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Abstract

Emerging evidence about the human microbiome, a collective term for all the microorganisms living in and on the human body,
consistently demonstrates the critical influence it has on host physiology and disease risk. The microbiota in the gastrointestinal
(GI) tract has the most significant and far-reaching effect on human physiology. The maternal Gl microbiota can decrease the risk
of adverse pregnancy outcomes by modulating energy extraction, glucose metabolism, vitamin production, and host immunity
essential for optimal maternal and neonatal health. Moreover, the maternal Gl microbiota is thought to influence colonization of
the fetus and neonate that may predispose them to different health trajectories. This article provides a basic understanding about
the influence of the structure of the maternal Gl microbiota, the fundamental role it plays during pregnancy, and the factors that
influence the structure, and subsequently function, of the GI microbiota in the general and pregnant population. While only a small
number of studies have examined this topic during pregnancy, the preponderance of the evidence supports the need to clarify
baseline structure and function of Gl microbiota and its associations with pregnancy outcomes. In addition, the results from the
studies conducted in the general population can be extrapolated to pregnancy in many cases. This knowledge is essential for
clinicians who need to understand the implications of the microbiota for disease and wellness in order to address the care factors

that may adversely influence the GI microbiota during pregnancy.
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Emerging evidence about the human microbiome, a collective
term for the microorganisms living in and on the human body,
consistently demonstrates the critical influence the microbial
communities have on host physiology and disease risk. Tradi-
tionally, microbes were thought to be pathogenic microorgan-
isms associated with disease. However, current research is
exposing the essential symbiotic nature of the relationship
between the microbiota and the host. The change in our under-
standing is largely related to the development of culture-
independent molecular techniques and computational tools,
including polymerase chain reaction amplification, 16S ribo-
somal RNA sequencing techniques, and the Ribosomal Data-
base Project Bayesian classifier used for taxonomic
assignment. These new technologies allow scientists to char-
acterize the microbes and isolate the physiologic functions they
initiate in the human host (Caporaso et al., 2010; Cho & Blaser,
2012; Cole et al., 2009; Fadrosh et al., 2014; Kozich, Westcott,
Baxter, Highlander, & Schloss, 2013; Kuczynski et al., 2012;
Lasken & McLean, 2014; Q. Wang, Garrity, Tiedje, & Cole,
2007). The Human Microbiome Project (HMP), initiated by the
National Institutes of Health in 2008, extended the Human
Genome Project and focused on characterization of the

microbial communities throughout the human body and anal-
ysis of their functional role in human health (Gevers, Pop,
Schloss, & Huttenhower, 2012; Gevers, Knight, et al., 2012;
HMP Consortium, 2012; Methé et al., 2012; Sellitto et al.,
2012; Turnbaugh et al., 2007). Findings from the HMP have
provided a baseline for understanding the structure and poten-
tial function of the unique microbial communities that reside in
the various parts of the human body.

Of all the human microbial communities, the microbiota in
the gastrointestinal (GI) tract has the most significant and far-
reaching effect on human physiology. This is because the GI
microbiota modulates host gene expression and significantly
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influences the development and maintenance of the immune
system. Recent research about the brain—gut axis has also
demonstrated the effect the GI microbiota has on cognitive
function (Borre et al., 2014; Foster & McVey Neufeld, 2013;
Ridaura & Belkaid, 2015; Sommer & Bickhed, 2013; Xu &
Gordon, 2003). The GI microbiota is a complex ecosystem
comprised of tens to hundreds of trillions of microbes (10"~
10'%) that are distributed in unique clusters throughout the gut
(Dethlefsen, McFall-Ngai, & Relman, 2007; National Institutes
of Health Human Microbiome Project Working Group, 2009;
Savage, 1977). Within this structure, the majority of the GI
microbiota are bacteria, but archaea, eukaryote, and viruses are
also present. Among them, they contain over 5 million genes—
subunits of deoxyribonucleic acid (DNA) that encode instruc-
tions to produce specific proteins or enzymes that initiate par-
ticular physiologic functions in the host. The influence the
organisms that comprise the microbiota have on human phy-
siology is so profound that the GI microbiota is widely consid-
ered a metabolic organ in its own right, and the authors have
referred to it as the “forgotten organ” (O’Hara & Shanahan,
2006). This viewpoint originated in recognition of the contri-
bution these unique colonies of microbes make to immunologic
and metabolic homeostasis in the host (Wells, Rossi, Meijerink,
& van Baarlen, 2011).

The GI microbiota influences host physiology in a variety of
ways, primarily by producing metabolites that modulate
cell-signaling pathways, and changes in the structure of the
communities such as low diversity or altered composition
are associated with multiple disease processes including
inflammatory bowel, cardiovascular, and neoplastic diseases
and neurobehavioral symptoms (Borre et al., 2014; Foster &
McVey Neufeld, 2013; Frank et al., 2007; Hope, Hold, Kain, &
El-Omar, 2005; Louis, Hold, & Flint, 2014; Methé¢ et al., 2012;
Peterson, Frank, Pace, & Gordon, 2008; Ridaura & Belkaid,
2015; Sartor, 2008; Schwabe & Jobin, 2013; Wong, 2014;
W. K. Wu et al., 2015; Zeng, Lazarova, & Bordonaro, 2014).
Disruptions of GI microbiota are also linked with a wide range
of health disorders including obesity, hypertension, and dia-
betes (Larsen et al., 2010; Ley, Turnbaugh, Klein, & Gordon,
2006; Qin et al., 2012; Ridaura et al., 2013; Turnbaugh et al.,
2006; Turnbaugh, Hamady, et al., 2009; Vijay-Kumar et al.,
2010; Vrieze et al., 2012). Alternately, the structure of the
microbial communities can positively modulate energy extrac-
tion, glucose metabolism, vitamin production, and host immu-
nity (Belizario & Napolitano, 2015; Qin et al., 2010).

The association of the GI microbiota with host physiologic
function has particular relevance during pregnancy because of
the high physiologic burden placed on the female, requiring
metabolic alterations to meet the demands of the developing
fetus. Inadequate adjustments of the maternal system are
directly correlated to adverse pregnancy outcomes including
gestational diabetes, preeclampsia, and preterm birth. More-
over, evidence suggests that the maternal GI microbiota influ-
ences immune development and colonization of the fetus and
neonate that may predispose them to particular health trajec-
tories (de Agiiero et al., 2016; Pendse & Hooper, 2016).

The purpose of this article is to present the current state of
the knowledge about the maternal GI microbiota, the funda-
mental role it plays during pregnancy, and the factors associ-
ated with the structure and function of the GI microbiota. This
information is essential for practitioners, so that they are able to
provide care that accounts for changes in the GI microbiota that
could influence health outcomes.

Overview of the Gl Microbiota

Organization of the Gl Microbiota by Taxonomic Rank
or Enterotypes

Microbes in the GI tract comprise the most abundant, diverse,
and complex microbial ecosystem compared to those in other
regions of the body. The inherited traits or features of the GI
microbes have been classified into taxonomic ranks that define
the relative levels of the groups within the specific kingdom.
Phylum is the highest rank in terms of the taxonomic hierarchy
followed by class, order, family, genus, and species (see
Figure 1). The vast majority of the GI microbiota in adults
belong to two bacterial phyla, Firmicutes and Bacteroidetes,
with lower proportions classified into other phyla including
Proteobacteria, Actinobacteria, and Verrucomicrobia
(Tremaroli & Backhed, 2012).

