD), NotApplicable (NA), orNot Reported (NR) as per guidance providedwith this quality

assessment tool.
aCriteria questions: 1. Was the research question or objective in this paper clearly stater? 2. Was the study population clearly specified and defined? 3. Was

the participation rate of eligible persons at least 50%. 4.Were all the subjects selected or recruited from the same or similar populations (including the same

period)? Were inclusion and exclusion criteria for being in the study prespecified and applied uniformly to all participants? 5. Was a sample size justifica-

tion, power description, or variance and effect estimates provided? 6. For the analyses in this paper, were the exposure(s) of interest measured prior to the

outcome(s) being measured? 7. Was the timeframe sufficient so that one could reasonably expect to see an association between exposure and outcome if it

existed? 8. For exposures that can vary in amount or level, did the study examine different levels of the exposure as related to outcome (e.g., categories of

exposure, or exposure measured as continuous variable)? 9. Were the exposure measures (independent variables) clearly defined, valid, reliable, and imple-

mented consistently across all study participants? 10.Was the exposure(s) assessedmore than once over time? 11.Were the outcomemeasures (dependent

variables) clearly defined, valid, reliable, and implemented consistently across all study participants? 12. Were the outcome assessors blinded to the expo-

sure status of the participants? 13. Was loss to follow-up after baseline 20% or less? 14. Were key potential confounding variables measured and adjusted

statistically for their impact on the relationship between exposures(s) and outcome(s)?

see an association between exposure and outcome if it existed?”; ques-

tion10, “Was theexposure(s) assessedmore thanonceover time?”; and

question 13, “Was loss to follow-up after baseline 20% or less?” This

resulted in lower overall quality scores for all cross-sectional designs.

The scoring was performed in line with the instructions of the NHLBI

quality assessment tool for observational cohort and cross-sectional

studies (NHLBI, 2021) while acknowledging the systematic impact of

the scoring system on ratings of cross-sectional designs.

3.3 Microbiome analyses

All the studies included in this review investigated the composition of

themicrobiota; Studies 5 and 6 additionally investigated the functional

composition of theGM.GMdiversitywas assessed in all studies, except

Study 4. Alpha diversity was measured in Studies 1, 2, 3, and 6, Beta

diversitywasmeasured in Studies 1 and3, and functional beta diversity

was measured in Studies 5 and 6. Four of the studies included in this

review used 16S rRNA sequencing to investigate the gut microbiota,

and two studies (Studies 5 and 6) used shotgunmetagenomics to inves-

tigate themicrobiome. Threeof the16S rRNAstudies used the Illumina

MiSeq platform to sequence the data, except Study 1, which used

Roche 454 FLX Titanium system. Studies investigating the 16S rRNA

varied in hypervariable region selection. Studies 2 and3usedV4 region

only, Study 4used bothV3 andV4, and Study1usedV1–3 (see Table 3).

Both the SILVA taxonomic data base and the GreenGenes reference

databasewereused to identify genera of bacteria from theOperational

Taxonomic Units (OTUs) assigned. Flannery et al. (2020) prepared the

raw sequences for analysis using the Shot CleanerWorkflow, following

the guidelines laid out by the Human Microbiome Project Consortium

(2012). Furthermore, Flannery et al. (2020) used Shotmap to quantify

group relative abundance by function using the Kyoto Encyclopedia

of Genes and Genomes (KEGG) group relative abundance by function

(Sharpton, 2017) and Metaphlan2 (Truong et al., 2015) was used to

quantify taxon relative abundance. Kelsey et al. (2021) used a series of

pipelines developed in-house to analyze theirmicrobiome samples. The

JAMSalpha pipeline was used to obtain taxonomic and functional rel-

ative abundances. Metagenomic contigs were taxonomically classified

using the k-mer analysis in Kraken 2.

Sample collection methods also varied, with two of the studies (1

and 2) requesting that participants stored the samples chilled at +4◦C

until collection/drop off at the laboratory. Studies 1, 2, and 6 requested

that samples were brought to the laboratory within a 24-h window.

Studies 5 and 6 collected samples at ambient room temperature, and

Study 3 collected samples either fresh or chilled in a home freezer at

typically −18◦C. Study 3 collected samples at time of the home visit

for completion of the temperament scale; samples were transported

in a cooler at +4◦C for an average of 1.5 h until they reached the lab.

Following collection, all but Study 2 froze their samples at−80◦C until

DNA extraction was performed ready for analysis. Study 2 began DNA

extraction as soon as samples reached the lab.

3.4 Temperament measures

Temperament was typically measured using several well-established

scales (see Table 3). Study 1 used the Early Childhood Behavior Ques-

tionnaire (ECBQ; Putnam et al., 2006), Studies 2 and 6 used the Infant

BehaviorQuestionnaire—Revised Short Form (IBQ-R SF), Study 4 used

the Chinese version of the Infant Behavior Questionnaire—Revised

(IBQ-R; Putnam et al., 2014), and Study 5 used the Child Behavior

Questionnaire (CBQ; Rothbart et al., 2001). In addition, Study 3 used
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a single 5-point Likert scale to measure “temperament” developed by

Ponsonby et al. (1997). This scale has not been validated as an in-depth

measure of temperament in infants.

3.5 Microbiome and temperament outcomes

3.5.1 Microbiome diversity

Alpha diversity, a measure of the diversity of species within a given

ecosystem or environment, was measured in four studies (Studies

1, 2, 3, and 6). Study 1 used a phylogenetic diversity measure-

ment, PD_whole_tree4, and the Shannon Diversity Index (SDI). In this

study, microbiota measures were investigated separately for boys

and girls. There were significant associations between alpha diversity,

measured using phylogenetic diversity, and higher scores on the Sur-

gency/Extraversion subscale, in both boys and girls aged between 18

and 27months. There was no significant relationship between SDI and

Surgency/Extraversion for either boys or girls. In boys, High-Intensity

Pleasure was positively associated with both phylogenetic diversity

and SDI, whereas in girls Effortful Control was negatively associated

with SDI but not phylogenetic diversity. Study 2 found that alpha diver-

sity scores of SDI and Chao1, measured at 2.5 months of life, had

no statistically significant associations with temperament measured

at 6 months of life. Study 2 also included several covariates in addi-

tion to gender, including gestational age, infant age, mode of delivery,

breastfeeding status, and antibiotic intake age. In the adjusted mod-

els, alpha diversity was associated with negative emotionality and fear

reactivity. The Chao1 measure of richness was not associated with

temperament in the adjusted models. Although Study 3 included alpha

diversity measures, taken at 1, 6, and 12 months, the relationship

between alpha diversity and temperament was not assessed. Study

6 found no significant associations between the behavioral temper-

ament measures of negative emotionality, regulation/orienting, and

surgency/positive emotionality, and alpha diversity in children aged

9–56 days (M = 24 days). This was consistent across all measures

of alpha diversity; both taxa diversity measures, Shannon-taxa and

Chao1-taxa; and Chao1 functional terms—diversity, virulence factors,

resistome, and Gene Ontology (GO) terms. Virulence factors include

the cellular structures that allow bacteria to invade and colonize a

host, suppress immunity, and divert nutrition from the host. Resis-

tome diversity is the genes within bacteria that code for products that

increase resistance to antibiotics. GO terms characterize the contribu-

tion of individual genes to the biological makeup of an organism. They

did, however, find significant indirect effects, which suggested that

the relationship between taxa diversity and negative emotionality may

be mediated by homologous–interhemispheric connectivity. Similarly,

they also found significant indirect effects for virulence factors diver-

sity and both negative emotionality and regulation/orienting, when

mediatedbyhomologous–interhemispheric connectivity. Studies4and

5 did not measure alpha diversity.

