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Abstract 

 

Title of Dissertation: Temporal Dynamics of Gastrointestinal Microbiota during 

Pregnancy 

SeonYoon Chung, Doctor of Philosophy, 2016 

Dissertation Directed by: Mary Regan, PhD, RN, Associate Professor 

University of Maryland Baltimore School of Nursing 

 

Background: Research about the gastrointestinal (GI) microbiota has demonstrated that 

it plays a crucial role in maintaining human physiologic homeostasis. In particular, it 

regulates inflammatory pathways, glucose and energy metabolism, and vitamin 

production that have significant relevance during pregnancy.  

Purpose: To characterize the structure of GI microbiota during pregnancy and changes 

that occur over time.   

Methods: This study expanded the scope of a large prospective longitudinal study 

looking at the influence of diet on vaginal microbiota during pregnancy and preterm birth 

(Birth, Eating and the Microbiota – BEAM, R01-NR014826). A subset of 20 women 

from the parent study was included in the sample and stool was collected monthly from 

20 weeks gestation to birth. The specimens were analyzed using culture-independent 

molecular sequencing-based techniques following 16SrRNA gene polymerase chain 

reaction amplification. Descriptive analytics and advanced statistical modeling 

techniques were used to characterize the structure and the temporal dynamics of the GI 

microbiota during pregnancy.  



Results: Three enterotypes were identified at all taxonomic ranks. Members of 

Firmicutes were dominant at all levels. Enterotypes changed at each time point within 

subjects, forming 17 temporal enterotype profiles that classified into three enterotypes 

categories. Significant associations were identified between race, body mass index, fiber, 

iron, fat, protein, carbohydrate and sweets in the diet and specific GI microbiota. The 

associations were more pronounced at lower taxonomic ranks. 

Discussion: The findings of the study are important because they identify specific 

relationships between the microbial composition of the GI microbiota and factors such as 

body mass index and diet quality that are known factors implicated in adverse pregnancy 

outcomes.  More research using a larger sample size is needed to verify these findings. 

 

Key Words: Microbiome, Pregnancy, Gastrointestinal microbiota 
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Chapter 1. Introduction 

1.1. Background and Significance 

Worldwide rankings show that the US is performing poorly in terms of maternal 

and neonatal outcomes. Maternal mortality has more than doubled from 1987 to 2013 and 

significant morbidity has also increased.1,2 The rise is multi-factorial but includes factors 

such as increased prevalence of hemorrhage, hypertensive disorders, intrauterine 

infection, and diabetes.3,4 Similarly, despite a modest improvement in neonatal mortality, 

the US ranking has declined from 11th in 1960 to 26th in 2010 and similar increases are 

reflected in the morbidity rates.2,5 Furthermore, the implications of the problem have been 

further demarcated by recent research about epigenetic programming that has 

demonstrated the trans-generational effect that abnormalities in physiologic responses 

during pregnancy have on the onset of disease states in future generations.6,7 

Understanding the complex interplay between social, bio-behavioral and physiologic 

factors that influence morbidity or mortality in the woman or child is essential in order to 

optimize outcomes and reduce the trans-generational impact on health.  

In recent years the gastrointestinal (GI) microbiota has been increasingly 

implicated in adverse maternal and neonatal outcomes. Evolving research has quickly 

demonstrated the significance that micro-organisms associated with the human body, 

collectively termed the human microbiome, have for human health and disease.8–10 To 

date, the evidence suggests that among all the microbes living alongside the human host, 

the microbiota in the GI tract have the most significant influence on host physiologic 

functions and research has shown that they are pivotal to maintaining metabolic and 

immunological homeostasis.11 Conversely, dysbiosis in the microbial communities are 
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associated with multiple disease processes including diabetes,12–14 obesity,15–18 

hypertension,19 cardiovascular diseases,20,21 inflammatory bowel diseases,22–24 neoplastic 

diseases,25–28 and even neurological diseases.29,30 

Studies of the gut microbiota during pregnancy suggest that the structure is 

critical to both maternal and neonatal outcomes and perturbations - or dysbiosis - has 

long-term consequences for both the woman and her offspring.31,32 However, despite 

evidence linking the structure and function of the gut microbiota to pregnancy outcomes, 

research has primarily focused on the non-pregnant population. This is problematic 

because understanding the how the GI microbiota maintain physiologic homeostasis 

during pregnancy provide therapeutic targets to optimize outcomes.33 

The purpose of this study was to characterize the composition and temporal 

dynamics of the GI microbiota during pregnancy. Understanding changes in the GI 

structure provides foundational information that can be used to understand the influence 

on maternal physiology that the microbial communities may exert during pregnancy. This 

chapter provides a brief background to the problem, overview of the methods and 

statistical analytic processes and outlines the three manuscripts reporting various aspects 

of the work.  

1.1.1. Gastrointestinal microbiota and human health 

The GI microbiota, a collection of microorganisms in the GI tract, are a dense and 

diverse ecosystem comprised of ten to a hundred trillion microbes representing more than 

1000 species.34–36 The majority of the species fall into two phyla that constitutes more 

than 90% of the GI microbiota - Bacteroidetes and Firmicutes, with lower proportions 

falling into Actinobacteria, and Proteobacteria.37 The GI microbial communities remain 
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relatively stable over time and are characterized by high intra-personal bacterial diversity 

and low inter-personal variation in healthy adults.  

The structure of GI microbiota is estimated by evaluation of the composition, 

relative abundance and diversity.38–42 Understanding the structure of the GI microbiota 

microbial is crucial because of the critical role they play43 in maintaining host 

physiologic homeostasis through regulation of the immune system, glucose and energy 

metabolism and  vitamin production.44–53 Although the optimal composition or the 

mechanism of action by which the GI microbiota modulate host physiology remains 

unclear, there is compelling evidence supporting the essential role they play in human 

health.  

The available evidence clearly demonstrates the roles that GI microbiota play in 

response to particular health events such as pregnancy. During pregnancy the maternal GI 

microbiota is are hypothesized to translocate to the placenta and intra-amniotic fluid 

where they are taken up into fetal meconium.40,54–56 Similarly the maternal vaginal 

microbiota, which the neonate is exposed to during vaginal delivery are also thought to 

be influenced by the composition of GI microbiota.57–61 This growing body of knowledge 

supports the critical role that maternal GI microbes plays in the initial colonization of the 

fetus and neonate. The structure of the communities may predispose the child to different 

health trajectories 62–66 by modulating unfavorable host gene expression, sub optimal 

development of the fetal immune system, and detrimental establishment of gut 

barrier.67,68 

1.1.2. Gastrointestinal microbiota and pregnancy 

Functions of the GI microbiota have important implications for pregnant women 
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because the maternal body is subject to dramatic changes to accommodate the developing 

fetus.69 During early pregnancy, increased energy storage are needed by the maternal 

systems and to meet the nutritional needs of the developing fetus. Low-grade 

physiological inflammation persists throughout pregnancy starting week 7-10 and 

although that physiologic adaptation is considered normal, pro-inflammatory signaling 

can also initiate spontaneous initiation of labor, regardless of gestation.70,71 Deviations 

from the normal physiologic adjustments can lead to adverse pregnancy outcomes such as 

preterm birth, gestational diabetes and hypertensive disorders such as preeclampsia - all 

of which have significant implications for short and long term health outcomes for both 

the mother and the baby.72–75 Although factors contributing to the incidence of these 

complications have been studied, the physiology underlying their occurrence is unclear.  

More recently, evidence about the GI microbiota during pregnancy suggest that it 

plays a more critical role than previously recognized in terms of maintaining the 

pregnancy and preventing adverse outcomes.70–75 The GI microbiota and their 

metabolites are involved in regulating inflammatory pathways76,77 that are particularly 

relevant during pregnancy because they are implicated in the initiation of labor.70,74 

Moreover, the metabolites serve as an energy source for the epithelial cells in the GI tract 

thereby contributing to host immunity by strengthening the gut barrier.28 The GI 

microbial metabolites also function as an energy source for the liver, muscle, and 

peripheral tissue,78,79 enhancing adipogenesis while inhibiting lipolysis. This is relevant 

during pregnancy because obesity and diabetes are risk factors for developing gestational 

diabetes and preeclampsia during pregnancy.  

The study reported here expanded the scope of a prospective longitudinal study 
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(Birth, Eating and the Microbiota – BEAM, 5R01NR014826) that examines the influence 

of diet on vaginal microbiota during pregnancy. This study evaluated the structure of the 

microbial communities in the maternal GI tract to provide new information about the 

temporal dynamics of the GI microbiota during pregnancy. It was hypothesized that the 

structure of the GI microbiota is unique during pregnancy and that it changes in the 2nd 

and 3rd trimesters. Over the longer term this knowledge may be used to promote health 

and reduce the risk of adverse outcomes for the mother and child.  

1.2. Purpose of the Study 

The purpose of this study was to characterize the temporal dynamics of the GI 

microbiota during the 2nd and 3rd trimesters of pregnancy. The specific aims of this 

study were to: 

1. Characterize the types of microbial community structure of the GI microbiota 

(enterotypes) of stool specimens provided by pregnant women. The microbial 

community structures are hypothesized to cluster into enterotypes distinct from one 

another.  

2. Characterize the categories of longitudinal patterns (profiles) of enterotypes 

(enterotype categories) during pregnancy. The patterns are hypothesized to cluster 

into enterotype categories distinct from one another.  

2.1 Identify the associations between the enterotype categories and associated 

factors  

2.2 Quantify the stability of the longitudinal profiles and its association with 

associated factors 
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3. Characterize clusters of longitudinal patterns (profiles) of relative abundance 

(phylotype categories) of the phylum level phylotypes. 

3.1 Identify the association between the phylotype categories and the associated 

factors 

Definitions of specific terms can be found in the glossary (Appendix A). 

1.3. Methods 

1.3.1. Study design and data collection 

A prospective longitudinal study design was used to examine the aims. The 

BEAM study was approved by the University of Maryland Baltimore Institutional 

Review Board (Appendix B). In the parent study a sample of 400 nulliparous women 

aged 18 to 34 with no pre-existing health conditions that put them at risk of preterm birth 

were recruited at 12-22 weeks gestation and followed to 6 weeks postpartum. All women 

who agreed to participate signed a written informed consent and were enrolled in the 

BEAM study. Women completed an intake and monthly interviews from 20 week 

onwards, and an exit interview at 6 weeks postpartum. The study procedures for data 

collection were: 1) daily self monitoring of social and bio-behavioral factors; 2) Food 

Frequency Questionnaire (FFQ) at intake and 12 weeks later; 3) taking photos of food 

throughout the week; 4) weekly vaginal swabs, slide and vaginal pH collected from 20 

weeks gestation to birth; 5) monthly stool specimen and oral swabs collected from 20 

weeks gestation to birth; 6) blood collected at the intake interview, 28 weeks gestation, 

and on admission in labor, and; 7) medical record data related to pregnancy and birth 

collected after completion of the study. All biologic samples were collected validated 

techniques to ensure integrity of the specimens. The study reported here used monthly 
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stool specimens and self reported data including socio-demographics, anthropometrics 

and diet that were collected during the intake interview.  

Detailed information related to the measures, bio-specimen sequencing and taxonomic 

assignment, and statistical analyses are included in Appendix C and D. 

1.4. Overview of the Three Manuscripts 

This dissertation includes three manuscripts as Chapters 2, 3, and 4. Each manuscript 

is a milestone in each phase of the dissertation research. The first and second manuscript 

focus on reviewing the available literature and the third describes the main findings from 

the study.  

The first manuscript entitled, “Clinical Relevance of Gastrointestinal Microbiota 

during Pregnancy: A primer for nurses” is included in Chapter 2. This is a review paper 

provides a basic understanding about the structure and function of the maternal GI 

microbiota and the role they play during pregnancy. The second manuscript entitled, 

“Factors associated with the structure and function of gastrointestinal microbiota” is 

included in Chapter 3. This paper presents a review of factors that influence the structure 

and function of the maternal GI microbiota. The third manuscript entitled, “Temporal 

dynamics of gastrointestinal microbiota during pregnancy” is in Chapter 4. This paper 

presents the major findings from the study including the characterization of the 

enterotypes, enterotype categories, and phylotype categories, quantification of stability of 

the longitudinal profiles, and associated factors during pregnancy, across the 20 pregnant 

women. 

The findings from the study will provide a foundation for future research examining 

the functional roles of GI microbiota during pregnancy. That knowledge can be used to 



 

8 
 

develop and implement clinical interventions aimed at optimizing the structure of the GI 

microbiota during pregnancy to prevent adverse health outcomes.   
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Chapter 2. Clinical Relevance of Gastrointestinal Microbiota during Pregnancy: A 

Primer for Nurses (Manuscript 1)1 

2.1. 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 that our microbial communities have on our physiology and disease risk. For 

example, the maternal gastrointestinal (GI) 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 GI microbiota are thought to influence colonization of the fetus 

and neonate that predisposes them to different health trajectories. This review provides a 

basic understanding of the influence of the structure and function of the maternal GI 

microbiota and the fundamental role they play during pregnancy. At this point in time 

there are only a small number of studies that have examined the structure and function of 

the GI microbiota during pregnancy. However, the preponderance of the evidence about 

the influence of GI microbiota in the general population, and more recently in pregnant 

women, suggest the need to clarify baseline structure and function of GI microbiota and 

their associations with pregnancy outcomes. This knowledge is vital because they provide 

insights about potential therapeutic targets to optimize pregnancy outcomes and allow 

nurses to provide evidence-based care that contributes to promoting optimal microbial 

structure and function thereby improving health outcomes in pregnant women.   

Key words: Microbiome, Pregnancy, Gastrointestinal microbiota 

                                                           
1 Chung, S., Ravel, J., Regan, M. (under review). Clinical Relevance of Gastrointestinal 

Microbiota during Pregnancy: A Primer for Nurses. Biological Research for Nursing. 
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2.2. Introduction 

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 that our microbial communities have on our physiology and disease risk. 

Traditionally microbes were perceived of as pathogenic microorganisms that were 

associated with disease, however current research is exposing the essential symbiotic 

nature of the relationship. The change in our understanding is largely related to the 

development of culture-independent molecular techniques and computational tools, 

including polymerase-chain-reaction (PCR) amplification, 16S rRNA gene sequencing 

techniques,80,81 and Ribosomal Database Project Bayesian classifier82 for taxonomic 

assignments, that allow scientists to characterize the microbes and the physiologic 

functions they initiate in the human host.83 Technological advancements in DNA 

sequencing have provided a rapid and accurate mechanism to examine the strains of 

microbes within the microbial communities as well as their interaction with the host that 

provide tangible evidence of the synergistic relationship they share.84 The Human 

Microbiome Project (HMP), initiated by the National Institutes of Health in 2008, is an 

experimental extension of the Human Genome Project.85–88 It focused on examining the 

microbiota that live in and on the human body including their genes and genomes as a 

means to understand how to manipulate them in ways that optimize human health.8–10 

Findings from the HMP have generated extensive understanding about the structure and 

potential function of the unique microbial communities that reside in various parts of the 

body. 
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 Of all the human microbial communities, the microbiota in the gastrointestinal 

(GI) tract have the most significant and far reaching effect on human physiology. The GI 

microbiota is a complex ecosystem comprised of ten to hundreds of trillions of microbes 

(1013-1014) that are distributed in unique clusters throughout the gut.34–36 The majority of 

the microbiota are bacteria, but archaea, eukarya, and viruses are also present. The GI 

microbiota contains over 5 million genes- subunits of deoxyribonucleic acid (DNA) that 

encode instructions to produce specific proteins or enzymes that initiate a particular 

physiologic function in the host. The GI microbiota produce metabolites that modulate 

the physiologic pathways in the host.9 The influence that they have on human physiology 

is so profound that the GI microbiota is widely accepted as a metabolic organ in its own 

right and is referred to as the ‘forgotten organ’.43 This viewpoint has originated in 

recognition of the contribution that the unique colonies of microbiota make to 

immunologic and metabolic homeostasis in the host.11 Furthermore, changes in the 

structure of the communities such as low diversity or altered composition of GI 

microbiota are associated with multiple disease processes including inflammatory bowel 

diseases,22–24 cardiovascular diseases,20,21 neoplastic diseases 25–28 and neurobehavioral 

symptoms.29,30,44 

Perturbations, or disruptions, of GI microbiota are also linked with obesity,15–18 

hypertension,19 and diabetes,12–14 that are particularly relevant during pregnancy. These 

associations likely result from the high physiologic burden placed on the female body 

during pregnancy that requires 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 (i.e., glucose intolerance first 
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recognized during pregnancy), preeclampsia (i.e., a complication of pregnancy 

characterized by high blood pressure, proteinuria, and swelling), and preterm birth (i.e. 

birth before 37 weeks gestation). The maternal GI microbiota can also decrease the risk 

of adverse pregnancy outcomes by modulating energy extraction, glucose metabolism, 

vitamin production, and host immunity all essential to optimal maternal and neonatal 

health.89,90 Moreover, the maternal GI microbiota are thought to influence the immune 

development and colonization of the fetus and neonate that predisposes them to different 

health trajectories.91,92 The purpose of this review is to provide a basic understanding of 

the influence of the structure and function of the maternal GI microbiota and the 

fundamental role they play during pregnancy.   

2.3. Overview of the GI microbiota 

The GI microbiota is 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 microbiota classify the strains into taxonomic ranks – that define the relative 

level of groups of microbes within a specific kingdom (see Figure 1). 
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Figure 1.Limited subset of microbes outlined by their taxonomic ranks 
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Under the kingdom level that categorizes the microbiota, phylum is the highest 

rank in terms of the taxonomic hierarchy followed by class, order, family, genus and 

species. The vast majority of the GI microbiota in adults belongs to two bacterial phyla, 

Firmicutes and Bacteroidetes, with lower proportions of other phyla including 

Proteobacteria, Actinobacteria, and Verrucomicrobia.37 

Phylum level taxa are grouped by genetic composition that is not related to 

specific functions. An alternate is to cluster the taxa by their associations with other 

microbes – termed enterotypes. Some scientists propose that the GI microbiota are 

clustered into three primary enterotypes dominated by Bacteroides, Prevotella, 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).  

Table 1. Enterotypes representing different functions in terms of the mechanisms used to 

generate energy from the available substrates in the colon 
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One cluster, dominated by the genus Bacteroides in the phylum Bacteroidetes, 

derives energy primarily from carbohydrates and proteins. Another rich in the genus 

Prevotella also in the phylum Bacteroidetes, degrades mucin glycoproteins in the 

mucosal layer of the gut for energy. The third cluster that is rich in genus Ruminococcus 

in the phylum Firmicutes, also degrades mucin, similar to the Prevotella. The enterotype 

clusters are unique and the proportional dominance within the GI microbiota varies based 

on the specialized functions, suggesting that specific microbial clusters are privileged 

based on the available substrates within the GI tract.33 Other scientists propose that there 

are only two primary clusters within the GI microbiota that are influenced by long-term 

diet. They argue that genus Ruminococcus rich clusters is fused with clusters rich in 

Bacteroides.93 The fused enterotypes rich in both Ruminococcus and Bacteroides are 

associated with diets high in protein and animal fats that is typically seen in people in 

Europe, whereas the Prevotella rich enterotypes are associated with diets high in 

carbohydrates typically seen in people in Africa.93,94 Despite the discrepancy, key 

members of the adult GI microbiota include those producing certain metabolites, such as 

butyrate, that is produced by Faecalibacterium prausnitzii, Roseburia intestinalis and 

Bacteroides uniformis, among others.95 This is important because butyrate, among other 

metabolites, serves as an energy source for colonocytes that maintain the integrity of the 

mucosal lining of the GI tract limiting the ability of toxins and microbes to breach the 

protective intestinal barrier. 