Phylum-level taxa are classified by genetic composition
unrelated to specific functions. As knowledge has increased,
more commonly these taxa have been clustered into entero-
types, which are ecosystems within the gut microbiome. This
approach allows scientists to identify associations between
enterotypes and disease processes or health outcomes. Some
scientists have proposed that the GI microbiota cluster into
three primary enterotypes, dominated by the Bacteroides, Pre-
votella, or Ruminococcus genera, each representing different
functions in terms of the mechanisms used to generate energy
from the available substrates in the colon (Table 1). The cluster
dominated by the Bacteroides genus in the Bacteroidetes phy-
lum derives energy primarily from carbohydrates and proteins.
The cluster rich in the Prevotella genus, also in the Bacteroi-
detes phylum, degrades mucin glycoproteins in the mucosal
layer of the gut for energy. The third cluster, rich in the Rumi-
nococcus genus in the Firmicutes phylum, like Prevotella,
degrades mucin. Enterotype clusters are unique, and their pro-
portional dominance within the GI microbiota varies based on
specialized functions, suggesting that specific microbial clus-
ters are privileged based on the available substrates within the
GI tract (Arumugam et al., 2011).

An alternative view is that there are only two primary enter-
otypes within the GI microbiota, which are influenced by long-
term diet. In this perspective, the cluster rich in organisms of
the Ruminococcus genus is fused with the cluster rich in organ-
isms of the Bacteroides genus (G. D. Wu et al., 2011). The
fused enterotype rich in both Ruminococcus and Bacteroides is
associated with the diets high in protein and animal fats typi-
cally seen in people in Europe, whereas the Prevotella-rich
enterotype is associated with the diets high in carbohydrates
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Phylum [ Firmicutes } ‘ Bacteroidetes } ‘ Actinobacteria } L Proteobacteria J
y
Class Bacilli Clostridia Bacteroidetes Actinobacteria; Gamma-
Coriobacteriia proteobacteria
y 0~
-
Order Lactobacillales; Clostridiales Bacteroideles Bifidobacteriales; Vibrionales;
Bacillales Coriobacteriales Enterobacteriales
/ \_
. / N/
Lactobacillaceae, Clostridiaceae; Bacteroidaceae; Bifidobacteriaceae; Vibrionaceae;
Enterococcaceae; Lachnospiraceae; Prevotellaceae Coriobacteriaceae Enterobacteriaceae
A Staphylococcaceae Ruminococcaceae;
Famlly Streptococcaceae Eubacteriaceae;
Christensenellaceae
Ao /
Lactobacillus Clostridium, Fecalibacterium; Bacteroides; Bifidobacterium Vibrio;
Enterococcus; Roseburia; Prevotella Gardnerella; Escherichia, Shigella
Genus Staphylococcus, Ruminoct?ccus; Atopobium
Streptococcus Eubacterium;
Christensenella
L. rhamnosus, Clostridium difficile, \ B. fragilis; /B. longum, B. adolescentis, V. cholera;
L. paracasei Fecalibacterium prausnitzii; Prevotella brevis G. vaginalis; E. coli, S. sonnei
. Enterococcus fecalis; R. intestinalis; A. vaginae
Species £ ; ) g
S. aureus, Ruminococcus bromii;
Streptococcus canis Eubacterium hallii;
Christensenella minuta
-~ \_ J \_ /

Figure |. Limited subset of microbes found in the human gastrointestinal microbiome outlined by their taxonomic ranks, limited to species
level. Strains within each species that are differentiated by a set of variable genes with distinct functional potentials are not included.

Table I. Enterotypes of Gastrointestinal (Gl) Microbiota Represent-
ing Different Functions in Terms of the Mechanisms Used to Generate
Energy From the Available Substrates in the Colon.

Classification

Model and Respective
Dominating Genus Phylum Functions—Source of Energy
Three clusters
(Arumugam
etal, 2011)
Prevotella Bacteroidetes Mucin glycoproteins in mucosal
layer of the gut
Bacteroides Bacteroidetes Carbohydrates and proteins
Ruminococcus Firmicutes Mucin glycoproteins in mucosal
layer of the gut
Two clusters (G. Functions—Associated Diet
D. Wu et al,,
2011)
Prevotella Bacteroidetes  Diet high in carbohydrates
typically seen in people in
Africa
Bacteroidetes +  Bacteroidetes Diet high in protein and animal
Ruminococcus + fats that is typically seen in
Firmicutes people in Europe

typically seen in people in Africa (De Filippo et al., 2010; G. D.
Wu et al., 2011).

Despite the discrepancy over whether there are two or three
enterotypes, there is agreement about the fact that the GI micro-
biota produce metabolites; for instance, Faecalibacterium
prausnitzii, Roseburia intestinalis, and Bacteroides uniformis
produce butyrate, among others (Qin et al., 2010). This finding
is important because butyrate, among other metabolites, serves
as an energy source for colonocytes, which maintain the integ-
rity of the mucosal lining of the GI tract, thus limiting the
ability of toxins and microbes to breach the protective
intestinal barrier.

Structure and Function of Gl Microbiota in the
General Population

The structure of the GI microbiota comprises the composition,
relative abundance, and diversity of microbes that is estab-
lished over time beginning before birth. Composition describes
the types of microbes that are present, while relative abundance
describes the proportion of each type of microbe relative to the
others. Diversity has two dimensions, namely, richness (the
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number of different phylotypes) and evenness (the proportion-
ality of the taxa within the sample; Turnbaugh, Hamady, et al.,
2009; Y. Wang et al., 2009). Diversity within samples or sub-
jects is termed o diversity, whereas diversity between samples
or subjects is called B diversity (Turnbaugh et al., 2007). The
notion that the fetal sac is a sterile environment has been
replaced by evidence generated from an increasing number
of studies that shows traces of the maternal GI microbiota in
the placenta, amniotic fluid, and fetal membranes in healthy
term pregnancies without signs of infection, rupture of mem-
brane, or labor. These findings suggest that colonization of the
fetal GI tract starts in utero (Aagaard et al., 2014; Rautava,
Collado, Salminen, & Isolauri, 2012; Satokari, Grénroos, Lai-
tinen, Salminen, & Isolauri, 2009; Steel et al., 2005). This
proposition is further supported by studies that have demon-
strated that meconium contains microbes isolated from the
amniotic fluid (Ardissone et al., 2014).