Beta diversity, measured using weighted and unweighted UniFrac

distances, is ameasure of amount of compositional difference between

communities or environments. Study 1 investigated beta diversity in

18–27-month-old children. Using the Adonis statistic, they found that

Surgency/Extraversion was associated with a uniquemicrobiota struc-

ture measured on unweighted UniFrac, but not weighted distances, in

boys. Subscale analysis highlighted three subscales, Sociability, High-

Intensity Pleasure, andActivity Levels, which drive the effect seenwith

unweighted differences. In girls, only one subscale, Fear, was associ-

ated with a unique community structure, measured using unweighted

UniFrac distances. Study 1was the only study to investigate beta diver-

sity related to temperament. Additionally, due to beta diversity being

an index of the unique community structures of microbiota within

a study population, these results are difficult to generalize further

beyond that specific study population, and therefore further work is

needed to establish the importance of beta diversity in the develop-

ment of temperament. Figure 2 illustrates the relationship between

alpha and beta diversity and temperament of all included studies.

3.5.2 Microbiome composition

Several approaches were employed to look at the association of micro-

biota composition with temperament (see Table 4). Study 1 examined

genera that made up at least 1% of the total sample by relative abun-

dance, in children aged between 18 and 27 months, which was done

in order to focus on the dominant, highly abundant genera (Chris-

tian et al., 2015). This included the top 20 and 18 genera in boys

and girls, respectively. Notably, temperament subscales loading onto

the Surgency/Extraversion composite scale were found to correlate

with specific genus abundance for boys. Sociabilitywas positively asso-

ciated with an undefined genus in the Ruminococcaceae family and

the genus Parabacteroides (see Figure 3 for synthesis of composition

results). The genus Dialister and an unidentified genus in the fam-

ily Rikenellaceae were positively associated with both High-Intensity

Pleasure and activity level. Interestingly, in girls, fear was positively

associated with an unidentified genus in the family Rikenellaceae.

Study 4 established that the abundance of Bifidobacterium was posi-

tively related to soothability, and Hungatellawas negatively correlated

to cuddliness. This relationship was controlled for delivery mode,

feeding type (breast or formula), and probiotic consumption.

Study 2 used a cluster analysis approach, identifying three dis-

tinct community types in infants aged 2.5 months that were related

to temperament traits at 6 months of age. Within these clusters,

five OTUs presented as the most discriminating and represented the

taxa Veillonella dispar, Clostridium neonatale, Bacteroides including Bac-

teroides fragilis (named as Bacteroides cluster), Enterobacteriaceae, and

Bifidobacterium. The cluster dominated by Bifidobacterium and Enter-

obacteriaceae presented the highest scores in the temperament trait

of regulation and subscales ofHigh-Intensity Pleasure, Cuddliness, and

Duration of Orienting, which is a measure of the time an infant spends

paying attention to or interacting with a single object (Putnam et al.,

2006). The lowest scores for each of the same trait and subscales were

found in Bacteroides-dominant cluster.

Taxonomic composition analysis carried out in Study 5 found (using

pairwise comparisons) that Bacteroides fragilis was associated with

reduced levels of sadness and impulsivity, and increased levels of



ALVING-JESSEP ET AL. 11 of 20

T
A
B
L
E
4

Su
m
m
ar
y
o
fk
ey

fi
n
d
in
gs

an
d
lim

it
at
io
n
s
ac
ro
ss
al
li
n
cl
u
d
ed

ar
ti
cl
es

(N
=
6
)

A
u
th
o
rs

M
ic
ro
b
io
m
e
d
iv
er
si
ty

m
ea
su
re
s

M
ic
ro
b
io
m
e

co
m
p
o
si
ti
o
n

m
ea
su
re
s

M
ai
n
re
su
lt
s

Li
m
it
at
io
n
s

1
.C

h
ri
st
ia
n
et

al
.

(2
0
1
5
)

A
lp
h
a
d
iv
er
si
ty

m
ea
su
re
d
w
it
h

p
hy
lo
ge
n
et
ic
d
iv
er
si
ty

m
ea
su
re
m
en

t,

P
D
_W

h
o
le
_t
re
e,
an

d
th
e

Sh
an

n
o
n
D
iv
er
si
ty

In
d
ex

(S
D
I)
.

B
et
a
D
iv
er
si
ty

w
as

m
ea
su
re
d

u
si
n
g
b
o
th

u
nw

ei
gh

te
d
an

d

w
ei
gh

te
d
U
n
iF
ra
c
d
is
ta
n
ce
s.

G
en

u
s

ab
u
n
d
an

ce
s

w
er
e
u
se
d
.

1
.S
h
o
w
ed

si
gn

if
ic
an

t
se
x
d
if
fe
re
n
ce
s
in
te
m
p
er
am

en
t
ra
ti
n
gs
,

in
cl
u
d
in
g
h
ig
h
er

sc
o
re
s
fo
r
b
oy
s
in
m
o
to
r
ra
ti
n
gs

an
d

H
ig
h
-I
n
te
n
si
ty

P
le
as
u
re
,w

h
ile

gi
rl
s
h
ad

h
ig
h
er

ra
ti
n
g
o
fi
n
h
ib
it
o
ry

co
n
tr
o
la
n
d
so
o
th
ab

ili
ty
.

2
.A

m
o
n
g
b
oy
s,
h
ig
h
er

sc
o
re
s
o
fS
u
rg
en

cy
/E
xt
ra
ve
rs
io
n
w
er
e

as
so
ci
at
ed

w
it
h
gr
ea
te
r
p
hy
lo
ge
n
et
ic
d
iv
er
si
ty
,b
u
t
n
o
t
as
so
ci
at
ed

w
it
h
Sh

an
n
o
n
D
iv
er
si
ty

In
d
ex

(S
D
I)
.H

ig
h
-I
n
te
n
si
ty

P
le
as
u
re

w
as

as
so
ci
at
ed

w
it
h
b
o
th

gr
ea
te
r
p
hy
lo
ge
n
et
ic
d
iv
er
si
ty

an
d
SD

I.

3
.S
u
rg
en

cy
/E
xt
ra
ve
rs
io
n
w
as

as
so
ci
at
ed

w
it
h
gr
ea
te
r
p
hy
lo
ge
n
et
ic

d
iv
er
si
ty
,i
n
gi
rl
s,
b
u
t
n
o
t
as
so
ci
at
ed

w
it
h
SD

I.
T
h
er
e
w
er
e
al
so

si
gn

if
ic
an

t
n
eg
at
iv
e
as
so
ci
at
io
n
s
b
et
w
ee
n
th
e
co
m
p
o
si
te

sc
o
re
s

o
fE

ff
o
rt
fu
lC

o
n
tr
o
la
n
d
SD

I,
b
u
t
n
o
t
p
hy
lo
ge
n
et
ic
d
iv
er
si
ty
.

4
.I
n
b
oy
s,
so
ci
ab

ili
ty

w
as

p
o
si
ti
ve
ly
as
so
ci
at
ed

w
it
h
th
e
ab

u
n
d
an

ce
s

o
fa
n
u
n
d
ef
in
ed

ge
n
u
s
in
th
e
fa
m
ily

R
u
m
in
o
co
cc
ac
ea
e
an

d

P
ar
ab

ac
te
ro
id
es
.H

ig
h
-I
n
te
n
si
ty

P
le
as
u
re

w
as

p
o
si
ti
ve
ly

as
so
ci
at
ed

w
it
h
th
e
ge
n
u
s
D
ia
lis
te
r,
an

d
an

u
n
d
ef
in
ed

fa
m
ily

in

R
ik
en

el
la
ce
ae
.I
n
gi
rl
s,
fe
ar

w
as

p
o
si
ti
ve
ly
as
so
ci
at
ed

w
it
h
an

u
n
d
ef
in
ed

ge
n
u
s
in
th
e
fa
m
ily

R
ik
en

el
la
ce
ae
.

