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11.1

Introduction

The gastrointestinal tract (GIT) represents a vast interface between the host and the external
environment. The GIT is continually exposed to compounds in the diet and microbes (com
mensal and pathogenic) that can be either beneficial or detrimental to the host (Takahashi
and Kiyono, 1999). Recent advances in high‐throughput sequencing have provided insight
into the complexity of the microbial communities inhabiting the human GIT (Ji and Nielsen,
2015). Metagenomic surveys of the intestinal microbiota revealed an immense phylogenetic
diversity, estimated at more than 1000 species‐level phylotypes across the human popula
tion, with at least 160 prevalent species per individual (Qin et al., 2010). In adults, more than
90% of the species belong to two bacterial phyla: Firmicutes and Bacteroidetes (Qin et al.,
2010). The human gut microbiome, the second genome within our body, encodes more than
3.3 million non‐redundant genes, exceeding the number encoded by the human host genome
by 150‐fold (Qin et al., 2010; Grice and Segre, 2012). It provides us with genetic variation
and gene functionality that eukaryotic cells have not evolved on their own (Grice and
Segre, 2012).
Mounting evidence indicates that gut microbiota influence the physiological function of
the host in health and disease (Dave et al., 2012). Indeed, the overall composition of the
microbiota, in addition to specific microbial genera, have been associated with normal GIT
(Gordon and Bruckner‐Kardoss, 1961; Gustafsson et al., 1970) and immune (Donnet‐Hughes
et al., 2010; Hooper et al., 2012) development. In addition, it has been demonstrated that gut
microbiota modulate brain and cognitive development and behavior (Diaz Heijtz et al., 2011;
Collins et al., 2012) and infant growth and body composition (White et al., 2013; O’Sullivan
et al., 2015; Scheepers et al., 2015). Dysbioses, or alterations in the normal microbiota
composition, are also linked to common acute infections (Berrington et al., 2014; Li et al.,
2014b; Yurist‐Doutsch et al., 2014), inflammatory states (Carlisle and Morowitz, 2013; Mai
et al., 2011), long‐term immune‐related diseases (Li et al., 2014a), and metabolic diseases
such as diabetes and obesity (Bäckhed et al., 2004; Turnbaugh et al., 2006; Greiner and
Bäckhed, 2011), including the risk of childhood obesity (Karlsson et al., 2012).
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The development of the microbiome is strongly influenced by diet and other environmen
tal factors, such as route of delivery and antibiotic use (Tanaka et al., 2009; Voreades et al.,
2014; Wang et al., 2016). Also, host genetics affect microbial colonization (Blekhman et al.,
2015) and recent work has begun to provide insight into specific genes that are important in
this process (Benson et al., 2010; Leamy et al., 2014; Blekhman et al., 2015). In turn, the
microbiota interacts with the host by influencing intestinal gene expression (Chowdhury
et al., 2007), gut growth, and digestive enzyme activity (Kozáková et al., 2001) and immu
nology (Haverson et al., 2007), which subsequently influences host homeostasis (Chow
et al., 2010; Thum et al., 2012). Most of our understanding of the role of microbial coloniza
tion in host physiology has been obtained from germ‐free (GF) and gnotobiotic (GN) animal
models (Grover and Kashyap, 2014;Wang and Donovan, 2015); however, exfoliated epithe
lial cells present an opportunity to investigate non‐invasively host–microbe interactions in
the developing intestine (Donovan et al., 2014). The purpose of this chapter is to review the
factors that contribute to the development of the gut microbiota in the neonate, including
host genetics, the impact of colonization on host health and gene expression, and host–
microbe interactions.

11.2 Environmental factors influencing development
of the infant gut microbiota
11.2.1 Perinatal factors
Development of the human gut microbiota is a complex process and involving stepwise suc
cession and host–microbial interaction (Mackie et al., 1999; Marques et al., 2010; Rautava
et al., 2012a; Meropol and Edwards, 2015). In the past, it was thought that the fetal GIT was
sterile and that colonization began during and after birth when the infant was exposed to the
microbes from the mother and the environment (Mackie et al., 1999). However, more recent
studies report the presence of bacterial isolates and/or DNA in meconium, amniotic fluid,
and fetal membranes, umbilical cord blood, and placenta of the healthy mother and infants,
suggesting that colonization starts before birth (Li et al., 2014b). Indeed, Jiménez and col
leagues provided direct evidence that maternal gut microbiota are transferred to the fetus in
utero by orally inoculating pregnant mice with a genetically labeled Enterococcus faecium
strain (Jiménez et al., 2005, 2008). The labeled strain was subsequently detected in the amni
otic fluid of the dam and the meconium of pups obtained by cesarean delivery (CD). It is
proposed that bacteria in the gut can be taken up by dendritic cells in Peyer’s patches and
translocated to other locations in the body via the lymph and blood (Jiménez et al., 2005;
Thum et al., 2012). Bacteria may be transferred to the fetus through the paracellular pathway
of the placental barrier (Thum et al., 2012). A similar outcome was observed in a double‐
blind randomized controlled clinical trial of probiotic supplementation with Bifidobacterium
lactis and Lactobacillus rhamnosus GG (LGG) in women during the final 2 weeks of preg
nancy prior to elective CD (Rautava et al., 2012b). Lactobacilli were present in the placenta
of all subjects and Bifidobacterium group, Bacteroides group, and Clostridium leptum were
detected in the placenta of 30–40% of subjects. Bacterial DNA was also detected in 43%
of amniotic fluid samples, with bifidobacteria and lactobacilli being the most commonly
detected genera. In addition, fetal exfoliated intestinal epithelial gene expression was
measured in the meconium using non‐invasive methodology developed by Chapkin and
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colleagues, which will be discussed later in this chapter (Chapkin et al., 2010). The presence
of Lactobacillus DNA in amniotic fluid was associated with decreased expression of Toll‐
like receptor (TLR) 2 mRNA and increased expression of TLR3 mRNA in fetal exfoliated
epithelial cells. It was concluded that prenatal microbial contact modulates the fetal intestinal
innate immune gene expression profile. Hence, fetal immune physiology may be modulated
by maternal dietary intervention using specific probiotics (Rautava et al., 2012b).

11.2.2

Postnatal factors

Although prenatal bacterial exposure occurs in healthy pregnancies, the total bacterial load
is relatively low and colonization of infants occurs predominantly during delivery and the
first few hours of birth. The first colonizers are facultative anaerobes, such as Staphylococcus,
Streptococcus, Enterococcus, and Enterobacteriaceae. These bacteria decrease the intralumi
nal oxidation potential, thereby creating anaerobic conditions favorable for the growth of
obligate anaerobes, such as Bifidobacterium, Bacteroides, Clostridium, and Eubacterium
(Mackie et al., 1999; Meropol and Edwards, 2015). In general, the development of gut
microbiota is influenced by host genetics and environmental factors, such as gestational age,
mode of delivery (vaginal delivery versus cesarean section), diet (breast versus formula feed
ing, weaning to solid food, and pre‐ and probiotic use), antibiotic treatment, maternal weight,
weight gain, and stress (Li et al., 2014b; Collado et al., 2010; Zijlmans et al., 2015).
11.2.2.1 Mode of delivery
How an infant is born plays a key role in the content and composition of the gut microbiota.
A study comparing fecal microbiota of vaginally (VD) and versus CD newborn babies
infants within 24 h of delivery showed that VD infants acquired a bacterial community
resembling their mother’s vaginal microbiota with Lactobacillus, Prevotella, and Atopobium
spp. predominating, whereas infants born by CD harbored a bacterial community that was
more similar to their mother’s skin, with an abundance of Staphylococcus and Corynebacterium
(Dominguez‐Bello et al., 2010). In general, the microbial composition within the first year
of life is typified by low species diversity and high instability (Koenig et al., 2011; Meropol
and Edwards, 2015). By 2–3 years of age, the microbiota of infants becomes more complex
and stable, and resembles that of adults, with the phyla Firmicutes and Bacteroidetes
dominating (Yatsunenko et al., 2012; Lozupone et al., 2012).
11.2.2.2

Antibiotics

Antibiotic treatment induces major changes in the composition of the gut microbiota and
decreases bacterial diversity (Dethlefsen et al., 2008; Tanaka et al., 2009; Jakobsson et al.,
2010). Tanaka and co‐workers studied the influence of antibiotic exposure in the early post
natal period on the intestinal microbiota of infants who were orally administered a broad‐
spectrum antibiotic for the first 4 days of life compared with untreated infants (Tanaka et al.,
2009). The intestinal microbiota of antibiotic‐treated infants showed less overall diversity,
exemplified by an attenuation of colonization with Bifidobacterium and overgrowth of ente
rococci in the first week of life compared with untreated infants. At 1 month of age, the

Infant nutrition and the microbiome: Systems biology approaches to host–microbe interactions

223

Enterobacteriaceae population remained higher in the antibiotic‐treated group than in the
untreated group. Azad et al. (2016) assessed the impact of maternal intrapartum antibiotic
that was administered for Group B Streptococcus prophylaxis, premature rupture of
membranes, or during elective or emergency CD on infant microbiota at 3 months and 1 year
of age in the Canadian Healthy Infant Longitudinal Development (CHILD) study cohort.
They observed that intrapartum antibiotic use was associated with reduced microbiota rich
ness, depletion of Bacteroidetes, and enrichment of Firmicutes at 3 months. Differences
persisted until 12 months of life, but was modulated by breastfeeding and CD; dysbioses
were more likely to persist in infants delivered by emergency cesarean delivery who were
breastfed for less than 3 months postpartum (Azad et al., 2016). Thus, antibiotic exposure in
the early postpartum period, through either maternal or infant treatment, influences the
development of neonatal intestinal microbiota. Importantly, antibiotic‐associated dysbiosis
may have long‐term implications for infant health as early‐life antibiotic exposure has been
associated with increased risk of metabolic diseases in rodents (Cox et al., 2014) and humans
(Yallapragada et al., 2015) and potentially atopy in children (Risnes et al., 2011), although
some studies have cautioned against reverse causation (Penders et al., 2011).