Colonization continues during birth, although the composi-
tion varies based on the type of delivery. Babies born vaginally
come into direct contact with, and are colonized by, the mater-
nal vaginal microbial communities. In contrast, babies born by
cesarean section are colonized by microbes common to the
maternal skin surfaces (Dominguez-Bello et al., 2010; Penders
et al., 2006). After birth, the method of feeding also influences
the process of colonization. Breast milk harbors more than 200
species of bacteria, including those belonging to Bifidobacter-
ium, Lactobacillus, Enterococcus, and Staphylococcus genera,
which confer proven health benefits (Fukuda et al., 2011;
LeBlanc et al., 2013). Breast milk is also rich in human milk
oligosaccharides, which serve as prebiotics, substrates that pro-
mote the growth of beneficial microbes, specifically microbes
such as Bifidobacteria (Jost, Lacroix, Braegger, & Chassard,
2015). Although the structure of the GI microbiota varies
widely across neonates in general, in breastfed neonates, it is
more stable and dominated by beneficial Bifidobacterium spp.
than in formula-fed babies. Conversely, in those who are
formula-fed, the microbiota is less diverse and has a lower
density of lactic acid—producing Bifidobacterium spp. and Lac-
tobacillus spp., which protect against pathogenic overgrowth
(Jost et al., 2015; Martin et al., 2007; Penders et al., 2006; Sela
et al., 2008). The structure of the GI microbiota in neonates is
considerably less complex than in adults; however, as infants’
diet evolves to include complex solid foods, the microbiota
stabilizes over time and comes to resemble the structure and
functionality that of adults (Koenig et al., 2011; C. Palmer, Bik,
DiGiulio, Relman, & Brown, 2007; Vaishampayan et al., 2010;
Yatsunenko et al., 2012).

Understanding what an optimal structure for the maternal GI
microbiota looks like is crucial because the microbes are
hypothesized to pass through the permeable mucosal surface
of the maternal GI tract into the blood stream and translocate to
the placenta and intra-amniotic fluid where they are ingested by
the fetus and colonize the fetal GI tract (Jiménez et al., 2005,
2008; Rautava, Collado, Salminen, & Isolauri, 2012; Rautava,
Kalliomiki, & Isolauri, 2002). A similar mechanism is thought
to transport maternal GI microbiota into the mammary gland,

termed the enteromammary pathway (Jost et al., 2015). Like-
wise, findings from research on probiotic supplementation
suggest that the maternal vaginal microbiota that colonizes the
neonate during vaginal delivery are influenced by GI micro-
biota (Reid, 2012; Reid et al., 2003; Strus et al., 2012;
Vitali et al., 2012; Vujic, Knez, Stefanovic, & Vrbanovic,
2013). This growing body of evidence provides insights that
support the critical role that the structure of the maternal GI
microbiota plays in the initial microbial colonization of the
fetus and neonate, which may predispose the child to
different health trajectories (Ajslev, Andersen, Gamborg,
Serensen, & Jess, 2011; Johansson, Sjogren, Persson, Nilsson,
& Sverremark-Ekstrom, 2011; Kalliomaki, Collado, Salminen,
& Isolauri, 2008; Rautava, Luoto, Salminen, & Isolauri, 2012;
Renz, Brandtzaeg, & Hornef, 2012).

The GI Microbiota During Pregnancy

Very few studies have examined the structure of the GI micro-
biota during pregnancy. Much of the available evidence has
been gathered via animal models and therefore may have lim-
ited application to humans. In addition, the findings are not
consistent across studies, suggesting that more research is nec-
essary to clarify the issues. This gap in the literature is partic-
ularly important in relation to defining the optimal structure of
the GI microbiota during pregnancy due to the growing body of
evidence suggesting that it is critical to both maternal and fetal
health. Knowledge about the structure of the GI microbiota
more generally will serve as a foundation to understanding its
functions as they relate to pregnancy.

Composition and Relative Abundance

Despite the paucity of studies on the structure of the GI micro-
biota during pregnancy, investigators have studied the compo-
sition and relative abundance within the GI microbiota before
and during pregnancy and in the early postpartum period
(Table 2). In one study utilizing an animal model that examined
the composition of the GI microbiota prior to and throughout
pregnancy, researchers found significantly increased relative
abundance of mucin-degrading microbes including Akkerman-
sia (Verrucomicrobia phylum) and Bifidobacterium (Actino-
bacteria phylum) in pregnant versus nonpregnant mice
(Gohir, Whelan, Surette, Moore, & Jonathan, 2015). The find-
ings also showed that Akkermansia remained elevated through-
out pregnancy. This finding replicated that of an earlier human
study that examined the composition of GI microbiota through-
out pregnancy (Collado, Isolauri, Laitinen, & Salminen, 2008).
The finding is highly relevant because an increased abundance
of mucin-degrading microbiota during pregnancy suggests
increased capacity to extract energy in the absence of adequate
dietary substrate. Mucin is essential to maintaining the mucosal
barrier along the gut, and thus degradation of mucin may
breach the integrity of the barrier. However, during pregnancy,
the energy extracted is needed to accommodate increased
maternal requirements to meet the needs of the growing fetus.
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Table 2. Structure of the Gastrointestinal (Gl) Microbiota During Pregnancy.

Pregnancy

Structural Component Early

Late Early Postpartum Reference

Relative abundance

Increased mucin-degrading microbiota,

Gohir et al. (2015)

including Akkermansia and Bifidobacterium

Akkermansia remained elevated throughout —

pregnancy

Genera and species belonging to phyla Firmicutes —
(e.g., Staphylococcus aureus) increased from T1

to T3

Members of pro-inflammatory Proteobacteria and
Actinobacteria phyla increased from T1 to T3,
while anti-inflammatory Faecalibacterium genus

decreased from Tl to T3

Diversity
a diversity (within individual) High
B diversity (between Low

individuals)
a- and B-diversity

Remained stable throughout pregnancy, —
unaffected by the progression of pregnancy

Gohir et al. (2015)

Collado et al.
(2008)

The composition during T3 is
preserved in early postpartum
period

Koren etal. (2012)

GI microbial community is relatively stable
and does not change during period from
T3 to I-month postpartum

Jost et al. (2014)

Low — Koren etal. (2012)
High — Koren etal. (2012)
DiGiulio et al.
(2015)

Note. T| = first trimester; T3 = third trimester.

In the same study (Collado et al., 2008), genera and species
belonging to the phylum Firmicutes (e.g., Staphylococcus aur-
eus), which are positively associated with increased storage of
energy, increased from the first (T1) to the third trimester (T3).
An increased abundance of Firmicutes may suggest an altera-
tion in the physiologic capacity to extract additional energy
necessary during pregnancy.

The profound changes in the microbial composition from T1
to T3 were validated in a different study that transplanted the
GI microbiota from a subgroup of 5 out of 91 pregnant women
into germ-free (gnotobiotic) mice (Koren et al., 2012). Regard-
less of diet or health status in the mice, the relative abundance
of pro-inflammatory microbes in the Proteobacteria (e.g.,
Enterobacteria) and Actinobacteria phyla increased from T1
to T3, while that of microbes in the anti-inflammatory Faeca-
libacterium genus (Firmicutes phylum, Clostridiales order)
decreased over the same period. The Proteobacteria phylum
includes a wide variety of pathogenic genera, such as Escher-
ichia, Salmonella, and Helicobacter, and increases in microbes
from this phylum have been repeatedly associated with
inflammation-related dysbiosis. In addition, microbes from the
Actinobacteria phylum are associated with obesity, inflamma-
tory bowel diseases, and respiratory diseases (Kassinen et al.,
2007; Rintala, 2011; Turnbaugh, Hamady, et al., 2009). Not
surprisingly, researchers noted metabolic changes similar to
metabolic syndrome, characterized by increased weight, excess
adiposity, insulin resistance, hyperglycemia, and low-grade
inflammation, when they transplanted the human T3 GI micro-
biota, with increased abundance of members of both phyla, to
the gnotobiotic mice (Koren et al., 2012; Vijay-Kumar et al.,

2010). Such changes can be beneficial during late pregnancy
because they promote fetal growth and facilitate the maternal
energy storage necessary for lactation (Koren et al., 2012). In
the neonate, the T3 GI microbiota is needed to extract addi-
tional energy and promote gluconeogenesis during the first few
days of life when the volume of colostrum produced is low
(Konstantinov, van der Woude, & Peppelenbosch, 2013).