In general, the GI microbial communities remain relatively stable over time and 

are characterized by higher intra-personal bacterial diversity and lower inter-personal 

variation in healthy adults as compared to children. The structure of GI microbiota such 
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as the composition, relative abundance and diversity, is established over time, beginning 

before birth. The notion that the fetal sac is a sterile environment has been replaced by 

knowledge generated from an increasing number of studies that show traces of GI 

microbiota in the placenta, amniotic fluid, and fetal membranes in healthy term 

pregnancies without signs of infection, rupture of membrane, or labor suggesting that 

colonization of the fetal GI tract starts in utero.38–41 This is further supported by studies 

that have demonstrated that meconium is colonized by microbes isolated from the 

amniotic fluid.42 Colonization continues during birth although the composition varies 

based on the type of delivery. Babies born vaginally are in direct contact with, and at 

birth  maternal vaginal microbe are found on baby, however when babies are born by 

cesarean section microbes common to the maternal skin are found.96,97 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 Bifidobacterium, Lactobacillus, 

Enterococcus, and Staphylococcus genera that confer proven health benefits.98,99 Breast 

milk is also enriched in human milk oligosaccharides that serve as prebiotics, substrates 

that promote the growth of beneficial microbes, for specific microbes such as 

Bifidobacteria.100 Although the structure of the GI microbiota varies widely across 

neonates in general,101 it is stable and dominated by beneficial Bifidobacterium spp. in 

breastfed neonates. Conversely, in formula-fed neonates and it is less stable, diverse and 

is comprised of less lactic acid producing Bifidobacterium spp. and Lactobacillus 

spp.97,100,102 that protects against pathogenic overgrowth. The structure of the GI 

microbiota in neonates is considerably less complex than in adults however as their diet 
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change to include complex solid foods it stabilizes and overtime comes to resemble the 

structure and functionality of adults.103–106 

Understanding the unique structure of maternal GI microbiota is crucial because 

the microbiota are hypothesized to pass through the permeable mucosal surface of the 

maternal GI tract into the blood stream and translocate to the placenta, intra-amniotic 

fluid where it is taken up into fetal meconium.40,54–56 The same mechanism is thought to 

transport maternal GI microbiota into the mammary gland – termed the entero-mammary 

pathway.100 Similarly the maternal vaginal microbiota, which the neonate is exposed to 

during vaginal delivery, is also thought to comprise GI microbiota crossing the 

perineum.57–61 This growing body of knowledge supports the critical role that maternal 

GI microbiota plays in the initial microbial exposure to the fetus and neonate. That is 

vital because the early microbial structures predisposes the child to different health 

trajectories62–66 by modulating the hosts gene expression, development and maintenance 

of the immune system within the gut barrier.67,68 The current understanding of the 

structure of the maternal GI microbiota during pregnancy and the fundamental role they 

play is reviewed below.   

2.4. Structure of the GI microbiota during pregnancy 

The structure of the GI microbiota is defined by its composition, relative 

abundance and diversity. Composition describes the types of microbiota that reside in the 

gut, while relative abundance describes the proportions of each type of microbes. 

Diversity has two dimensions, namely richness – the number of different phylotypes, and 

evenness that is the proportionality of the taxa across the sample. In addition diversity 

within sample is termed alpha-diversity, whereas diversity between samples is called 
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beta-diversity. There are very few studies that have examined the structure of the GI 

microbiota during pregnancy, and much of the available evidence was conducted in 

animal models and therefore may have limited application in humans. In addition, the 

findings are not consistent across studies suggesting that more research is necessary to 

clarify the issues. This is particularly important in relation to defining the baseline 

structure of the microbiota because this has not been clearly delineated during pregnancy 

despite growing evidence suggesting that it is critical to maternal and fetal health. 

Knowledge about the structure of GI microbiota will serve as a foundation to understand 

their functions as it relates to pregnancy.  

2.4.1. GI microbiota bacterial composition and relative abundance 

The GI microbiota bacterial composition and the relative abundance have been 

studied before and during pregnancy as well as in the early post partum period (Table 2). 
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Table 2.Structure of GI microbiota during pregnancy 
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In one study examining the composition of the GI microbiota prior to and 

throughout pregnancy in pregnant mice showed significantly increased relative 

abundance of mucin-degrading microbiota, including Akkermansia (phylum 

Verrucomicrobia), Bifidobacterium (phylum Actinobacteria), compared to non-pregnant 

mice.107 In the study, Akkermansia in particular remained elevated throughout pregnancy. 

This finding was supported by an earlier study that examined the composition of GI 

microbiota throughout pregnancy in humans.111 Abundance of mucin-degrading 

microbiota is relevant because when there are no dietary substrates available the GI 

microbiota can degrade mucin in order to extract energy. The energy extracted also 

benefits the pregnant women by accommodating the increased energy requirements to 

meet the needs of the growing fetus. Increased physiologic capacity to extract additional 

energy during pregnancy is also seen in the amplified abundance of members of phylum 

Firmicutes (e.g., Fecalibacterium, Eubacterium, Streptococcus) 111 since Firmicutes 

abundance is positively associated with increased storage of energy.  

The profound changes in the composition of the GI microbiota from T1 to T3 

were validated in a study that transplanted the GI microbiota from 91 pregnant women 

into mice.32 The relative abundance of pro-inflammatory phylum Proteobacteria (e.g., 

Enterobacteria) and phylum Actinobacteria increased from T1 to T3, while anti-

inflammatory genus Faecalibacterium (phylum Firmicutes - order Clostridiales) 

decreased over the same period, regardless of diet or health status. Phylum 

Proteobacteria includes a wide variety of pathogenic genera, such as Escherichia, 

Salmonella, and Helicobacter, and has been repeatedly associated with inflammatory-

associated dysbiosis. In addition, phylum Actinobacteria are associated with obesity, 
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inflammatory bowel diseases, and respiratory diseases.15,112,113 Not surprisingly, when the 

T3 GI microbiota, increased in abundance of members of both phylum, were transferred 

to germ-free (gnotobiotic) mice, they induced metabolic changes similar to metabolic 

syndrome that is characterized by increased weight, excess adiposity, insulin resistance, 

hyperglycemia, and low-grade inflammation.19,32 These changes were suggested to be 

beneficial during late pregnancy because they promote fetal growth and facilitate energy 

storage in the woman, necessary for lactation.32 In the neonate, T3 GI microbiota are 

needed to extract additional energy and promote gluconeogenesis during the first few 

days when the colostrum is very low in terms of volume.114 

The composition of the GI microbiota during T3 is preserved in the early post 

partum period.32 This notion was supported by another study that examined the relative 

abundance of GI microbiota in 7 healthy pregnant women from T3 to 1-month post 

partum. The findings showed that the relative abundance of the GI microbial community 

is relatively stable and does not change during this period.109 Retention of a pro-

inflammatory GI microbial composition in the post partum period is likely related to the 

additional energy needs of the lactating mother since they promote increased energy 

extraction.32 

2.4.2. GI microbiota 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) is similar to that of healthy adults. Alpha-diversity (within 

individual) is high and beta-diversity (between individual) is low during T1 but that 

relationship switches inversely as pregnancy progresses and by T3 the composition is 
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significantly different across women.32 This finding however was not replicated in a 

second study that showed that the diversity remained stable throughout pregnancy.110 

That study also found that alpha- and beta-diversity as well as the week-to-week stability 

of the microbial community were unaffected by the progression of pregnancy.110 The 

differences in the results may be attributable to the use of rectal swabs in the second 

study110 as a means to estimate the GI microbiota as opposed to stool samples used in the 

prior study.32 Rectal swabs are a convenient method of sampling as they can be collected 

at will, however the correlations of the microbial profile between rectal swabs and stool 

samples is generally low and has only been used successfully for specific GI microbial 

species.115–118 Rectal swabs also increase the potential for contamination by skin bacteria, 

suggesting that additional studies should be done to further understand the diversity of GI 

microbiota during pregnancy.  

2.5. Functions of the GI microbiota during pregnancy 

The GI microbiota play a critical role in human physiology by modulating host 

immunity and inflammatory pathways as well as maintaining physiologic homeostasis 

through energy regulation and glucose metabolism. Moreover they produce vitamins such 

as vitamins B complex, C, and K that the body cannot synthesize on its own. Metabolites 

a by- product of microbial activities – and microbial produced vitamins serve as 

substrates or coenzymes that initiate cell-signaling pathways and modulate host gene 

expression (i.e. transcription). The section below describes the functions independently 

although in reality it is a highly integrated process (Table3).   
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Table 3. Functions of GI microbiota during pregnancy 

 
 
 
 
 

 



 

24 
 

Table 3 continued 
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2.5.1. Immune modulation by GI microbiota 

There is mounting evidence that certain types and compositions of microbiota in 

the gut play a vital role in the development and maintenance of the host’s immune system 

by maintaining a balance between systemic pro and anti inflammatory signaling. To 

defend against pathogenic invasion the immune system first distinguishes between 

commensal microbes – those that do not cause disease and pathogens.  Once a pathogen 

is identified, the immune system mounts an inflammatory response using molecular 

mediators to communicate between immune cells, blood vessels, and organs.  

The GI microbiota modulates the immune response by acting on pattern 

recognition receptors although the precise mechanism remains unknown. Pattern 

recognition receptors, such as toll-like receptors (TLRs) are present in immune cells such 

as macrophages and dendritic cells as well as in other cells located at the maternal-fetal 

interface. TLRs induce an inflammatory response by initiating a cascade of chemical 

reactions that result in the production of signaling molecules such as chemokines (e.g., 

Interleukin [IL]-8, and C-C motif ligand 2 [CCL2]), cytokines (e.g., IL-1, IL-1b, lL-6, 

tumor necrosis factor [TNF]- α), prostaglandins and proteases74 that are programmed for 

particular functions implicated in inflammatory pathways.  These biochemical signaling 

molecules are particularly important during pregnancy, because they are thought to play a 

critical role in the initiation of labor, a complex physiologic process that is triggered by a 

cumulative cascade of maternal and fetal systemic processes and pathways that occurs 

over time.70 Inflammatory pathways are believed to trigger labor regardless of gestation 

length.119  
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On the other hand, commensal GI microbiota exhibit functions that are largely 

anti-inflammatory and therefore are important for maintaining the pregnancy. For 

example microbes in the colon use a fermentation process to digest non-digestible 

complex carbohydrates, such as fiber. The end products (metabolites) of that process are 

short chain fatty acids (SCFAs) such as butyrate, acetate, and propionate. Butyrate 

provides energy to the cells in the mucosal lining of the colon (colonocytes) that maintain 

the integrity of the intestinal barrier.78,79 This function is particularly important during 

pregnancy because if the colonocytes are not tightly adjacent to each other gaps between 

the cells allow pathogens to translocate into the maternal body compartment. This 

condition - called ‘leaky gut’ – is associated with inflammatory responses that may 

initiate early initiation of labor.120 Another example of SCFAs anti-inflammatory 

properties is their ability to bind to G-protein coupled receptors (GPRs - GPR43, GPR41, 

GPR109A) found in colonic cells, adipose tissue, and immune cells. GPRs regulate 

attraction of inflammatory biochemical signaling molecules involved in inflammatory 

responses.28,121 Butyrate in particular suppresses pro-inflammatory mediators by 

suppressing the activities of transcription factor such as nuclear factor (NF)-kB by 

binding to GPR.28,122,123 Binding to GRP has additional implications for pregnancy 

related hypertension because GPRs are also present in kidney and blood vessels of the 

cardiovascular system and modulates vascular resistance and renal functions.124,125 

This body of knowledge suggests that the immune-modulatory role of GI 

microbiota and their metabolites are particularly important during pregnancy to maintain 

the balance between systemic pro- and anti-inflammatory pathways. In this way they are 

key to preventing pregnancy complications, such as preterm labor and hypertension 
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related disorders and are essential for maintaining optimal health for the mother and 

fetus.136 

2.5.2. Energy extraction and glucose metabolism 

Alterations in the GI microbial community and their metabolites have been shown 

to alter energy extraction and storage and increase the likelihood of obesity and/or 

diabetes.13,18,127,137 For example, reduced bacterial diversity is associated with obesity as 

is a lower abundance of Bacteroidetes and higher proportions of Actinobacteria and/or 

Firmicutes.15,138 In addition, type-2-diabetes is associated with a greater proportion of 

bacteria belonging to phylum Bacteroidetes and reduced abundance of phylum 

Firmicutes, particularly the class Clostridia. Ratios of Bacteroides-Prevotella group to 

Clostridium coccoides-Eubacteria rectale group are also positively associated with 

plasma glucose level.14 In addition, SCFA producing microbes are implicated in energy 

extraction and glucose metabolism because their metabolites stimulate GPRs found in 

enteroendocrine L-cells where they are central to the processes that regulate glucose 

tolerance, gut motility and/or adipocytes that moderate satiety, adipogenesis, and insulin 

signaling.126–128 In addition, acetate and propionate – both SCFAs, function as an energy 

source for other tissues, including the liver and muscle that are central in glucose 

metabolism.78,79 

These findings are important because they highlight the key role that the GI 

microbiota play in regulating adiposity and glucose metabolism during pregnancy. 

Regulation of adiposity and glucose metabolism is crucial during pregnancy because both 

obesity and diabetes are risk factors for adverse pregnancy outcomes, including 

preeclampsia and gestational diabetes.72–75 Based on the current evidence, there is a 
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support for optimizing the structure of the GI microbiota in order to reduce the risk of 

developing these adverse pregnancy outcomes.  

2.5.3. Vitamin synthesis by the GI microbiota 

The GI microbiota possess genes needed to produce the enzymes involved in 

biosynthesis of vitamins such as B-complex, C and K.33,98,104 Vitamin production is 

related to the structure and function of the microbiota of the host and it is likely this it 

may be influenced by the needs of the host. This assumption is based on evidence that 

showed that certain strains of microbiota found in neonates’ GI tracts, (such as 

Bifidobacterium, Streptococcus, and Lactobacillus) are rich in genes encoding the 

enzymes involved in synthesis of folate (B9).
104 This is highly pertinent because folate is 

needed for rapid cell growth and therefore is applicable to newborns. Similarly, the GI 

microbiota in the adults are generally rich in genes involved in synthesis of cobalamin 

(B12), thiamin (B1) and biotin (B7)
104 associated with cell maintenance. Across 

enterotypes the genetic makeup of the microbes differs widely, and are associated with 

the production of different vitamins. For example, enterotypes rich in Bacteroides are 

positively associated with biosynthesis of B7, riboflavin (B2), pantothenate (B5) and 

ascorbate (C) while enterotype rich in Prevotella are positively associated with 

biosynthesis of B1 and folate.33 

This findings are particularly important during pregnancy because vitamins are 

crucial to maternal and fetal health.139 For instance, folate and vitamin B12 are needed to 

protect biomolecules, such as DNA, lipids, and proteins, from oxidative damage and 

subsequent cell injury and death.132–135 Similarly, folate acts as a coenzyme that facilitates 

metabolism of amino and nucleic acids and is essential for cell proliferation needed for 
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healthy tissue growth in the decidua, placenta, and fetus, as well as the increased volume 

of red blood cells that occurs during pregnancy.129,130 Low folate levels are associated 

with an increased risk of neural tube defects in the fetus, and increased likelihood of 

obesity and metabolic syndrome in the mother.131 In addition, low folate levels during the 

second trimester of pregnancy are associated with an increased risk of preterm birth.140 

Vitamin K is also crucial and deficiencies can lead to impaired coagulation141–143 

associated with decidual hemorrhage and stimulation of uterine contractibility.144–146 

In summary, the available evidence about the maternal GI microbiota during 

pregnancy shows that it plays a crucial role in immune-modulation, energy production 

and metabolism, and vitamin production. These functions are essential in maintaining 

pregnancy and preventing adverse pregnancy outcomes such as gestational diabetes, 

preeclampsia, and preterm birth and are necessary to optimize maternal and neonatal 

health. There is currently a critical gap in the knowledge because little is known about 

what GI microbial structure is needed to optimize pregnancy outcomes or conversely 

what functions have an adverse effect. As these gaps in the knowledge are addressed, 

modifiable factors that influence the structure and function of the GI microbiota can be 

utilized to optimize them. 

2.6. Conclusion 

The GI microbiota have co-evolved with mammals to adapt to the unique 

ecosystems in the host. They harvest energy from non-digestible polysaccharides and 

produce substrates and metabolites including vitamins and SCFAs that are involved in 

initiating metabolic and immunologic pathways essential to physiologic function. A 

growing body of knowledge about the structure and function of GI microbiota in health 
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and disease suggests that they play an extended role during pregnancy, to meet the 

metabolic alterations associated with the developing fetus. 

Previous studies have identified significant changes in the relative abundance and 

phylogenetic diversity of GI microbiota associated with pregnancy as well as their role in 

physiologic homeostasis during pregnancy. The evidence linking alterations in the GI 

microbiota with complications of pregnancy demonstrates the urgent need to build an 

understanding about its temporal dynamics during pregnancy. This need is more pressing 

because many of the currently available studies on this topic have limitations. For 

example, two studies that examined changes in the GI microbiota composition over 

pregnancy only looked at it in 1st and the 3rd trimesters.32,111 This is limiting because 

maternal homeostasis is essential during the 2nd trimester to allow the female body to 

build physiologic reserves and to promote fetal growth and development.147,148 Another 

large trial used rectal swabs as opposed to stool samples to estimate the structure of the 

GI microbiota.110 Finally, the majority of the research on this topic has been conducted in 

animal models.107 Although animal models contribute to understanding phenomena and 

progress in medicine, animal models of pregnant women do not mirror human conditions 

and therefore do not have clear application.149,150 

Future research to address these limitations require examination of the GI 

microbiota during the 2nd and 3rd trimester using stool samples from pregnant women. 

New information about the temporal dynamics of the GI microbiota during pregnancy is 

critically needed to build an understanding about the key functions that the GI microbiota 

contribute. Knowledge about the baseline structure of the GI microbiota will allow 

researchers to understand how deviations may be associated with adverse pregnancy 
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outcomes. This knowledge is also necessary to capitalize on the capacity of the GI 

microbiota to maintain physiologic homeostasis. Monitoring and manipulating the GI 

microbiota as well as the factors that influence them present possible therapeutic 

strategies to enhance the beneficial effects of GI microbiota. Over the longer term, this 

knowledge will promote health and reduce risk of adverse consequences of childbirth 

outcomes in the mother and child. 