11.3 Infant nutrition and the development of gut
microbiota
11.3.1 Human milk and infant formula
Human milk is the optimal diet for the health, growth, and development of infants. Exclusive
breastfeeding is recommended by the American Academy of Pediatrics (AAP, 2012) for the
first 4–6 months of life. The rate of initiation of breastfeeding for the total US population is
79%; however, breastfeeding typically does not continue for as long as recommended and a
large proportion of babies (~81%) are fed formula or formula in combination with human
milk by 6 months of age (CDC, 2014). Compared with breastfed infants, formula‐fed
infants have higher incidences of GIT, respiratory and urinary tract infections, otitis media,
necrotizing enterocolitis (NEC), and death (AAP, 2012).
Differences in bacterial composition between breastfed and formula‐fed infants have been
reported in several studies (Penders et al., 2005, 2006; Wang et al., 2015). In general, the
microbiota of breastfed infants is predominated by Bifidobacterium, whereas formula‐fed
infants are often colonized by a more diverse microbiota with a lower abundance of
Bifidobacterium and higher abundance of potential pathogens (Harmsen et al., 2000;
Yatsunenko et al., 2012). For example, at 1 month of age, formula‐fed infants were more
often colonized with Escherichia coli, Clostridium difficile, Bacteroides, and Lactobacillus
than breastfed infants. Our laboratory confirmed that 3‐month‐old formula‐fed infants
exhibit higher abundances of Clostridium cluster XVIII, Lachnospiracea incertae sedis,
Streptococcus, Enterococcus, and Veillonella than breastfed infants (Wang et al., 2015).
Dissimilarity in gut microbiota composition between breastfed and formula‐fed infants
may arise in part due to the presence of pre‐ and probiotics in human milk. Human milk
contains more than 200 species of bacteria, including members of Staphylococcus,
Streptococcus, Propionibacterium, Bacteroides, Veillonella, Faecalibacterium, Roseburia,
Lactobacillus, and Bifidobacterium (Martín et al., 2003; Hunt et al., 2011, Jost et al., 2013).
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Infants consuming 800 ml per day of human milk will ingest 1 × 105–1 × 107 bacteria each
day (Heikkilä and Saris, 2003). Consistent with a role of human milk bacteria in infant colo
nization is the report of the same specific bacterial strains of Bifidobacterium, Lactobacillus,
and Staphylococcus in human milk and infant fecal samples (Makino et al., 2011; Martín
et al., 2012).
From a prebiotic perspective, the third most abundant component of human milk is a
group of structurally diverse oligosaccharides (HMOs) (Kunz et al., 2000; Ninonuevo et al.,
2006). In contrast, bovine milk and bovine milk‐based infant formulas contain only trace
amounts of less complex oligosaccharides (Bode, 2006). HMOs are resistant to enzymatic
hydrolysis and the majority of them reach the colon (Gnoth et al., 2000), where they serve
as a prebiotic for specific subsets of bacteria. HMO utilization by gut bacteria has been
primarily studied in vitro by measuring the growth of bacterial isolates in culture (Marcobal
et al., 2010) or through ex vivo fermentation of HMOs using fecal/intestinal microbiota
from infants or animals (Li, M. et al., 2012; Vester Boler et al., 2013). Two studies have
investigated associations between gut microbiota composition and HMO profiles in human
infants. De Leoz et al. (2015) related the abundance of infant fecal microbiota with the
profile of HMOs excreted in the feces of two infants at birth and at 1, 2, and 13–14 weeks
of age. When infants were colonized with non‐HMO‐consuming species, high concentra
tions of HMO were present in the infant stool. Colonization with Bacteroidaceae and
Bifidobacteriaceae, which are HMO utilizers, was accompanied by a decrease in HMO
excretion. Recently, the correlation between the composition of infant gut microbiota and
HMO profiles of their mothers’ milk was studied. Aspects of the bacterial genera present in
infant feces, including Bifidobacterium, Bacteroides, Enterococcus, Veillonella, and Rothia,
were correlated with their mothers’ HMO profiles, whereas the relative abundances of other
fecal genera, such as Escherichia/Shigella, Streptococcus, and Staphylococcus, in infants’
feces were not associated with the HMO consumed (Wang et al., 2015). These findings
suggest that human milk provides both pre‐ and probiotic components, which present
opportunities for the improvement of infant formula composition (Martín et al., 2004;
Chichlowski et al., 2011).

11.3.2

Weaning

Weaning is typically a gradual process of switching an infant‘s diet from human milk or
formula to other foods and fluids. Although the WHO recommends exclusive breastfeeding
as the sole source of nutrition for infants for the first 6 months of life, mothers in developed
counties tend to wean earlier than recommended, starting at around 4 months of age (AAP,
2012). Several studies have shown that the introduction of solid food significantly shifts the
composition of infant gut microbiota and increases the microbial diversity. For example,
comparison of the fecal microbial composition of infants before (at 6 weeks of age) and 4
weeks after the introduction of their first solid foods showed that weaning reduced the pro
portions of bifidobacteria, enterobacteria and Costridium difficile + Clostridium perfringens
species and increased the proportions of the Clostridium coccoides and Clostridium leptum
groups (Fallani et al., 2011). In addition, introduction of solid food also induced a comple
ment of genes associated with the adult microbiome’s core metabolic functions, including
enrichment of genes associated with polysaccharide breakdown, vitamin biosynthesis, and
xenobiotic degradation (Koenig et al., 2011).
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11.3.3 Pre‐ and probiotics
As noted above, the composition of infant gut microbiota can be influenced by consumption
of pre‐ or probiotics. Prebiotics are defined as “a selectively fermented ingredient that results
in specific changes, in the composition and/or activity of the GIT microbiota, thus, confer
ring benefit(s) upon host health” (Roberfroid et al., 2010). Recently, Bindels et al. (2015)
proposed a new definition for prebiotics: “a prebiotic is a nondigestible compound that,
through its metabolization by microorganisms in the gut, modulates composition and/or
activity of the gut microbiota, thus conferring a beneficial physiological effect on the host.”
This new definition places more emphasis on the causal link between the microbial meta
bolism of the compound, the resulting modulation of the gut microbe, and the beneficial
physiology effects (Bindels et al., 2015).
Infants fed a formula containing a mixture of short‐chain galactooligosaccharides (scGOS)
and long‐chain fructooligosaccharides (lcFOS) in a ratio of 9:1 had fecal bifidobacteria and
lactobacilli counts and short‐chain fatty acid (SCFA) profiles closer to those of breastfed
infants (Haarman and Knol, 2005; Salvini et al., 2011). Similarly, infants fed formula with
polydextrose (PDX) and GOS (4 g/l, in a ratio of 1:1) had softer stools and higher
Bifidobacterium counts than observed in infants fed control formula after 60 days of feeding
(Scalabrin et al., 2012). Although these prebiotics differ from HMO, they are able to
recapitulate some of the beneficial aspects of breastfeeding in the formula‐fed infant.
Probiotics are “live microorganisms which, when consumed in adequate amounts, confer
a health benefit on the host” (FAO/WHO, 2001). Administration of specific probiotic bacte
ria to infants shortened the duration of rotavirus diarrhea (Szymański et al., 2006), prevented
antibiotic‐associated diarrhea (McFarland, 2014), reduced the incidence of eczema in high‐
risk children (Kalliomäki et al., 2001), and decreased the risk of NEC in very low birth
weight infants (Deshpande et al., 2010).
Furthermore, as discussed previously, human milk contains a large number of potential
probiotic bacteria, such as Bifidobacterium, Lactobacillus, and Streptococcus, and these
bacteria serve as a source of continuous inoculum to the breastfed infant gut. Hence sup
plementation of probiotics to infant formula has been used as an approach to improve infant
health and to mimic the probiotic property of human milk. Several studies have investigated
the significance of the ability of a probiotic to alter the composition of the gut microbiota;
however, the outcomes are contradictory. Kitajima et al. (1997) examined the effects of
administration of Bifidobacterium breve YIT4010 for the first 28 days of life on the fecal
microbial colonization patterns in very low birth weight infants. They found the colonization
patterns differed between the administered and placebo groups. The counts of Enterococcus
were lower in the infants in the B. breve group compared with placebo for the first 4 weeks.
Furthermore, a rapid increase in Lactobacillus counts from 7 weeks of age was observed in
the B. breve group, but not in the placebo group. A double‐blind placebo‐controlled trial
investigating the impact of addition of L. rhamnosus GG and B. longum BB536 to a milk
formula on the fecal microbiota of infants at risk of atopic disease reported that the overall
bacterial colonization pattern was unaffected by probiotic administration (Mah et al., 2007).
Similarly, when L. rhamnosus LPR and B. longum BL999 were administered to formula‐fed
German infants for 4 months, the effect of the probiotics on the microbiota composition was
minor (Grześkowiak et al., 2012). These inconsistencies may relate to the different probiotic
strains used, daily doses administered, timing and period of administration, the geographically
distinct infant groups studied, and pre‐existing microbiota.
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11.3.4

Dietary patterns

Relatively few studies have investigated the impact of dietary pattern on the microbiota of
infants and children (De Filippo et al., 2010; Yatsunenko et al., 2012). The diets of people
living in Western countries contain higher fat and protein and lower fiber, fruit, and vegeta
bles compared with those of people living in developing countries. Yatsunenko et al. (2012)
compared the fecal microbiota composition of subjects aged 0–80 years in Venezuela,
Malawi, and the United States. The microbial composition of Americans differed from those
of Venezuelans and Malawians regardless of age, whereas Venezuelan and Malawian sam
ples were more similar to each other, especially at early ages. Another study compared the
fecal microbiota of 1–6‐year‐old children living in rural Africa and Italy (De Filippo et al.,
2010). When infants were breastfed, the microbiota across both populations was similar and
was dominated by Bifidobacterium. However, once the children were weaned onto their
respective African or Western diets, the African children showed a significant enrichment in
Bacteroidetes, especially Prevotella and Xylanibacter. African children consumed more
fiber than Italian children and Prevotella and Xylanibacter are known to contain a set of
bacterial genes for cellulose and xylan hydrolysis. In contrast, Italian children had higher
proportions of Bacteroides and Firmicutes than African children, together with a higher
intake of protein, fat, and carbohydrates. These findings are consistent with those of Wu
et al. (2011), who found a strong association between long‐term dietary patterns and micro
bial “enterotypes” in adults. The Prevotella enterotype was associated with higher intakes of
carbohydrates and simple sugars (prevalent in agrarian societies), whereas the Bacteroides
enterotype was associated with a diet rich in animal protein, a variety of amino acids, and
saturated fats. Although comparative studies between populations with different diets pro
vide useful information on how dietary patterns shape the gut microbiota, most of the studies
involved international cohorts that introduce confounding factors as they live in different
geographic regions and have differences in culture, socioeconomic status, genetics, and sani
tary conditions (Voreades et al., 2014). More studies are needed to examine the impact of
dietary patterns in homogenous populations.