In the study mentioned above that examined the GI micro-
bial composition from T1 to T3, researchers reported that the
composition of the GI microbiota during T3 is preserved into
the early postpartum period in a subset of women (Koren et al.,
2012). In another study that examined the relative abundance of
GI microbiota in seven healthy pregnant women from T3 to
1-month postpartum, researchers showed that the relative abun-
dance of the GI microbial community is relatively stable during
that period (Jost, Lacroix, Braegger, & Chassard, 2014). Reten-
tion of a pro-inflammatory GI microbial composition into the
postpartum period is likely related to the additional energy
needs of the lactating mother since it promotes increased
energy extraction (Koren et al., 2012).

Diversity

The diversity of the GI microbiota also changes significantly
from T1 to T3. During T1, the richness (number of different
species) and evenness (proportions of the species across the
community) are similar to those of nonpregnant healthy adults.
The o diversity (within individuals) is high, and the B diversity
(between individuals) is low. The inverse is true, however, as
pregnancy progresses; and by T3, the B diversity across women
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Demographics

Age
Race/ethnicity
Geographic location

Health
Characteristics

e Diet

e Dietary
supplements

e Antibiotic use

Structure and Function of the Gl Microbiota

e  Structure
o Composition & relative
abundance
o Diversity
e  Function
o Immune modulation
o Energy extraction & glucose
metabolism
o Vitamin synthesis

Host Genetics
& Genomics

Figure 2. Demographic characteristics, body mass index (BMI), and host genetics and genomics are associated with the structure of function of
the gastrointestinal (Gl) microbiota. The association between demographic characteristics and the Gl microbiota is likely mediated by health
characteristics and BMI. For simplicity’s sake, this figure does not depict the complex associations among these factors that are not directly

related to the Gl microbiota. BMI = body mass index.

is significantly higher (Koren et al., 2012). However, this find-
ing was not replicated in another study that showed that the -
and B diversities as well as the week-to-week stability of the
microbial community were unaffected by the progression of
pregnancy (DiGiulio et al., 2015). The differences in the results
may be attributable to the use of rectal swabs in the second
study (DiGiulio et al., 2015) as a means to estimate the GI
microbiota as opposed to the stool samples used in the prior
study (Koren et al., 2012). Rectal swabs are a convenient
method of sampling, as they can be collected at will; however,
the correlation of the microbial profiles between rectal swabs
and stool samples is generally low. In addition, rectal swabs
have only been used successfully to isolate specific GI micro-
bial species, and their use increases the potential for contam-
ination by skin bacteria (Arvelo et al., 2013; Budding et al.,
2014; Duran et al., 2013; Kabayiza et al., 2013).

Factors Associated With the Structure
and Function of the Gl Microbiota

The factors associated with the structure and/or function of the
GI microbiota include demographic and health characteristics
such as chronological age, race, ethnicity, geographic location,
dietary intake, use of supplements, antibiotic use, and body

mass index (BMI) as well as host genetics (G. D. Wu et al.,
2011; Figure 2). To this point, studies in pregnant women have
been limited to exploring associations between the GI micro-
biota and diet, dietary supplements, antibiotics use, and BMI
(Collado et al., 2008; Gohir et al., 2015). However, some of the
results from studies conducted in the general population are
applicable to pregnant women.

Chronological Age

Chronological age of the host is a significant factor associated
with the structure of the GI microbiota (Koenig et al., 2011;
Yatsunenko et al., 2012). The o diversity increases with age
and is significantly higher in adults than in children (Yatsu-
nenko et al., 2012). On the other hand, B diversity decreases
with age, with the composition of the GI microbiota being
fairly similar among adults, whereas among children it is very
different. In the elderly population, however, the structure of
the GI microbiota once again becomes highly variable among
individuals (Claesson et al., 2011). Differences in the structure
of the microbial communities across ages may be attributable
to changes in other factors dependent on aging such as diet. For
example, the microbial structure changes when breastfeeding is
stopped or when infants are weaned from exclusive milk
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feeding to solid food (Koenig et al., 2011). After weaning, the
infant GI microbiota gradually changes until it closely resem-
bles that of adults (Koenig et al., 2011; C. Palmer et al., 2007,
Vaishampayan et al., 2010).

Race, Ethnicity, and Geographic Location

Race and ethnicity are strongly associated with significant dif-
ferences in the microbial structure (Aagaard et al., 2013; HMP
Consortium, 2012; Zhou et al., 2007). Early studies showed
that, in the U.S. population, strains of microbiota are distribu-
ted differentially between individuals of Asian, Black, Mexi-
can, Puerto Rican, and White races and ethnicities (HMP
Consortium, 2012). Similarly, the composition of microbial
communities differs across populations based on geographic
location. For example, adults in Columbia, the United States,
Europe, and Asia have distinctly divergent GI microbial com-
positions (Escobar, Klotz, Valdes, & Agudelo, 2014). In
Columbia, researchers found that the GI microbiota of adults
was composed primarily of Firmicutes and Bacteroidetes, with
widely varying relative proportions. In the U.S., European, and
Asian populations, the GI microbiota varied equally but had
lower proportions of Firmicutes to Bacteroidetes. In another
study, the structure and functional representation of the GI
microbiota differed significantly between adults and breastfed
infants living in the United States and those living in Venezuela
and Malawi (Yatsunenko et al., 2012). Adults in non-U.S.
populations were found to have higher abundance of the genus
Prevotella compared to those living in the United States. That
study also found that the B diversity was lower in U.S. adults
compared to those in other geographic locations. In addition,
the microbial genes encoding enzymes that degrade amino
acids and simple sugars were higher in adults in the United
States, while genes encoding enzymes that break down starch
were higher in the other populations. Babies born in Venezuela
and Malawi had a higher abundance of microbes endowed with
the genetic capacities needed to synthesize specific vitamins
and metabolize carbohydrates compared to babies born in the
United States (Yatsunenko et al., 2012).