1
.T
h
is
st
u
d
y
w
as

cr
o
ss
-s
ec
ti
o
n
al
an

d

o
b
se
rv
at
io
n
al
in
ap
p
ro
ac
h
an

d

d
o
es

n
o
t
al
lo
w
fo
r
th
e

d
et
er
m
in
at
io
n
o
fc
au

sa
ld
ir
ec
ti
o
n

o
fe
ff
ec
ts
.

2
.I
n
th
is
st
u
d
y,
it
w
as

n
o
t
p
o
ss
ib
le
to

lo
o
k
at

m
ic
ro
b
ia
lf
u
n
ct
io
n
,a
s
it

w
o
u
ld
re
q
u
ir
e
a
m
et
ag
en

o
m
ic
o
r

m
et
at
ra
n
sc
ri
p
to
m
ic
ap
p
ro
ac
h
.

2
.A

at
si
n
ki
et

al
.

(2
0
1
9
)

A
lp
h
a
–
Sh

an
n
o
n
In
d
ex
,

C
h
ao

1
.

O
T
U
co
u
n
ts
w
er
e

u
se
d
fo
r

co
m
p
o
si
ti
o
n

m
ea
su
re
s.

1
.T
h
re
e
d
is
ti
n
ct
cl
u
st
er
s
w
er
e
id
en

ti
fi
ed

.

2
.C

lu
st
er
s
an

d
in
fa
n
t
te
m
p
er
am

en
t
–

B
if
id
o
b
ac
te
ri
u
m
/E
n
te
ro
b
ac
te
ri
ac
ea
e
p
re
se
n
te
d
th
e
h
ig
h
es
t

sc
o
re
s
an

d
B
ac
te
ro
id
es

cl
u
st
er

th
e
lo
w
es
t
sc
o
re
s
in
tr
ai
t
o
f

re
gu

la
ti
o
n
(K
ru
sk
al
–
W
al
lis

H
te
st
χ2
=
5
.8
,F
D
R
=
0
.2
3
),
an

d
th
e

su
b
sc
al
es

o
fH

ig
h
-I
n
te
n
si
ty

P
le
as
u
re
,c
u
d
d
lin

es
s,
an

d
d
u
ra
ti
o
n
o
f

o
ri
en

ti
n
g.

3
.A

lp
h
a
d
iv
er
si
ty

an
d
in
fa
n
t
te
m
p
er
am

en
t
–
N
ei
th
er

Sh
an

n
o
n
In
d
ex

n
o
r
C
h
ao

1
w
er
e
as
so
ci
at
ed

w
it
h
an
y
o
ft
h
e
te
m
p
er
am

en
t
tr
ai
ts
.

W
h
en

ad
ju
st
ed

fo
r
ge
st
at
io
n
al
ag
e,
in
fa
n
t
ag
e,
se
x,
m
o
d
e
o
fd

el
iv
er
y,

b
re
as
tf
ee
d
in
g,
an

d
an

ti
b
io
ti
c
in
ta
ke
,d
iv
er
si
ty

w
as

as
so
ci
at
ed

w
it
h
n
eg
at
iv
e
em

o
ti
o
n
al
it
y
(B
=
−
0
.1
7
,F
D
R
,=

0
.1
7
,a
d
ju
st
ed

R
2
=
0
.0
1
6
),
an

d
fe
ar

re
ac
ti
vi
ty

(B
=
0
.2
7
,F
D
R
=
0
.1
7
,a
d
ju
st
ed

R
2
=
.0
3
2
)C

h
ao

,r
ic
h
n
es
s,
w
as

n
o
t
as
so
ci
at
ed

af
te
r
ad

ju
st
m
en

t.

4
.G

en
u
s-
le
ve
li
nv
es
ti
ga
ti
o
n
re
ve
al
ed

th
at

th
e
te
m
p
er
am

en
t
tr
ai
t

su
rg
en

cy
is
p
o
si
ti
ve
ly
as
so
ci
at
ed

w
it
h
st
re
p
to
co
cc
u
s
an

d

re
gu

la
ti
o
n
is
p
o
si
ti
ve
ly
as
so
ci
at
ed

w
it
h
E
rw

in
ia
,a
ft
er

co
n
tr
o
lli
n
g

fo
r
se
x,
m
o
d
e
o
fd

el
iv
er
y,
in
fa
n
t
ag
e
an

d
ge
st
at
io
n
al
ag
e,

an
ti
b
io
ti
c
tr
ea
tm

en
t,
an

d
b
re
as
tf
ee
d
in
g
st
at
u
s.

1
.T
em

p
er
am

en
t
as
se
ss
m
en

t
w
as

b
as
ed

o
n
re
p
o
rt
by

m
o
th
er
s,
w
h
ic
h

m
ay

b
e
in
fl
u
en

ce
d
by

h
er

o
w
n

te
m
p
er
am

en
t
an

d
o
th
er

ch
ar
ac
te
ri
st
ic
s.

2
.B
o
th

G
M
C
an

d
te
m
p
er
am

en
t
w
er
e

as
se
ss
ed

o
n
ly
at

si
n
gl
e
ti
m
e
p
o
in
ts
.

Se
ri
al
an

d
co
n
cu
rr
en

t

m
ea
su
re
m
en

ts
sh
o
u
ld
b
e

u
n
d
er
ta
ke
n
in
th
e
fu
tu
re
.

3
.1
6
S
rR
N
A
o
ff
er
s
co
m
p
re
h
en

si
ve

ta
xo
n
o
m
ic
p
ro
fi
lin

g,
b
u
t
o
th
er

m
et
h
o
d
s
su
ch

as
sh
o
tg
u
n

se
q
u
en

ci
n
g
co
u
ld
o
ff
er

b
et
te
r

re
so
lu
ti
o
n
.

(C
o
n
ti
n
u
es
)



12 of 20 ALVING-JESSEP ET AL.

T
A
B
L
E
4

(C
o
n
ti
n
u
ed

)

A
u
th
o
rs

M
ic
ro
b
io
m
e
d
iv
er
si
ty

m
ea
su
re
s

M
ic
ro
b
io
m
e

co
m
p
o
si
ti
o
n

m
ea
su
re
s

M
ai
n
re
su
lt
s

Li
m
it
at
io
n
s

3
.L
o
u
gh

m
an

et
al
.

(2
0
2
0
)

A
lp
h
a
–
Sh

an
n
o
n
,S
im

p
so
n
,

C
h
ao

1
,a
n
d
o
b
se
rv
ed

sp
ec
ie
s
in
d
ic
es
.

B
et
a
d
iv
er
si
ty

b
o
th

w
ei
gh

te
d

an
d
u
nw

ei
gh

te
d
U
n
iF
ra
c

d
is
ta
n
ce
.

V
o
o
m
m
et
h
o
d

fr
o
m
th
e
lim

m
a

p
ac
ka
ge

w
as

u
se
d
fo
r

d
if
fe
re
n
ti
al

n
o
rm

al
iz
ed

ab
u
n
d
an

ce

te
st
in
g.