11.4 Host genetics and the development of gut
microbiota
Some of the first evidence for the importance of the host genetic background on gut microbiota
composition arose from observations in twin studies. Goodrich et al. (2014) assessed the role
of genetics on gut microbiome composition by comparing the fecal microbiota of 416 twin
pairs and found that the microbiota were more similar within twin pairs compared with unre
lated individuals. The abundances of many microbial taxa were influenced by host genetics,
with the family Christensenellaceae being the most heritable taxon. In a more recent study, the
fecal microbiota of a dichorionic triplet set (a pair of monozygotic twins and a fraternal sib
ling) were compared. Principal coordinate analysis revealed clustering of the monozygotic
pair at month 1 and a separation of the fraternal infant. By 12 months, the monozygotic pair
no longer clustered separately from the fraternal infant. These results suggest that host genetics
shape the composition of an individual’s gut microbiota (Murphy et al., 2015).
In addition, some associations between genetic polymorphisms and the gut microbiota
have been made in specific disease states in humans. Single nucleotide polymorphisms
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(SNPs) in the MEFV (Mediterranean fever) gene are associated with changes in overall gut
bacterial community structure (Khachatryan et al., 2008), and inflammatory bowel disease
(IBD)‐risk loci are associated with changes in gut microbiome composition (Li, E. et al.,
2012). The protein product of the MEFV gene is pyrin, which is produced by neutrophils,
eosinophils, and monocytes, and plays a role in inflammation and in fighting infection. In
addition, a loss‐of‐function polymorphism in the fucosyltransferase‐2 (FUT2) gene, which
is a known risk factor for Crohn’s disease, may modulate the energy metabolism of the gut
microbiome (Tong et al., 2014). Lastly, the number of risk alleles of the nucleotide‐binding
oligomerization domain‐containing protein 2 (NOD2) gene was correlated with a greater
relative abundance of fecal Enterobacteriaceae in patients with IBD (Knights et al., 2014).
To gain a fuller understanding of genes or genetic variants in the human genome that are
responsible for regulating gut microbiota composition, Blekhman et al. (2015) analyzed
genome‐wide associations between host genetic variation and microbial populations across
15 body sites. A total of 83 associations between genetic variation in host genetic sequence
and the abundance of specific bacterial taxa were observed in 10 of the 15 body sites. Among
these, eight associations were related to microbiota composition in the GIT (Table 11.1). For
example, host genetic variation in two SNPs in the lactase‐phlorizin hydrolase (LCT) gene
was correlated with the relative abundance of Bifidobacterium in stool. Furthermore, the host
genetic loci that were correlated with microbial composition were also linked to loci for
disease susceptibility (e.g. obesity and IBD) and for innate and adaptive immune function.
Lastly, they found that the host genomic regions that were associated with the microbiome
had high levels of genetic differentiation among human populations, implying host genomic
adaptation to environment‐specific microbiomes. Using a similar approach, Davenport et al.
(2015) examined the association of host genotypes with the relative abundances of bacterial
taxa in a founder population, the Hutterites, during winter and summer. Members of this
population live and eat communally, limiting the inter‐individual variation in environmental
exposure, including diet, which could potentially mask small genetic effects. They identified
at least eight bacterial taxa in each season (15 in winter, 14 in summer, and eight when sum
mer and winter were combined) whose abundances were significantly associated with at
least one nucleotide polymorphism (SNP) in the host genome.
The impact of host genetics on the composition of the gut bacterial community has also
been shown in several animal model systems, and the quantitative trait loci (QTL) that influ
ence the gut microbiota composition in mice are summarized in Table 11.2. Using the QTL
mapping method, Benson et al. (2010) tested for co‐segregation of the abundances of 64
conserved taxonomic groups with 530 fully informative SNP markers in a large mouse
advanced intercross population. They identified 12 host QTLs that significantly controlled
the variability in the relative abundances of specific bacterial taxa. They found that these
QTL influenced the microbial composition in three ways: first, some of the loci controlled
individual microbial species, while second, several controlled groups of related taxa, and,
lastly, others had putative pleiotropic effects on groups of distantly related organisms.
Using a similar approach, a more recent study from the same laboratory revealed five QTL
regions at a genome‐wide level for six taxonomic groups in the BXD mouse reference popu
lation (McKnite et al., 2012). The identified QTLs were either restricted to a particular taxon
or a branch or influenced the variation of taxa across phyla (Table 11.2). For instance, a QTL
region on chromosome 15 was associated with the abundance of Rikenellaceae, whereas a
QTL on chromosome 17 influenced the variation of the Bacillales/Staphylococcaceae/Staph
ylococcus branch (McKnite et al., 2012). In addition, gene expression of the GIT and
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Quantitative trait loci (QTL) that are associated with gut microbial composition in mice.
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119
41.8
97.8
17
90.15
17.1
71.1
88.7
93
95.15–95.78
6.9
44.8
45.7
63.3
7.75–10.17
7.75–10.17
7.75–10.17

43.3–50.7
63–139
123.3–140.7
167.0–182.1
57.5–62.5
57.5–62.5
170.3–173.6
11.8–22.6
11.8–22.6
8.3–19.7
87.58–95.23
112.9–118.1
13–39
28–40
53.1–59.2
112.2–120.0
122.4–131.6
14–28
47–71
71–88
33–63
64.4–79.1
64.4–79.1
66.5–79.1
22.0–33.4
34.6–40.9
33.5–42.3
33.5–40.9
33.5–40.9
40.5–42.4
33.5–40.9
112.3–115.0
4.7–9.07
100–111
106–122
35.1–44.5
93.4–114.0
17–26
78.36–95.80
10.5–20.3
67.6–87.5
79.7–87.5
86–103
92.73–97.39
3.98–9.92
42.7–48.1
42.7–57.8
51.6–70.4
7.37–10.44
7.39–10.44
5.26–10.43

Blautia
Barnesiella
Butyricicoccous
Prevotella
Parabacteroides
Alistipes
Hydrogenoanaerobacterium
Clostridium
Blautia
Roseburia
Bacteroides
Desulfotomaculum
Helicobacter
Proteobacteria
Eubacterium
Desulfocurvus
Lactobacillus johnsonii
Variovorax
L. johnsonii/L. gasseri
Turicibacter
Proteobacteria
Butyricimonas
Alistipes
Alistipes
Hydrogenoanaerobacterium
Alistipes
Clostridium
Prevotella
Odoribactera
Bacteroidesa
Bacteroidesa
Lactococcus lactis
Roseburia
Lactococcus
Coriobacteriaceae
Oscillibacter
Alistipes
Ruminococcaceae
Prevotellacea
Odoribacter
Clostridium
Hydrogenoanaerobacterium
L. johnsonii/L. gasseri
Rikenellaceae
Bacteroides
Alistipes
Mucispirllum
Lactobacillus
Bacilales
Staphylococcaceae
Staphylococcus

(Continued )
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Table 11.2 (Continued)
Chromosome Peak
Confidence
Bacterial taxon
position (Mb) interval (Mb)

Ref.

17
17
17
18
18
19
19
X

McKnite et al. (2012)
McKnite et al. (2012)
Leamy et al. (2014)
Leamy et al. (2014)
Leamy et al. (2014)
Leamy et al. (2014)
Benson et al. (2010)
Leamy et al. (2014)

a

21.83–23.00
21.83–23.00
48.7
68.4
83.1
24.3
56
66.1

21.71–26.63
21.71–26.70
41.9–58.2
65.4–70.2
83.1
22.6–24.7
54–56
54.5–74.6

Bacilales
Staphylococcus
Odoribacter
Clostridium
Bacteroides
Clostridium
Deltaproteobacteria
Prevotella

Indicates the QTLs that interacted significantly with diet.

sequence analysis of parental genomes in the QTL regions uncovered several candidate
genes that have the potential to alter the gut immune profile and subsequently impact gut
microbiota composition. A QTL region on chromosome 4 that overlapped several interferon
genes modulated the population of Bacteroides and Tgfb3, a cytokine modulating the barrier
function of the intestine and tolerance to commensal bacteria, overlapped a QTL on chromo
some 12 that influenced the variation of Prevotellaceae. Recently, Leamy et al. (2014) stud
ied the convergence of host and diet in a G10 mouse population to search for the QTLs that
affect gut microbiota composition in mice fed normal or high‐fat diets. They observed 42
QTLs in 27 genomic regions that influenced the relative abundances of 39 bacterial taxa
(Table 11.2). Some of the QTLs showed apparent pleiotropy. Several of these QTLs also
exhibited a significant interaction with diet, suggesting that diet can modify the effect of
some host loci on gut microbial composition. Taken together, these findings provide clear
evidence for the importance of host genetics in shaping microbiome composition and con
tribute to our understanding of the host factors that govern the assembly of gut microbiota
associated with diet and complex disease phenotypes. However, future research is needed to
establish mechanisms of action.

11.5 Host–microbe interactions regulating host
phenotype and gene expression
The relationship between the host and its colonizing bacteria is one of commensalism, where
under ideal conditions, both thrive. Thus far in this chapter, we have focused on how gut
microbiota are modulated by host genetics and external factors to the host. In the next two
sections, we review how the microbiota influences several aspects of host phenotype and
intestinal gene expression with a focus on infancy. Readers are referred to recent reviews that
describe the relationships between the gut microbiota and central nervous system disorders
(Wang and Kasper, 2014; Ghaisas et al., 2016), cardiometabolic diseases (Aron‐Wisnewsky
and Clément, 2016), obesity and diabetes (Greiner and Bäckhed, 2011; Chakraborti, 2015),
liver disease (Gkolfakis et al., 2015), inflammatory bowel diseases (Øyri et al., 2015;
Satokari, 2015; Ghaisas et al., 2016), colon cancer (Ou et al., 2013), and immune‐related
disorders (Li et al., 2014b).
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11.5.1 Host phenotype
The microbiota acquired in early infancy have short‐ and long‐term effects on host metabo
lism, GIT, and immune and neural system development (Abrams et al., 1963; Sudo et al.,
2004; Bäckhed et al., 2007, Round and Mazmanian, 2009). Reduced microbial diversity and
dysbiosis are associated with a number of GIT and systemic disorders in childhood and later
in life, including necrotizing enterocolitis (NEC) (Mai et al., 2011), eczema (Gore et al.,
2008; Wang et al., 2008), asthma (Vael et al., 2011), IBD (Aomatsu et al., 2012), obesity
(Ley et al., 2006; Karlsson et al., 2012), and autism (Kang et al., 2013; Wang et al., 2013).
Elucidating the underlying mechanism by which the intestinal microbiota influences
human health and disease has been hampered by individual variations in the host genetics
and microbiota, and also ethical concerns of using invasive procedures in health subjects.
Accordingly, most of our knowledge of host–microbe interaction comes from animal models,
especially GF and GN rodents (Smith et al., 2007; Chow et al., 2010).
11.5.1.1