As the growing evidence suggests, it is imperative for healthcare providers to 

understand that the health and disease of humans cannot be explained without accounting 

for the symbiotic relationship between host genetics and their microbiome. The human 

microbiome serves as a therapeutic target that can be directly modulated via prebiotics, 

probiotics, and fecal transplants. The bio-psychosocial factors that influence the 

microbial structure can also serve as secondary therapeutic targets. Nurses are on the 

frontline of care and therefore it is imperative that they are equipped with a basic 

knowledge about the structure and function of the GI microbiota, the factors that 

influence it and the implications for health and disease associated with it. That knowledge 

will allow nurses to provide evidence-based care that contributes to promoting optimal 

microbial structure and function thereby improving health outcomes in pregnant women.   
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Chapter3.Factors associated with the Structure and Function of Gastrointestinal 

Microbiota During Pregnancy (Manuscript 2)2 

3.1. Abstract 

Pregnancy is a period characterized by changes in the maternal hormonal and 

metabolic systems necessary to maintain the pregnancy and meet the demands of the 

developing fetus. Inadequate adjustments can lead to adverse pregnancy outcomes such 

as gestational diabetes and preterm labor that have implications for the short- and long-

term health of the mother and the baby. The gastrointestinal (GI) microbial composition 

is pivotal to the maintenance of a “healthy” pregnancy because it influences the hormonal 

and metabolic pathways involved in the physiologic homeostasis. Conversely, alterations 

in the GI microbial composition are associated with metabolic disease processes, 

corroborating the hypothesized linkages between the microbial composition and ill health. 

This is particularly relevant during pregnancy because of the increased physiologic 

burden on the maternal systems. The purpose of this paper is to present the current 

available evidence related to the factors that are associated with the structure, and 

subsequently function, of the GI microbiota in the general and pregnant population. 

Overall, the findings demonstrate the importance of the structure of GI microbiota during 

pregnancy to promote adequate physiologic adjustments and prevent adverse pregnancy 

outcomes. Although studies about the factors that are associated with the structure and/or 

function of the GI microbiota in pregnant women are currently very limited, the results 

from the studies conducted in the general population can be extrapolated to pregnancy in 

                                                           
2Chung, S., Ravel, J., Regan, M. (under review). Factors associated with the Structure 

and Function of Gastrointestinal Microbiota during Pregnancy. Biological Research for 

Nursing. 
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many cases. Clinicians could benefit from understanding the implications that the 

microbiota has for disease and wellness in order to clinically address the factors that are 

adversely associated with the GI microbiota during pregnancy. 

 

Key words: gastrointestinal microbiota, pregnancy 
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3.2. Introduction 

Evolving biotechnology has provided scientists with the means to study the 

microbial communities that live in and on the human body.84 The findings from that body 

of research is quickly demonstrating the significant relevance that micro-organisms, 

collectively termed the human microbiome, have for human health and disease.8–10 To 

date, the evidence suggests that among all the microbes living alongside the human host, 

the microbiota in the gut have the most significant influence on the host physiologic 

functions and has shown that they are pivotal in maintaining metabolic and 

immunological homeostasis.11 The microbes in the gastro intestinal tract (GI) are 

associated with multiple disease processes including diabetes,12–14 obesity,15–18 

hypertension,19 cardiovascular diseases,20,21 inflammatory bowel diseases,22–24 neoplastic 

diseases,25–28 and even neurological diseases.30,44 The causal mechanism that has been 

proposed to explain the linkage between the gut microbes and disease processes is 

thought to be perturbations – or dysbiosis, of the microbial communities. There is now 

undeniable evidence linking dysbiosis with altered physiologic regulation including 

glucose metabolism, energy extraction and storage, cardiovascular functions and the 

inflammatory pathways.151 

Studies of the GI microbiota during pregnancy suggest that the structure of the GI 

microbiota is critical to both maternal and neonatal outcomes and dysbiosis in the 

communities has long-term consequences for both.31,32 Colonization of the fetus in utero, 

and the neonate during birth, is associated with differences in health trajectories that have 

substantial implications for both the short and long term health of the child. (A full 

review of the current evidence about the GI microbiota with a particular focus on 
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pregnancy is published elsewhere: Chung, Jacques & Regan, in review). However, 

despite the evidence linking the structure and function of the GI microbiota to pregnancy 

outcomes, research has primarily focused on the general population. This is problematic 

because there is clear evidence that the GI microbiota is critically important for the 

maintenance of physiologic homeostasis and is therefore essential during times of 

increased physiologic burden, such as pregnancy.33 It is further supported by research 

about epigenetic programming that has demonstrated the trans-generational effect that 

abnormalities in physiologic responses during pregnancy have on the onset of disease 

states in future generations.6,7 Yet, despite recognition of the vital role the GI microbiota 

plays in physiologic functioning relatively few studies have examined the factors 

associated with the GI microbiota during pregnancy.  

The purpose of this paper is to present the current state of the science about that 

topic in the general and pregnant populations as it relates to pregnancy and the neonatal 

period. We present the evidence related to the factors that are associated with the 

structure of the GI microbiota and their association with health and pregnancy outcomes. 

By structure we are referring to the composition and relative abundance of the microbiota 

by their taxonomic categories (Figure 1). The information is offered here as a means to 

inform clinicians about this emerging health modulator.  

3.3. Factors associated with the structure and function of the gut microbiota 

The factors that are associated the structure and/or the function of the GI 

microbiota include demographics and health characteristics such as host genetics, time 

and chorological age, race, ethnicity, and geographic location, diet, dietary supplements, 

antibiotic use, and body mass index (BMI).93 At this point in time, studies in pregnant 
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women are limited to diet, dietary supplements, antibiotics use, and BMI,107,111 however, 

some of the results from the studies conducted in the general population can be 

extrapolated to the pregnant population.  The following sections report the evidence 

about the factors that influence the GI microbial communities and where relevant the 

association with particular health outcomes.   

3.3.1. Host genetics 

There is limited research about the influence that host genetics have on the GI 

microbiota, although in the general population a small body of knowledge has shown that 

the microbes do interact with the host genetic makeup, thereby influencing gene 

transcription and expression. For example, when the microbes isolated in the stool of lean 

and obese donors were transplanted into germ-free mice, the mice expressed the 

phenotype – namely the morphologic traits of the donors, in this case patterns of weight 

gain.18 

Conversely, the GI microbiota are equally influenced by host genetics.152–157 This 

notion was corroborated in a recent study comparing the GI microbiota in 416 mono and 

dizygotic twins. The study found that the structure of the GI microbiota is more similar in 

monozygotic than dizygotic twin pairs, suggesting that similarities in the host genotype 

defines the types and abundance of the microbial communities.156 In addition, certain 

types of microbiota, such as family Christensenellaceae (order Clostridiales), have been 

reported to be heritable and variance in their abundance was attributable to the genetic 

effects.156 This capacity has also been demonstrated with the genes involved with innate 

or adaptive immunity, such as those encoding toll-like-receptors (TLRs)19 and myeloid 

differentiation primary response 88 (Myd88).158 For example, mice without TLR-5 had 
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lower abundance of microbes from phylum Bacteroidetes and family Lachnospiraceae 

compared to mice that had TLR-5. Similarly, mice without Myd88 had higher abundance 

of microbes from families Porphyromonadaceae, Lactobacillaceae, and Rikenellaceae 

compared to mice with Myd88, suggesting a link between the expression of genes 

involved in maintaining host immunity and the GI microbiota. Furthermore, the genes 

associated with host metabolism have also been found to influence GI microbial 

composition. For example, the gene that codes leptin - a hormone derived from 

adipocytes that regulate appetite, energy expenditure, metabolism, and acts as a cytokine 

influencing immune cell - has been associated with lower abundance and different 

compositions of fecal bacteria.159  These findings support the symbiotic and highly 

interactive nature of the relationship shared between the microbes in the GI tract and the 

host genotype that defines the phenotypic expression and that in turn differentiates the 

structure of the microbiota.  

3.3.2. The influence of time and chronological age 

The age of the host is also a recognized factor associated with the GI microbial 

structure and the communities are known to evolve throughout the lifespan.103,104 For 

example, microbial diversity in individuals increases with age and therefore is 

significantly higher in adults compared to children.104 On the other hand, microbial 

diversity between individual’s decreases with age and subsequently the composition 

between adults it is fairly similar whereas in children is very different. This reverts in the 

elderly population where the structure of the communities become highly variable 

between individuals again.160 Differences in the structure of the microbial communities 

may be attributable to changes in other factors dependent on aging such as diet. For 
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example, the microbial structure changes when infants are weaned from exclusive milk 

feeding to solid food. Over this period of time the infant GI microbiota gradually changes 

until it closely resembles that of adults103,105,106 demonstrating the influence of diet on GI 

microbiota.  

The structure of the GI microbial communities changes in shorter periods of time 

as well, in response to specific health events such as pregnancy. The structure of the GI 

microbiota in pregnancy changes as pregnancy progresses. There are marked changes in 

the composition from the first trimester to the third as pro-inflammatory microbes 

increase and anti-inflammatory microbes decrease.32 Functionally, the microbial 

composition at the third trimester are associated with symptoms such as insulin resistance 

that support fetal energy requirements161 and low-grade inflammation associated with the 

de-quiescence of the uterine muscle and the onset of labor.70,71 During the third trimester, 

the GI microbial structure varies less within individuals but more across women as 

opposed to during the first trimester.32 Although the findings are inconsistent across 

studies,110 evidence supports that the microbial structure changes over time at specific 

periods in life, presumably to meet the metabolic and physiological needs pertaining to 

that time. 

3.3.3. Race, ethnicity, and geographic location 

Race and ethnicity are strongly associated with significant differences in the 

microbial structure at multiple body sites.86,162,163Although not described in detail, among 

United States (US) residents, strains of microbiota are distributed differentially between 

individuals of Asian, Black, Mexican, Puerto Rican, and White race and ethnicities.86 

Similarly, the composition of the microbial communities differs across populations with 
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distinct geographic origins for example adults in Columbia, the US, Europe, and Asia 

have distinctly divergent GI microbial compositions.164 Similarly, the adults and 

breastfed babies living in the US versus Venezuela and Malawi had different GI 

microbial compositions and diversity and the functional representation was different.104 

The study found that the inter-personal diversity was least diverse in the US adults 

compared to adults in other locations. In addition, the microbial genes encoding enzymes 

degrading amino acids and simple sugar were higher in US adults while genes encoding 

enzymes to break down starch were higher in the other. Moreover, the GI microbial 

structure in the babies born in Venezuela and Malawi had a higher abundance of 

microbes endowed with specific genetic capacities needed to synthesize specific vitamins 

and metabolize carbohydrate compared to US born babies.104 This suggests that 

differences in the structure and function of the GI microbiota between race, ethnicity, and 

geographic locations are shaped by external factors such nutrient availability that are 

unique to the demands of living in a particular social or geographic space.  

This notion is supported by evidence showing that structure of the GI microbiota 

differs based on the types of food available in different geographical regions. For 

example, the GI microbial structure in African children, who typically have diet high in 

polysaccharides and low in fat and protein, are characterized by a higher abundance of 

Bacteroidetes – that break down polysaccharides - than found in European children who 

typically consume a western diet high in calorie. In those children the structure was 

characterized by an over-abundance of Firmicutes and Enterobacteriaceae (phylum 

Proteobacteria) that typically are associated with obesity although their specific role in 

metabolism are still unclear.94 This suggests that the structure of the GI microbial 
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communities is tailored to provide a mechanism to digest the available nutrients in 

specific regions, implying the potential role of diet as a means to modulate the structure 

and function of the GI microbiota to support host physiology. 

3.3.4. Diet 

While nutrient availability in the diet shapes the structure of the GI microbiota so 

do individual eating patterns.21,78,165–167 For example, the gut composition in people who 

eat meat is characterized with a higher abundance of Roseburia-Eubacterium rectale 

group within Clostridium cluster XIV (phylum Firmicutes)168 as opposed to vegans or 

vegetarians who had reduced Escherichia coli (Phylum Proteobacteria), the family 

Enterobacteriaceae (phylum Proteobacteria), Bacteroides spp. (phylum Bacteroidetes) 

and Bifidobacterium spp. (phylum Actinobacteria).169 In addition, the ratio of protein to 

carbohydrates has been shown to influence the composition of the asaccharolytic species 

typically found in the distal colon that harvest energy from protein.170,171 Diets high in fat 

are associated with reduced Bifidobacteria (phylum Actinobacteria) that produce 

vitamins and inhibit pathogens98,172 while high fiber diets are associated with a  lower 

ratio of Firmicutes to Bacteroidetes that are associated with obesity.167 These findings 

demonstrate that the microbes require particular types of food to survive, and change is 

based on the type of diet that an individual consumes. Simultaneously, function is largely 

dependent on the microbial composition. 

Long-term dietary patterns are also associated with two distinct enterotypes  - 

clusters of GI microbiota that are grouped in relation to metabolic functions, one that is 

rich in genus Bacteroides and the other rich in Prevotella. The Bacteroides-rich 

enterotype is associated with animal protein and saturated fats and Prevotella-rich 
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enterotype with diets high in carbohydrates and simple sugars.93 It is important to note 

that although both the genera Bacteroides and Prevotella belong to the phylum 

Bacteroidetes, the two enterotypes rich in either genus are associated with different long-

term dietary patterns. This suggests that the presence of a particular phylum may not 

reflect a specific functional ability and that even within a single phylum dysbiosis can 

lead to changes in the functions. The association between the dietary composition, 

patterns, and structure of the GI microbiota are important because they provide potential 

therapeutic targets that can be leveraged to enhance particular desired metabolic function. 

This idea is further supported by studies showing the influence of dietary 

interventions on changes in the structure and function of the GI microbiota. In mice, 

switching the diets from 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 phylum 

Firmicutes and decreased the proportions of members of phylum Bacteroidetes within 20 

hours. Functionally, the host’s genetic capacities associated with carbohydrate 

metabolism were up-regulated in the mice fed Western diet.173 

Similarly in humans fed either a high-fat or high-fiber diet over a ten day period 

changed the GI microbiota within 24 hours.93 The compositional changes that occurred in 

both groups also reflected differences in function that logically suggest that species 

within each phylum have a specific purpose or role in host metabolism and gene 

expression.93 This capacity is clearly discernable in changes in the GI microbial 

composition and function seen when infants transits from milk to solid food, supporting 

the proposition that components within the diet stimulates shifts in the GI 

microbiota.103,105,106 This phenomenon is highly likely due to changes in the diet resulting 
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in an upsurge of microbes that are genetically endowed to utilize a particular energy 

source.   

Similar findings have been shown in pregnant mice. The maternal diet prior to 

and during pregnancy modulates the structure of the GI microbiota in mice fed low-fat 

(n=5) versus a high-fat diet (n=3).107 The difference between the two dietary groups was 

significant in 26 genera, the majority belonging to phylum Firmicutes, particularly order 

Clostridiales. The changes were functionally related with metabolism of energy and 

vitamin regardless of diet grouping. However, the shift in the microbial community over 

time in the mice fed a high-fat diet favored lipid and glucose metabolism compared to the 

group fed a low-fat diet.107 These findings are important because they suggest the 

beneficial potential of diet as a means to modulate the structure and function of the GI 

microbiota in pregnant women. 

3.3.5. Dietary supplements 

Prebiotic supplements are non-digestible polysaccharides such as fiber, plant cell-

wall polysaccharides, resistant starch, and oligosaccharides that serve as nutrition to 

selective resident microbes in and on the human body associated with preferred health 

benefits.174 Previous research found that fermentable dietary fiber (oligofructose) or non-

fermentable dietary fiber (microcrystalline cellulose) added to a normal diet strengthens 

the integrity of intestinal barrier and reduces inflammation associated with intestinal 

permeability.175 This function is thought to be mediated by specific microbes, particularly 

species Bifidobacteria and Lactobacillus that are known to increase with prebiotic 

supplementation. Biomarkers associated with metabolic endotoxemia, obesity and 

diabetes are decreased when prebiotics are consumed, supporting their role in modulating 
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the microbial species and the integrity of the intestinal barrier. Although the exact 

mechanisms are unclear, species Bifidobacteria and Lactobacillus do not degrade the 

glycoproteins in mucus that protects the intestinal epithelia, thereby improving the barrier 

integrity and preventing translocation of pathogen or pathogenic substances into the host 

compartment.175 Similarly, supplementation with galacto-oligosaccharides and long-chain 

fructo-oligosaccharides also increases Bifidobacteria in maternal gut although 

Lactobacillus levels remained unchanged.176 

Alternately, probiotic supplementation is the introduction of the live microbes 

typically found in healthy humans, such as species Bifidobacteria and Lactobacillus into 

the gut.177  Previous studies have shown that probiotic supplementation during the 

perinatal period has distinct health benefits including reducing the rates of preterm birth 

and gestational diabetes.178–180 The causal mechanism that has been proposed to explain 

the relationship between reduced preterm birth rates and probiotic supplementation is that 

probiotics affect positive changes in the composition of the vaginal microbiota.57,61,179 

Vaginal dysbiosis is associated with local infection and inflammation that can initiate 

labor.181 The strains of microbes within probiotic supplements contain species whose 

functions reestablish a symbiotic state within the microbial community and subsequently 

between the microbes and the host.61,182 In relation to the GI microbiota and its potential 

to initiate labor, there is a growing body of evidence demonstrating the critical role that 

GI microbiota play in moderating the systemic inflammatory pathways that are key in the 

onset of labor.70,74,183,184 

In gestational diabetes, several well controlled randomized trials reported 

improved blood glucose metabolism, insulin, and HOMA-IR levels in pregnant women 
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receiving probiotics supplementation.185–187 This finding however was reported 

inconsistently and the finding may be due in part to differences in the strains of microbes 

included in the probiotics as well as the timeframe that they were introduced.188,189 This 

body of evidence strongly suggests the need for additional research to clarify the most 

optimal type and timing of probiotic supplements during pregnancy.  

Probiotic supplementation also has implications for the health of the offspring.  In 

mothers with a history of environmental allergies, supplementation with a combination of 

Lactobacillus rhamnosus LPR and Bifidobacterium longum BL999, or L. paracasei ST11 

and B. longum BL999, started 2 months before the expected date of birth and continued 

until 2months post-partum reduced the risk of the infant developing eczema during the 

first 2 years of life.190 While probiotic supplementation is effective to reduce the 

prevalence of eczema in the first two years of life it does not prevent asthma or wheezing 

in the offspring.191 This is surprising because eczema and asthma share similar 

physiologic triggers,192 therefore this finding suggests the need for additional research to 

further delineate the mechanisms involved and identify specific strains of microbiota that 

target those specific functions. These findings are important as they provide an 

alternative to treat common disease processes without the risk of iatrogenic complications 

associated with pharmaco-therapeutic agents.193 

It is important to note that supplements can be benefit pathogens as well as 

commensal microbes. For example, Iron (Fe) is essential for metabolic processes 

associated with microbial replication, such as DNA synthesis and defense against reactive 

oxygen species (ROS), and anaerobic microbes have a very high affinity for it – some 

more than others.194,195 In infants and children, Fe supplementations for 3- and 6-month 
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respectively, were associated with decreased Lactobacillus spp. in both groups but 

increased abundance of Bacteroides spp. and family Enterobacteriaceae (e.g. 