These findings suggest that differences in the structure and
function of the GI microbiota are shaped by external factors,
such nutrient availability, that are unique to the demands of
living in a particular social or geographic location. A major
factor contributing to differences in nutrient availability is, of
course, food availability in different geographical regions. For
example, the GI microbial structure in African children, who
typically have a diet high in polysaccharides and low in fat and
protein, is characterized by a higher abundance of Bacteroi-
detes, which break down polysaccharides. Conversely, the
abundance of Bacteroidetes found in European children, who
typically consume a Western diet high in fat and calories, is
significantly lower. In European children, the GI microbial
structure was, instead, characterized by an overabundance of
Firmicutes and Enterobacteriaceae (Proteobacteria phylum),
which are typically associated with obesity (De Filippo et al.,
2010). These observations demonstrate that the structure of GI

microbial communities is tailored to provide a mechanism to
digest the available nutrients in specific regions, implying that
diet might potentially be used as a means to modulate the
structure and function of the GI microbiota to support host

physiology.

Dietary Intake

Individual dietary patterns shape the structure of the GI micro-
biota (Chen, He, & Huang, 2014; Saha & Reimer, 2014;
Trompette et al., 2014; Vieira, Pagovich, & Kriegel, 2014;
W. K. Wu et al., 2015). For example, the gut composition in
people who eat meat is characterized by a higher abundance of
the Roseburia—Eubacterium rectale group within Clostridium
cluster XIV in the Firmicutes phylum (Kabeerdoss, Devi,
Mary, & Ramakrishna, 2012). Alternatively, vegans or vege-
tarians have reduced densities of Escherichia coli (Proteobac-
teria phylum), the Enterobacteriaceae family (Proteobacteria
phylum), Bacteroides spp. (Bacteroidetes phylum), and Bifido-
bacterium spp. (Actinobacteria phylum; Zimmer et al., 2012).
In addition, the ratio of protein to carbohydrates in diet influ-
ences the composition of the asaccharolytic species that is
typically found in the distal colon and harvests energy from
protein (Neis, Dejong, & Rensen, 2015; Scott, Gratz, Sheridan,
Flint, & Duncan, 2013). Diets high in fat are associated with
reductions in Bifidobacteria (Actinobacteria phylum), which
produce vitamins and inhibit pathogens (Brinkworth, Noakes,
Clifton, & Bird, 2009; LeBlanc et al., 2013), while high-fiber
diets are associated with a lower ratio of Firmicutes to Bacter-
oidetes, which decrease risk of obesity (Saha & Reimer, 2014).
These findings suggest that the microbes comprising the GI
microbiota require particular types of food to survive, and dif-
ferences in structure across individuals are likely associated
with unique characteristics of the diet.

Long-term dietary patterns are also associated with two dis-
tinct enterotypes that are grouped in relation to metabolic func-
tion, one rich in Bacteroides genus and the other rich in
Prevotella. The Bacteroides-rich enterotype has been associ-
ated with animal protein and saturated fats, and the Prevotella-
rich enterotype has been found with diets high in carbohydrates
and simple sugars (G. D. Wu et al., 2011). Although both the
Bacteroides and Prevotella genera belong to the Bacteroidetes
phylum, the two enterotypes are associated with different long-
term dietary patterns. This observation suggests that functional
ability is not associated with membership in a particular phy-
lum; rather, even within a single phylum dysbiosis can lead to
adverse changes in the function. Once again, these findings
illustrate the therapeutic potential of diet for targeting particu-
lar metabolic functions.

This idea is further supported by studies showing the influ-
ence of dietary interventions on changes in the structure and
function of the GI microbiota. In mice, switching from a diet
low in fat and high in plant polysaccharide to a diet high in fat
and sugars resembling the “Western” diet increased the density
of members of the Firmicutes phylum and decreased the pro-
portions of members of the Bacteroidetes phylum within 20 hr.
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Functionally, the host’s genetic capacities associated with car-
bohydrate metabolism were upregulated in the mice fed the
Western diet (Turnbaugh, Ridaura, et al., 2009).

Similarly, in humans fed either a high-fat or high-fiber diet
over a 10-day period, the GI microbiota underwent changes
within 24 hr (G. D. Wu et al., 2011). The compositional
changes that occurred also reflected differences in function that
suggest that species within each phylum have a specific pur-
pose or role in host metabolism and gene expression. Likewise,
changes that occur when infants transition from milk to solid
food provide further evidence that components within the diet
stimulate shifts in the GI microbiota (Koenig et al., 2011; C.
Palmer et al., 2007; Vaishampayan et al., 2010). This phenom-
enon is likely due to an upsurge of microbes that are genetically
endowed to utilize a particular energy source found in specific
types of food.

Investigators have reported similar findings in pregnant
mice, where fat content in the maternal diet prior to and during
pregnancy modulated the structure of the GI microbiota (Gohir
et al., 2015). The differences between the two groups of mice,
one fed a high- and one a low-fat diet, were significant for
microbes in 26 genera, the majority belonging to the Firmicutes
phylum, particularly the Clostridiales order. The changes were
functionally related with metabolism of energy and vitamin
production regardless of diet grouping, with the shift in the
microbial community over time in the mice fed a high-fat diet
favoring lipid and glucose metabolism compared to the group
fed a low-fat diet. These findings illustrate the critical impor-
tance of diet during pregnancy in relation to optimal metabolic
processing.

Dietary Supplements

Dietary supplements confer benefits that can distinctly influ-
ence health and well-being. Prebiotics, for example, are non-
digestible polysaccharides such as fiber, plant cell wall
polysaccharides, resistant starch, and oligosaccharides that
serve as nutrition for microbes in the human body (Lenoir-
Wijnkoop et al., 2007). Previous research found that adding
fermentable (oligofructose) or nonfermentable dietary fiber
(microcrystalline cellulose) to a normal diet strengthened the
integrity of the intestinal barrier and reduced inflammation
associated with intestinal permeability (Cani et al., 2009). This
function is thought to be mediated by specific microbes, par-
ticularly the Bifidobacteria and Lactobacillus species that
increase with prebiotic supplementation. Although the exact
mechanisms are unclear, the study authors proposed that Bifi-
dobacteria and Lactobacillus protect the intestinal epithelial
barrier by not degrading the glycoproteins in mucus, thereby
leaving the mucosal barrier intact, which in turn prevents trans-
location of pathogens or pathogenic substances to the host
compartment.

Alternatively, probiotic supplementation is the introduction
of live microbes, such as the Bifidobacteria and Lactobacillus
species, typically found in the gut of healthy humans (Walker,
2008). Probiotic supplementation during the perinatal period

has distinct health benefits including reduced rates of preterm
birth and gestational diabetes (Barrett, Dekker Nitert, Conwell,
& Callaway, 2014; Gjessing et al., 2011; Yang et al., 2015).
The causal mechanism the authors have proposed to explain the
relationship between probiotic supplementation and preterm
birth is optimization of the structures of the vaginal microbiota
that corrects dysbiotic states thought to initiate labor (Krauss-
Silva, Almada-Horta, Alves, Camacho, & Moreira, 2014; Reid,
2012; Vitali et al., 2012; Yang et al., 2015). The strains of
microbes within probiotic supplements vary widely, but they
frequently contain species whose functions reestablish a sym-
biotic state within microbial communities and subsequently
between the microbes and the host (Macklaim et al., 2013;
Vitali et al., 2012). In relation to the GI microbiota and its
potential to initiate labor, there is a growing body of evidence
demonstrating the crucial role that it plays in moderating sys-
temic inflammatory pathways that are key in the onset of labor
(Gracie et al., 2011; MacIntyre, Sykes, Teoh, & Bennett, 2012;
Romero, Dey, & Fisher, 2014; Romero et al., 2006).