Host metabolism

Data accumulated over the last decade indicate that gut microbiota have profound effects on
energy harvest and fat storage. Colonization of adult GF mice with a gut microbiota from
conventionalized (CV) mice for 14 days resulted in a 57% increase in body fat, despite a
29% reduction in chow consumption and a 27% increase in activity compared with GF mice
(Bäckhed et al., 2004). In addition, CV mice on a high‐fat, high simple carbohydrate diet
gained significantly more weight than their GF counterparts (Bäckhed et al., 2007).
Furthermore, GF mice colonized with feces from obese mice gained twice as much fat as
those colonized with microbiota from lean mice (Turnbaugh et al., 2006). Moreover,
metagenomic sequencing showed that the microbiota of obese mice was enriched in genes
regulating the initial steps in catabolism of indigestible dietary polysaccharides, including
KEGG pathways for starch/sucrose metabolism, galactose metabolism, and butanoate
metabolism (Turnbaugh et al., 2006).
Several mechanisms have been proposed to explain the role of microbiota in energy
extraction and fat storage (Cani et al., 2009; Greiner and Bäckhed, 2011). First, the presence
of a gut microbiota increases glucose uptake and also SCFA production, particularly acetate,
propionate, and butyrate, from carbohydrate fermentation in their colon and these are absent
in GF mice (Høverstad and Midvedt, 1986; Bäckhed et al., 2004). The SCFAs are rapidly
absorbed in the cecum and colon. Butyrate provides energy for the colonic epithelium,
whereas acetate and propionate enter the circulation and are taken by the liver and other
organs, where they can be used as substrates for gluconeogenesis and lipogenesis (Smith and
Crouse, 1984; Wong et al., 2006). In addition, SCFAs can induce expression of peptide YY
(PYY) through its receptor Gpr41/FFAR 3 on enteroendocrine cells (Samuel et al., 2008).
Increased PYY expression decreases intestinal transit and increases energy harvest and
hepatic lipogenesis (Samuel et al., 2008). Furthermore, the gut microbiota regulates fast
ing‐induced adipose factor (Fiaf), a circulating lipoprotein lipase (LPL) inhibitor that regu
lates fatty acid oxidation in both muscle and adipose tissues (Bäckhed et al., 2004).
Colonization of GF mice with gut microbiota suppressed Fiaf expression in the intestine,
resulting in an increase in lipoprotein lipase (LPL) activity and fat storage in adipose tissue.
Moreover, colonization of GF mice with microbiota has been shown to suppress liver and
skeletal muscle AMP‐activated protein kinase (AMPK) and reduce AMPK‐dependent fatty
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acid oxidation (Bäckhed et al., 2007). Lastly, a high‐fat diet increased the level of plasma
lipopolysaccharide (LPS) (a constituent of the cell wall of Gram‐negative bacteria) and
metabolic inflammation, leading to increased adiposity and insulin resistance (Greiner and
Bäckhed, 2011).
11.5.1.2

Postnatal GIT structural and functional development

A link between gut microbiota and GIT development has been demonstrated in GF animal
studies conducted over the past 50 years. First, intestinal morphology is abnormal in GF
animals. Compared with CF animals, GF mice have an enlarged cecum and reduced small
intestine surface area (Gordon and Bruckner‐Kardoss, 1961; Gustafsson et al., 1970). Ileal
villi are shorter, duodenal villi are longer, and small intestinal crypts are shorter in GF mice
(Abrams et al., 1963; Lesher et al., 1964). Relative to CV mice, GF mice have slower epi
thelial cell turnover rate and reduced crypt cell proliferation (Abrams et al., 1963; Lesher
et al., 1964). In addition, the lamina propria of the small intestine, a primary site for immune
cells in the gut, is thinner and less cellular in GF mice than CV mice (Abrams et al., 1963;
Glaister, 1973).
The gut microbiota also regulate intestinal function. For example, GF mice have greater
lactase, alkaline phosphatase, and γ‐glutamyltranspeptidase activities and lower sucrase and
glucoamylase activities than CV mice (Kozáková et al., 2001). Lastly, the intestinal micro
biota impact gut motility with gastric emptying and intestinal transit times that are slower in
GF than CV mice (Abrams and Bishop, 1967).
Several studies have investigated the molecular mechanisms by which microbiota trigger
these effects. For example, enlargement of the cecum in GF mice may be due in large part to
the accumulation of mucus, as the enlargement was rapidly reversed when GF mice were
monoassociated with the mucin‐degrading bacterium Peptostreptococcus micros (Gustafsson
et al., 1970; Carlstedt‐Duke et al., 1986). Another study found that the microbiota affect
epithelial cell differentiation via their capacity to modify host glycoconjugate production
(Bry et al., 1996). In addition, the microbiota maintain the mucosal epithelial barrier, which
is necessary for gut function and immune function and is described in the next section.
Intestinal mucosal surfaces are lined by epithelial cells that constitute a vital physical barrier
separating the internal milieu of mammals from food and microbes in the lumen. Moreover,
specialized secretory intestinal epithelial cells, including goblet cells and Paneth cells,
contribute to barrier function and host defense against microbes (Peterson and Artis, 2014).
Goblet cells secrete a protective mucus gel composed of highly glycosylated mucins that
constitute the first line of defense against microbial invasion (Peterson and Artis, 2014).
In vitro cell culture and animal studies have shown that the production of intestinal mucus is
regulated by the gut microbiota. GF mice have fewer and smaller goblet cells than CV mice
(Kandori et al., 1996) and the mucus layer was thicker in CV than in GF rodents, indicating
increased mucus production (Szentkuti et al., 1990). Exposure of HT29 colon cells to probi
otics, such as Lactobacillus plantarum 299v and Lactobacillus rhamnosus GG, increased the
expression of both MUC2 and MUC3 mucin‐producing genes in vitro (Mack et al., 1999).
Paneth cells located at the base of the crypts of Lieberkühn are specialized cells that pro
duce most of the antimicrobial peptides (AMPs) in the small intestine (Hooper and
Macpherson, 2010). Angiogenin‐4 (Ang4) is an antimicrobial peptide produced by Paneth
cells that exhibits antibacterial activity against several gut microbes in vitro, suggesting a role
in epithelia host defense (Hooper et al., 2003). The intestinal microbiota regulates Ang4
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expression (Hooper et al., 2003). For example, colonization of GF mice with a complex
microbiota harvested from CV mice or a single bacterium, such as Bacteroides thetaiotaomicron, increased Ang4 mRNA expression in the small intestine. In addition, Ang4 expression
increased in the small intestine of CV mice, but not GF mice, during the weaning period,
which is a time of rapid expansion of microbial diversity in CV animals (Hooper et al., 2003).
11.5.1.3