Escherichia, Shigella).196,197 More recently a randomized controlled trial reported that Fe 

supplementation is associated with increased the level of inflammatory makers and 

pathogenic microbes belonging to genera Escherichia, Shigella, and Clostridium in 

infants.198 Similarly in a study that used a rat model, Fe supplementation following Fe 

deficient diet was associated with increased abundance of species belonging to phylum 

Bacteroidetes and genus Clostridium as well as the level of metabolites such as 

butyrate.199 Conversely, Fe deficiency was associated with decrease in species 

Bacteroides (phylum Bacteroidetes), Roseburia spp. and Eubacterium rectale within 

order Clostridiales as well as levels of butyrate and propionate.200 However, another 

randomized controlled trial conducted on children reported that there is no difference 

noted in the microbial and metabolite composition between the supplement and placebo 

groups.201 Despite the inconsistent findings, these results suggest that Fe supplementation 

may alter the abundance of specific species in the gut that alters the functional activities.   

Fe supplementation is of particular interest because it is commonly prescribed to 

all pregnant women to reduce the risk of iron deficiency anemia. A recent systematic 

review reported that Fe supplementation during pregnancy reduced the risk of anemia and 

low infant birth weight.202 On the other hand, another study showed that maternal iron 

supplementation increased the risk of celiac disease in the offspring.203 Celiac disease is 

an autoimmune enteropathy triggered by gluten ingestion that manifests symptoms 

including diarrhea. Studies show decreased abundance of beneficial microbes such as 

Lactobacillus and Bifidobacteria spp. in people with celiac disease.204 In people with 
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celiac disease who were symptomatic, the composition of GI microbiota was 

characterized by decreased abundance of members of phyla Bacteroidetes and Firmicutes 

(e.g. Clostridiaceae, Eubacteriaceae) and increased abundance of members of phylum 

Proteobacteria (e.g. Enterobacteriaceae) compared to patients without symptoms.205 

These findings suggest that risks and benefits of Fe supplementation should be carefully 

considered because it can cause iatrogenic complications as a result of the changes in the 

GI microbial composition.  

3.3.6. Antibiotics 

Medical therapies, in particular the use of antibiotics, are another factor that can 

significantly alter the structure of the GI microbiota.206 Antibiotics are designed to kill or 

limit the growth of pathogens, and therefore they disrupt the composition of coevolved 

indigenous GI microbiota as well as the pathogens they are targeting. Although the 

magnitude of the changes differs across individuals, the type of antibiotic and the 

duration of treatment decreases the number of strains (richness) and the proportionality of 

the strains (evenness) within the GI microbiota.207 In general, these changes occur within 

3–7 days of initiation of the drug and the microbial structure only partially returns to its 

prior state 1-4 weeks after the end of the treatment, although the effect can persist for 

years.206–211 For example, in adults, changes in the composition, notably decreased 

diversity, were clearly evident by day 3-4 of a 5-day course of ciprofloxacin.  Decreases 

in the diversity stabilized one week after the end of the treatment and partially returned to 

the normalized state. In another study, a 7-day course of clindamycin in adults 

demonstrated profound alterations in the microbial structure that persisted for 2 years.208 

Changes in the microbial communities can adversely influence health. For example, 
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diarrhea is a common side effect of antibiotic use that is induced by disruptions in the GI 

microbiota and increased abundance of Clostridium difficile (C.difficile), a gram-positive 

microbe, following antibiotic treatment.212,213 Broad-spectrum antibiotics cause 

disruptions in the normal gut flora that are thought to protect the host from pathogen 

invasion, thereby allowing C.difficile to bloom triggering the host’s immune response.214 

Although narrow-spectrum antibiotics can be used to target C.difficile, use of those 

antibiotics has been shown to promote microbial resistance to the antibiotics208,215 making 

it harder to treat or prevent infections.216 

The difficulties related to treating colonization by antibiotic resistant microbes 

such as C.difficile have forced scientists to develop alternative treatment modalities. In 

the case of C.difficile specifically, enteric fecal microbial transplants from healthy 

individual has proven to be effective in cases of recurrent C.difficile colonization.217 In 

many cases fecal microbial transplantation successfully treats C.difficile related 

symptoms including frequent watery stools218 and protect against recurrent infection for 

years.219 Although the precise mechanisms are not clear, fecal microbial transplants 

appear to be effective because they restore the “normal” flora. These findings suggest the 

therapeutic potential of microbial transplantation from healthy individuals as an 

alternative or parallel to antibiotics. 

Similarly, antibiotics use can be problematic in pregnant women because of its 

association with adverse health outcomes in the child. Maternal antibiotics use during 

pregnancy increases the risk of asthma,220,221 celiac disease,222 and obesity223 in the 

offspring. The demonstrated effect that antibiotics have on the GI microbiota has 

particular relevance in neonates where parenteral ampicillin and gentamicin are 
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commonly given within the first 2 days after birth, for treatment of sepsis and pneumonia. 

In research this therapy was associated with higher proportions of phylum Proteobacteria 

and reduced microbial diversity in the neonates one month post-treatment that persisted 

for another month. It was also associated with lower proportions of phylum 

Actinobacteria, genera Bifidobacteria and Lactobacillus at 1 month post-treatment that 

partially recovered at second month.207 Use of antibiotics in early life is also associated 

with increased risk of necrotizing enterocolitis (NEC) – an inflammatory intestinal 

disorder, and even mortality in extremely low-birth-weight babies.224 Similar findings 

were shown in another study that found that infants who developed NEC on average 

received antibiotics for a higher number of days than those who did not develop the 

disorder. In babies with NEC, their gut is characterized by low diversity and an increased 

abundance of Gammaproteobacteria (phylum Proteobacteria)225 suggesting that 

antibiotic use may cause changes in the composition of GI microbiota to one that causes 

inflammation in the mucosal lining leading to the development of NEC. Furthermore 

exposure to antibiotics during infancy is strongly associated with the development of 

allergic diseases such as childhood asthma226 and eczema.227 This is hypothesized to be 

mediated by perturbations in the GI microbiota that result from antibiotic use.228 

3.3.7. Body Mass Index (BMI) 

The structure and function of the GI microbiota are strongly associated with BMI 

and obesity.15,138,229 In both humans and mice increased BMI is associated with reduced 

diversity in the GI microbiota and at the phylum level the proportions of particular types 

of GI microbiota are also altered. In mice, obesity correlates with decreased diversity and 

a significantly lower abundance of Bacteroidetes and increased levels of Firmicutes.138 In 
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addition, when the microbiota from obese donors were transplanted into lean germ-free 

lean mice, the phenotypes of the donors were expressed and the mice become obese.18,173 

In humans, the same changes in the microbial diversity and Bacteroidetes were observed 

although there were no significant difference found in the levels of Firmicutes and a 

greater proportion of Actinobacteria was shown in obese compared to lean individuals.15 

These studies effectively demonstrated the functional roles that the GI microbiota plays 

in obesity. Functionally, microbial genes in obese individuals are associated with 

metabolism of carbohydrate, lipids, and amino acids15 suggesting that Firmicutes or 

Actinobacteria likely influence adiposity pathways leading to obesity. Suppressing 

Bacteroidetes levels by increasing levels of Firmicutes or Actinobacteria may be an 

adaptive mechanism to reduce the production of Short Chain Fatty Acids (SCFA-acetate, 

propionate, butyrate). Bacteroidetes harvest additional energy from otherwise indigestible 

dietary polysaccharides by fermenting them – the primary end product of which is acetate 

and propionate that serve as substrate for hepatic cholesterol synthesis and precursor for 

hepatic gluconeogenesis, respectively.230 Although the evidence is contradictory in terms 

of identifying the precise molecular mechanisms that SCFA direct, they are known to 

have a profound effect on glucose and lipid metabolism, and therefore theoretically could 

play a significant role in regulating the process of fat storage and weight gain.230 

The associations between weight gain, the GI microbiota, and BMI have 

implications for the pregnant population because the maternal body is prone to weight 

gain in response to increased insulin resistance that ensures adequate energy for the 

fetus.161 In addition, triglycerides are accumulated to ensure energy supply for the 

maternal system and the immune system, particularly during the second trimester, is 
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modulated to maintain homeostasis while simultaneously being down-regulated to reduce 

rejection of the allogenic fetal body.231,232 These physiologic responses are similar to 

metabolic syndrome that is characterized by low-grade inflammation, weight gain, 

hypertension, impaired glucose metabolism, and hyperlipidemia161 that are considered 

normal during pregnancy. Overall, the evidence seems to suggest that the GI microbes 

influence physiologic functions that alter homeostasis and can adversely affect health 

outcomes. For instance, the composition of GI microbiota are linked with levels of 

hormones and activities of enzymes associated with weight gain during pregnancy233–235 

such as the estrogen and insulin that regulate fat storage.137,236 Moreover, the GI 

microbiota also regulates satiety by increasing circulating leptin, also known as satiety-

promoting hormone, that is reduced in obese population.137,237,238 This view is supported 

by studies showing the effect of probiotics supplementation on weight regulation.239,240 

Pre-pregnancy weight and BMI has been shown to correlate with differences in 

the density of Bacteroides (phylum Bacteroidetes), Staphylococcus and Clostridium 

(phylum Firmicutes).111 Overall, bacterial concentrations of the Bacteroides were 

significantly higher in the overweight women compared to the normal weight group. In 

addition, during the first trimester, Staphylococcus was positively correlated with BMI 

while the Clostridium group tended to correlate negatively with BMI.111 Furthermore, 

during the third trimester, the microbial composition functionally manifest physiologic 

responses associated with metabolic syndrome.32 Although research in this area is still at 

an early stage, the findings provide convincing support for the close relationship between 

the BMI and the GI microbiota. As much as it is important to consider BMI in shaping 

the composition of the GI microbiota, it is also essential to account for the role that the GI 
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microbiota plays in the host energy metabolism37,127,241 not only in the general population 

but also in pregnant women. This body of knowledge lends credibility to the proposition 

that the GI microbial composition prior to and during pregnancy is key to understanding 

and managing energy metabolism.  

3.4. Conclusion 

The purpose of this paper is to present the current available evidence related to the 

factors that influence the structure, and subsequently function, of the GI microbiota in the 

general and pregnant population. Pregnancy is a period characterized by changes in the 

maternal hormonal and metabolic systems necessary to maintain the pregnancy and meet 

the demands of the developing fetus.69 Inadequate adjustments can lead to adverse 

pregnancy outcomes such as gestational diabetes and preterm labor that have implications 

for the short- and long-term health of the mother and the baby. The GI microbial 

composition is pivotal to the maintenance of a “healthy” pregnancy because it influences 

the hormonal and metabolic pathways that are involved in the physiologic adjustments. 

Moreover, alterations in the GI microbial composition are associated with metabolic 

disease processes, corroborating the hypothesized linkages between the microbial 

composition and ill health – particularly during pregnancy. Overall, the findings 

demonstrate the importance of maintaining the structure of GI microbiota during 

pregnancy to promote adequate physiologic adjustments and prevent adverse pregnancy 

outcomes.  

Although studies on the factors that influence the structure and/or function of the 

GI microbiota in pregnant women are currently limited, the results from the studies 

conducted in the general population can be extrapolated to pregnancy in many cases. 
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Clinicians could benefit from understanding the implications that the microbiota has for 

disease and wellness in order to clinically address the factors that adversely influence the 

structure and function of the GI microbiota during pregnancy. 
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Chapter4. Temporal dynamics of gastrointestinal microbiota during pregnancy 

(Manuscript 3)3 

4.1. Abstract 

Background: The gastrointestinal (GI) microbiota plays a crucial role in maintaining 

human physiologic homeostasis. In particular, it regulates inflammatory pathways, 

glucose and energy metabolism, and vitamin production that have significant relevance 

during pregnancy.  

Purpose: To characterize the structure of GI microbiota during pregnancy and the 

changes that occur over time.   

Method: This study expanded the scope of a large prospective longitudinal study 

examining the influence of diet on vaginal MB during pregnancy and preterm birth 

(Birth, Eating and the Microbiota – BEAM, R01-NR014826). A subset of 20 women 

from the parent study was included in the sample and stool was collected monthly from 

20 weeks gestation to birth. The specimens were analyzed using culture-independent 

molecular techniques based on 16SrRNA gene polymerase chain reaction amplification 

and sequencing. Descriptive analytics and advanced statistical modeling techniques were 

used to characterize the structure and the temporal dynamics of the GI microbiota during 

pregnancy.  

Results: Three enterotypes were identified at all taxonomic ranks. Members of 

Firmicutes were dominant at all levels. Enterotypes changed at each time point within 

subjects, forming 17 temporal enterotype profiles that classified into 3 enterotypes 

categories. Significant associations were identified between BMI, fiber, iron, fat, protein, 
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carbohydrate and sweets in the diet and specific GI microbiota. The associations were 

more pronounced at lower taxonomic ranks. 

Discussion: The findings are important because they identify specific relationships 

between the microbial composition of the GI microbiota and factors such as BMI and 

diet quality that are implicated in adverse pregnancy outcomes.  More research using a 

larger sample is needed to verify these findings. 

 

Key words: gastrointestinal tract, microbiota, gastrointestinal microbiota, pregnancy
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4.2. Introduction 

The gastrointestinal (GI) microbiota, the collection of microorganisms in the GI 

tract, are a dense and diverse ecosystems comprised of ten to a hundred trillion microbes 

representing more than 1,000 species.34–36 Among all the microbiota that co-exist in and 

on the human body, the GI microbiota play the most critical role in human health43 by 

maintaining physiologic homeostasis of the host, regulating the immune system, initiating 

inflammatory pathways, regulating glucose and energy metabolism and by producing 

vitamins.44–53 

Functions of the GI microbiota have important implications for pregnant women 

because the maternal body is subject to dramatic changes during pregnancy that require 

modifications in multiple systems in order to accommodate the developing fetus.69 This is 

particularly relevant to the immune system that undergoes significant modification to 

accommodate pregnancy and the GI microbiota is critical to those changes.  GI 

microbiota influence the maternal immune system by modulating the inflammatory 

signaling pathway in two ways. First, glycans on the microbiota cell membrane act on 

receptors (such as Toll-like receptor [TLR]) that are expressed by immune cells, and that 

regulate chemokine and cytokine production. Second, short chain fatty acids (SCFAs) 

(such as butyrate, acetate and propionate) are GI microbiota metabolites that act on G-

coupled protein receptors (GPR 41 and 43) to modulate inflammatory pathways.76,77 This 

is particularly relevant during pregnancy because the cascade of physiologic events 

resulting in the initiation of labor is moderated by inflammatory pathways.70,74 
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GI microbiota metabolites also influence the immune system by serving as an 

energy source for the host. For example, butyrate is an energy source for epithelial cells 

lining in the colon. Butyrate strengthens the gut barrier between the host compartment 

and the external environment ensuring tight junctions between epithelial cells. Combined 

with a protective mucin layer covering the epithelial lining, the tight junctions impede 

pathogens from crossing the mucosal barrier and moving into the circulatory system.28 

These functions are key to support the maternal systems to adjust to the immunologic 

burden associated with pregnancy. Conversely, alterations in the composition of the GI 

microbiota that are not ‘optimal’, could produce condition that are implicated in many 

adverse conditions of pregnancy such as inflammation, weight gain and insulin 

resistance.32,111,234 

The contribution that SCFAs make to maintaining homeostasis through regulation 

of the immune system are not restricted to modulating inflammatory pathways and 

maintaining an intact mucosal barrier. Acetate and propionate also function as an energy 

source for the liver, muscles, and peripheral tissue and enhance adipogenesis while 

inhibiting lipolysis.78,79 The dietary energy harvested from GI microbiota metabolites 

accounts for 10% of dietary energy that is particularly important at times of increased 

energy requirements. Alternately, additional energy support from the GI microbiota can 

alter glucose metabolism and contribute to excess adiposity. Obesity and altered glucose 

metabolism are risk factors for developing gestational diabetes and preeclampsia, both 

conditions that are characterized by low-grade inflammation. Emerging evidence 

demonstrates that SCFAs produced by the GI microbiota influence glucose metabolism 

and adiposity by regulating L-cell peptides - Glucagon Like Peptide (GLP)-1 and Peptide 
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(P)-YY, produced by L-cells of the enteroendocrine system.128 For instance, acetate and 

propionate act on the GPR expressed in L-cells that increase production of GLP-1 and 

PYY. Increased GLP-1 production upregulates insulin secretion and lowers glucose level 

while PYY inhibits gut motility, allowing the GI microbiota to extract additional energy 

from food in the gut lumen and thereby increasing energy harvest.128 

The association between specific types and abundance of GI microbiota and 

obesity and/or diabetes has been clearly established in other studies in non-pregnant 

populations.13,18,127,137 For example, reduced bacterial diversity is associated with obesity 

where obese individuals were shown to have higher ratios of Firmicutes and/or 

Actinobacteria to Bacteroidetes compared to lean individuals.15,138 Similarly, type 2 

diabetes is associated with a reduced abundance of Firmicutes class Clostridia and 

Betaproteobacteria, and higher plasma glucose level is associated with reduced ratios of 

Firmicutes to Bacteroides.14 These findings suggest that the GI microbiota likely 

significantly influences adiposity and glucose metabolism during pregnancy as well. In 

addition, the microbiota possess genes that are involved in the biosynthesis of vitamins 

such as vitamins B-complex, C, and K that the human body cannot synthesize on its 

own.33,98,104 These vitamins are crucial for cell proliferation,129,130 protection against 

oxidative damage132–135 and decidual hemorrhage141,142,144–146 – all essential during 

pregnancy. 

The limited number of studies of the GI microbiota during pregnancy in humans 

show that composition of the GI microbiota changes profoundly during pregnancy from 

the 1st to the 3rd trimester, from one that is similar to healthy non-pregnant adults to a 

one that induces metabolic syndrome associated with excess adiposity, increased weight, 
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insulin resistance, hyperglycemia and low-grade inflammation that is normal during 

pregnancy.19,32,70,119 There are several limitations to the currently available studies on this 

topic, namely only examining the composition during the 1st and the 3rd trimesters.32,111 

This is a limitation because optimal maternal homeostasis is essential to promote fetal 

growth and development during the 2nd trimester. Similarly, the previously referenced 

studies32,111 focused on higher taxonomic level data and selected species although 

function is identified primarily at lower taxonomic levels and in the context of the 

microbial community. In another trial that examined the GI microbiota during pregnancy 

the researchers used rectal swabs as opposed to stool samples to estimate the composition 

of the GI microbiota.110 Rectal swabs have high intra-subject correlations (test-retest 

reliability) for both self-collected and provider clinically collected swabs for certain 

phylotypes, however, the correlations of the microbial profiles between the rectal swabs 

and stool samples are generally low and have only been studied for specific gut microbial 

species.115–118 In addition there is also the potential for contamination by skin bacteria 

when rectal swabs are used.  Finally, while the previous three studies were conducted in 

humans, the majority of the research on this topic in pregnancy, particularly those 

involving interventions, has been conducted in animal models107,242 that do not mirror 

human pregnancy effectively and therefore have limited application.149,150 

These limitations of the current body of evidence related to the GI microbiota 

during pregnancy identifies a critical gap in the knowledge that this study was designed 

to fill. It expands the scope of a large prospective longitudinal study (R01-NR014826) 

looking at the influence of diet on vaginal microbiota during pregnancy and preterm birth. 