1
.N

o
ev
id
en

ce
o
fa
ss
o
ci
at
io
n
s
b
et
w
ee
n
1
-o

r
6
-m

o
n
th

al
p
h
a
o
r
b
et
a

d
iv
er
si
ty

an
d
b
eh

av
io
ra
lo
u
tc
o
m
e
m
ea
su
re
d
at

2
ye
ar
s.

2
.N

o
d
if
fe
re
n
ti
al
n
o
rm

al
iz
ed

ab
u
n
d
an

ce
in
m
ic
ro
b
io
ta

o
f1

-m
o
n
th

o
ld
as
so
ci
at
ed

w
it
h
ei
th
er

b
eh

av
io
ra
lc
as
e
ve
rs
u
s
n
o
n
-c
as
e.

3
.I
n
6
-m

o
n
th

fe
ca
ls
am

p
le
s,
Su
tt
er
el
la
ap
p
ea
re
d
lo
w
er

in
th
e
ca
se

gr
o
u
p
b
u
t
w
as

at
te
n
u
at
ed

fo
r
fo
llo

w
in
g
ad

ju
st
m
en

t
fo
r
st
o
ra
ge
.

4
.1
2
-m

o
n
th
-o
ld
s
A
lp
h
a
d
iv
er
si
ty

sh
o
w
ed

w
ea
k
ev
id
en

ce
o
f

in
cr
ea
se
d
ri
sk

o
fe
le
va
te
d
b
eh

av
io
ra
lp
ro
b
le
m
s
(O

R
:2
.4
2

[0
.9
2
–
6
.9
7
],
p
=
.0
8
7
).

5
.P
E
R
M
A
N
O
V
A
an

al
ys
is
o
fu

nw
ei
gh

te
d
U
n
iF
ra
c
d
is
ta
n
ce
s

su
gg
es
te
d
d
if
fe
re
n
ce
s
in
m
ic
ro
b
io
ta

co
m
m
u
n
it
y
st
ru
ct
u
re

b
et
w
ee
n
gr
o
u
p
s
(R

2
=
.0
0
9
2
,p
=
.0
1
8
).

6
.N

o
rm

al
iz
ed

ab
u
n
d
an

ce
o
ft
w
o
b
ac
te
ri
al
gr
o
u
p
s
w
as

su
b
st
an

ti
al
ly

d
if
fe
re
n
t
in
th
e
1
2
-m

o
n
th
-o
ld
b
eh

av
io
ra
lc
as
e
in
fa
n
ts
.P
re
vo
te
lla

w
as

d
et
ec
te
d
in
o
n
ly
4
%
o
ft
h
e
ca
se
s
ve
rs
u
s
4
4
%
o
fn

o
n
-c
as
e

in
fa
n
ts
(l
o
gF

C
=
−
1
.4
6
,p
<
.0
0
0
1
,q
<
.0
0
0
1
).
La
ch
n
o
sp
ir
ac
ea
e

w
as

d
et
ec
te
d
in
9
1
%
o
fc
as
e
in
fa
n
ts
ve
rs
u
s
6
9
%
o
fn

o
n
-c
as
e

in
fa
n
ts
(l
o
gF

C
=
2
.0
9
,p
=
.0
0
0
9
,q
=
.0
5
4
)

7
.N

o
as
so
ci
at
io
n
b
et
w
ee
n
te
m
p
er
am

en
t
an

d
p
re
se
n
ce

o
r
re
la
ti
ve

ab
u
n
d
an

ce
o
fP

re
vo
te
lla

o
r
La
ch
n
o
sp
ir
ac
ea
e,
w
h
en

as
se
ss
ed

fo
r

re
ve
rs
e
ca
u
sa
ti
o
n
.

1
.I
n
su
ff
ic
ie
n
t
in
fo
rm

at
io
n
to

es
ti
m
at
ed

d
ie
ta
ry

in
ta
ke

o
f

fe
rm

en
ta
b
le
fi
b
er
.

2
.R
el
at
iv
el
y
sm

al
ln
u
m
b
er

o
fc
as
es

w
it
h
el
ev
at
ed

b
eh

av
io
ra
l

p
ro
b
le
m
s.

3
.A

b
se
n
ce

o
fp

o
te
n
ti
al

m
et
ag
en

o
m
ic
o
r
tr
an

sc
ri
p
to
m
ic

d
at
a
fr
o
m
w
h
ic
h
to

in
fe
r
p
o
te
n
ti
al

m
ec
h
an

is
m
s
u
n
d
er
ly
in
g
th
e

o
b
se
rv
ed

d
at
a.

4
.W

an
g
et

al
.

(2
0
2
0
)

N
o
n
e
gi
ve
n

R
el
at
iv
e

ab
u
n
d
an

ce
at

O
T
U
le
ve
l.

1
.S
ix
ge
n
er
a
w
er
e
as
so
ci
at
ed

w
it
h
in
fa
n
t
te
m
p
er
am

en
t.

B
if
id
o
b
ac
te
ri
a
w
er
e
p
o
si
ti
ve
ly
as
so
ci
at
ed

w
it
h
so
o
th
ab

ili
ty
.

C
u
d
d
lin

es
s
w
as

n
eg
at
iv
el
y
co
rr
el
at
ed

w
it
h
H
un
ga
te
lla
.

2
.B
oy
s
an

d
gi
rl
s
sh
o
w
ed

n
o
si
gn

if
ic
an

t
d
if
fe
re
n
ce
s
in
te
m
p
er
am

en
t

at
1
2
m
o
n
th
s
o
ld
.

1
.T
h
is
st
u
d
y
w
as

a
sm

al
l-
sc
al
e
te
st
o
f

th
e
as
so
ci
at
io
n
s
b
et
w
ee
n
in
fa
n
t’
s

gu
t
m
ic
ro
b
io
ta

an
d
te
m
p
er
am

en
t

at
th
e
ag
e
o
f1

2
m
o
n
th
s.

2
.M

o
st
in
fa
n
ts
in
th
e
st
u
d
y
w
er
e

ta
ki
n
g
p
ro
b
io
ti
cs
.

3
.T
h
e
st
u
d
y
d
id
n
o
t
ad

d
re
ss
th
e
ro
le

o
fd

ie
t
q
u
an

ti
ty

o
r
q
u
al
it
y
at

th
e

ti
m
e
o
fs
to
o
ls
am

p
le
co
lle
ct
io
n
,

w
h
ic
h
m
ay

ac
co
u
n
t
fo
r
so
m
e
o
ft
h
e

d
if
fe
re
n
ce
s
in
th
e
as
so
ci
at
io
n
s.

5
.F
la
n
n
er
y
et

al
.

(2
0
2
0
)

Fu
n
ct
io
n
al
b
et
a
d
iv
er
si
ty

m
ea
su
re
d
.

Ta
xo
n
o
m
ic
an

d

fu
n
ct
io
n
al

co
m
p
o
si
ti
o
n

m
ea
su
re
s
o
ft
h
e

m
ic
ro
b
io
m
e.

1
.T
h
e
q
u
al
it
y
o
fc
ar
eg
iv
er
–
ch
ild

re
la
ti
o
n
sh
ip
m
o
d
er
at
es

th
e

as
so
ci
at
io
n
s
b
et
w
ee
n
so
ci
o
ec
o
n
o
m
ic
ri
sk

an
d
b
o
th

th
e
st
ru
ct
u
re

an
d
fu
n
ct
io
n
al
ca
p
ac
it
y
o
ft
h
e
gu

t
m
ic
ro
b
io
m
e.