Host immune system

The mammalian immune system is perhaps the most elaborate example of the complex sym
biotic relationship that has resulted from the co‐evolution of the host and its microbiota. The
immune system controls the composition of the gut microbiota, while at the same time the
resident microbiota profoundly shapes mammalian immunity (Round and Mazmanian,
2009; Hooper et al., 2012).
Comparative studies on GF and CV animals have established the essentiality of the intes
tinal microbiota for the development and function of the mucosal and systemic immune
systems, particularly in early life. Within the intestine, GF mice have fewer and smaller
Peyer’s patches and mesenteric lymph nodes (MLNs), thinner lamina propria, fewer plasma
cells, smaller numbers of cyotoxic T cells (CD8+) with reduced cytotoxicity, and reduced
production of mucosal immunoglobulin A (IgA) and antimicrobial peptides (Round and
Mazmanian, 2009; Chung and Kasper, 2010). The numbers of T‐helper cells (CD4+) in the
lamina propria and regulatory T cells (CD4+CD25+foxp3+) in MLNs are also reduced (Round
and Mazmanian, 2009). Lastly, intestinal epithelial cells of GF animals also have reduced
mRNA expression of the major histocompatibility complex (MHC) Class II, TLR9, and
interleukin (IL)‐25 genes (Round and Mazmanian, 2009). All of these abnormalities are
corrected within weeks after colonizing GF mice with a commensal microbiota (Macpherson
and Harris, 2004).
The gut microbiota influence the development and function of several cell populations of
the adaptive immune system, including IgA‐secreting plasma cells, Th17 T cells, and regula
tory T cells (Treg). IgA is the predominant antibody produced by plasma cells in the mucosa
tissue (Pabst et al., 2008). At the intestinal mucosal surfaces, IgA is mainly secreted as a
dimer across the epithelial cell layer and serves as the first line of defense against microor
ganisms through a mechanism known as immune exclusion (Corthësy, 2009). GF mice have
reduced numbers of IgA‐secreting plasma cells and lower levels of secretory IgA in the
intestine. Colonization of GF mice with mouse microbiota or with specific bacterial species
increased IgA‐secreting cells in the intestinal mucosa and stimulated IgA production
(Moreau et al., 1978; Klaasen et al., 1993).
The intestinal microbiota also regulate Th17 and Treg differentiation and Th17/Treg bal
ance. Th17 cells are a subset of helper T cells (Bettelli et al., 2007). Th17 differentiation in
mice is initiated by transforming growth factor beta 1 (TGF‐β1), IL‐6, and IL‐21, which
activate Stat3 and induce the expression of the transcription factor retinoic acid‐related
orphan receptor (RORγt) (Chen and O’Shea, 2008). Th17 secretes proinflammatory
cytokines, including IL‐17, IL‐17 F, IL‐21, and IL‐22 (Ivanov et al., 2008; Eisenstein and
Williams, 2009). Th17 plays an essential role in the host defense against extracellular patho
gens and in the pathogenesis of autoimmune diseases (Chen and O’Shea, 2008).
In CV mice, Th17 cells are abundant in lamina propria in the small intestine of CV mice,
whereas the proportions of Th17 cells are significantly reduced in GF or antibiotic‐treated
mice (Ivanov et al., 2008). Mono‐associating GF mice with a segmented filamentous
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bacterium, such as Candidatus arthromitus, for 10 days induced a robust accumulation of
Th17 cells (Ivanov et al., 2009). Interestingly, induction of Th17 cell numbers in the lamina
propria of GF mice appears to be bacterial species specific, since colonization with
Bacteroides species or a mixture of Clostridium did not induce Th17 cells in GF mice
(Ivanov et al., 2009).
Treg cells are a subpopulation of T cells that are thought to prevent autoimmune diseases,
suppress allergy, asthma, and pathogen‐induced immunopathology and feto‐maternal toler
ance, and induce oral tolerance (Corthay, 2009). The numbers of colonic Treg cells and the
level of IL‐10 expression by Treg cells are reduced in GF mice (Atarashi et al., 2011).
Mono‐associating GF mice with Bacteroides fragilis doubled the percentage of IL‐10‐pro
ducing Treg cells in the colon (Round and Mazmanian, 2010). Recently, Atarashi et al.
(2013) reported that colonization of GF mice with a mixture of 17 clostridia strains isolated
from healthy human feces increased the number of Treg cells and IL‐10 production in the
lamina propria of the colon. Taken together, these results indicate that microbiota profoundly
influence the induction of Treg cells.
As noted above, Th17 and Treg are two subsets of T cells with opposite actions. Th17 cells
contribute to host defense against infections and pathogenesis of autoimmune diseases,
whereas Treg cells play a vital role in suppression of immunopathology and prevention of
autoimmunity diseases. In addition, TGF‐β is essential for both Th17 and inducible Treg
differentiation (Eisenstein and Williams, 2009). Under normal conditions, Th17 and Treg
cells coexist in a well‐regulated balance (Ivanov et al., 2008), and alteration of the balance
between Th17 and Treg cells may lead to tissue inflammation and autoimmune disease
(Eisenstein and Williams, 2009).
Our understanding of the importance of the gut microbiota in the balance of Th17 and
Treg cells came initially from the study of Ivanov and colleagues, who examined these cell
populations in mice from different sources (Ivanov et al., 2008). C57BL/6 mice obtained
from one commercial supplier had 10–15% small intestinal lamina propria Th17 cells,
whereas C57BL/6 mice obtained from another commercial supplier had only 1–2% lamina
propria Th17 cells. The animals with decreased Th17 cells had an increased proportion of
Fox3+ Treg cells and fewer IgA‐producing cells. In addition, when mice from the two
suppliers were housed together for 2 weeks (allowing for horizontal transfer of intestinal
bacteria between the two mouse populations), an increase in small intestinal lamina pro
pria Th17 cell numbers was observed in mice from the second supplier. Taken together,
these findings suggest that the composition of gut microbiota, not potential genetic differ
ences between mice from the two suppliers, regulates the Th17/Treg balance in the lamina
propria.
11.5.1.4 Gut–brain axis
The bidirectional communication system between the central nervous system (CNS) and the
enteric nervous system (ENS) is referred to as the gut–brain axis (GBA). It integrates emo
tional and cognitive centers of the brain with GIT functions and plays an important role in
the transfer of information from the CNS to the ENS, and vice versa (Carabotti et al., 2015).
For example, stress modulates GIT functions such as motility, secretion, blood flow, and
mucosal immune function (Taché and Perdue, 2004; de Jonge, 2013; Browning and Travagli,
2014). Conversely, alteration of GIT function can be perceived as nausea, anorexia, and pain
(Drossman, 1998). Disruption of the GBA has been implicated in the pathogenesis of
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functional GIT disorders, including irritable bowel syndrome (IBS) and IBD, and also
anxiety and depression (Taché and Bernstein, 2009; Foster and McVey Neufeld, 2013).
The importance of the gut microbiota in modulating these bidirectional interactions
between the gut and brain (e.g., microbiota–gut–brain axis) and ensuing effects on brain
function and behavior have recently come to the forefront. Studies in GF animals have
shown that absence of gut microbiota during early life detrimentally impacts the develop
ment of the hypothalamic–pituitary–adrenal (HPA) axis (Sudo et al., 2004). For example,
GF mice had an exaggerated HPA stress response with elevated plasma levels of adreno
corticotropic hormone and corticosterone compared with CV mice and the enhanced HPA
response of GF mice was partially reversed by reconstitution with microbiota from CV
animals at an early developmental stage. In addition, GF mice had lower levels of brain‐
derived neurotropic factor (BDNF), a key neurotrophin involved in neuronal growth and
survival, in the cortex and hippocampus (Sudo et al., 2004). Furthermore, GF animals
displayed increased motor activity and reduced anxiety‐like behavior (Diaz Heijtz et al.,
2011). Moreover, microbiota can influence CNS serotonergic neurotransmission. For
example, male GF animals have significantly higher concentrations of serotonin (5‐
hydroxytryptamine), a neurotransmitter, and its main metabolite in the hippocampus than
CV animals (Clarke et al., 2013).
The impact of microbiota in the regulation of brain function and behavior has been further
supported by studies in animals exposed to antibiotics or probiotics. Male CV mice exposed
to a mixture of neomycin and bacitracin (5 mg/ml each) together with an antifungal agent,
pimaricin, for 7 days altered the composition of the gut microbiota and increased exploratory
behaviors and expression of BDNF in the hippocampus and amygdala (Bercik et al., 2011).
However, when the same antimicrobial treatment was administered orally to GF animals, the
behavior changes were not observed, suggesting that they were mediated by the alteration of
gut microbiota (Bercik et al., 2011). Several studies have demonstrated the impact of probi
otic administration on behavior. For example, administration L. rhamnosus JB‐1 to mice for
28 days altered region‐dependent γ‐aminobutyric acid (GABA) expression in the brain and
reduced stress‐induced corticosterone and anxiety‐ and depression‐related behavior (Bravo
et al., 2011). In another study, rats treated with Bifidobacterium infantis 35624 reversed the
impact of maternal separation on behavioral despair in the forced swim test (Desbonnet
et al., 2010).
Possible mechanisms for communication between gut microbes and the brain have been
reviewed previously (Collins et al., 2012; Cryan and Dinan, 2012; Forsythe and Kunze 2013;
Carabotti et al., 2015). The first is via immune activation. As described previously, micro
biota can affect host immune responses. Previous studies have also shown that the host
immune system has a bidirectional interaction with the CNS, thereby making it a primary
target for transducing bacterial effects to the brain (Dantzer et al., 2008). The second is
directly through the vagal nerve. The vagal nerve connects the network of nerves and other
organs (such as heart, liver, pancreas, stomach, and intestine) to the brain. It delivers infor
mation from the GIT to the brain (Forsythe et al., 2014). Several probiotic strains have been
shown to exert their behavioral effects via the vagal nerve (Bercik et al., 2011; Bravo et al.,
2011). For example, mice treated with L. rhamnosus JB‐1 induced region‐dependent altera
tions in GABA receptor expression and reduced anxiety‐ and depression‐related behavior.
Moreover, these neurochemical and behavioral effects were dependent on vagal integrity
(Bravo et al., 2011). The third mechanism likely involves microbial metabolites, such as
SCFAs, including acetate, propionate, and butyrate. Propionate has been shown to influence
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behavior in animals (MacFabe et al., 2011). In addition, bacteria have the capacity to pro
duce neurotransmitters and neuromodulators. For example, species of Lactobacillus and
Bifidobacterium produce GABA and Escherichia, Streptococcus, and Enterococcus spp.
produce serotonin (Lyte, 2011; Barrett et al., 2012). GABA is the main CNS inhibitory
neurotransmitter and GABAergic neurotransmission in the hippocampus has been related to
the modulation of behavior and memory processes (Crestani et al., 1999). Serotonin modu
lates developmental processes such as neurogenesis, neuronal maturation, innervations,
synaptogenesis, and signaling in the CNS, leading to behavioral manifestations (Jaiswal
et al., 2015).

11.5.2

Proposed molecular and metabolomic mechanisms

As reviewed above, gut microbiota exert widespread effects on host phenotype and physiol
ogy. These actions may be mediated through direct interactions between microbes and host
receptors or through the actions of metabolites secreted by the microbes (El Aidy and
Kleerebezem, 2013; Marcobal et al., 2013). For example, the host expresses specific pattern
recognition receptors (PRRs) that recognize conserved regions on bacteria, known as patho
gen‐associated molecular patterns (PAMPs) to signal host responses. Examples of the best
characterized families of PRRs are the Toll‐like receptors (TLRs), which recognize a wide
variety of PAMPs from bacteria, fungi, parasites, and viruses, C‐type lectin receptors (CLRs),
which bind to carbohydrates in a calcium‐dependent manner, RIG‐I‐like receptors (RLRs),
which are intracellular receptors involved in the recognition of viruses, and the NOD‐like
receptors (NLRs), which are intracellular receptors that recognize cytoplasmic PAMPs.
TLR4‐mediated signaling is key to innate immune responses (Ahmed et al., 2015). The
binding of LPS to TLR4 initiates a signaling complex by the recruitment of MyD88 and TIR
domain‐containing adaptor protein inducing IFN‐β (TRIF), to the receptor. The MyD88‐
dependent signaling pathway induces transcription of proinflammatory cytokines via NF‐κB
and mitogen‐activated protein kinases (MAPKs). The MyD88‐independent pathway is
mediated by TRIF and culminates in the production of type‐1 interferons. In conjunction
with the activation of NF‐κB, the stimulation of TLRs also activates major MAPK subfami
lies: the extracellular signal‐regulated kinase (ERK), p38, and Jun N‐terminal kinase (JNK).
Following an inflammatory stimulation, MAPK activation induces the expression of multi
ple genes that together regulate inflammatory responses and other transcriptional pathways
(Ahmed et al., 2015).
Recent advances in spectroscopy and mass spectrometry have enabled metabolomic and
metaproteomic analyses to be used to assess the influence of the gut microbiota on human
health at a whole‐systems level (Aw and Fukuda, 2013; Lichtman et al., 2013). Integrating
microbial metagenomic and metabolomic technologies has furthered our understanding of
how the gut microbiota contributes to host overall health status and the critically important
role of diet (Dutton and Turnbaugh, 2012; El Aidy and Kleerebezem, 2013; Ursell et al.,
2014; Shoaie et al., 2015). Changes in diet have been shown to affect rapidly the composi
tion of the gut microbiota (David et al., 2014) and microbiota–diet interactions impact host
physiology through the generation of a number of bioactive metabolites, including choline,
bile acids, phenols, amines, aromatic metabolites, and SCFAs, which have been implicated
in maintaining host health and in the etiology of various pathological states (Bäckhed, 2012;
Marcobal et al., 2013; Shoaie et al., 2015).
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 ffect of the microbiota on intestinal gene expression in GF
E
and GN mice

GF and GN mice have been instrumental in furthering our understanding of host responses
to the resident microbiota (El Aidy et al., 2013a,b). The beauty of this approach is the ability
to assess spatial, temporal (El Aidy et al., 2012; Marcobal et al., 2015), and site‐specific
(Larsson et al., 2012; El Aidy et al., 2013b; Sommer et al., 2015) responses to specific
microbes (Zocco et al., 2007; Shima et al., 2008; Lichtman et al., 2013) or complex murine
(El Aidy et al., 2013a,b; Lichtman et al., 2013; Marcobal et al., 2013) or human microbi
omes (Lichtman et al., 2013; Marcobal et al., 2013; Ridaura et al., 2013). Although most of
the cited studies were conducted in murine models, GF and GN piglets have also been used
to test the effects of the microbiota on intestinal gene expression (Chowdhury et al., 2007).
The ability to measure metabolites in stool, urine, or blood further allows translational
studies from animal models to humans (El Aidy and Kleerebezem, 2013).
Summarized in Table 11.3 are key observations on intestinal gene expression or function
in which GF animals were colonized with either defined mono‐cultures or microbiota from
mice or humans. The dependence of normal immune development and function on microbial
colonization (Chung et al., 2012) and a robust immune response to colonization are well
documented in GF and GN mice (El Aidy et al., 2012). For example, approximately 50% of
the genes differentially expressed in the intestine of GN mice in response to colonizing gut
microbiota regulate T‐cell development (Gaboriau‐Routhiau et al., 2009). El Aidy et al.
(2012) documented the temporal response to colonization in GN mice. GF mice were admin
istered a fecal inoculum from CV mice on day 14 of age and intestinal samples were taken
on days 1, 2, 4, 8, 16, and 30 post‐conventionalization. They observed both region‐specific
(jejunum, ileum, and colon) transient and permanent changes in intestinal morphology
(increased crypt depth), cell proliferation, and mucin expression within 4 days of conven
tionalization and onwards. These gut maturational changes were accompanied by an upregu
lation of antimicrobial defense proteins, including lysozyme P, regenerating islet‐derived
protein (Reg) IIIβ and ‐γ, resistin‐like beta (Retnlβ), and phospholipase A2, and also cell
surface receptors, including the LPS receptor CD14, MyD88, and TLRs, within 4 days post‐
conventionalization (El Aidy et al., 2012). The timing of the development of the innate and
adaptive arms of the immune system was also investigated. From day 4 post‐conventionali
zation onwards, a core set of major gene categories that were strongly induced were detected,
including nodes belonging to bacterial recognition (CD14), proinflammatory cytokines,
chemokines, and MHC Class I. Genes for MHC Class II molecules, T‐cell differentiation,
maturation and cell surface markers (CD3, CD4, and CD8), and B‐cell differentiation were
upregulated by day 8 in the colon and day 16 in the small intestine. The authors concluded
that “… homeostasis had been reached in the colon within 8 to 16 days, whereas establish
ment of homeostasis in the small intestine required 16 to 30 days of conventionalization,
roughly double the amount of time” (El Aidy et al., 2012).
Larsson et al. (2012) investigated whether microbially induced host gene expression
responses required the adaptor molecule, MyD88, which is involved in Toll‐like receptor
signaling. They compared transcriptional profiles of duodenum, jejunum, ileum, and colon
of GF and CV wild‐type (WT) and Myd88–/– mice. Gut microbiota modulated the expression
of 2000 to >5000 genes in the three regions of the small intestine and ~2000 genes in the
colon. Of the 500 most significant microbiota‐related genes, the majority were associated
with adaptive immunity. These changes were attributed to lymphocyte migration to the