The purpose of the study reported here was to evaluate the structure of GI microbiota to 
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determine its temporal dynamics during pregnancy. Over the longer term this knowledge 

will promote health and reduce risk to adverse consequences of childbirth outcomes in 

the mother and child.  

4.3. Methods 

4.3.1. Study Design and Data Collection 

The parent study is using a prospective longitudinal design to examine the vaginal 

microbial community structures, their longitudinal patterns, stability and the factors 

associated with these patterns. This study used a sub sample of 20 pregnant women aged 

18 to 34 who were recruited at 12-22 weeks gestation and followed to 6 weeks 

postpartum. The 20 women were a convenience sample who had delivered and completed 

their sample collection at the time of analysis. All women enrolled in the parent study 

self-collect biological specimens weekly (stool monthly), and complete interviews at 

intake, monthly and at exit. The data used for this study include: 1) socio-demographic, 

health characteristics and anthropometrics collected at intake interview; 2) Food 

Frequency Questionnaire (FFQ) at intake interview; and 3) monthly stool specimen 

collected from 20 weeks gestation to birth. All biologic samples were collected using an 

established protocols to ensure validity of the specimens. Details of the study design and 

data collection can be found in Appendix D. 

4.3.2. Data Analyses 

Bio-specimen analyses   

The stool specimens stored frozen at -80°C were thawed at room temperature and 

DNA was extracted followed by amplification of the V4 region of the 16S rRNA gene. 

The amplicons were then sequenced on an Illumina HiSeq instrument and the resulting 
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data underwent quality control. Operational taxonomic units (OTU) were generated by 

clustering the sequences and taxonomy was assigned to each OTU.  Sequencing and 

primary bioinformatics analyses were conducted in the University of Maryland Institute 

for Genome Sciences and the detailed steps are outlined in Appendix D. 

Statistical Analysis   

Enterotypes – defining structure of the state of the communities - were identified 

using Ward linkage hierarchical clustering, based on Jenson-Shannon distance - a 

measure of divergence, between two samples, for all pairs of community structures. 

Hierarchical clustering based on Euclidean distances between vectors of enterotype 

proportions was used to identify the enterotype categories. A similar hierarchical 

clustering approach was used to identify phylotype categories where the clusters were 

based on Euclidean distances between longitudinal profiles of relative abundance of 

phylotypes (vectors of relative abundance). Stability was quantified using the entropy of 

a vector of enterotype proportions within a profile. Associations with metadata were 

determined using Chi-square for categorical variables and t-test or ANOVA for 

continuous variables. All statistical analyses were conducted using SPSS (v.21) and R (v. 

3.3.0).   Details of the statistical analyses are included in Appendix D. 

4.4. Results 

A subset of 20 women from the parent study was included in the sample that 

yielded 76 stool samples. The mean age of study participants were 25years old (SD: 4.3) 

ranging from 18 to 33 years old. The majority of participants were African American 

(70%) followed by Caucasians (20%), and Asian or Pacific Islander (10%). The mean 

body mass index was 28.0 (SD: 10.9) and 40% of the women were overweight or obese 
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(BMI ≥ 25). Characteristics of the study population are provided in Table 4. After 

sequencing, a mean of 14,751 (median: 15,361, range: 3,509 - 19,596) filtered, high-

quality sequencing reads per sample (1,121,079 total reads) were provided.  A total of 

220 taxa that belonged to 12 unique phyla, 23 classes, 33 order, 56 family, 103 genera, 

and 58 species was identified.  



 

62 
 

 

Table 4. Characteristics of the pregnant women (N= 20) 

 

Note. N may differ by variable due to missing data. *Woman who lost her baby was only 

included in the analysis to determine the enterotype but excluded from other analyses. 

Demographics N Percentage Mean±SD Range 

Age (yrs) 20  25.2±4.3 18.0-33.0 

Racial Ethnic Group 20     

Caucasian 4 20.0%   

African American 14 70.0%   

Asian/Pacific Islander 2 10.0%   

Employment Status 20    

Employed full-time 9 45.0%   

Employed part-time 2 10.0%   

Student   2 10.0%   

Not employed 7 35.0%   

Household Income 18    

<$50000 11 61.1%   

$50000-$74999 2 11.1%   

≥$75000 5 27.8%   

Body Mass Index 20  28.0±10.9 19.3-62.6 

Normal (18.5-24.9) 12 60.0% 22.0±1.9 19.3-24.9 

Overweight (25-29.9) 2 10.0% 26.5±1.7 25.3-27.7 

Obese  (≥30) 6 30.0% 40.6±12.8 30.7±62.6 

Gestational Age at Delivery (wks) 20  38.0±3.3 25.4-41.4 

Pre-term (<37wks) 2 10.0% 35.7  

Full-term (≤37wks) 17 85.0% 39.0±1.2 37.4-41.4 

Lost* 1 5.0% 25.4  

	



 

63 
 

4.4.1. Characteristics of GI microbial communities 

Three enterotypes were identified at each taxonomic level. At phylum level, 

Firmicutes dominated across the three enterotypes (P1, P2, P3) with different abundances 

of Bacteroidetes, Actinobacteria, Verrucomicrobia and Proteobacteria. Each of the three 

enterotypes had marked increases in different phyla relative to the other enterotypes. The 

relative abundance of Bacteroidetes was increased in the first phylum level enterotype 

(P1), Actinobacteria, Verrucomicrobia and Proteobacteria were higher in P2, and 

Firmicutes was highest in P3. P2 accounted for the largest percentage of total samples at 

the phylum level (57.9%) followed by P1 (22.4%) and P3 (19.7%). Similarly at the 

taxonomic ranks differences were seen in the dominant enterotypes and relative 

abundances. At all taxonomic levels members of phylum Firmicutes were the dominant, 

and were significantly more diverse in terms of membership represented within the 

samples.  These findings are presented graphically in Figure 2 below, and the detailed 

narratives, figures and tables outlining the enterotypes that were identified are included in 

the supplementary materials (Appendix D). 
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Figure 2. Composition of enterotypes and % of enterotypes in total samples, across 

taxonomic ranks 

 

4.4.2. Characterization of enterotype transitions and enterotype categories 

The enterotypes that were identified were mapped across each time point for each 

of the 17 subjects, women with more than 3 specimens (more than 50% of total samples), 

to create temporal enterotype profiles. Similar enterotype profiles were grouped into three 

enterotypes categories at each taxonomic level. The temporal dynamics of the GI 

microbiota during pregnancy vary widely among women even among those that belong to 

the same enterotype categories dominated by specific enterotypes. The temporal profile 

seems to vary based on an individual’s baseline enterotype. Overall, enterotypes 
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Figure 13 Composition of enterotypes and % of enterotypes in total samples, across taxonomic ranks 
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categories can still be differentiated by marked increase in a specific enterotype within a 

category (Figure 3).The detailed narratives, figures and tables outlining the enterotype 

categories are included in the supplementary materials (Appendix D). 

 

Figure 3. Composition of enterotype categories and % of enterotype categories in total 

samples, across taxonomic ranks 

 

Factors associated with enterotype categories 

Associations between the enterotype categories and the associated factors were 

examined. At phylum level no significant associations were found, however BMI, dietary 

fiber, dietary iron, and the percentage of calories in the diet from fat were all significantly 

associated with class, order, family and/or genus level enterotypes.  Across taxonomic 
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ranks, enterotype category rich in ‘Firmicutes related- rich enterotype’ had higher BMI, 

fiber, iron, and fat in the diet compared to the other enterotype categories, and the 

enterotype category that was rich in ‘Bacteroidetes related rich enterotype’ had higher fat 

in the diet than the category rich in ‘Actinobacteria related rich enterotype’. The 

enterotype categories were stable, ie, there was not much deviation from a constant 

enterotype profile, and were not significantly associated with the measured factors. These 

findings are presented in Table 5 below and the detailed narratives are included in the 

supplementary material (Appendix D). 

Table 5. Factors associated with enterotype categories 
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Stability of the enterotype categories and correlation with associated factors 

The stability of the enterotype categories is defined using any measure of 

deviation from a constant enterotype profile. The stability was quantified using the 

entropy of a vector of enterotype proportions within a profile. An entropy score of 0 

means that enterotypes present in the temporal profile are identical (i.e. only one 

enterotype is present). Alternatively, the maximum entropy log of 3 means that all the 

enterotypes are present at the same proportion.  Stability, as defined above, was not 

significantly associated with any of the associated factors examined in this study. 

4.4.3. Phylotype categories and their associations with associated factors 

The relative abundance of a given phylum and a given phylotype at the lowest 

taxonomic rank (i.e. order, family or genus) were mapped across each time point for each 

of the 17 subjects to create temporal phylotype profiles. Similar phylotype profiles were 

grouped into phylotype categories at phylum level and lowest taxonomic ranks. This 

differs from enterotype categories in that enterotypes contain microbes from multiple 

different phyla while the relative abundance of a given phylotype contains clusters of 

microbes based solely on that phylotype. At the phylum level, 2 phylotype categories 

were identified while at the lowest level the number of categories ranged from 2 to 6. 

Phylum level phylotype categories were only associated with dietary fiber, fat, and 

carbohydrate (Table 6) but the lowest taxonomic level phylotype categories were 

associated with race, BMI, dietary fiber, iron, fat, protein, carbohydrate and sweet (Table 

7). The 46 phylotypes found to be significantly associated with the metadata belonged to 

Firmicutes (27), Bacteroidetes (7), Actinobacteria (6), and Proteobacteria (6).   
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Table 6. Factors associated with phylum level phylotype categories 
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Table 7. Factors associated with lower taxonomic level phylotype categories
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4.5. Discussion 

The purpose of this study was to describe the structure and temporal dynamics of 

the GI microbiota during pregnancy from 20 weeks gestation to birth. The findings 

demonstrated that the microbial communities across phylotypes clustered into 3 

enterotypes at each taxonomic rank. All three enterotypes were dominated by Firmicutes, 

however, relative to each other, they were all characterized by marked increases in 

members belonging to Bacteroidetes, or Actinobacteria, Verrucomicrobia, and 

Proteobacteria.  

The temporal dynamics of the GI microbiota – or profiles of changes in the 

enterotypes over the course of the study for each of the 17 women, varied widely even 

among those assigned to the same enterotype categories. Each temporal profiles appeared 

to fluctuate based on a single enterotype. At all taxonomic ranks it was most common for 

change in the profile to start from one defined enterotype state and return back to that 

point before changing to another. This provided a means to estimate what is likely the 

baseline structure for the individual. The temporality of the enterotypes over time suggest 

that during pregnancy a single measure of the structure of the GI bacterial communities is 

not an effective estimate of the overall state of the GI microbiota. Furthermore, multiple 

time points provide a means to understand the nature of the fluctuations over time and 

identify the recurring point that likely represents the baseline structure.  

At the phylum level, no significant associations were found between any of the 

factors of interest and the enterotype categories. However, significant associations were 

found between BMI, dietary fiber, iron, and the percentage of calories from the fat with 
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the class, order, family and/or genus level enterotype categories particularly those that 

were rich in members of Firmicutes.  

Iron (Fe) is essential for metabolic processes associated with microbial replication, 

such as DNA synthesis and defense against reactive oxygen species (ROS), and 

anaerobic microbes have a very high affinity for it.194,195 Our finding associating it with 

increased abundance of Firmicutes is surprising however, since previous research has 

found that increased Fe intake is more commonly associated with an amplified abundance 

of Bacteroides spp. (phylum Bacteroidetes) and Enterobacteriaceae (phylum 

Proteobacteria).196,197 However, those studies were done in children198 and microbial 

utilization of iron in the gut lumen could differ based on age and particularly during 

pregnancy when the majority of women take Fe supplements.  

 Our finding that a higher abundance of Firmicutes and lower levels of 

Bacteroidetes was positively correlated with BMI supports prior research that 

demonstrated that phenomenon in both human and mice models.138 Our finding did not 

support previous research that showed that greater proportions of Actinobacteria15 are 

also linked to higher BMI, however that study was not done using pregnant subjects that 

could explain the difference in our findings. Of particular interest in our study was the 

finding that Ruminococcus (family Ruminococcaceae) and Lachnospiraceae both 

belonging to class Clostridiales, and phylum Firmicutes, were consistently present in the 

genus level enterotypes and enriched one (G1). Lachnospiraceae was not significantly 

associated with BMI but Ruminococcus  (present in all three enterotypes) was associated 

not only with BMI but also with fat and carbohydrates in the diet. This finding is of 

interest in light of a recently reported study that examined the relationships between the 
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composition of the GI microbiota and circulating metabolic hormones in overweight and 

obese pregnant women at 16 weeks gestation.243 Using microbial profiles sequenced from 

stool and fasting serum insulin, c-peptide, glucagon, incretins and adipokine 

concentrations the findings showed that some variations in the metabolic hormone levels 

were correlated with changes in specific microbes. In particular Ruminococcaceae and 

Lachnospiraceae were strongly correlated with adipokines. Adipokines are metabolic 

regulators and inflammatory mediators that are highly correlated with metabolic 

syndrome and subsequently increased BMI. Functionally, microbial genes in obese 

individuals are associated with metabolism of carbohydrate, fat, and protein15 suggesting 

that Firmicutes likely influence adiposity pathways leading to increased weight gain. 

These finding also demonstrated that at the phylum level significance is harder to 

demonstrate likely because the functions associated with significance in terms of change 

in a factor reside within the phylum at lower taxonomic ranks and therefore, the effect 

may be diluted at the higher level. In addition, in order to understand the influence that 

the GI microbiota has on health during pregnancy examining covariance between the 

microbes at the lowest available taxonomic level and the outcome of interest to determine 

the nature of the relationship has higher utility. That knowledge is also needed to 

understand the roles and functions that specific microbes working symbiotically within a 

cluster may have on human physiology during pregnancy.  

Another important finding with implications for future research in this area is that 

significant relationships with the factors of interest were identified more frequently with 

analyses done at the lowest taxonomic rank available within phylum rather than with the 

enterotype categories. The enterotype categories provide a useful means to examine 
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changes over time in the structure of the GI MB and also to identify what microbes 

cluster across phyla. However, microbes within phylum have highly specialized roles and 

functional output that varies widely across phyla. For example, microbes in both phyla 

Firmicutes and Bacteroidetes produce SCFA, however each have distinct functional 

endpoints that are very different. This suggests that dysbiosis or an overabundance of one 

or more phyla could lead to upregulation of certain functions, for example insulin 

sensitivity that is associated with Firmicutes that increases energy storage without the 

physiological necessity.230 

We found that the enterotype category that was rich in Bacteroidetes was 

associated with higher fat in the diet. Bacteroidetes harvest additional energy from 

otherwise indigestible dietary polysaccharides through a fermentation process – the 

primary end product of which is acetate and propionate that in part serve as substrate for 

hepatic cholesterol synthesis and precursor for hepatic gluconeogenesis, respectively.230 

Although the evidence is contradictory in terms of identifying the precise molecular 

mechanisms that SCFA direct, they are known to have a profound effect on glucose and 

lipid metabolism, and therefore theoretically could play a significant role in regulating 

the process of fat storage and weight gain.230 

Our findings suggest that dietary fiber and iron may promote an increased 

abundance of Firmicutes. Dietary fiber and fat were higher in high-Firmicutes categories 

compared to low-Firmicutes categories, and conversely, higher in low-Actinobacteria 

categories compared to high-Actinobacteria categories. In addition, the percent of total 

calories from carbohydrate was higher in high-Actinobacteria category compared to low-

Actinobacteria category. These findings suggest that modulation of the diet could 
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influence the structure of the GI microbiota toward one that promotes normalized insulin 

sensitivity and subsequently weight gain during pregnancy. This has been shown in 

rodent models where induced dysbiosis in the GI microbiota initiates weight gain.244 This 

preliminary finding warrants additional research with a larger cohort to determine its 

validity.  

Although there were shifts between enterotypes in some of the profiles, many 

profiles were consistently composed of one enterotype throughout the study period and 

the profiles were generally stable. This supports the findings from a previous study that 

reported that the diversity of the microbial structure remained stable throughout 

pregnancy.110 It is important to note that the stability was examined using enterotypes in 

this study as opposed to the diversity index used in the referenced study. Enterotypes are 

categorical variables that distinguish one type of microbial structure from another but the 

variance is collapsed during the clustering effort to reduce the dimension. Therefore, one 

should take into account that this does not necessarily mean there was no variability 

within the composition in terms of the relative abundance of specific phylotypes between 

the time points. In addition, stability was not significantly associated with any of the 

factors. However, one observed trend was noteworthy, namely that both women who 

delivered preterm (prior to 36 weeks completed gestation) demonstrated stable temporal 

enterotype profiles throughout gestation. While the physiological implications of this 

observation are not clear it does bear closer examination. 

Limitations   

Limitations of this study include the small samples size that reduced power to 

detect the effect of the associated factors. Moreover, the associated factors used in the 
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analyses were measured at one time point as a proxy for health status and dietary 

behavior. Further study is warranted to explore the effect of time-variant variables on the 

temporal dynamics of the GI microbiota. Associations between the factors and enterotype 

or phylotype categories suggest the functional role that certain enterotypes or phylotypes 

may possess. However, further analyses using metabolomics, proteomics and 

transcriptomics, ultimately can be done to determine the roles that GI microbiota play 

during pregnancy. In order to really differentiate the temporal profile of the GI 

microbiota during pregnancy, it would be optimal to study GI microbial community in 

pre-conceptional reproductive age women to compare them against the changes during 

pregnancy. Moreover, this will allow the researchers to parse out the influence that 

pregnancy has on microbial communities.  Considering the importance of the GI 

microbiota of an individual, information about baseline state prior to pregnancy would be 

key to personalized treatment. However, caution is needed during pregnancy because 

changes in the structure the GI microbiota may be essential to function necessary to 

accommodate altered physiologic function during pregnancy. Finally, stool consistency 

has been reported as a factor that explain large variance of the bacterial composition, 

presumably by its relation with the GI transit time of the food and the nutrient 

availability.245 Assessment for stool characteristics should be carefully considered in 

future studies.  

4.6. Conclusions 

It is evident from previous studies that bacterial communities found in the GI tract 

can adversely influence many physiological processes in the body including 

inflammation, adiposity and glucose metabolism. This is the first study to attempt to 
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establish a foundation for the baseline GI microbiota during pregnancy from women 

during the 2nd to 3rd trimesters. Although not statistically significant, visible trends seen 

in this study provide evidence supporting associations between components of the diet 

and structure of the GI microbiota associated with BMI and weight gain. Despite the 

small sample size and other limitations of this study the strength of these findings warrant 

further investigation with a larger sample. In addition, the finding support the utility of 

using a combined approach for analysis that examines both enterotype and within phylum 

clustering at all taxonomic level to provide comprehensive understanding about the 

structure and temporality of the GI microbiota.  