2
.T
h
e
q
u
al
it
y
o
fc
ar
eg
iv
er
–
ch
ild

re
la
ti
o
n
sh
ip
m
o
d
er
at
es

th
e

as
so
ci
at
io
n
b
et
w
ee
n
m
ea
su
re
s
o
fb

eh
av
io
ra
ld
ys
re
gu

la
ti
o
n
an

d

th
e
gu

t
m
ic
ro
b
io
m
e’
s
fu
n
ct
io
n
al
ca
p
ac
it
y.

3
.S
p
ec
if
ic
gu

t
m
ic
ro
b
ia
lt
ax
a
ar
e
as
so
ci
at
ed

w
it
h
so
ci
o
ec
o
n
o
m
ic

ri
sk

an
d
b
eh

av
io
u
ra
ld
ys
re
gu

la
ti
o
n
.

1
.T
h
e
st
u
d
y
w
as

cr
o
ss
-s
ec
ti
o
n
al
an

d

th
er
ef
o
re

it
w
as

n
o
t
p
o
ss
ib
le
to

d
et
er
m
in
e
w
h
ic
h
ch
ild

la
te
r

d
ev
el
o
p
ed

a
p
sy
ch
ia
tr
ic
d
is
o
rd
er
.

2
.I
t
w
as

n
o
t
p
o
ss
ib
le
to

d
is
ce
rn

a

ca
u
sa
lr
o
le
o
ft
h
e
m
ic
ro
b
io
m
e

u
p
o
n
b
eh

av
io
ra
ld
ys
re
gu

la
ti
o
n
.

(C
o
n
ti
n
u
es
)



ALVING-JESSEP ET AL. 13 of 20

T
A
B
L
E
4

(C
o
n
ti
n
u
ed

)

A
u
th
o
rs

M
ic
ro
b
io
m
e
d
iv
er
si
ty

m
ea
su
re
s

M
ic
ro
b
io
m
e

co
m
p
o
si
ti
o
n

m
ea
su
re
s

M
ai
n
re
su
lt
s

Li
m
it
at
io
n
s

5
.F
la
n
n
er
y
et

al
.

(2
0
2
0
)

4
.B
ac
te
ro
id
es
fr
ag
ili
sw

as
as
so
ci
at
ed

w
it
h
b
o
th

h
ig
h
er

so
ci
o
ec
o
n
o
m
ic
ri
sk

an
d
b
eh

av
io
ra
ld
ys
re
gu

la
ti
o
n
an

d
re
d
u
ce
d

le
ve
ls
o
fa
gg
re
ss
iv
e
b
eh

av
io
r,
em

o
ti
o
n
al
re
ac
ti
vi
ty
,e
xt
er
n
al
iz
in
g

b
eh

av
io
r,
sa
d
n
es
s,
an

d
im

p
u
ls
iv
it
y.

5
.B
u
ty
ra
te
-p
ro
d
u
ci
n
g
ta
xa
,s
p
ec
if
ic
al
ly
C
op
ro
co
cc
us

co
m
es
an

d

Eu
ba
ct
er
iu
m
re
ct
al
e,
ar
e
p
o
si
ti
ve
ly
as
so
ci
at
ed

w
it
h
el
ev
at
ed

an
xi
o
u
s
d
ep

re
ss
io
n
an

d
re
d
u
ce
d
in
h
ib
it
o
ry

co
n
tr
o
l.

6
.R
os
eb
ur
ia
in
ul
in
iv
or
an
si
s
as
so
ci
at
ed

w
it
h
a
d
ec
re
as
e
in
d
ep

re
ss
iv
e

p
ro
b
le
m
s.

6
.K

el
se
y
et

al
.

(2
0
2
1
)

A
lp
h
a
d
iv
er
si
ty
—
Sh

an
n
o
n

D
iv
er
si
ty

In
d
ex

an
d

C
h
ao

1
—
w
as

ca
lc
u
la
te
d
fo
r

b
o
th

ta
xa

an
d
C
h
ao

1

fu
n
ct
io
n
al
te
rm

s
fo
r

vi
ru
le
n
ce

fa
ct
o
rs
,r
es
is
to
m
e,

an
d
G
O
te
rm

s
u
si
n
g
th
e

ve
ga
n
R
p
ac
ka
ge
.

B
o
th

ta
xo
n
o
m
ic

an
d
fu
n
ct
io
n
al

re
la
ti
ve

ab
u
n
d
an

ce
w
as

u
se
d
.

1
.T
h
er
e
w
er
e
n
o
si
gn

if
ic
an

t
as
so
ci
at
io
n
s
b
et
w
ee
n
al
p
h
a
d
iv
er
si
ty

(S
h
an

n
o
n
-t
ax
a/
C
h
ao

1
-t
ax
a)
an

d
b
eh

av
io
ra
lt
em

p
er
am

en
t

m
ea
su
re
d
u
si
n
g
th
e
IB
Q
-R
.

2
.A

m
ed

ia
ti
o
n
an

al
ys
is
su
gg
es
ts
th
at

th
e
re
la
ti
o
n
sh
ip
b
et
w
ee
n

in
cr
ea
se
d
al
p
h
a
d
iv
er
si
ty

an
d
n
eg
at
iv
e
em

o
ti
o
n
al
it
y
m
ay

b
e

m
ed

ia
te
d
by

h
o
m
o
lo
go

u
s–
in
te
rh
em

is
p
h
er
ic
co
n
n
ec
ti
vi
ty
.

3
.T
h
er
e
w
er
e
n
o
si
gn

if
ic
an

t
in
d
ir
ec
t
ef
fe
ct
s
fo
u
n
d
fo
r
th
e

re
la
ti
o
n
sh
ip
b
et
w
ee
n
ta
xa

d
iv
er
si
ty

an
d
re
gu

la
ti
o
n
/o
ri
en

ti
n
g.

1
.T
h
e
st
u
d
y
is
lim

it
ed

to
o
n
e
ti
m
e

p
o
in
t
in
ea
rl
y
d
ev
el
o
p
m
en

t.

2
.A

si
n
gl
e
fe
ca
ls
am

p
le
w
as

co
lle
ct
ed

in
th
e
h
o
m
e
en

vi
ro
n
m
en

t
an

d
n
o
t

in
th
e
la
b
o
ra
to
ry

en
vi
ro
n
m
en

t.

6
.K

el
se
y
et

al
.

(2
0
2
1
)

B
et
a
d
iv
er
si
ty

w
as

m
ea
su
re
d

to
ca
lc
u
la
te
d
as

th
e
re
la
ti
ve

ab
u
n
d
an

ce
in
p
ar
ts
p
er

m
ill
io
n
o
fe
ac
h
fe
at
u
re

u
se
d
.

4
.T
h
er
e
w
as

a
si
gn

if
ic
an

t
in
d
ir
ec
t
ef
fe
ct
fo
u
n
d
to

su
gg
es
t
th
at

th
e

re
la
ti
o
n
sh
ip
b
et
w
ee
n
vi
ru
le
n
ce

fa
ct
o
r
d
iv
er
si
ty

an
d
n
eg
at
iv
e

em
o
ti
o
n
al
it
y
m
ay

b
e
m
ed

ia
te
d
by

h
o
m
o
lo
go

u
s–
in
te
rh
em

is
p
h
er
ic

co
n
n
ec
ti
vi
ty
.

5
.A

si
m
ila
r
si
gn

if
ic
an

t
re
su
lt
w
as

fo
u
n
d
to

su
gg
es
t
th
at

th
e

re
la
ti
o
n
sh
ip
b
et
w
ee
n
vi
ru
le
n
ce

fa
ct
o
r
d
iv
er
si
ty

an
d

re
gu

la
ti
o
n
/o
ri
en

ti
n
g
m
ay

al
so

b
e
m
ed

ia
te
d
by

h
o
m
o
lo
go

u
s–
in
te
rh
em

is
p
h
er
ic
co
n
n
ec
ti
vi
ty

th
ro
u
gh

a
n
eg
at
iv
e

as
so
ci
at
io
n
.