Microbiota or bacteria
introduced

Feces of CV mice

N/A, studied CV mice

Feces of CV mice

2‐week‐old
C57Bl/6 J,
male mice;
GF vs. GN

12‐week‐old
wild‐type and
Myd88–/–
C57Bl/6 J mice;
GF vs. CV

12‐week‐old
C57Bl/6 J,
female mice;
GF vs. CV or GN
•
•

•
•

•

•

•

•

•

•

•
•

•

•

•

Samples were taken on days 1, 2, 4, 8, 16, and 30
post‐conventionalization
Region‐specific (jejunum, ileum, and colon) transient and permanent
changes in intestinal morphology (increased crypt depth) and cell
proliferation and mucin expression at day 4
Upregulation of antimicrobial defense proteins and cell surface receptors
for bacterial recognition at day 4
Upregulation of adaptive immunity by day 8 in the colon and day 16 in
the small intestine
Gene expression 4 (duodenum, jejunum, ileum, and colon) was compared
Hierarchical clustering revealed clusters representing the four regions and
further subclustering based on GF vs. CV and genotype (wild‐type or Myd88–/–)
Genes were upregulated in the small intestine (2844–5653 genes) and the
colon (2124 genes) of CV vs. GF mice.
Myd88 had small effects on mediating microbially‐induced gene
expression changes
Microbial regulation of REG3β and REG3γ was Myd88 dependent in the
colon. but not the ileum
Microbial diversity was lower in SFB abundance, greater in Myd88–/– CV
than WT CV mice.
Myd88–/– CV mice had increased susceptibility to norovirus infection than
WT CV mice.
Genes for lipid and fatty acid metabolism and nutrient absorption were
upregulated in CV vs. GF mice, but mitochondrial and peroxisome genes
were downregulated in CV vs. GF mice
10% of the host’s transcriptome was microbially‐regulated
Most genes were associated with immunity, cell proliferation, and
metabolism
The impact of colonization on host gene expression was site specific
In general, the gut microbiota induced a more rapid response in the colon
than in the ileum

Activity or gene expression affected by microbiota

Host gene or activities regulated by transfaunation of defined microbial species or complex microbiota.

Species

Table 11.3

Sommer
et al. (2015)

Larsson
et al. (2012)

El Aidy
et al. (2012)

Ref.

Feces from CV pig

•

•

•
•

•
•

Bacteria‐ and region‐specific effects on gene expression
L. casei Shirota affected gene expression to a greater extent in the ileum
and to a lesser extent in the colon than B. breve Yakult
SFB increased gene expression in both regions more than either probiotic
In the ileum, expression of cryptdins and intestinal fatty acid‐binding
protein genes was greater in L. casei Shirota mice than B. breve
Yakult mice
In the colon, downregulation of inflammatory response, transport,
metabolism and defense/immunity genes and upregulation of guanine
nucleotide‐binding protein greater in B. breve Yakult than L. casei
Shirota mice
Genes involved in transcription, cell proliferation and differentiation,
nutrient transport and metabolism, xenobiotic metabolism, and immune
responsiveness were upregulated in GN piglets bearing a microbiota from
CV piglets vs. GF piglets

Samples collected 10 days after inoculation.
B. thetaiotaomicron upregulated expression of genes involved in intestinal
maturation, nutrient absorption, fatty acid transport and metabolism,
mucosal barrier fortification, xenobiotic metabolism, angiogenesis, and
gut–brain axis
• FUT2 gene: induction of α(1–2) asialo GM1 fucosyltransferase (FT) activity
in small intestine of GN mice that were colonized with feces from CV mice,
but not in monocolonized GN mice
• Expansion of CD8+ T cells and MCH Class II expression in GN mice with
CV microbiota.

•

a

Abbreviations: CV, conventionally raised; GF, germ free; GN, gnotobiotic; SFB, segmented filamentous bacteria; WT, wild type.
Additional information on the strain, sex, or age of animal was not provided.

Piglet, domestic
cross‐bred;
GF vs. GN

Balb/c micea;
GF vs. GN

1.
2.

Micea;
GF vs. GN

Feces of CV mice
Monocolonized with
E. coli, Proteus sp.,
L. acidophilus, L. fermentum,
L. murini, Streptococcus
faecalis, Bacteroides sp., or
Bifidobacterium sp.
1. Feces of CV mice
2. Lactobacillus casei strain
Shirota
3. Bifidobacterium breve
strain Yakult
4. SFB

Bacteroides thetaiotaomicron

Adult, male micea;
GF vs. GN

Chowdhury
et al. (2007)

Shima
et al. (2008)

Umesaki (2014)

Hooper
et al. (2001)
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mucosa and differentiation in response to the gut microbiota. Unexpectedly, few microbiota‐
regulated genes required functional MyD88 signaling. However, MyD88 was essential for
microbiota‐induced colonic expression of the antimicrobial genes Reg3b and Reg3g.
Additionally, MyD88 deficiency reduced bacterial diversity and increased the proportion of
segmented filamentous bacteria (SFB) in the small intestine. In addition, CV MyD88‐defi
cient mice had norovirus infection and increased expression of antiviral genes in the colon
(Larsson et al., 2012). Additionally, genes related to lipid and fatty acid metabolism, and also
genes involved in nutrient absorption and metabolism, were regulated in response to micro
biota throughout the gut. Interestingly, genes related to cholesterol biosynthesis responded
differentially to the microbiota depending on genotype (e.g., WT or Myd88–/–). Furthermore,
genes associated with energy‐yielding compartments, mitochondrion and peroxisome,
were among those downregulated in the duodenum of CV compared with GF mice (Larsson
et al., 2012), potentially providing insight into how the microbiota regulates host energy
utilization.
Sommer et al. (2015) also described region‐specific effects of the gut microbiome on the
intestinal transcriptome in GF and CV mice at a single time point and temporal changes in
GN mice colonized with CV feces. They applied laser capture microdissection (LCM) to
collect cells from the ileal colonic tips and crypt fractions of GF and CV mice. When com
paring GF with CV mice, they found that the latter had slightly more Paneth and goblet cells,
but the differences were minor. Turning to transcriptional differences, they found that 10%
of the host transcriptome was microbially regulated and that epithelial cells were the primary
responders to microbial signals. However, microbiota‐induced responses were site specific.
Consistent with the observations of El Aidy et al. (2012) and Larsson et al. (2012), half of
all the gene ontology (GO) terms associated with differentially regulated genes were related
to immune functions (adaptive immunity, innate immunity, virus response, and immune
regulation). Immune genes were predominantly increased in the tip fractions of both the
ileum and colon, with differences in antigen presentation and interferon‐γ responses being
enriched in both ileum and colon. In contrast, processes related to T‐cell regulation were
restricted to the ileum tip whereas virus response functions were mainly enriched in the
colon tip (Sommer et al., 2015). Other GO categories that were differentially expressed were
proliferation, apoptosis, protein biosynthesis, metabolism, angiogenesis, and others. Next,
the time course of colonization on gene expression was assessed by creating GN mice with
CV feces and taking samples daily for 1 week. On average, the colonic epithelium responded
faster than the ileal epithelium, which is consistent with previous findings (El Aidy et al.,
2012). Interestingly, many of the transcriptional regulators that were enriched among the
microbially regulated genes involved changes in the methylation and acetylation status of
histones, including the histone deacetylase (HDAC) target H3k9ac. The authors speculated
that many of the microbially responsive genes might be regulated epigenetically, potentially
via SCFA‐repressed HDACs or a folate‐induced increase in DNA methylation (Sommer
et al., 2015).
Several groups have investigated how monoassociation with commensal or probiotic
bacteria modifies intestinal gene expression relative to GF or CV states. In the late 1990s, the
Gordon laboratory conducted a series of experiments to uncover how B. thetaiotaomicron, a
prominent component of the normal mouse and human intestinal microbiota, influences
intestinal gene expression and function (Hooper et al., 2001). Ten days after colonization,
samples of ileal and colon tips and crypts were collected by LCM and gene microarrays were
conducted. A total of 118 probe sets were differentially regulated in GN versus GF mice,
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of which 81% (95 probe sets) were upregulated. B. thetaiotaomicron upregulated expression
of genes involved in nutrient absorption (Na+/glucose cotransporter, SGLT‐1) and fatty acid
transport and metabolism [pancreatic lipase‐related protein‐2, colipase, L‐FABP (liver‐type
fatty acid‐binding protein), and apolipoprotein A‐IV]. Genes related to mucosal barrier for
tification were also induced, particularly small proline‐rich protein‐2 (sprr2a), which was the
most upregulated gene (280‐fold) in response to B. thetaiotaomicron colonization. Several
genes involved in intestinal maturation were induced following colonization, including
adenosine deaminase and ornithine decarboxylase. Expressions of genes involved in xenobi
otic metabolism were also differentially regulated, suggesting that colonization affected the
host’s capacity to metabolize and excrete xenobiotics. Angiogenin‐3 expression was
increased ~60‐fold specifically in the ileal crypt of GN versus GF mice, supporting the
increased angiogenesis observed in CV versus GF animals. Lastly, a 2–5‐fold increase in
mRNAs encoding several genes that could be implicated in the microbiome–gut–brain axis
(Cryan and Dinan, 2012; Forsythe and Kunze 2013), including l‐glutamate transporter,
l‐glutamate decarboxylase (converts glutamate to γ‐aminobutyric acid), vesicle‐associated
protein‐33 (a synaptobrevin‐ binding protein involved in neurotransmitter release), and
enteric γ‐actin and cysteine‐rich protein‐2, was observed (Hooper et al., 2001).
Umesaki (2014) generated GN mice by transfaunating GF mice with feces from a CV
mouse or the following isolated strains: Escherichia coli, Proteus sp., Lactobacillus acidophilus, Lactobacillus fermentum, Lactobacillus murini, Streptococcus faecalis, Bacteroides
sp., and Bifidobacterium sp. Induction of α(1–2) asialo GM1 fucosyltransferase (FT) activ
ity, a product of the FUT2 gene, in the small intestine of GN mice colonized with feces from
CV mice, but not in monocolonized GN mice, was observed. Monoassociation of GF mice
with B. thetaiotaomicron, a non‐spore‐forming microbe of human origin, in GF mice was
also reported to induce FT activity (Bry et al., 1996). FT activity was correlated with the
differentiation of epithelial cells. Interestingly, intestinal bacteria that induce FUT2 expres
sion have the potential to stimulate colonization by beneficial Bifidobacterium (Wacklin
et al., 2011). An expansion of T cells, particularly CD8+ populations, was also observed after
introduction of the CV microbiota (Umesaki, 2014). Lastly, the impact of monoassociation
with two different probiotic bacteria, SFB or a complex microbiota, were compared (Shima
et al., 2008). GF mice were inoculated orally with 109 CFU of Lactobacillus casei strain
Shirota, Bifidobacterium breve strain Yakult, SFB, or a fecal suspension from CV mice.
After 3 days, intestinal epithelial cells were dissociated from ileal and distal colon samples
and gene expression was assessed. They observed bacteria‐ and region‐specific effects on
gene expression. Although all bacteria colonized the colon to a greater extent than the ileum,
L. casei Shirota affected gene expression to a greater extent in the ileum and to a lesser extent
in the colon than B. breve Yakult. SFB increased gene expression in both regions more than
either probiotic. Specific effects of probiotics on gene expression were also observed. For
example, expression of cryptdins and intestinal fatty acid‐binding protein genes in the ileum
was more enhanced in the L. casei Shirota mice than in the B. breve Yakult mice. In the
colon, downregulation of genes involved in inflammatory response, transport, metabolism,
and defense/immunity and upregulation of guanine nucleotide‐binding protein mRNA was
more evident in the mice monoassociated with B. breve Yakult than L. casei Shirota. Taken
together, these findings support previous observations of region‐ and microbe‐specific
actions on gut gene expression, while demonstrating that probiotic strains can have very
specific actions on epithelial gene expression relative to each other, SFB, and a complex
microbiota (Shima et al., 2008).