Finally, the findings provide the basis for further studies focused on the physiology 

involved during pregnancy that induce changes in the pathways leading to adverse birth 

outcomes. This will also provide the foundation needed to examine and test possible 

modifiable factors designed to optimize the microbial structure during pregnancy.  
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Chapter 5. Discussion 

5.1. Introduction 

The purpose of the study was to examine the structure and temporality of the GI 

microbiota during the last 20 weeks of pregnancy. Chapters 2 and 3 present two 

manuscripts that provide the background and significance related to GI microbiota in 

general, but particularly during pregnancy to human health, and chapter 4 presents the 

findings of the study. The first manuscript entitled, “Clinical relevance of gastrointestinal 

microbiota during pregnancy: A primer for nurses” describes the structure and function of 

the maternal GI microbiota and the fundamental role they play during pregnancy. 

Findings from this review provided insights about GI microbiota and its association with 

health and identified gaps in the current state of the knowledge. In addition it suggests 

that manipulation of the gut microbes provides a potential therapeutic target that could be 

leveraged to optimize pregnancy outcomes. One significant gap is the lack of research 

about the structure of the GI microbiota during the 2nd and 3rd trimester since the 

structure is a measure that has been associated with adverse health outcomes.12–24 

Two studies have attempted to describe the temporality of the GI microbial 

communities during pregnancy; one did not look at second trimester at all, and the other 

used anal swabs rather than stool samples. The design of those studies and in particular 

their limitations informed how our study was designed.  

The second manuscript, “Factors associated with the structure and function of 

gastrointestinal microbiota during pregnancy” summarized the factors that are associated 

with the GI microbiota during pregnancy including host genetics, time, chronological age, 

race, ethnicity, geographic location, diet, dietary supplements, antibiotic use, and BMI. 
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Findings from this review provided information about modifiable factors that are 

associated with difference in the structure or that drive change in the composition. The 

third manuscript  - “Temporal dynamics of gastrointestinal microbiota during pregnancy”, 

describes the finding of the study. The structure and temporal dynamics of the GI 

microbiota during pregnancy from 20 weeks gestation to birth as well as their 

associations with factors that could influence the shape of the microbial communities is 

presented. The findings demonstrated visible trends about associations between factors in 

the diet and the structure of the GI microbiota that relate directly to BMI and weight gain. 

They provide a foundation necessary to examine and test factors that can be manipulated 

in order to optimize the microbial structure during pregnancy. In addition the findings 

provide clues about the role that GI microbes play in host physiology during pregnancy 

that induce changes in the pathways implicated in adverse birth outcomes.  

5.2. Temporal Dynamics of GI microbiota during pregnancy 

A particularly important finding is the longitudinal patterns of GI microbiota over 

the course of the last 20 weeks of pregnancy. Microbial communities across phyla 

clustered into 3 enterotypes at each taxonomic rank. The temporal dynamics of the GI 

microbiota – or profiles of change in the enterotypes over the course of the study for each 

of the 17 women, varied widely even among those assigned to the same enterotype 

categories. Each temporal profile appeared to fluctuate based on a single enterotype and 

at all taxonomic ranks it was most common for change in the profile to start from one 

defined enterotype state and return back to that point before changing to another. This 

provided a means to estimate what is likely the baseline structure for the individual. The 

temporality of the enterotypes over time suggested that during pregnancy a single 
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measure of the structure of the GI communities is not an effective estimate of the overall 

state of the GI microbiota. Furthermore, multiple time points provide a means to 

understand the nature of the fluctuations over time and identify the recurring point that 

likely represents the baseline structure.  

 Although there were shifts between enterotypes in some of the profiles, many 

profiles were consistently composed of one enterotype throughout the study period and 

the profiles were generally stable. This supports the findings from a previous study that 

reported that the diversity of the microbial structure remained stable throughout 

pregnancy.110 It is important to note that the stability was examined using the enterotypes 

in this study as opposed to the diversity index used in the referenced study. Enterotypes 

are categorical variables that distinguish one type of microbial structure from another but 

the variance is collapsed during the clustering effort to reduce the dimension. Therefore, 

one should take into account that this does not necessarily mean there was no variability 

within the composition in terms of the relative abundance of specific microbiota between 

the time points. In addition, stability was not significantly associated with any of the 

factors. However one observed trend was noteworthy, namely that both women who 

delivered preterm (prior to 36 weeks completed gestation) demonstrated stable temporal 

enterotype profiles throughout their pregnancy. While the physiological implications of 

this observation are not clear, it does bear closer examination. 

5.3. Factors that are associated with Temporal Dynamics of GI Microbial Structure 

Significant associations were found between BMI, dietary fiber, iron, and the 

percentage of calories from the fat with the class, order, family and/or genus level 

enterotype categories particularly those that were rich in Firmicutes.  
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BMI 

Our finding that a higher abundance of Firmicutes and lower levels of 

Bacteroidetes was positively correlated with BMI supports prior research that 

demonstrated that phenomenon in both human and mice models.138 Our finding did not 

support previous research that showed that greater proportions of Actinobacteria15 are 

also linked to higher BMI, however that study was not done using pregnant subjects that 

could explain the difference in our findings. Of particular interest in our study was the 

finding that Ruminococcus (family Ruminococcaceae) and Lachnospiraceae both 

belonging to class Clostridiales, and phylum Firmicutes, were consistently present in the 

genus level enterotypes and enriched one (G1). Lachnospiraceae was not significantly 

associated with BMI but Ruminococcus  - that was present in all three enterotypes, was 

associated not only with BMI but also with fat and carbohydrates in the diet. This finding 

is of interest in light of a recently reported study that examined the relationships between 

the composition of the GI microbiota and circulating metabolic hormones in overweight 

and obese pregnant women at 16 weeks gestation.243 Using microbial profiles sequenced 

from stool and fasting serum insulin, c-peptide, glucagon, incretins and adipokine 

concentrations the findings showed that some variations in the metabolic hormone levels 

were correlated with changes specific microbes. In particular, Ruminococcaceae and 

Lachnospiraceae were strongly correlated with adipokines. Adipokines are metabolic 

regulators and inflammatory mediators that are highly correlated with metabolic 

syndrome and subsequently increased BMI. Functionally, microbial genes in obese 

individuals are associated with metabolism of carbohydrate, fat, and protein15 suggesting 

that Firmicutes likely influence adiposity pathways leading to increased weight gain. 
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Dietary fiber 

Our findings suggest that dietary fiber and iron may promote an increased 

abundance of Firmicutes. Dietary fiber and fat were higher in high-Firmicutes categories 

compared to low-Firmicutes categories, and conversely, higher in low-Actinobacteria 

categories compared to high-Actinobacteria categories. In addition, the percent of total 

calories from carbohydrate was higher in high-Actinobacteria category compared to low-

Actinobacteria category. These findings suggest that modulation of the diet could 

influence the structure of the GI microbiota toward one that is promotes normalized 

insulin sensitivity and subsequently weight gain during pregnancy. This has been shown 

in rodent models where induced dysbiosis in the GI microbial composition initiates 

weight gain 244.  This preliminary finding warrants additional research with a larger 

cohort to determine its validity.  

Iron 

Iron (Fe) is essential for metabolic processes associated with microbial replication, 

such as DNA synthesis and defense against ROS, and anaerobic microbes have a very 

high affinity for it.194,195Our finding associating it with increased abundance of 

Firmicutes is surprising however, since previous research has found that increased Fe 

intake is more commonly associated with an amplified abundance of Bacteroides spp. 

(phylum Bacteroidetes) and Enterobacteriaceae (phylum Proteobacteria).196,197  

However, those studies were done in children198 and therefore microbial utilization of 

iron in the gut lumen could differ based on age and particularly during pregnancy when 

the majority of women take Fe supplements.  

Percentage of calories from the diet 
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In our study we found that the enterotype category that was rich in Bacteroidetes 

was associated with higher fat in the diet. Bacteroidetes harvest additional energy from 

otherwise indigestible dietary polysaccharides through a fermentation process  – the 

primary end product of which is acetate and propionate that serve as substrate for hepatic 

cholesterol synthesis and precursor for hepatic gluconeogenesis, respectively.230 

Although the evidence is contradictory in terms of identifying the precise molecular 

mechanisms that SCFA direct, they are known to have a profound effect on glucose and 

lipid metabolism, and therefore theoretically could play a significant role in regulating 

the process of fat storage and weight gain.230 

Significance in lower taxonomic rank enterotype categories compared to higher   

No significant associations were found between phylum level enterotypes 

categories with the BMI, dietary fiber, iron, and the percentage of calories from the fat, 

however, significant associations were found in class, order, family and/or genus level 

enterotype categories. This finding suggest that at the phylum level significance is harder 

to demonstrate likely because the functions associated with significance in terms of 

change in a factor reside within the phylum at lower taxonomic ranks and therefore, the 

effect may be diluted at the higher level. In addition, in order to understand the influence 

that the GI microbiota has on health during pregnancy, examining covariance between 

the microbes at the lowest available taxonomic level and the outcome of interest has 

higher utility to determine the nature of the relationship. That knowledge is also need to 

understand the roles and functions that specific microbes working symbiotically within a 

cluster may have on human physiology during pregnancy.  
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Another important finding with implications for future research in this area is that 

significant relationships with the factors of interest were identified more frequently with 

phylotype categories rather than with the enterotype categories. The enterotype categories 

provide a useful means to examine changes over time in the structure of the GI 

microbiota and also to identify what microbes cluster across phyla. However, microbes 

within a phylum have highly specialized roles and functional output that varies widely 

across phyla. For example, microbes in both the Firmicutes and Bacteroidetes phyla 

produce short chain fatty acids, however each have distinct functional endpoints that are 

very different. This suggests that dysbiosis or an overabundance of one or more phylum 

could lead to up-regulation of certain functions, for example insulin sensitivity that is 

associated with Firmicutes that increases energy storage without the physiological 

necessity.230 

5.4. Future Directions and Implications 

5.4.1. Education 

The study findings provide some important insights about the baseline structure of 

GI microbiota and their implications for human health, particularly during pregnancy. 

This knowledge is essential for educators in terms of integrating information about the GI 

microbiota and the critical role it plays in human health and disease into nursing curricula 

at every level. In nursing, education about microbiology was focused on patho-

physiology. However, the emergence of omics science particularly as it relates to the 

microbiome is fundamentally changing the world view about microbes and their 

significance to health. The gut microbiota plays a pivotal role in modulating the immune 

system and therefore education about the structure of the GI microbiota and their 
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implications for health need to be included in nurses education in order to translate 

current science into practice as a means to advance healthcare. In order for nursing 

workforce to understand the layer of interaction that the microbiome adds to human 

physiology, education about basic science at molecular level- microbiology and cellular 

physiology, as well as biochemistry and organic chemistry has to be introduced earlier in 

the nursing program. This knowledge will also enhance understanding the microbiota as a 

potential target for treatment to improve health outcomes. There are beginning efforts to 

integrate study curricula content related to the microbiome into nursing education. These 

efforts could be further supported by grant funding from organizations such as the Health 

Resources and Services Administration that fund organizations to develop new content 

for healthcare professional education.  

5.4.2. Practice 

The results from this study are necessary to inform clinicians that it is essential to 

account for the influence of the GI microbiota on maternal health/birth outcome and 

consider them as a target for treatment. Also, the results from this study can allow the 

clinicians to consider the influence of routine medical treatments such as the use of iron 

supplementation on the structure of the GI microbiota in pregnant women. Moreover, 

modifiable factors such as diet and prebiotics can be employed to restore disruptions in 

the microbial community and help reduce adverse pregnancy outcomes. The GI 

microbiota can also be directly introduced into the human body via fecal transplant and 

probiotic supplement. However, the 'optimal' microbial composition has not been fully 

established in part due to the complex microbial structure and the extraordinary number 
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of species; therefore it can be a challenge to modify them. Although we are not at this 

point yet, we are moving towards this goal. 

5.4.3. Research 

Knowledge about the baseline structure of the GI microbiota will allow researchers 

to have a better understanding of the deviations from the baseline structure that can be 

associated with adverse pregnancy outcomes. This knowledge is necessary to capitalize 

on the capacity of the GI microbiota to maintain physiologic homeostasis. Monitoring 

and manipulating the GI microbiota as well as their influential factors present a 

therapeutic strategy to enhance the beneficial effects of GI microbiota. Over the longer 

term, this knowledge will promote health and reduce the risk of adverse outcome and 

their consequences on the mother and child.  

Based on this study’s findings, the next step for future studies are to further refine 

the results to identify the normal variations in the structure at lower taxonomic ranks and 

understand their functional role in relation to maternal physiologic pathways, using a 

larger sample size. In addition, the linkages between GI microbiota and other 

complications during pregnancy (e.g. gestational diabetes, pre-eclampsia) or the 

microbial colonization of the offspring and their health trajectory can be studied. 

Furthermore, the factors that can be modified to maintain favorable colonies and/or avoid 

microbial imbalance should be determined. This body of knowledge will facilitate the 

development of therapeutic strategies and subsequently intervention studies that can be 

conducted to improve maternal health outcomes.  
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5.5.Strengths and Limitations 

A major strength of this study is that it was a preliminary attempt to establish a 

foundation about the baseline GI microbiota during pregnancy from women during the 

2nd to 3rd trimesters, and that using novel and creative statistical approaches. Limitations 

of this study include the small sample size that reduced power to detect the association 

with related factors. The sample size was small due to the nature of the longitudinal study 

and the costs involved. Recruitment and retention in longitudinal study is problematic 

and are also expensive because more resources are required for study management.  

The associated factors used in the analyses were measured at one time point as a 

proxy for health status and dietary behavior. Further study is warranted to explore the 

effect of time-variant variables on the temporal dynamics of the GI microbiota. 

Associations between the associated factors and enterotype or phylotype categories 

suggest the functional role that certain enterotypes or phylotypes may possess. However, 

further analyses using metabolomics, proteomics and transcriptomics, ultimately can be 

done to determine the roles that GI microbiota play during pregnancy. In order to really 

differentiate the temporal profile of the GI microbiota during pregnancy, it would be 

optimal to study GI microbial community in pre-conceptional reproductive age women to 

compare them against the changes during pregnancy. Moreover, this will allow the 

researchers to parse out the influence that pregnancy has on the microbial communities.  

Considering the importance of the baseline GI microbial community of an individual, 

information on the state of baseline GI microbial community of an individual during 

healthy times may be the key to personalized treatment. However, caution is needed 

during pregnancy because changes in the GI microbial community may be essential to 
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function as a means to alter physiologic functions needed during pregnancy. Finally, stool 

consistency has been reported as a factor that explains a large part of the variance of the 

bacterial composition, presumably by its relation with gut transit time of food and 

nutrient availability.245 Assessment for stool characteristics should be carefully 

considered in future studies.  

5.6. Conclusion 

This is the first study to attempt to establish a foundation for the baseline GI 

microbiota during pregnancy in women at 2nd to 3rd trimesters and their changes of time. 

Despite the limitations, the study provides important insights about structure and the 

temporality of GI microbiota during pregnancy. These finding are critical because despite 

a large amount of research about the baseline structure and function of the GI microbiota 

the findings from this study add substantively to the body of knowledge in this field. 

Moreover, the GI microbiota has been studied in multiple disease states but less in 

pregnant population where most studies have focused on the association with the vaginal 

microbiota and its role in preterm delivery.  More importantly, the significant 

associations and trends found in this study suggest potential therapeutic targets to 

moderate the structure and the temporality of the GI microbiota to improve childbirth 

outcomes. 

As the growing evidence suggests, it is essential for healthcare providers to 

understand that the health and disease of human cannot be explained without considering 

the human microbiome. The human microbiome serves as a therapeutic target that can be 

directly modulated primarily probiotics or fecal transplants and secondarily by diet and 

other bio-psychosocial factors. The basic knowledge on the structure and function of the 
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GI microbiota, their temporality, the associated  factors, and the implications for health 

and disease will allow nurses to provide evidence-based care that contributes to 

promoting optimal microbial structure and function thereby improving health outcomes 

in pregnant women.  
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Appendix A. Glossary 

Term Definition 

Composition  Types of microbiota that reside in the gut  

Diversity  Diversity has two dimensions, namely richness – the 

number of different strains, and evenness that is the 

proportionality of the strains across the sample. Diversity 

within a sample is termed alpha-diversity, whereas 

diversity between samples is called beta-diversity 

Enterotype  A group or cluster of similar structures or states of 

microbial community 

Enterotype profile  Longitudinal pattern of relative proportions of 

enterotypes, within a subject 

Enterotypes category  A group or cluster of similar enterotype profiles 

Microbiome  A collective term for all the microorganisms living in and 

on the human body 

Perturbations  Disruptions in the structure of the microbial community 

Phylotype   A type of microbiota defined based on their heritable 

traits, such as DNA sequences or morphology. Examples 

of Phylum-level phylotypes are Firmicutes, 

Bacteroidetes, and Actinobacteria. Examples of Genus-

level phylotypes are Lactobacillus, Bacteroides, and 

Bifidobacterium 

Phylotype category   A group or cluster of similar phylotype profiles 
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Phylotype profile  Longitudinal pattern of relative abundances of a given 

phylotype, within a subject 

Relative abundance  Proportions of each type of microbe among all 

Structure or state of  

microbial community 

 The composition, relative abundance, and diversity of the 

microbial community 

Taxonomic ranks  Relative level of groups of organisms, 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. Taxonomic classifications are 

informed by phylogenetics 
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Appendix B. Letter of Approval for Study 
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Appendix C. Instruments for Dissertation Study 

 

Demographics 

 
 

 

Anthropometrics 

 



 

94 
 

Bio-specimens 

 

 

INSTRUCTION FOR STOOL SPECIMEN COLLECTION 

 

 

Stool should be collected once a month, just before you come to your monthly BEAM 

appointment using the following instructions:  

 

 

Step 1. Place toilet seat down. Place one of the collection sheets (see Figure 1) in the 

collection bowl. Do not urinate into the collection container. Deposit your stool directly 

into the collection container. 

 

 
Figure 1 

 

 

Step 2. Collect stool sample with the collection spoon provided in the cap of the 

container. Enough stool should be added to the container to bring the level up to the “fill 

to here” line. IF THERE IS LIQUID INSIDE THE VIAL, DO NOT REMOVE IT. Screw 

the cap tight onto the collection vial and place the vial into the provided and labeled 

ziploc bag.  Repeat with the second spoon and container. 

 

 

Step 3. After collecting stool specimen, dispose of the collection sheet with the stool into 

the toilet bowl.  