6
.B
o
th

n
eg
at
iv
e
em

o
ti
o
n
al
it
y
an

d
re
gu

la
ti
o
n
/o
ri
en

ti
n
g
w
er
e

m
ar
ke
d
by

an
en

ri
ch
m
en

t
in
B
ifi
do
ba
ct
er
iu
m
.P
ar
ti
cu
la
rl
y
B
.

ps
eu
do
ca
te
nu
la
tu
m
w
as

en
ri
ch
ed

in
b
o
th

th
e
h
ig
h
n
eg
at
iv
e

em
o
ti
o
n
al
it
y
an

d
h
ig
h
re
gu

la
ti
o
n
/o
ri
en

ti
n
g
gr
o
u
p
s.

7
.I
n
a
lin

ea
r
m
o
d
el
in
cl
u
d
in
g
re
gu

la
ti
o
n
/o
ri
en

ti
n
g,
n
eg
at
iv
e

em
o
ti
o
n
al
it
y,
an

d
su
rg
en

cy
as

fi
xe
d
ef
fe
ct
s,
Th

er
m
ov
ib
ri
o

gu
ay
m
as
en
si
sw

as
id
en

ti
fi
ed

as
a
si
gn

if
ic
an

t
b
io
m
ar
ke
r
fo
r

n
eg
at
iv
e
em

o
ti
o
n
al
it
y
in
th
e
u
n
ad

ju
st
ed

m
o
d
el
.

3
.A

lt
h
o
u
gh

rs
-f
N
IR
S
w
as

u
se
d
to

m
ea
su
re

b
ra
in
co
n
n
ec
ti
vi
ty
,a
s
it

al
lo
w
s
th
e
in
fa
n
t
to

re
m
ai
n
w
it
h

th
ei
r
m
o
th
er
,i
t
is
lim

it
ed

to

m
o
n
it
o
ri
n
g
ac
ti
vi
ty

in
su
p
er
fi
ci
al

st
ru
ct
u
re
s,
an

d
d
o
es

n
o
t
al
lo
w
fo
r

m
ea
su
re
m
en

t
o
fd

ee
p
er

co
rt
ic
al

an
d
su
b
co
rt
ic
al
st
ru
ct
u
re
s.

4
.B
y
ad

ju
st
in
g
th
e
m
o
d
el
fo
r
so
m
e

co
n
fo
u
n
d
in
g
fa
ct
o
rs
,s
o
m
e
o
ft
h
e

as
so
ci
at
io
n
ef
fe
ct
s
ar
e
n
o
lo
n
ge
r

st
at
is
ti
ca
lly

si
gn

if
ic
an

t.

5
.E
ve
n
th
o
u
gh

p
ar
ti
ci
p
an

ts
w
er
e

in
st
ru
ct
ed

to
b
ri
n
g
th
e
sa
m
p
le
s

in
to

th
e
la
b
o
ra
to
ry

w
it
h
in
a
2
4
-h

w
in
d
o
w
,i
t
w
as

n
o
t
p
o
ss
ib
le
to

fr
ee
ze

st
o
o
ls
am

p
le
s
im

m
ed

ia
te
ly

af
te
r
co
lle
ct
io
n
.



14 of 20 ALVING-JESSEP ET AL.

F IGURE 2 Synthesis figure illustrating the relationship between alpha and beta diversity and temperament for each study

inhibitory control in children, measured using the CBQ, aged 5–7

years. They identified three known butyrate-producing taxa, specifi-

cally Coprococcus comes and Eubacterium, that were positively associ-

ated with elevated anxious depression and reduced inhibitory control.

Interestingly, the third butyrate-producing bacterium Roseburia inulin-

ivorans was associated with a decrease in depressive problems. Using

the shotgun metagenomic technique, Study 5 also investigated the

functional capacity of the GM. They found that fear was positively

associated with both heme/iron biosynthesis and biosynthesis of

melatonin metabolized from tryptophan. Tryptophan metabolism was

additionally positively associated with impulsivity.

Study 6 used linear discriminant analysis of effect size to iden-

tify five microorganisms as potential biomarkers for temperament in

infants aged 9–56 days old. Both negative emotionality and regula-

tion/orientingwere associatedwith increased levels ofBifidobacterium,

specifically increased negative emotionality and regulation/orienting

were found in those individuals whose gut microbiome was enriched

by B. pseudocatenulatum. Further analysis using microbiome multivari-

ate associations with linear models (Maaslin2) found an additional

biomarker of Thermovibrio guaymasensis, which was associated with

negative emotionality.

Finally, in a longitudinal approach, Study 3 assessed reverse causa-

tion considering associations between early temperament, measured

using a 5-point Likert scale, and the candidate bacteria, Prevotella

and Lachnospiraceae. These bacteria were established as candidates

for further investigation via earlier examination of the link between

microbiota composition and risk of elevated behavior problems in 2-

year-olds. There were no associations found between temperament

measured at 1, 6, and 12 months and presence or abundance of

either bacterium. Furthermore, the relationship between normalized

abundance of Prevotella and behavior measured at 2 years was not

attenuated by adjusting for temperament.

3.6 Associations between covariates, the gut
microbiome, and temperament

In addition to the relationship between GM and temperament, sev-

eral covariates were discussed within four of the five studies. Study 3

did not adjust for covariates in their reverse causation investigation of

temperament.

Study 1 focused primarily on differences between genders in GM

composition and temperament scores and found that there were sig-

nificant differences between males and females (see Table 4). Study 2

also found positive associations between Surgency subscales in boys

and relative abundance of Bifidobacterium OTUs. In addition to gen-

der, Study 2 also considered the potential effects of several covariates,

including gestational age, infant age, mode of delivery, breastfeeding

status, and antibiotic intake age. Results of adjusted models are pre-

sented above. Study 4 investigated gender differences in temperament

only and foundno significant difference in scoresmeasuredon the IBQ-

R.Maternal education level was positively related to the temperament

measuresof soothability. Furthermore, this study controlled for several

covariates in their model including delivery mode, feeding type (breast

or formula), and probiotic consumption.

Study 5 investigated covariates of gut-related history and diet cat-

egories using a daily diary of basic food categories that the child ate at

breakfast, lunch, and dinner in the week prior to the laboratory visit.
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F IGURE 3 Synthesis figure illustrating the relationship between temperament andmicrobiota composition for each study. The numbers in
brackets refer to the study number to which the results belong.

Diet was categorized as the average number of days a child’s diet con-

tained food in any one of the following categories: grains, vegetables,

fruit, meat, other type of protein, dairy, yoghurt (separate than dairy),

beans/nuts/seeds, and sugars/fats/oils. In addition, the averagenumber

of food categories (diversity in diet) that a child had per day was also

measured. They found that 12.5% of the variation in functional compo-

sitionand25.3%of the taxonomic compositionwereexplainedby these

variables.

Study 6 included several covariates and found that Shannon-taxa

diversitywas significantly associatedwith birthweight, income, breast-

feeding, gestational age, and head circumference. There were no asso-

ciations between Chao1-taxa and any covariates. For functional term

diversity, there were significant associations with resistome diversity

and income, gestational age, and maternal depression scores. Viru-

lence factor diversitywas also significantly associatedwith income and

antibiotics administered at the hospital after birth. Significant asso-

ciations were also found between the temperament measurement of

negative emotionality, and the covariates of infant age and income. The

results above present the adjustedmodels.