In gestational diabetes mellitus, several well-controlled ran-
domized trials reported improved blood glucose metabolism,
insulin regulation, and homeostatic model assessment-insulin
resistance levels in pregnant women receiving probiotics sup-
plementation (Asemi et al., 2013; Laitinen, Poussa, Isolauri, &
the Nutrition, Allergy, Mucosal Immunology and Intestinal
Microbiota Group, 2009; Luoto, Laitinen, Nermes, & Isolauri,
2010). There have been, however, inconsistencies in this find-
ing across studies, which may be due in part to differences in
the strains of microbes included in the probiotic supplement as
well as the point in pregnancy at which they are introduced
(Lindsay et al., 2014, 2015). These discrepancies strongly sug-
gest the need for additional research to clarify the optimal type
and timing of probiotic supplementation during pregnancy.

Probiotic supplementation during pregnancy also has impli-
cations for the health of the child. In mothers with a history of
environmental allergies, researchers found that supplementa-
tion with a combination of Lactobacillus rhamnosus LPR and
Bifidobacterium longum BL999 or Lactobacillus paracasei
ST11 and B. longum BL999, started 2 months before the
expected date of birth and continued until 2 months postpartum
reduced the risk of the infant developing eczema during the
first 2 years of life (Rautava, Kainonen, Salminen, & Isolauri,
2012). However, while probiotic supplementation was effec-
tive in reducing the prevalence of eczema, it did not prevent
asthma or wheezing in the infants (Azad et al., 2013). This
finding is surprising because eczema and asthma share similar
physiologic triggers (Saunes et al., 2012), suggesting that addi-
tional research is needed to more clearly delineate the mechan-
isms involved and identify specific strains of microbiota that
target those functions. These findings are important, as they
suggest an alternative for treating common disease processes
without the risk of iatrogenic complications associated with
pharmacotherapeutic agents (Floch, 2014).

Conversely, certain supplements compromise commensal
microbes and act to benefit pathogens. For example, iron
(Fe) is essential for metabolic processes associated with
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microbial replication, such as DNA synthesis and defense
against reactive oxygen species. Supplementation with Fe ben-
efits many anaerobic microbes because they have a very high
affinity for it (Andrews, Robinson, & Rodriguez-Quiilones,
2003; Schaible & Kaufmann, 2004). In infants and children,
Fe supplementation for 3 and 6 months, respectively, was asso-
ciated with decreased Lactobacillus and increased Bacteroides
spp. and Enterobacteriaceae (e.g., Escherichia, Shigella) in
both age groups (Krebs et al., 2013; Zimmermann et al.,
2010). More recently, researchers in a randomized controlled
trial reported that Fe supplementation in infants was associated
with increased levels of inflammatory markers and pathogenic
microbes belonging to the Escherichia, Shigella, and Clostri-
dium genera (Jaeggi et al., 2015). Similarly, in a study that used
arat model, Fe supplementation following a diet deficient in Fe
was associated with an increased abundance of species belong-
ing to Bacteroidetes phylum and Clostridium genera as well as
higher level of metabolites such as butyrate (Dostal, Lacroix,
et al., 2014). Conversely, Fe deficiency was associated with
decreased Bacteroides species (Bacteroidetes phylum), Rose-
buria spp., and Eubacterium rectale within the Clostridiales
order as well as lower levels of butyrate and propionate (Dostal
et al., 2012). In a third trial among three groups of children—
iron-deficient children who received placebo treatment, iron-
deficient children who received Fe supplementation, and iron-
sufficient children—researchers found no association between
Fe supplementation and changes in microbes and metabolites
(Dostal, Baumgartner, et al., 2014). Despite the single study
that showed no effect, the preponderance of evidence suggests
that Fe supplementation may adversely alter the abundance of
specific species in the gut, thus changing their functional
activities.

Of particular interest is the effect of Fe supplementation
during pregnancy since it is recommended for all women to
reduce the risk of iron-deficiency anemia and low infant birth
weight (Haider et al., 2013). In one recent study, however,
researchers found that maternal iron supplementation
increased the risk of celiac disease in the child (Sterdal, Hau-
gen, Brantsater, Lundin, & Stene, 2014). Celiac disease is an
autoimmune enteropathy triggered by gluten ingestion that
manifests symptoms that include diarrhea. Studies of this dis-
ease process have shown that it is associated with a decreased
abundance of beneficial microbes such as Lactobacillus and
Bifidobacteria (de Sousa Moraes, Grzeskowiak, de Sales
Teixeira, & do Carmo Gouveia Peluzio, 2014). More specif-
ically, researchers found that in individuals diagnosed with
celiac disease, the composition of GI microbiota was charac-
terized by a decreased abundance of members of the Bacter-
oidetes and Firmicutes phyla (e.g., Clostridiaceae,
Eubacteriaceae) and increased levels of members of the Pro-
teobacteria phylum (e.g., Enterobacteriaceae; Wacklin et al.,
2014). These findings suggest that health-care providers
should carefully consider the risks and benefits of Fe supple-
mentation because it may be implicated in iatrogenic compli-
cations as a response to changes in the GI microbial
composition.

Antibiotics

Pharmacotherapeutic agents, in particular antibiotics, signifi-
cantly alter the structure of the GI microbiota (Dethlefsen &
Relman, 2011). Antibiotics are designed to eradicate microbes,
and they cannot selectively target a particular pathogen. There-
fore, they eliminate commensal microbes in equal numbers,
disrupting the microbial composition. Although the magnitude
of the changes differs across individuals, the type of antibiotic
and the duration of the treatment are associated with decreases
in the number (richness) and proportionality of the strains
(evenness) within the GI microbiota (Fouhy et al., 2012). In
general, these changes occur within 3—7 days of initiation of the
antibiotic, and the microbial structure only partially returns to its
prior state 1-4 weeks after the end of the treatment, although in
some cases the effects can persist for years (Dethlefsen, Huse,
Sogin, & Relman, 2008; Dethlefsen & Relman, 2011; Ferrer, dos
Santos, Ott, & Moya, 2013; Fouhy et al., 2012; Jakobsson et al.,
2010; Jernberg, Lofmark, Edlund, & Jansson, 2007). In relation
to particular antibiotics, by day 3—4 of a 5-day course of Cipro-
floxacin, adults exhibited decreased diversity of the GI micro-
biota. The decreases in diversity stabilized and the microbiota
partially returned to the normalized state, 1 week after the end of
the treatment (Dethlefsen & Relman, 2011). A 7-day course of
clindamycin caused profound alterations in the GI microbial
structure that persisted for 2 years (Jernberg et al., 2007).
Changes in microbial communities associated with treatment
with antibiotics include an increased abundance of Clostridium
difficile (C. difficile), which is associated with diarrhea (Barbato
et al., 2014; Bartlett, 2002). These changes are a result of dis-
ruptions in the normal gut flora that reduce protection from
pathogen overgrowth, thereby permitting organisms like C. dif-
ficile to bloom (Britton & Young, 2012). Although narrow-
spectrum antibiotics can be used to target C. difficile, use of
those antibiotics can also promote microbial resistance (Jernberg
et al., 2007; A. C. Palmer & Kishony, 2013).