 

 

Step 4. Store the vial in the sample collection bag into your freezer.  
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Appendix D. Supplementary Materials 

Study design and data collection 

A prospective longitudinal study design was used to examine the aims.  The 

BEAM study was approved by the University of Maryland Baltimore Institutional 

Review Board (Appendix B).In the parent study a sample of 400 nulliparous women aged 

18 to 34 with no pre-existing health conditions that put them at risk of preterm birth were 

recruited at 12-22 weeks gestation and followed to 6 weeks postpartum. All women who 

agreed to participate and signed the written informed consent were enrolled in the BEAM 

study. Women completed intake and monthly interviews from 20 week onwards, and exit 

interview 6 week postpartum. The study procedures for data collection were: 1) daily 

self-monitoring of social and bio-behavioral factors; 2) Food Frequency Questionnaire 

(FFQ) at intake and 12 weeks later; 3) taking photos of food throughout the week; 4) 

weekly vaginal swabs, slide and vaginal pH collected from 20 weeks gestation to birth; 5) 

monthly stool specimen and oral swabs collected from 20 weeks gestation to birth; 6) 

blood collected at the intake interview, 28 weeks gestation, and on admission in labor; 

and 7) medical record data related to pregnancy and birth collected after completion of 

the study. All biologic samples were collected using validated techniques to ensure 

integrity of the specimens. The study reported here utilized monthly stool specimens and 

self-reported data including socio-demographics, anthropometrics and diet that were 

collected during the intake interview.  
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Measures 

Socio-demographics and health characteristics Socio-demographics and health 

characteristics were collected using a questionnaire, captured in an electronic database 

developed for the study. Sociodemographics including age, race/ ethnicity, income, 

education were collected during intake interview. Health characteristics including 

gestational week information (i.e. last menstrual period or estimated due-date) and 

anthropometrics including body mass index (BMI) were collected during intake interview.  

Diet Diet behavior measured at baseline using a 125-item electronic self-report 

questionnaire, Block 2000-Brief FFQ (NutritionQuest, Berkeley, California) was used. 

FFQ provides estimates of dietary intake of approximately 125 line items over the past 

year in frequency of consumption and the portion size. The FFQ uses the United States 

Department of Agriculture (USDA) Nutrient Database for Standard Reference and its 

periodic revisions as the primary data source. FFQ was validated against three four-day 

dietary intake records in a Women's Health Trial Pilot and was correlated at r = 0.56 

against multiple dietary records.246 Berkeley Analytics provide individual nutrition 

reports for each participant. The diet data used in this study included total dietary fiber 

(g), dietary iron (mg), percentage of calories from fat, protein, carbohydrate, and sweets 

(%). 

Stool specimens Stool specimens were collected monthly at the participant’s home, 

starting from 20 weeks gestation until birth, yielding up to 5 specimens per women. 

Participants received written and illustrated instructions, a collection kit to capture stool, 

and two 10 ml Sarstedt tubes with a scoop attached to collect the stool. On collection day, 

the participant used the scoop in each of the pre-labeled and coded Sarstedt collection 
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tubes to obtain two ~1 gram (size of scoop) from one stool sample captured in the 

collection kit. One tube was pre-loaded with 5mL RNAlater (Qiagen) for DNA and RNA 

extractions while the other was dry. The specimens were frozen immediately in the 

participant’s freezer inside soft-sided bag (provided) containing freezer packs that can be 

transported back to the study site for monthly appointments. Instructions for stool 

specimen collection are in Appendix C.  
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Bio-specimen Analysis 

A culture independent DNA sequencing technique that differentiates the 

phylotypes in microbial cells based on 16S ribosomal RNA (rRNA) genes sequence 

diversity was used to catalog the composition of the bacterial community.  

DNA is a double helix biomolecule made up of two complementary anti-parallel 

strands of nucleic acid that contains instructions necessary for the biological processes of 

an organism.247 Each strand of nucleic acid is made up of nucleotides containing nitrogen 

bases such as adenine, thymine, cytosine, and guanine that are linked to form chains. The 

order, also called the sequence, of the nitrogen bases in the chain determines the 

instructions and the biological process it initiates. Segments or regions of DNA are 

referred to as genes.248 The instructions encoded in the DNA are transcribed to a 

messenger ribonucleic acid (mRNA) that is used by ribosome, the protein-making 

machinery in a cell, to read the information and translate it into specific proteins. 

Ribosomes are made up of rRNA together with a variety of proteins.  rRNA is found in 

all forms of life and therefore can be used to determine evolutionary relationships 

between organisms. In particular, 16S rRNA is found in prokaryotic ribosomes and the 

gene coding for 16S rRNA is used to differentiate phylogenies within prokaryotes.249 

In general, the stool specimens stored frozen at -80°C were thawed at room 

temperature and were subject to DNA extraction, purification and polymerase chain 

reaction (PCR) amplification of V4 region of the 16S rRNA gene. The amplicons were 

sequenced and the resulting sequence data underwent quality control and taxonomic 

assignment.  The steps are outlined below. 

DNA extraction and purification  



 

99 
 

The DNA extraction and purification process involves a series of steps that 

include physical and enzymatic lysis of bacterial cells and purification of genomic DNA. 

In brief, DNA within the microbial cell is extracted by lysing all cellular matter, by 

adding an alkaline lysis solution together with micro-beads that are then shaken in the 

presence of the stool sample. When the cells are lysed and the DNA is exposed, the 

solution is spun (centrifuged 6000 x g, 6min, 4 °C) to separate the micro-beads and solid 

waste to the bottom of the solution leaving the aqueous DNA solution on the top. The 

liquid containing the DNA is retrieved and bottom sediment is discarded. In addition to 

DNA, the lysate includes suspended solids, residual extraction reagents, and proteins that 

have to be separated by adding protein precipitators that coagulate the micro-proteins 

making them self-agglutinate. The solution is spun again to separate the protein sediment 

(to the bottom) and move the lighter DNA to the top. This washing step is repeated until 

all residual contaminants have been removed. To further purify the DNA, electrically 

charged magnetic micro-beads are added to the solution to attract and bind nucleic acids. 

The DNA bound micro-beads are separated from the liquid by application of a magnetic 

field and the process is repeated to further purify the DNA product. The micro-beads are 

then eluted with purified water to dissociate the DNA from the bead and the resulting 

DNA product is removed from the solution and the beads are discarded. The remaining 

solution containing the purified genomic DNA (gDNA) is used for further analysis 

(termed aliquots of supernatant fluid).  

A Mobio Power Microbiome RNA/DNA kit (Mobio Laboratories, Carlsbad, CA) 

and an automated liquid handling instrument – a Hamilton STAR (Hamilton Robotics, 

Reno, NV) - were used to extract DNA from the fecal samples. Prior to amplifying 
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regions of 16S rRNA gene by PCR, Quant-iTPicoGreen dsDNA assay kits (Invitrogen, 

Carlsbad, CA) were used to verify the final gDNA yield in the aliquots of supernatant 

fluid. This process resulted in 10-30 µg of high-quality DNA adequate for microbiome 

analyses. Three types of controls, negative extraction, PCR, and no-template negative 

PCR controls (n=2, respectively), were included for every 90 specimens to serve as 

control markers for potential contamination along the process.  

Polymerase chain reaction (PCR) amplification 

Polymerase chain reaction (PCR) amplification is used to amplify the V4 hyper-

variable region of the 16S rRNA gene. In brief, this involves a series of steps starting 

with denaturing (separation of double helix), annealing (binding of primers- short nucleic 

acid that serves as starting point for DNA synthesis), and elongation (synthesis of new 

strand of complement DNA). The PCR amplification is performed with oligonucleotide 

primers 515F (5’-GTGYCAGCMGCCGCGGTAA-3’) and 806R (5’-

GGACTACNVGGGTWTCTAAT-3’). The primers are modified to add conserved 

sequence (CS) tags to the 5’ terminal end of each primer, which serves as a priming site 

for a subsequent round of PCR amplification. Primers allow binding to conserved sites 

that are not variable and that are present in the majority of bacterial 16S rRNA genes. 

The V4 hyper-variable regions that lie in between priming sites allow researchers to 

distinguish between closely related phylotypes by sequence analysis.  

After the first round of amplification, the amplicon products were diluted 1:20 

and used as a template for a second round of PCR. A unique sequence tag or barcode was 

added to each sample to identify which stool specimens they belong to as well as to assist 

the sequencing process in two ways; 1) by allowing the amplicons to be tethered to a 
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glass surface called the flowcell, coated with oligos that enables hybridization of 

amplicon strands to the flowcell where the sequencing occurs, and 2) to serve as primer 

regions. The second round PCR primers include flowcell adapter sequence, 8 basepair 

(bp) Illumina i5/i7 indices, and a complementary CS1/Cs2 region.  

Amplification is performed in 96-well plates with a Tetrad PCR instrument 

(BioRad, Hercules, CA, USA) using the following cycling parameters: 5 minutes 

denaturation at 95°C, followed by 20 cycles of 30 seconds at 95°C (denaturing), 30 

seconds at 56°C (annealing) and 90 seconds at 72°C (elongation), with a final extension 

at 72°C for 7 minutes. Amplicons were assessed using agarose gel electrophoresis (E-gel 

96, 2.0% w/v) and then equimolar quantities of final amplicons were pooled prior to 

purification with the AgencourtAMPure XP PCR Purification System (Beckman Coulter, 

Brea, CA, USA).  

Sequencing V4 region of bacterial 16S rRNA genes  

Purified DNA products of the PCR amplification were sequenced using the 

Illumina HiSeq 2500 platform that uses PE300 rapid run chemistry as recently described 

by Dr. Ravel’s team.80,81 In brief, sequencing is conducted to identify the order of the 

nucleotides in the V4 hyper-variable region of the 16S rRNA gene that are unique to each 

species. The sequence of the strand is identified when the amplified stand of DNA binds 

to a chain of nucleic acid in order to build a complementary strand, each base pair at a 

time. As each base pair are added to form a complementary strand the order of the 

nucleotides can be determined because each fluorescent-tagged base emits a unique 

fluorescent signal as it is added to the growing strand.80 This technique called sequencing 

by synthesis technology, enabled more than 1500 specimens to be run in one sequencing 
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lane without compromising the number of sequence reads obtained (>20,000 reads per 

sample).  

Quality control and taxonomic assignment 

The initial sequence data delivery was pre-processed to remove unnecessary 

sequence reads and to split the data into the corresponding sample IDs. This includes the 

initial assembly of the paired-end sequence reads using FLASH250  and then de-

multiplexing according to the dual-index design, one barcode on each paired end read to 

index individual sample,80 by binning sequences with the same barcode in QIIME 

(version 1.8.0).251 QIIME quality trimming was performed using the following criteria: 1) 

truncate sequence reads before 3 consecutive low quality bases and re-evaluate for 

length, 2) no ambiguous base calls, and 3) minimum sequence length of 230 bp after 

trimming. Barcode sequences, heterogeneity spacer, and primer were further trimmed 

off.80 Similar sequences with less than 3% dissimilarity were clustered together using 

USEARCH (v5.2.32)252 and de novo chimera detection was conducted in UCHIME 

v5.1.253 This process is important to guarantee the quality and integrity of the analyses. 

The taxonomic ranks were assigned to each sequence using Ribosomal Database 

Project (RDP) Naïve Bayes Classifier v.2.2,82 using 0.8 confidence values as the cutoff to 

a pre-built Greengenes database of 16S rRNA sequences (Aug, 2013 ver.).254 Raw 

sequence reads were filtered to meet the following criteria: 1) minimum and maximum 

read length of 200 bp and 400 bp; 2) no ambiguous base calls; 3) no homopolymeric runs 

longer than 8 bp; 4) a read was discarded if the average quality value was less than Q25 

within a sliding window of 50 bp; 5) a read was discarded if it was identified as a putative 

chimeric sequence by UCHIME v5.1.253 
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Statistical Analyses 

The statistical analyses are outlined for each of the study aims below.  

1. Characterize the types of microbial community structure of the GI microbiota 

(enterotypes) in stool specimens provided by pregnant women.    

Structure or the state of the communities can be characterized by the composition 

and relative abundance of the microbial phylotypes within a stool sample. The different 

structures of microbial community can be clustered into groups with similar microbial 

composition and relative abundance, defined as enterotypes. In other words, an 

enterotype is a cluster of community structures that have similar composition and relative 

abundance of observed phylotypes.  

Enterotypes were identified by conducting Ward linkage hierarchical clustering, 

using Jenson-Shannon distance, a measure of divergence, between two samples, for all 

pairs of community structures. In brief, Jensen-Shannon is an average of Kullback–

Leibler divergence that measures the extent to which one community structure differs 

from another. More precisely, the Jensen-Shannon divergence between two community 

structure, p and q, is the average of the Kullback–Leibler divergences DKL(p ,a) and 

DKL(q ,a): 

𝐷𝐽𝑆(𝑝, 𝑞) =
𝐷𝐾𝐿(𝑝, 𝑎) + 𝐷𝐾𝐿(𝑞, 𝑎)

2
 

where a is the mean of p and q and DKL(p, q) is the Kullback–Leibler divergence defined 

as: 

𝐷𝐾𝐿(𝑝, 𝑞) = ∑𝑝𝑖log(
𝑝𝑖
𝑞𝑖
)

𝑛

𝑖=1
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In this equation, p = (p1, …., pn) and q = (q1, …,qn), where pi and qi are relative abundance 

of an i-th taxon at two community structures. Thus, Kullback–Leibler divergence 

DKL(p,q) estimates the expectation of log fold changes log (pi/qi) (with respect to p). In 

the context of Jensen-Shannon divergence equation, DKL (p, a) and DKL (q, a) calculate 

the mean log fold changes log (pi/ai) and log (pi/ai) quantifying the extent to which 

community structure differ between two samples p and q, in reference to the mean of the 

relative abundance of the two (a). 

The Jensen-Shannon divergence yields a value between 0 and 1 and thus if 

Jensen-Shannon divergence between two community structures is 0, then they are the 

same. This measure was used for hierarchical clustering with Ward linkage. The optimal 

number of clusters was determined using the Connectivity Index that quantifies to what 

extent samples are placed in the same cluster as their nearest neighbors (with respect to 

Jensen-Shannon divergence).  Based on the Connectivity Index, the number of 

enterotypes was assigned at phylum, class, order, family, and at genera levels. 

Information from all samples (n=76) was used in the analysis because they were all 

analyzed without regards to the subjects they came from.  

2. Characterize the categories of longitudinal patterns (profiles) of enterotypes 

(enterotype categories) during pregnancy.   

Within each subject the samples form a longitudinal pattern that represented a vector 

or temporal enterotype profile. An enterotype category is a cluster of similar temporal 

enterotype profiles. More precisely, to each enterotype time series (profile) one can 

assign a vector of proportions of these enterotypes within a given subject. A clustering of 

these vectors of proportions defines enterotype categories. A hierarchical clustering based 
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on Euclidean distances between vectors of enterotype proportions was used. The optimal 

number of categories was determined using the Connectivity Index. Enterotypes were 

determined at the phylum, class, order, family and genus levels. At all levels 3 categories 

of enterotype temporal profiles were found. Subjects with more than 3 samples (n=17) 

were included in the analysis to determine the temporal profiles.    

2.1.Identify the association between the enterotype categories and associated factors 

The association between the enterotype categories and the associated factors were 

determined using Chi-square for categorical variables (e.g. race) and ANOVA for 

continuous variables (e.g. BMI). ANOVA were chosen instead of multinomial logistic 

regression for the ease of interpretation of results. 

2.2.Identify the stability of the longitudinal profiles and its association with associated 

factors 

The stability of the enterotype categories can be defined using any measure of 

deviation from a constant enterotype profile. The stability is quantified using the entropy 

of a vector of enterotype proportions within a profile. An entropy score of 0 means that 

enterotypes present in the temporal profile are identical (i.e. only one enterotype present), 

and maximum entropy log (3) means that all enterotypes are present at the same 

proportion.   

Associations between the entropy scores and the factors were identified using t-

test for categorical variable (e.g. race) and Pearson’s correlation for continuous variables 

(e.g. BMI).  

3.  Characterize the temporal profiles of relative abundance of each of the phylotypes 

(phylotype categories), at phylum and lower taxonomic level.  
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A phylotype category can be defined as a group of similar longitudinal patterns of 

relative abundances of a given phylotype. At the phylum level a phylotype category was 

defined as a group of similar longitudinal patterns of relative abundances of a given 

phylum (e.g. Firmicutes, Bacteroidetes, Actinobacteria, and Verrucomicrobia). This 

differs from enterotypes in that enterotypes contain taxa from multiple different phyla. 

Phylotype categories were identified using hierarchical clustering based on 

Euclidean distances between longitudinal profiles of relative abundance of phylotypes 

(vectors of relative abundance), similar to the method outlined above for enterotype 

categories. The optimal number of categories was determined using the Silhouette width 

index. Subjects with more than 3 samples (n=17) were included in the analysis to 

determine the temporal profiles. Time point week 40 was excluded from the analysis 

based on the criteria that at least 50% of samples are present at each time point. Missing 

data were imputed using mean value of neighboring samples within a subject, and for the 

ones that do not have one of the neighboring samples, the relative abundance of the 

existing neighbor was used. 

3.1.Identify the association between the phylotype categories and the associated factors 

The association between the phylotype categories and the associated factors were 

identified using Chi-square for categorical variables (e.g. race) and t-test/ ANOVA for 

continuous variables (e.g. BMI).  All statistics were conducted using SPSS version 21 

and R version 3.3.0.    
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Characterization of GI microbial communities 

Enterotypes  

Composition and relative abundance of the microbial phylotypes in a stool 

samples were characterized and assigned to a community structure/states with similar 

compositions and relative abundance of observed phylotypes. The community 

structure/states were then grouped into enterotypes.  

Enterotypes were identified using Ward linkage hierarchical clustering, and 

Jenson-Shannon distances to measure divergence between two samples, for all pairs of 

community structure/states. The Jensen-Shannon divergence yields a value between 0 

and 1 where if the divergence between two community structure/states is 0, then they are 

the same. Based on the Connectivity Index, the optimal number of enterotypes was 

assigned at phylum, class, order, family, and genera levels. Information from all samples 

(n=76) was used in the analysis since they were analyzed without regard to the subject 

they came from. Three enterotypes were identified at each taxonomic level. They are 

described below by taxonomic level. 

Phylum level 

At the phylum level, Firmicutes dominated all three enterotypes with different 

abundances of Bacteroidetes and Actinobacteria. This is shown in Figure 4that presents 

the composition and the relative abundance of the phylum level phylotypes for each of 

the 76 samples and how similar compositions were grouped to form the phylum level 

enterotypes. The Y axis in the heatmap represents each of the 76 samples and the X axis 

represents the phylum level phylotypes (e.g.  Firmicutes, Bacteroidetes, Actinobacteria).  
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The colors in the heatmap represent the relative abundance of each phylotype. Following 

the legend on the top of the heatmap, more abundant species are on the red end of the 

spectrum and the less abundant on the yellow end. The hierarchical clustering based on 

the similarities between the communities yielded 3 enterotypes, labeled P1, P2, and P3 on 

the left. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Heatmap of phylum level enterotypes 
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Enterotype 1 (P1) accounted for 22.4% of the total samples in the cohort. It was 

primarily composed of Firmicutes (66.77%) and Bacteroidetes (28.19%) while the 

remaining 5.04% were made up of Actinobacteria (3.01%), Proteobacteria (1.21%), and 

Euryarchaeota (0.71%). Compared to the other phylum level enterotypes P1 had the 

largest relative abundance of Bacteroidetes and therefore was named the ‘Bacteroidetes-

rich’ enterotype. These findings are shown in Table 8 below.   