242 Nutrigenomics and proteomics in health and disease

11.5.2.2 Effect of the microbiota on intestinal gene expression in GF
and GN piglets
Mice are the most commonly used GF and GN model. Although they have a number of
advantages as model systems, there are concerns regarding the appropriateness of mouse
models in terms of their native microbiome (Nguyen et al., 2015), immune system (Mestas
and Hughes, 2004; Shay et al., 2013), and response to inflammatory diseases (Seok et al.,
2013), which can differ markedly from those of humans. For example, while the gut micro
biota of both mice and humans are dominated by two main phyla, Bacteroidetes and
Firmicutes, 85% of genera and microbial species found in mice are not found in humans
(Ley et al., 2005). For those reasons, the use of GF and GN swine for microbiome and infec
tion studies has been gaining traction (Wang and Donovan, 2015). The domestic pig (Sus
scrofa) is closely related to humans in terms of anatomy, physiology, and genetics, and is
considered the preferred non‐primate model for humans (Guilloteau et al., 2010; Dawson
2011; Meurens et al., 2012; Odle et al., 2014). In addition, the piglet is an excellent model
for infectious diseases (Meurens et al., 2012). From a nutritional perspective, pigs and
humans are omnivorous, whereas rodents are granivorous. In terms of GIT anatomy and
physiology, pigs are also more similar to humans than are rodents (Guilloteau et al., 2010;
Odle et al., 2014). Also, both pigs and humans are colon fermenters whereas fermentation
takes place in the cecum of rodents (Heinritz et al., 2013). Pigs are also immunologically
similar to humans. For example, porcine immune responses more closely resemble human
responses than mouse responses, with >80% of parameters studied, whereas the immune
response in mice was similar to that in humans in <10% of comparisons (Dawson 2011).
Consistent with observations in GF mice (Grover and Kashyap, 2014), GF pigs have
abnormal intestinal proliferation, structure, and function and immune development com
pared with CV piglets (Shirkey et al., 2006; Willing and Van Kessel, 2007, 2009). Several
studies have investigated the role of bacterial colonization on the host immune develop
ment. Haverson et al. (2007) compared the immunological structure of the lamina propria
in the jejunum of GF piglets with piglets associated with two strains of commensal E. coli
between 1 and 4 days of age. Monoassociation with E. coli increased the numbers of
dendritic and T cells in diffuse lymphoid tissue of the jejunum within 2 days compared
with GF. Additionally, small intestine (SI) expression of proinflammatory cytokines,
interleukin‐1β (IL‐1β) and IL‐6, were higher in GF than CV piglets at postnatal day 13
(Shirkey et al., 2006). Gene microarray profiling of the SI epithelium in GF and CV piglets
confirmed the essential role of a commensal microbiota for normal development of the host
intestinal transcriptome (Chowdhury et al., 2007) (Table 11.3). Genes involved in tran
scription, cell proliferation and differentiation, nutrient transport and metabolism, xenobi
otic metabolism, and immune responsiveness were upregulated in GN piglets bearing a
microbiota from CV piglets versus GF piglets (Chowdhury et al., 2007). These pathways
are consistent with what has been reported in GF mice following conventionalization,
confirming the utility of the piglet model.
11.5.2.3

Effect of the microbiota on metabolites in GF and GN mice

In addition to differences in tissue gene expression profiles, microbial colonization modifies
the content and composition of metabolites in the feces, urine, and blood of the host (Griffin
et al., 2015; Marcobal et al., 2015). These metabolites originate from the interface of
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microbial and host metabolism and have been useful in linking microbial community struc
tures with diet (Shoaie et al., 2015) and human health outcomes (Goodacre, 2007; Griffin
et al., 2015). Wikoff et al. (2009) compared the plasma metabolome of GF and CV mice and
observed that 10% of metabolites differed by more than 50% between the two groups and
some metabolites were only detected in CV mice. Amino acid metabolites were particularly
affected. For example, the bacterial‐mediated production of bioactive indole‐containing
metabolites derived from tryptophan, such as indoxyl sulfate and the antioxidant indole‐3‐
propionic acid (IPA), and multiple organic acids containing phenyl groups were also greatly
increased in the presence of gut microbes. This study was the first to report a drug‐like phase
II metabolic response of the host to metabolites generated by the microbiome, concluding
that the gut microflora has a direct impact on the drug metabolism capacity of the host
(Wikoff et al., 2009).
Marcobal et al. (2013) compared the fecal and urinary metabolome of GF mice with
those transfaunated with human (HM) or murine (CV) fecal microbiota 8 weeks after colo
nization. Using principal component analysis, the fecal and urinary metabolome of GF,
HM, and CV mice discriminated into three distinct clusters. In addition, changes in the rela
tive abundance of fecal metabolites were observed, with tryptamine and indoxyl glucuron
ide being elevated in HM versus GF mice and creatine and creatinine being lower in HM
than GF mice. This study also demonstrated that fecal metabolite profiles in HM mice were
changed when mice were switched from a standard diet to one devoid of fermentable poly
saccharides. The gut microbiota composition was also altered by the diet, indicating that
nutrition represents a potent and promising approach for altering gut microbiota functional
ity, which in turn can be monitored via metabolomics (Marcobal et al., 2013). As described
in the next section, the future of microbiome research will be to integrate these data with
host transcriptome and phenotype in order to elucidate bidirectional host–microbe
interactions.

11.6 Systems biology approaches to diet‐dependent
host–microbe interaction
The concept that the host and its microbiome coexist as a “superorganism” is now well
accepted (Wu et al., 2015). Both dietary substrates and microbial metabolites that arise
from the gut are transported throughout the body and conjointly, the direct chemical
interactions between gut microbiota and the host, and the immune‐mediated signaling
mechanisms, influence various organs such as the gut, the skeletal muscle, the liver, and
the brain (Aw and Fukuda, 2015). Attempts to integrate these data sets ideally lend
themselves to a systems biology approach, which is based on the understanding that the
“whole is greater than the sum of the parts.” This holistic approach to deciphering the
complexity of biological systems is inherently collaborative and requires transdiscipli
nary integration of biology, microbiology, statistics, applied mathematics, computer
science, and bioinformatics. The ultimate goal of applying systems biology is to develop
computational models that can be used to predict how the complex host–microbe
ecosystem changes over time, which will allow the microbiome field to move beyond
association to mechanisms of interaction and will inform approaches to therapeutically
manipulate microbiome composition for human health (Ursell et al., 2014; Aw and
Fukuda, 2015).
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11.6.1