4 DISCUSSION

The GM composition, diversity, and function and its relationship with

the GBA are emerging as an important area of research in understand-

ing the causal pathways of behavioral and mental health problems

in later childhood, adolescence, and into adulthood. This systematic

review aimed to determine whether there was empirical evidence sup-

porting the relationship between GM diversity and composition and

temperament outcomes in children from birth to the age of 6 years

11 months. A total of six articles were identified, each from a unique

study sample that examined both the GM and temperament in early

childhood.

4.1 Findings regarding microbiome diversity

The findings from the studies examining alpha diversity fall into two

patterns that are distinguishable by age from birth to 12 months,

and 12 months and over. Twelve months of age is a significant time

of maturation of the gut microbiota: as the diet moves away from

milk-based to solid food intake, the microbiota moves toward a more

diverse composition in healthy individuals. Aatsinki et al. (2019) and

Kelsey et al. (2021) both presented results consistent with a tentative

pattern of no significant associations between diversity of the micro-

biota and temperament outcomes before 12 months of age. Kelsey

et al. (2021) did, however, find significant indirect associationsbetween

alpha diversity of taxa (Shannon andChao1) and negative emotionality,

and alpha diversity indices for functional terms (virulence factors) and

both negative emotionality and regulation/orienting when mediated

by homologous–interhemispheric neural connectivity. The pattern of

this relationship suggests that increased connectivity at this stage of

development is an aberrant response, which would not be expected

later in childhood when increased alpha diversity would be benefi-

cial. The mechanism underlying this warrants further exploration. For

example, do increases in the strength of connectivity at that stage of
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development reflect delayed maturation of usual brain networks or a

response to altered microbiome? Kelsey et al. (2021) compare their

findings to previous literature that examined the link between alpha

diversity and cognitive performance in infants aged between 1 and 2

years of age (Carlson et al., 2018). However, it is important to note that

cognitive performance, behavior, and temperament/personality mea-

sure very different aspects of child development, and therefore this

limits the conclusions that can be made from comparison of the role of

alpha diversity in these differing developmental outcomes.

Findings in children aged over 12 months of age show that higher

alpha diversity was associated with Surgency/Extraversion in both

males and females and High-Intensity Pleasure in males. Higher

alpha diversity was negatively associated with Effortful Control in

females (Christian et al., 2015). Variation in gut microbiota community

structure, measured as beta diversity unweighted UniFrac distances,

showed that there is a unique community structure associated with

the temperament trait Surgency/Extraversion in males and Fear in

females (Christian et al., 2015). Interestingly, Surgency/Extraversion in

males was associated with both higher alpha and unique beta diver-

sity. In summary, there is a very small amount of evidence to support

the idea of a link between GM diversity and temperament. The tenta-

tive pattern showing no association between temperament and alpha

diversity before 12 months of age should be viewed cautiously due to

methodological shortfalls in the papers reviewed. These include dif-

ferences in microbiota analysis selected (including use of both 16S

rRNA [Aatsinki et al., 2019; Christian et al., 2015] and shotgunmetage-

nomics [Kelsey et al., 2021] methods) and limited control of important

confounding factors (e.g., environmental factors). Of the three papers

evaluating these relationships, two studies were conducted in the

United States and one was conducted in Finland, but no mention was

given to whether participants lived in rural or urban locations, which

has previously been shown to be associatedwith the diversity and rich-

ness of the gut microbiota (Salim et al., 2014; Zuo et al., 2018). Given

that only three papers have measured these relationships and there is

a lack of overlap in study design and measures, the patterns of find-

ings are not wholly consistent; more research is needed to increase

confidence in the absence or existence of any causal relationships and

meaning of these tentative associations. Itwould be premature to draw

the conclusion that the pursuit of further investigations of the relation-

ship between microbiome and temperament prior to 12months of age

is not necessary on the basis of the small amount of work in the field

to date. More work is required to investigate the temporal and causal

relationships between microbiome and temperament in these early

months and our review highlights a range of factors that are important

to consider for optimal study design in future studies.

4.2 Findings regarding microbiome composition

In contrast to measures of diversity, which tell us about the number

of different taxa found within the microbiota, and the number of func-

tional differences between them, the composition of the GM allows us

to identify specific taxa of interest and how they shape the relationship

between the gutmicrobiota and temperament.When investigating the

taxonomic composition of the GM and temperament, we found tenta-

tive patterns from the results of the six studies identified. Significant

associationsbetweenabundanceofBacteroidesand temperamentwere

found in two studies (Aatsinki et al., 2019; Flannery et al., 2020).Micro-

biota dominated byBacteroides in 2.5-month-oldswere associatedwith

lower scores of High-Intensity Pleasure, cuddliness, and duration of

orienting measured at 6 months of age (Aatsinki et al., 2019). Specific

associations with increased relative abundance of B. fragilis, measured

in 5- to7-year-olds,were associatedwith reduced levels of sadness and

impulsivity and increased levels of inhibitory control (Flannery et al.,

2020). Whilst the results of Aatsinki et al. (2019) and Flannery et al.

(2020) appear to contradict each other, it should be noted that the

composition of the microbiota undergoes large changes between 2.5

months and 1 year, as solid food is introduced into the diet and the

microbiota matures. Thus, cross sectional patterns observed in early

infancymay not be predictive of later relationships.

Interestingly two studies (Aatsinki et al., 2019; Kelsey et al., 2021)

found significant relationships between Bifidobacterium and tempera-

ment. Kelsey et al. (2021) found that in children aged between 9 and

56 days of life, higher abundance of Bifidobacterium was significantly

associated with both high negative emotionality and high regula-

tion/orienting. Aatsinki et al. (2019) found similar results, with higher

durations of orienting at 6 months of age in infants whose microbiota

was dominated by Bifidobacterium at 2.5 months of age. Additionally,

they found higher scores of High-Intensity Pleasure in those children

whose microbiota was dominated by Bifidobacterium at 2.5 months of

age. When combined, the findings of Aatsinki et al. (2019) and Kelsey

et al. (2021) allude to a potential link between relative abundance

of bifidobacteria and emotional regulation. As this was measured in

very early infancy, future research should investigate whether the link

between gut microbiota and emotional regulation persists through to

later childhood given the large amount of variation and change that

occurs during the maturation of the infant gut microbiota. Overall,

there is a need formore longitudinal research in this area, whichwould

allow for themapping of changes to themicrobiota, and the impact this

can have upon the development of infant temperament.

Flannery and colleagues (2020) found that two butyrate-producing

bacteria, C. comes and Eubacterium rectale were associated with ele-

vated anxious depression and reduced inhibitory control. Conversely,

they also found that another butyrate-producing bacterium, R. inulin-

ivorans, was associated with a decrease in depressive problems.