Host colonization by antibiotic-resistant microbes such as C.
difficile has forced scientists to develop alternative treatment
modalities. In the case of C. difficile, specifically, enteric fecal
microbial transplants from healthy individuals (usually those
who live in close proximity to the infected patient) have proven
to be remarkably effective, especially in cases of recurrent C.
difficile colonization (Kelly et al., 2015). In many cases, fecal
microbial transplantation successfully treated C. difficile-
related symptoms including frequent watery stools and pro-
tected against future recurrent infections (Jorup-Ronstrom
et al., 2012; Kassam, Hundal, Marshall, & Lee, 2012).
Although the precise mechanism is not clear, fecal microbial
transplants appear to restore a “normal” flora. Despite these
findings, the U.S. Food and Drug Administration has yet to
approve fecal microbial transplantation. Clinicians must obtain
regulatory authorization to use this treatment modality, which
promotes standardized implementation but also hinders its use.
Larger controlled clinical trials and regulatory support are
needed to facilitate the broader use of fecal microbial
transplantation.
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Maternal use of antibiotics during pregnancy is associated
with adverse health outcomes in the child, including increased
risks of asthma, celiac disease, and obesity (Lapin et al., 2015;
Marild, Ludvigsson, Sanz, & Ludvigsson, 2014; Mueller et al.,
2015; Stensballe, Simonsen, Jensen, Bennelykke, & Bisgaard,
2013). The demonstrated effect that antibiotics have on the GI
microbiota has particular relevance in neonates, as parenteral
ampicillin and gentamicin are commonly given within the first
2 days of life to treat sepsis and pneumonia. In one study, this
practice was associated with a higher proportion of microbes in
the Proteobacteria phylum and a reduced microbial diversity in
neonates 1-month posttreatment that persisted for at least
another month. It was also associated with lower proportions
of microbes in the Actinobacteria phylum, Bifidobacteria, and
Lactobacillus genera at 1-month posttreatment that had par-
tially recovered by the second month (Fouhy et al., 2012). Use
of antibiotics in early life is also associated with a higher pre-
valence of necrotizing enterocolitis (NEC), an inflammatory
intestinal disorder that can lead to mortality in extremely low
birth weight babies (Cotton, 2010). Researchers found that
infants who developed NEC had received antibiotics for a lon-
ger duration than those who did not develop the disorder. In
babies with NEC, the gut microbiota is characterized by a low
diversity and an increased abundance of Gammaproteobacteria
(Proteobacteria phylum; Y. Wang et al., 2009). Antibiotic use
alters the composition of the GI microbiota to one that initiates
inflammation in the mucosal lining, leading to development of
NEC. Furthermore, exposure to antibiotics during infancy is
strongly associated with the onset of allergic diseases such as
childhood asthma and eczema (Marra et al., 2006; Tsakok,
McKeever, Yeo, & Flohr, 2013). The authors hypothesize that
this relationship is mediated by perturbations in the GI micro-
biota resulting from antibiotic use (Noverr & Huffnagle, 2005).

Host Genetics

There is limited research about the direct effect that host genet-
ics may have on the GI microbiota or vice versa. There is a
small body of research conducted in the general population that
shows that microbes do interact with the host genetic makeup,
thereby influencing gene transcription and expression. For
example, when microbes isolated in the stool of lean and obese
donors were transplanted into germ-free mice, the mice
expressed the same patterns of weight gain as their donors, and
microbial genes expressed in mice were discordant between the
two groups (Ridaura et al., 2013).

Conversely, the GI microbiota is also influenced by host
genetics (Benson et al., 2010; Goodrich et al., 2014; Kovacs
et al., 2011; McKanite et al., 2012; Murphy et al., 2015; Spor,
Koren, & Ley, 2011). In a recent study comparing the GI
microbiota in 416 mono- and dizygotic twins, the findings
demonstrated that the structure of the GI microbiota is more
similar in monozygotic than dizygotic twin pairs. The finding
suggests that similarities in the host genotype define the types
and abundance of the microbes within the GI communities
(Goodrich et al., 2014). This conclusion is supported by

another finding from the same study showing that certain types
of microbes, such as those in the Christensenellaceae family
(Clostridiales order), are heritable and that the heritability is
driven by host genetics (Goodrich et al., 2014). The effect of
host genetics on microbiota has also been demonstrated with
the genes involved with innate and adaptive immunity, such as
those encoding toll-like receptors (TLRs; Vijay-Kumar et al.,
2010) and myeloid differentiation primary response 88
(Myd88; Wen et al., 2008). In a mouse-model study, mice
without TLR-5 had a lower abundance of microbes from the
Bacteroidetes phylum and Lachnospiraceae family compared
to mice that encoded TLR-5. Similarly, mice without Myd&8
had a higher abundance of microbes from the Porphyromona-
daceae, Lactobacillaceae, and Rikenellaceae families com-
pared to mice with Myd88. These studies support the linkage
between the expression of genes involved in maintaining host
immunity and the GI microbiota.

Similarly, the composition of the GI microbiota is associ-
ated with gene expression related to host metabolism. Specif-
ically, the gene that codes for leptin, a hormone derived from
adipocytes that regulates appetite, energy expenditure, and
metabolism and acts as a cytokine by influencing immune cells,
is associated with a lower abundance and altered composition
of fecal bacteria (Waldram et al., 2009). These findings support
the symbiotic and highly interactive nature of the relationship
between the microbes in the gut and the host genotype that
defines the phenotypic expression and in turn differentiates the
structure of the microbiota.

BMI

The structure and function of the GI microbiota are also asso-
ciated with BMI and obesity (Dominianni et al., 2015; Ley
et al., 2005; Turnbaugh, Hamady, et al., 2009; Turnbaugh,
Ridaura, et al., 2009). In both humans and mice, increased BMI
was associated with reduced diversity and proportions of par-
ticular types of GI microbiota at the phylum level. In mice,
obesity correlates with decreased diversity and a significantly
lower abundance of Bacteroidetes and increased levels of Fir-
micutes (Ley et al., 2005). In addition, when the microbiota
from obese donors were transplanted into lean germ-free mice,
the phenotypes of the donors were expressed and the recipients
became obese (Ridaura et al., 2013; Turnbaugh, Ridaura, et al.,
2009). In obese compared to lean individuals, researchers
observed the same changes in the microbial diversity and den-
sity of Bacteroidetes, though they found no significant differ-
ence in the levels of Firmicutes, and there was a greater
proportion of Actinobacteria (Turnbaugh, Hamady, et al.,
2009). These studies effectively demonstrate the functional
role that the GI microbiota plays in obesity.

Functionally, microbial genes in obese individuals are asso-
ciated with the metabolism of carbohydrates, lipids, and amino
acids (Turnbaugh, Hamady, et al., 2009). Short-chain fatty
acids (SCFA: acetate, propionate, and butyrate), significant
metabolites of GI microbiota, are known to have a profound
effect on glucose and lipid metabolic processes such as hepatic



94

Biological Research for Nursing 20(1)

gluconeogenesis and hepatic and cholesterol synthesis and
therefore could play a significant role in regulating the process
of fat storage and weight gain (den Besten et al., 2013).