Integration of multiple omic’s data sets

Advances in sequencing and metabolite profiling have permitted investigations into multiple
levels of DNA sequencing in the host and microbiota (metagenomics), mRNA expression in
the host (transcriptome) or bacteria (metatranscriptome), and metabolites in the feces, blood,
and urine of the host, which are catalogued, quantified (metabolomics), and studied in
response to stresses such as disease, toxic exposure, or dietary change (metabonomics)
(Lindon et al., 2004; Nicholson and Lindon, 2008).
It would be ideal to obtain metabolomic and metagenomic data for every sample for which
16S rRNA data are available; however, these techniques are currently too cost prohibitive
and time intensive for most large‐scale studies. To overcome this limitation, various software
packages have been developed that exploit the strong association between bacterial phylog
eny and function. One program, Phylogenetic Investigation of Communities by Reconstruction
of Unobserved States (PICRUSt), uses an extended ancestral‐state reconstruction algorithm
to predict which gene families are present and subsequently combines gene families to
estimate the composite metagenome (Langille et al., 2013). Using 16S rRNA information,
PICRUSt accurately predicts (average Spearman r = 0.82) inferred metagenomes from 16S
marker genes compared with fully sequenced metagenomes obtained from the Human
Microbiome Project.
Several recent studies have investigated correlations between microbial diversity and host
transcriptomic and metabolomics responses when all data sets are available. Using GF and
GN mice, El Aidy et al. (2013a) employed combined transcriptome, metabonome, and
microbial profiling tools to analyze the dynamic responses of the colonic mucosa to coloni
zation by normal mouse microbiota (CV) at different time points over 16 days. The observed
dynamic changes in the microbial composition from early colonizers (days 1 and 2) belong
ing predominantly to the phyla Bacteroidetes, Firmicutes (notably the class Bacilli),
Proteobacteria, and Actinobacteria to later colonizers (days 4, 8, and 16), where specific
subgroups of the Firmicutes, particularly the members of Clostridium clusters IV and XIVa,
increased in abundance. The shift in the composition of the microbiota was reflected by
differences in local and systemic metabolite profiles and host transcriptomics. For example,
at 1, 2 and 4 days post‐conventionalization, succinate and lactate were in high abundance in
the colon, but were absent at days 8 and 16, which was consistent with an increased abun
dance of butyrate‐producing bacteria (butyryl‐CoA‐transferase positive) on days 8 and 16.
Correlations of host transcriptomes, metabolite patterns, and microbiota composition were
investigated using the O2‐PLS method (Trygg and Wold, 2003) and revealed associations
between Bacilli and Proteobacteria and differential expression of host genes involved in
energy and anabolic metabolism (El Aidy et al., 2013a). Additionally, differential host
colonic gene expression correlated with scyllo‐ and myo‐inositol, glutamine, glycine, and
alanine levels in colonic tissues during conventionalization. One of the strengths of this
study was the combined time‐resolved analyses of multiple data sets that expanded the
understanding of host–microbe molecular interactions during the microbial establishment
(El Aidy et al., 2013a).
Going a step further, mathematical modeling of the human gut microbiome at a genome
scale has been shown to be a useful tool to untangle microbe–microbe, diet–microbe, and
microbe–host interactions. Recently, Shoaie et al. (2015) described the use of the CASINO
(Community And Systems‐level Interactive Optimization) toolbox, a new computational
platform that comprises an optimization algorithm integrated with diet analysis to predict the
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phenotypes and related dietary intake within the human gut microbiota.The toolbox was
tested by simulating and testing the performance of single bacteria or five bacterial species
that are representative of the predominant phyla in the human GIT in vitro before applying it
to an existing data set from a diet‐intervention study of 45 obese and overweight individuals
with either low (LGC) or high (HCG) microbial gene count (Cotillard et al., 2013). In these
in vitro studies, the model simulations matched fecal metabolomics data, but more impor
tantly, it correctly correlated with changes in serum levels of 10 amino acids and one SCFA
(acetate), suggesting that the five species captured some of the major metabolic functions of
the human gut microbiome (Shoaie et al., 2015). Focusing on metabolic interactions between
diet, gut microbiota, and host metabolism, the predictive power of the CASINO toolbox for
fecal and plasma metabolites profiles was observed. For example, obese individuals with an
LGC microbiome had a more impaired metabolic phenotype and elevated levels of plasma
amino acids were associated with insulin resistance compared with those with an HGC gut
microbiome, suggesting either production of these amino acids by bacteria in the LGC indi
viduals or utilization of these amino acids by bacteria in the HCG subjects. Furthermore, the
HGC microbiome exhibited a higher capacity to produce SCFAs (Cotillard et al., 2013).
Using CASINO, the relative contribution of each bacterial species to the production of spe
cific metabolites was calculated. Using the LGG microbiome and poorer phenotype, the
investigators were also able to model the simulated consumption of eight essential amino
acids by the LGG versus HGG gut microbiome and subsequently calculate the required
dietary changes to achieve an essential amino acids intake required to improve metabolic
control. This recommendation involved reducing the intake of breads, cereals, and rice and
increasing the intake of protein‐rich meat and dairy (Shoaie et al., 2015). Although this
approach needs to be validated through a specifically designed nutrition intervention study,
information generated from CASINO shows the potential of using modeling to aid in the
design of nutritional, prebiotic, or probiotic interventions to fortify the microbiota and
improve the gut microbiome metabolic profile (Shoaie et al., 2015).

11.6.2 Non‐invasive molecular fingerprinting of host–
microbiome interactions in human infants
The early postnatal period is a critical window for colonization of the GIT, intestinal devel
opment, and immune education (Donovan, 2006; Donnet‐Hughes et al., 2010). These pro
cesses are mediated by early nutrition and dysbioses can have long‐term health consequences
(Li et al., 2014b). Mechanistic examination of host–microbe relationships in healthy infants
has been hindered by ethical constraints surrounding tissue biopsies, hence a statistically
rigorous analytical framework to examine simultaneously both host and microbial responses
to dietary/environmental factors using exfoliated intestinal epithelial cells was developed
(Donovan et al., 2014). The initial goal was to investigate genome‐wide markers by inter
rogating the intestinal transcriptome of human infants. Each day, up to one‐third of normal
adult epithelial cells (~10 billion cells) are shed. The Chapkin laboratory developed a non‐
invasive method using host exfoliated cell mRNA directly isolated from feces, which con
tains sloughed SI and colon cells (Davidson et al., 1995). This highly sensitive technique is
capable of isolating and quantifying specific mRNAs under various intestinal conditions and
has been tested in adult humans (Davidson et al., 1995; Zhao et al., 2009). It was hypothe
sized that this approach could also be applied to infants and would be sensitive to dietary
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intake (Chapkin et al., 2010). Stool was collected from the diapers of 3‐month‐old breast‐
and formula‐fed infants and host mRNA isolated and analyzed by gene microarray. A total
of 1214 genes were differentially expressed between the two groups of infants. Analysis of
gene networks identified differential expression of genes related to signal transduction,
cytoskeletal remodeling, cell adhesion, and immune response (Chapkin et al., 2010). The
glucocorticoid receptor, Z01 (a critical tight junction protein) and genes encoding proteins
involved in cell–cell interactions, including integrins, cadherins, and syntaxin, and proteins
involved in cell proliferation and apoptosis were differentially expressed (Chapkin et al.,
2010). More recently, this approach was applied to stool samples obtained from extremely
preterm infants (gestational age 24–30 weeks) and it was demonstrated that RNA sequenc
ing (versus gene microarray) can also be used to query host gene expression (Knight et al.,
2014). For comparison, host mRNA from term infants (Chapkin et al., 2010) was also
sequenced to study developmental differences in gene expression. On average, 5500 genes
were detected in both term and preterm samples; however, the transcriptional landscape was
dramatically altered in the preterm versus term infant intestine. For example, the intestinal
cells of preterm infants overexpressed IL‐1β and IL‐33 and genes related to macrophage
activation, but had lower expression of genes promoting T‐cell development than term
infants (Knight et al., 2014).
Next, the multivariate relationship between the microbiome metagenomic functional pro
file and the host transcriptome in infants was examined (Schwartz et al., 2012). The bacterial
16S rRNA and DNA were sequenced in the same stool samples from the term infants (Chapkin
et al., 2010). Microbiota functional characteristics were mapped to functional SEED catego
ries. Interestingly, the “virulence” SEED category differed significantly between the bacterial
metagenome of breastfed and formula‐fed infants. To examine the intrinsic relationship
between host and microbiome, host transcriptome and metagenomic data were combined and
integrated using the multivariate technique of canonical correlation analysis (CCA) (Schwartz
et al., 2012). A robust multivariate structure relating microbiota virulence genes and host
immunity and defense genes was observed. Seven of the top 11 immunity and defense host
genes that were related to the microbiota were downregulated in breastfed versus formula‐fed
infants, including ALOX5, a lipoxygenase involved in arachidonic acid and leukotriene
synthesis, the cytokine IL1α, and binding proteins for natural killer cells, T cells, and LPS.
In these comparisons, the overall effect of breastfeeding was to reduce inflammatory genes in
the gut, potentially promoting tolerance to luminal microbes (Schwartz et al., 2012).
Taken together, these studies validate a novel molecular methodology that utilizes stool
samples containing intact sloughed epithelial cells to quantify non‐invasively intestinal gene
expression profiles that can be applied from infancy (Chapkin et al., 2010) through adult
hood (Davidson et al., 1995; Zhao et al., 2009). This approach allows repeated assessment
of the same individual over time to assess temporal changes in gene expression and can be
combined with the bacterial metagenome to investigate host–microbe cross‐talk (Schwartz
et al., 2012). By examining the multivariate structure underlying the bacterial metagenome
or metatranscriptome and gut exfoliated cell transcriptome, this approach leverages richer
and fuller information content compared with analyses focusing on single data sets.
Moreover, the approach is responsive to dietary intake (Chapkin et al., 2010; Cho et al.,
2011; Donovan et al., 2014), stage of development (Knight et al., 2014), and disease state
(Davidson et al., 1995; Zhao et al., 2009) and can be effectively used as part of an integrative
systems biology approach to identify host‐ and microbe‐specific biomarkers that are sensi
tive to modifications to changes in the dynamics of the ecosystem. Recently, integration of
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the host and microbial transcriptomes has also been reported in epithelial cells and microbes
isolated from the lungs of asthmatic and non‐asthmatic children (Castro‐Nalla et al., 2015;
Pérez‐Losada et al., 2015).

11.7

Summary and conclusions

Mammals have never existed in the absence of microbes and as such it is expected that our
species and our resident microbiota have co‐evolved a mutualistic existence in which we are
dependent upon each other for optimal function. Over the past two decades, our understand
ing of the diversity of microbes that inhabit unique niches in the human habitus has rapidly
expanded through sequencing of bacterial 16S rRNA sequences in complex communities.
Additional advances in microbial DNA (metagenomics) and mRNA (metatranscriptomics)
sequencing has provided insight into the genetic potential and functions of the microbiome
(Dave et al., 2012; El Aidy and Kleerebezem, 2013). Up to 10% of the metabolites in the
serum of mammals are substantially contributed to by the microbiota (Wikoff et al., 2009),
hence integrating metagenomic and metabonomic data using a systems biology approach is
needed to permit a fuller understanding of the interplay between gut microbiome and host
metabolism (Ursell et al., 2014; Aw and Fukuda, 2015; Wu et al., 2015). In the future, inte
gration of information on the host genome/transcriptome, microbiome metagenome/
metatranscriptome, and metabolome will inform a more complete understanding of the com
plex mammalian superorganism (Shoaie et al., 2015). Meaningful interpretation of the gut
microbiome requires that host genetic and environmental influences be controlled or
accounted for, hence model animal systems will continue to be important for discovery (Wu
et al., 2015). However, in order to identify microbial taxa and gene functions that are consist
ently associated with human diseases, standardization of sample collection and the analyti
cal procedures is required. Improved catalogs of cultured human gut microbes are essential
to allow their functional characterization (Wu et al., 2015) and more complete metabolomics
and proteomic databases to annotate human samples. Ultimately, well‐designed studies in
humans that take into account the multiplicity of genetic, geographical, and dietary factors
that shape the human gut microbiota are essential to define causal relationships between the
gut microbiota and various diseases and to identify new therapeutic targets that could be
captured and utilized for improved human health and well‐being (Nagpal et al., 2014).
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