Ruminococcaceae, found to be associated with sociability in boys

(Christian et al., 2015), is a family of bacteria also known to produce

butyrate. Although these results are somewhat contradictory, these

data provide support for the notion that the influence of butyrate-

producing bacteria upon temperament should be an important focus

for further investigation. Future research could focus on butyrate-

producing bacteria known to colonize the GM, and their overall

role in the relationship between GM and temperament. Furthermore,

butyrate-producing bacteria metabolize complex carbohydrates and

dietary fiber and have previously been shown to be beneficial to cog-

nitive function, social behavior, and mental health in animal models
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(Stilling et al., 2016). Interestingly, the family Rikenellaceae, found to

be positively associated with fear in girls (Christian et al., 2015), has

been associated with diets high in fat and low in dietary fiber in animal

models (Nagano & Yano, 2020). Assessment of the functional com-

position of the GM indicates that metabolism of tryptophan found in

the diet is associated with fear and impulsivity measured on the CBQ

(Flannery et al., 2020). Tryptophan is consumed in dairy products, pro-

teins, such as turkey and chicken, and nuts and seeds. It is also found in

breast milk and is used in the production of melatonin, which is further

associated with mood and depressive state (De Crescenzo et al., 2017;

Lanfumey et al., 2013; Srinivasan et al., 2006). However, due to the lack

of defined study population and sample size, the quality of the Flannery

et al. (2020) paper was judged as poor, and therefore caution exer-

cised in its interpretation. It will be particularly important to replicate

such findings before firm conclusions are made. Further investigation

should also attempt to probe these relationships by examining the role

of diet and the influence this has upon the relationship between GM

and temperament.

Themain question this review sought to address waswhether there

was evidence of associations between GM composition and diversity

and temperament in children during early childhood. Although there

are some interestingpatterns emerging, theevidence is still clearly pre-

liminary and only tentative patterns can be discerned. The findings of

this review show that replication and extension of existing research is

needed in the field of GM in order to unlockmore of the potential links

with temperament during early childhood. This would then pave the

way toward targeted interventions in early childhood that could alter

future well-being.

4.3 Limitations of captured studies and the
current review

There were several limitations of the studies that may explain some of

the variability in findings, includingGM factors (e.g., microbiome analy-

sis technique and hypervariable region chosen), study design, and time

points analyzed. Of the six studies in this review, two identified that

sample size was small. When looking at the quality assessment carried

out for all six studies, none of the studies identified power calcula-

tions or presented sample size justification, although one study (Kelsey

et al., 2021) did provide effect sizes. This is not currently unusual in this

field; it is not common practice in GM studies because there is no stan-

dard approach for a priori sample size calculation (La Rosa et al., 2012),

which can be amajor limitation of this type of study.

Additionally, the selection of hypervariable region for analysis is an

important part of the GM analysis pipeline. Of the four studies ana-

lyzing 16S rRNA, three separate combinations of hypervariable region

were selected. Selection of theV4orV4–V5 regions has been shown to

alter or even miss the relative abundance of important taxa in samples

taken from the young, such as bifidobacteria species, and substantially

increase the abundance of Firmicutes (Alcon-Giner et al., 2017; Biol-

Aquino et al., 2019). This variation in selection of hypervariable region

may contribute to the lack of a distinct pattern emerging between

GMcomposition and temperament. Furthermore, the variety of collec-

tion, processing, and analysis pipelines used in the studies contained

within this review further impedes the ability to generalize the results

between gut microbiota and temperament. The field of GM analysis is

also increasingly moving toward a whole genome or shotgun metage-

nomic approach, which provides both higher resolution and additional

functional information (Jovel et al., 2016). Two studies (Flannery et al.,

2020; Kelsey et al., 2021) used a shotgun metagenomic approach to

investigate the relationship between GM and temperament; however,

neither of these two studies primarily focused on the relationship

betweenGMand temperament. Flannery et al. (2020) included several

early childhood environmental exposures, such as quality of caregiving

and life experiences, andKelsey et al. (2021) focusedon functional neu-

ral connectivity and themediating effect this has upon the relationship

between gut microbiome and behavioral temperament. Thus, despite

the promise of this technique, there are insufficient data to date that

reliably explore the association with temperament.

A further limitation of the studies selected in this review was the

study design, which in many cases did not allow for discernment of the

causal role of the GM upon temperament. The first year of life is a win-

dow of critical development of both the GM and neurodevelopment

(Carlson et al., 2018; Knickmeyer et al., 2008; Stewart et al., 2018).

Selection of a singlemeasure of bothGMand temperament gives only a

snapshot of the interaction that is occurring. To discern the causal role

of the GM and to measure developmental trajectories, a longitudinal

approach with measures taken concurrently for both GM and temper-

amentwould be beneficial. Additionally, future studies should carefully

consider the role of confounding variables such as diet, gender, and

environmental factors known to influence themicrobiome.

Finally, regarding the measures of temperament for each study,

all studies used a measure that was completed by the mother. Only

Aatsinki et al. (2019) identified this as a limitation to their study, stat-

ing that choosingmaternal reports of temperamentmay showdifferent

results to laboratory-based assessments asmaternal measures of child

temperament are known to be influenced by themother’s own temper-

ament andother characteristics (Bayley&Gartstein, 2013). To improve

upon this limitation, future studies should consider collecting tem-

perament measures from more than one source, such as additional

questionnaires completed by another primary caregivers, or inclu-

sionof laboratory-basedobservations in addition to parental/caregiver

ratings.

This reviewhad some limitations. First is the limited number of stud-

ies included, influenced by the low number of studies examining both

the GM and temperament. Another limitation is the heterogeneity in

the methodologies used across studies, including the data collection

and GM analysis pipeline. Most studies used 16S rRNA techniques;

however, all studies varied in hypervariable region selection, library

selection, and statistical approach, which resulted in synthesis of the

results being more challenging. Overall, there was a lack of overlap

between measures and study design, which, in combination with the

small number of studies, impedes the generalizability of results.
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4.4 Future research recommendations

The findings of this review highlight key areas for improvement in

future research that investigates the association between GM and

temperament in infancy and early childhood.

Development of a standard method to determine sample size and

calculate power would vastly improve the field and allow for more

consistent and robust GM analysis.

Increased use of shotgun or whole-genome sequencing approaches

would allow assessment of the functional role that species play in the

development of the GBA as well as identifying the presence of species

within the community.

Future studies should also employ longitudinal approaches that

take measurements of GM and temperament both concurrently and

in series to establish causal pathways between GM and tempera-

ment. This would require careful prospective control for known or

theoretically likely confounding variables.

Inclusion of dietary measures in studies of GM and temperament.

Temperament in infancy is linked to diet quality (Lipsanen et al., 2020),

in particular, consumption of fewer vegetables and increased con-

sumption of sugar-sweetened drinks and desserts, a dietary pattern

associated with lower GM diversity and higher colonization of aber-

rant species (Martinez et al., 2017). In contrast, animal models have

shown that dietary fiber increases abundance of butyrate-producing

bacteria (Zhao et al., 2018). This may highlight the potential for sub-

sequent development of dietary intervention that has relevance to the

GM/child temperament association.

Finally, the tentative association between the butyrate-producing

bacteria and temperament appears to be an important one that

warrants further investigation.

5 CONCLUSION

This systematic review synthesizes current evidence for the rela-

tionship between temperament and GM diversity and composition in

infancy and early childhood. Several tentative patterns have emerged

from this review. First, the direct relationship between alpha diversity

and differences in community structure, beta diversity, and temper-

ament is only evident in children over 12 months of age. Second,

there is some indication that bacteria thatmetabolize dietary fiber and

complex carbohydrates are important taxa of interest when investigat-

ing the relationship between GM and temperament. Finally, from the

perspective of temperament, the results indicate that there is a link

betweenvariation in thediversity and composition of theGM, andboth

emotional regulation and fear.

Previous research has generally adopted a cross-sectional

approach, or included only a single measure of GM, which limits

the ability to identify causal pathways in the relationship between GM

and temperament. To improve this, longitudinal approaches should be

adopted using both serial and concurrent measures. Additionally, most

research in this area has used a 16S rRNA approach to investigate

the composition of the GM. To gain a deeper understanding of the

relationship, future research should consider using whole genome

methods to understand functional aspects of the GM, and further

investigate the potential metabolomic relationship between the GM

and temperament.
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