The associations among weight gain, the GI microbiota, and
BMI have implications for pregnancy because women are phy-
siologically predisposed to weight gain during pregnancy due
to increased insulin resistance, which is likely the mechanism
to ensure adequate energy for the fetus (Hadden & McLaugh-
lin, 2009). GI microbes influence physiologic functions that
alter homeostasis and can adversely affect health outcomes.
For instance, the composition of the GI microbiota is linked
to the production of hormones and enzymes, such as estrogen
and insulin, that facilitate weight gain during pregnancy
(Béackhed et al., 2004; Barbour et al., 2007; Fuhrman et al.,
2014; Picciano, 2003; Santacruz et al., 2010). Moreover, the
GI microbiota also regulates appetite by increasing circulating
leptin, which is reduced in the obese population (Bickhed
et al., 2004; Clément et al., 1998; Ravussin et al., 2012).
Furthermore, probiotic supplementation is associated with
reduced body weight and fat mass in obese women (Sanchez
et al., 2014).

Prepregnancy weight and BMI correlate with differences in
the density of Bacteroides (Bacteroidetes phylum) and Staphy-
lococcus and Clostridium (Firmicutes phylum; Collado et al.,
2008). Overall, concentrations of Bacteroides are significantly
higher in overweight women. In addition, during the first tri-
mester, Staphylococcus is positively correlated with increased
BMI, while the microbes in the Clostridium group tended to
correlate negatively with BMI (Collado et al., 2008). During
the third trimester, the GI microbial composition functionally
manifests physiologic responses associated with metabolic
syndrome (Koren et al., 2012). Although research in this area
is still at an early stage, the findings provide support for the
close relationship between BMI and the GI microbiota. As
much as it is important to consider the role of BMI in shaping
the composition of the GI microbiota, it is also essential to
account for the role that the GI microbiota plays in host energy
metabolism (Kimura et al., 2013; Neuman, Debelius, Knight, &
Koren, 2015; Tremaroli & Bédckhed, 2012), not only in the
general population but also in pregnant women. This body of
knowledge lends credibility to the claim that the GI microbial
composition prior to and during pregnancy is key to under-
standing and managing energy metabolism.

Discussion

The GI microbiota has coevolved with mammals to adapt to the
unique ecosystems in the host. Microbes harvest energy from
nondigestible polysaccharides and produce substrates and
metabolites including vitamins and SCFAs that are involved
with the initiation of metabolic and immunologic pathways
essential to host physiologic function. A growing body of
knowledge about the structure and function of the GI micro-
biota in health and disease suggests that it plays an augmented
role during pregnancy to meet the metabolic needs associated
with the developing fetus.

Previous studies have identified significant reductions in the
relative abundance and phylogenetic diversity of the GI micro-
biota associated with pregnancy as well as the role of the
microbiota in maintaining physiologic homeostasis. The evi-
dence linking alterations in the GI microbiota with changes in
physiologic pathways during pregnancy demonstrates the cru-
cial need for increased understanding about the temporal
dynamics of the microbiota during pregnancy. This need is
more pressing because many of the extant studies have impor-
tant limitations, and a number of studies examined changes in
the GI microbiota composition during the first and the third
trimesters only (Collado et al., 2008; Koren et al., 2012). The
maintenance of maternal homeostasis is essential during the
second trimester, however, to allow the body to build physio-
logic reserves that promote fetal growth and development
(Bystron, Blakemore, & Rakic, 2008; Zhang et al., 2013). In
another large trial, investigators used rectal swabs as opposed
to stool samples to estimate the structure of the GI microbiota
(DiGiulio et al., 2015). Yet as we discussed above, anal swabs
are not a proxy for stool samples and are capable of measuring
only a limited number of microbes (Arvelo et al., 2013; Bud-
ding et al., 2014; Duran et al., 2013; Kabayiza et al., 2013).
Finally, the majority of the studies have been conducted in
animal models (Gohir et al., 2015). Although animal models
contribute to understanding phenomena, they do not mirror
human conditions in pregnancy and therefore have limited
application (Bolker, 2012; McCarthy, Kingdom, Kenny, &
Walsh, 2011).

To address these limitations, future research should examine
the GI microbiota during the second trimester of pregnancy
using stool samples. New information about the temporal
dynamics of the GI microbiota during pregnancy could provide
scientists with the ability to understand key functions of the GI
microbiota. In addition, knowledge about the baseline structure
will demonstrate how deviations are associated with adverse
pregnancy outcomes. That knowledge is also necessary to capi-
talize on the capacity of the GI microbiota to maintain physio-
logic homeostasis, which has significant application in the
clinical management of pregnancy. Strengthening the research
community’s understanding about the factors associated with
the GI microbiota has the potential to lead to an enhanced
ability to monitor and manipulate that ecosystem, which, in
turn, holds the promise of possible therapeutic strategies
designed to enhance the beneficial effects of the GI microbiota
and, subsequently, larger health outcomes for both mothers
and infants.

Conclusion

As the growing evidence suggests, health and disease processes
in humans cannot be adequately explained without accounting
for the symbiotic relationship between host genetics and the
microbiome. The human microbiome is a potentially powerful
therapeutic target that can be directly modulated with low-risk
interventions such as supplemental prebiotics, probiotics, or
even fecal transplants. Biopsychosocial factors, including diet,
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that influence the microbial structure can serve as secondary
therapeutic targets.

Because nurses are on the front line of care, it is important
that they are equipped with a basic knowledge about the struc-
ture and function of the GI microbiota, the factors that influ-
ence it, and the implications it has for health and disease.
Caregivers can employ modifiable factors such as diet and
prebiotics to restore disruptions in the microbial community
and help reduce adverse pregnancy outcomes. Clinicians
should also consider the influence of routine medical treat-
ments such as the use of iron supplementation or antibiotics
on the structure of the GI microbiota in pregnant women. Over
the longer term, research findings will provide nurses with
evidence-based practices aimed at improving health outcomes
in the mother and child by optimizing the structure and function
of the GI microbiota.

Glossary

e Composition of microbiome: types of microbiota that
reside in the gut.

e Diversity of the microbiome: diversity has two dimen-
sions, namely, richness, which is the number of different
strains, and evenness, which is the proportionality of the
strains within a sample. Diversity within a sample or a
subject is termed o diversity, whereas diversity between
samples or subjects is called B diversity.

e Microbiome: a collective term for all the microorgan-
isms living in and on the human body.

e Relative abundance: Proportions of each type of
microbe among all.

e Perturbations: disruptions in the structure of the micro-
bial community.

e Phylotypes: a classification of groups of microbes with
similar genetic sequences that may reflect evolutionary
relationships.

e Structure of the microbiome: the composition, relative
abundance, and diversity of the microbial community.

e Taxonomic ranks: relative levels of groups of organ-
isms, for example, the microbes. Under the kingdom
categorizing the microbiota, phylum is the highest rank
in terms of the taxonomic hierarchy followed by class,
order, family, genus, and species.
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