Table 8. Composition of phylum level enterotypes 
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Enterotype 2 (P2) accounted for 57.9% of the total number of samples. The three 

dominant phylotypes within enterotype two (P2) were Firmicutes (60.56%), 

Actinobacteria (20.54%) and Bacteroidetes (11.89%) and the remaining 7.01% was made 

up of Verrucomicrobia (4.32%) and Proteobacteria (2.38%). P2 had a marked increase in 

the relative abundance of Actinobacteria, Verrucomicrobia and Proteobacteria compared 

to other enterotypes, and was therefore referred to as the ‘Actinobacteria, 

Verrucomicrobia, and Proteobacteria rich’ enterotype.  

Enterotype 3 (P3) accounted for the smallest percentage of the total sample 

(19.7%). It was dominated mainly by Firmicutes (86.97%), but also had small amounts of 

Actinobacteria (6.58%), Bacteroidetes (3.70%) and Euryarchaeota (1.70%) that 

completed the composition. Traces of Proteobacteria and Verrucomicrobia were also 

noticed (<1%). P3 had a marked increase in the relative abundance of Firmicutes 

compared to the other phylum level enterotypes, and thus was termed the ‘Firmicutes-

rich’ enterotype.  

 

Class level 

At the class level, three enterotypes were all dominated by Clostridia, with 

different levels of Bacteroidia, Coriobacteriia, Actinobacteria, and Erysipelotrichi 

(Figure 5). The compositions of enterotypes at class level and below are presented in 

Table 9. 
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Figure 5. Heatmap of class level enterotypes 
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Table 9. Composition of enterotypes at class level and below 
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Table 9 continued 
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Table 9 continued 
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Enterotype 1 (C1) that accounted for 35.5% of the total number of samples, had 

56.89% of Clostridia followed by Bacteroidia (24.51%) and Verrucomicrobia (5.84%). 

There were also lower levels of Coriobacteriia, Erysipelotrichi, Bacilli, and 

Actinobacteria (< 5%). C1 has a marked increase in the relative abundance of 

Bacteroidia compared to other enterotypes and is therefore referred to as ‘Bacteroidia-

rich’ enterotype. 63% of the samples in this enterotype were also members of the phylum 

level P1 (Bacteroidetes-rich enterotype).  

Enterotype 2 (C2) that accounted for 36.8% of the total number of samples, was 

composed mainly of Clostridia (66.85%), followed by Actinobacteria (8.01%), 

Erysipelotrichi (7.78%), Bacteroidia (7.06%), and lower levels of Bacilli (3.96%), 

Gammaproteobacteria (2.37%) and Coriobacteriia (2.26%). C2 had marked increase in 

Clostridia compared to the other enterotypes, and was referred to as the ‘Clostridia-rich’ 

enterotype. More than half (53.6%) of the samples were also members of the phylum 

level P3 (Firmicutes-rich enterotype).  

Enterotype 3 (C3) that accounted for 27.6% of the total number of samples, had 

more than half of the community composed of Clostridia (52.06%), followed by 

Coriobacteriia (16.60%), Actinobacteria (12.58%), Bacteroidia (9.44%), and lower 

levels of Bacilli (4.18%), Erysipelotrichi (2.16%), and Verrucomicrobia (1.20%). C3 has 

marked increase in Coriobacteriia and Actinobacteria compared to other enterotypes, and 

was referred to as ‘Coriobacteriia and Actinobacteria rich’ enterotype. All C3 samples 

(100%) in were also members of phylum level P2 (‘Actinobacteria and Verrucomicrobia 

rich’ enterotype). 

Order level 
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At order level, the three enterotypes were all dominated by Clostridiales, with 

different levels of Bacteroidales, Coriobacteriales, Bifidobacteriales, Erysipelotrichales 

and Verrucomicrobiales (Figure 6). The compositions of order level enterotypes are 

presented in Table 9. 

Figure 6. Heatmap of order level enterotypes 
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Enterotype 1 (O1) that accounted for 26.3% of the total number of samples, had 

more than half of the community composed of Clostridiales (52.03%), followed by 

Bacteroidales (26.88%), Verrucomicrobiales (7.53%), Coriobacteriales (5.72%), and 

lower levels of Erysipelotrichales, Lactobacillales, and Bifidobacteriales (< 5%). O1 had 

marked increase in the relative abundance of members of Bacteroidales, compared to 

other enterotypes, and was referred to as ‘Bacteroidales-rich’ enterotype. All O1 samples 

(100%) were also members of class level C1 (‘Bacteroidia-rich’ enterotype). 

Enterotype 2 (O2) that accounted for 46.1% of the total number of samples, was 

composed mainly of members of Clostridiales (67.60%), followed by Bacteroidales 

(9.20%), Erysipelotrichales (7.17%), Bifidobacteriales (6.56%), and lower levels of 

Lactobacillus (3.17%), Coriobacteriales (1.95%), Enterobacteriales (1.87%) and 

Methanobacteriales (1.03%). O2 had marked increase in Clostridia les compared to other 

enterotypes, and was referred to as ‘Clostridiales-rich’ enterotype. 80% of O2 samples 

were also members of class level class level C2 (‘Clostridia-rich’ enterotype). 

Enterotype 3 (O3) that accounted for 27.6% of the total number of samples, was 

composed of Clostridiales (52.3%), Coriobacteriales (16.60%), Bifidobacteriales 

(12.48%), Bacteroidales (9.44%), and lower levels of Lactobacillales (3.86%), 

Erysipelotrichales (2.16%), and Verrucomicrobiales (1.20%). O3 had marked increase in 

Coriobacteriales and Bifidobacteriales compared to other enterotypes, and was referred 

to as ‘Coriobacteriales and Bifidobacteriales rich’ enterotype. All of the samples (100%) 

in O3 were members of class level C3 (‘Coriobacteriia and Actinobacteria’ rich). 

Family level 



 

118 
 

At family level, the three enterotypes were all characterized with different levels 

of Lachnospiraceae, Ruminococcaceae, Bacteroidaceae, Coriobacteriaceae, 

Bifidobacteriaceae, Erysipelotrichaceae and Verrucomicrobiaceae (Figure 7). The 

compositions of family level enterotypes are also presented in Table 9.   

Figure 7. Heatmap of family level enterotypes 
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lower levels of Erysipelotrichaceae (2.83%), Porphyromonadaceae (2.80%), 

Verrucomicrobiaceae (2.70%), Bifidobacteriaceae (2.44%), Veillonellaceae (2.44%), 

Streptococcaceae (1.94%), Clostridiaceae (1.77%), Prevotellaceae (1.38%), and 

Rickenellaceae (1.14%). F1 had marked increase in members of Bacteroidaceae 

compared to other enterotypes, and thus was referred to as ‘Bacteroidaceae –rich’ 

enterotype. 64.4% of F1 samples were also members order level O1 (‘Bacteroidales-rich’ 

enterotype). 

Enterotype 2 (F2) that accounted for 47.4% of the total number of samples, had 

highest percentage of Lachnospiraceae (38.83%), followed by Ruminococcaceae 

(21.40%), Bifidobacteriaceae (7.20%), Erysipelotrichaceae (7.03%), Bacteroidaceae 

(6.77%), and lower levels of Coriobacteriaceae (3.35%), Streptococcaceae (2.21%), 

Clostridiaceae (2.10%), Veillonellaceae (2.02%), Enterobacteriaceae (1.95%), 

Verrucomicrobiaceae (1.36%), and Lactobacillaceae (1.09%). F2 had marked increase in 

members of Lachnospiraceae, Ruminococcus, and Erysipelotrichaceae compared to other 

enterotypes, and thus was referred to as ‘Lachnospiraceae, Ruminococcus, and 

Erysipelotrichaceae rich’ enterotype. 80% of F2 samples were also members of order 

level O2 (‘Clostridia-rich’ enterotype). 

Enterotype 3 (F3) that accounted for 19.7% of the total number of samples, had 

members of Lachnospiraceae (26.78%), followed by Coriobacteriaceae (18.90%), 

Ruminococcaceae (15.37%), Bifidobacteriaceae (13.05%), Verrucomicrobiaceae 

(5.40%), and lower levels of Bacteroidaceae (4.05%), Streptococcaceae (3.52%), 

Clostridiaceae (2.01%), Erysipelotrichaceae (1.75%), Clostridiales order (1.56%), and 

Enterobacteriaceae (1.07%). F3 had marked increase in Coriobacteriaceae, 
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Bifidobacteriaceae, Verrucomicrobiaceae, and Streptococcaceae compared to other 

enterotypes, and thus was referred to as ‘Coriobacteriaceae, Bifidobacteriaceae, 

Verrucomicrobiaceae, and Streptococcaceae rich’ enterotype. Majority of F3 samples 

(86.7%) were also members of order level O3 (‘Coriobacteriales and Bifidobacteriales 

rich’ enterotype). 

Genus level 

At genus level, the three enterotypes were all characterized with different levels 

of Blautia, Faecalibacterium, Bacteroides, Bifidobacterium, Ruminococcus, 

Coprococcus, and Collinsella (Figure 8). The compositions of genus level enterotypes are 

presented in Table 9. 

Figure 8. Heatmap of genus level enterotypes 
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Enterotype 1 (G1) that accounted for the 39.5% of the total number of samples, 

was composed of Faecalibacterium by largest proportion (17.44%), followed by Blautia 

(10.11%), Bacteroides (9.34%), f_Lachnospiraceae (7.12%), Roseburia (6.35%), 

Ruminococcus (5.67%), Bifidobacterium (5.29%), Coprococcus (4.75%), 

Ruminococcus_A (4.64%), and Eubacterium (4.27%). G1 had marked increase in f_ 

Lachnospiraceae, Roseburia, Ruminococcus, and Eubacterium compared to other 

enterotypes, and thus was referred to as ‘Lachnospiraceae, Roseburia, Ruminococcus, 

and Eubacterium –rich’ enterotype. Half of the samples in this enterotype were also 

members of family level F2 (‘Lachnospiraceae, Ruminococcus, and Erysipelotrichaceae 

rich’ enterotype).  

Enterotype 2 (G2) that accounted for 26.3% of the total number of samples, was 

composed largely by Blautia (16.05%), Bacteroides (14.68%), Ruminococcus_A 

(10.24%), followed by Faecalibacterium (7.77%), Coprococcus (5.87%), 

Bifidobacterium (4.39%), and f_Lachnospiraceae (4.17%). G2 had marked increase in 

Blautia, Bacteroides, Ruminococcus_A, compared to other enterotypes, thus was referred 

to as ‘Blautia, Bacteroides, Ruminococcus_A rich’ enterotype. 60.0% of G2 samples 

were also members of family level F2 (‘Lachnospiraceae, Ruminococcus, and 

Erysipelotrichaceae rich’ enterotype).   

Enterotype 3 (G3) that accounted for 34.2% of the total number of samples, was 

composed of Collinsella (13.9%), Blautia (10.58%), Bifidobacterium (10.30%), 

Bacteroides (9.41%), Faecalibacterium (8.65%), Coprococcus (5.27%), Akkermansia 

(4.89%), and Ruminococcus (4.84%). G3 had marked increase in Bifidobacterium, 

Collinsella, and Akkermansia compared to other enterotypes, thus was referred to as 
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‘Bifidobacterium, Collinsella, and Akkermansia rich’ enterotype. 76.9% of the samples in 

G3 were also members of family level F3 (‘Coriobacteriaceae, Bifidobacteriaceae, 

Verrucomicrobiaceae, and Streptococcaceae rich’).  

Characterization of enterotype transitions and enterotype categories 

Within each subject the enterotypes the samples were taken to form a longitudinal 

pattern that represented a vector or temporal enterotype profile. Subjects with more than 

3 samples (n=17) were included in the analysis to determine the temporality of the 

enterotype profiles. A total of 17 profiles were identified, but once similar enterotype 

profiles were grouped three enterotypes categories remained. Identification of the 

enterotype categories was achieved using hierarchical clustering based on Euclidean 

distances between enterotype profiles. The optimal number of categories was determined 

using the Connectivity Index at the phylum, class, order, family and genus levels. At all 

levels 3 categories of temporal enterotype profiles were identified and are characterized 

below. 

Phylum level 

At the phylum level, three enterotypes categories were identified. Each category 

was comprised of different proportions of P1, P2, and/or P3 that varied in order within 

the profile. In addition, the number of profiles within each category differed, and the 

sequences of each phylum level enterotype within each profile varied (Figure 9). 
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Figure 9. Temporal enterotype profiles and enterotype categories at phylum level 
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‘Firmicutes-rich’.  The summary of enterotypes constituting the enterotype categories at 

the phylum level can be found in Table 10. Women with enterotype profiles in pCat1 

were all P3 at 20-weeks gestation and then altered variously between P3 and P2 over the 

remainder of their pregnancy.   

Table 10. Proportions of enterotypes constituting enterotype categories at phylum level 
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Table 10 continued 
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Table 10 continued 
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Phylum level enterotype category two (pCat2) accounted for 64.7% (n=11) of the 

women. It was composed of 78.7% ‘Actinobacteria, Verrucomicrobia, and 

Proteobacteria rich’ enterotype (P2), 10.6% ‘Firmicutes-rich’ (P3) and 10.6% 

‘Bacteroidetes-rich’ enterotype (P1) and was termed the ‘Actinobacteria, 

Verrucomicrobia, and Proteobacteria rich’ category. In general, the temporality of the 

enterotype profiles in pCat2 did not differ in sequence and were primarily composed of 

P2. At 20 weeks gestation 80% of the women were P2 and shifted to either P1 or P3 at 

one or two time points during pregnancy. If shifts occur, they returned back to P2 within 

one or two months. Of particular note was that the shifts only occurred from P2 to either 

P3 or P1 but never from P1 to P3 directly. All women in pCat2 were P2 at 24 weeks 

gestation.   

Phylum level enterotype category three (pCat3) accounted for 23.5% of the 

women. This category was composed of 75.0% ‘Bacteroidetes-rich’ (P1), 12.5% 

‘Firmicutes-rich’ (P1) and 12.5% ‘Actinobacteria, Verrucomicrobia and Proteobacteria 

rich’(P2) enterotypes, and was referred to as ‘Bacteroidetes-rich’ category. Women in 

pCat3 were P1 at 20-week gestation and in 25% of the women there were no shifts to 

another enterotype throughout the pregnancy. The remaining women shifted from P1 to 

either P3 or P2 at one or two time points during pregnancy and returned to the P1 within  

one or two months. Like the pCat2 the shifts originated from and to P1 and never directly 

between P3 and P2. All women in pCat3 were P2 at 32 weeks gestation.    

Class level 

At the class level, three enterotypes categories were identified (cCat1-cCat3). 

Each category was comprised of different proportions of C1, C2, and/or C3 that varied in 
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order within the profile. In addition, the number of profiles within each category differed, 

and the sequence of each profile varied (Figure 10). The number of profiles, proportions 

of C1, C2, and/or C3 and their sequence for each profile are outlined in Table 11.    

 

 

Figure 10. Temporal enterotype profiles and enterotype categories at class level 
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Table 11. Proportions of enterotypes constituting enterotype categories at all taxonomic 

ranks 
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Table 11 continued 
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Table 11 continued 
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Table 11 continued 
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Table 11 continued 
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Table 11 continued 
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Table 11 continued 
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Table 11 continued 
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Table 11 continued 
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Table 11 continued 
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Table 11 continued 
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Enterotype class 1 (cCat1) that accounted for 23.5% of the women in the analysis, 

was composed 88.2% of ‘Clostridia-rich’ enterotype (C2), 11.8% of ‘Bacteroidia-rich’ 

enterotype (C1) but no ‘Coriobacteriia and Actinobacteria rich’ enterotype (C3). Thus 

cCat1 was referred to as ‘Clostridia-rich class’. The temporal profiles in cCat1 were 

monotone in this class, comprised mainly of the C2. Women in cCat1 started out with C2 

at 20 week- half of them maintain C2 throughout pregnancy while half shifts to C1 and 

returns to C2 within one month, once during pregnancy. No shifts to C3 were noted.  

Enterotype class 2 (cCat2) that accounted for 47.1% of the women in the analysis, 

had 66.7% of ‘Bacteroidia-rich’ enterotype (C1), 21.1% of ‘Clostridia-rich’ enterotype 

(C2), and 12.1% of ‘Coriobacteriia and Actinobacteria rich’ enterotype (C3). Thus cCat2 

was referred to as of ‘Bacteroidia-rich class’. While 25% of the temporal profiles in 

cCat2 were monotone- comprised of C1 throughout pregnancy for all time points that the 

stool samples were collected, the others had enterotypes alternating between the three 

enterotypes.  

Enterotype class 3 (cCat3) that accounted for 29.4% of the women, had 77.3% of 

‘Coriobacteriia and Actinobacteria rich’ enterotype (C3), 13.6% of ‘Bacteroidia-rich’ 

enterotype (C1), and 9.1% of ‘Clostridia-rich’ enterotype (C2), thus cCat3 was referred 

to as ‘Coriobacteriia and Actinobacteria rich class’. While 20% of the cCat3 temporal 

profiles in cCat3 were monotone- comprised of C3 throughout pregnancy for all time 

points that the stool samples were collected, the others showed shifts in enterotypes. 

Shifts occurred only between C3 versus either C1 or C2, but not to both C1 and C2 in one 

temporal profile. In addition, the shifts did not occur directly between the C1 and C2.  

Order level 
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At order level, three enterotypes categories were identified (oCat1-oCat3). Each 

category was comprised of different proportions of O1, O2, and/or O3 that varied in order 

within the profile. In addition, the number of profiles within each category differed, and 

the sequence of each profile varied (Figure 11). The number of profiles, proportions of 

O1, O2, and/or O3 and their sequence for each profile are outlined in Table 11.  

 

 

 

Figure 11. Temporal enterotype profiles and enterotype categories at order level 
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Enterotype category 1 (oCat1) that accounted for 58.8% of the women, was 

composed 70.0% of ‘Clostridales-rich’ enterotype (O2) and 22.5% of ‘Bacteroidales-

rich’ enterotype (O1) and 7.5% of ‘Coriobacteriales and Bifidobacteriales  

rich’ enterotype (O3), thus oCat1 was referred to as ‘Clostridales-rich category’. The 

oCat1 temporal profiles were monotone in 20% of the subjects- started out with O2 at 20-

week gestation and stayed as O2 throughout the study period. 10% of the subjects started 

out with O3 and shifted back to O2 within a month. 20% of the subjects started out with 

O2, shifted to O3 and then to O1. The remaining 50% of the subjects alternated between 

O2 and O1. 

Enterotype category 2 (oCat2) that accounted for 11.8% of the women, was 

composed 80.0% of ‘Bacteroidales-rich’ enterotype (O1), 10% of ‘Clostridia-rich’ 

enterotype (O2), and 10% of ‘Coriobacteriales and Bifidobacteriales rich’ enterotype 

(O3), thus oCat2 was referred to as ‘Bacteroidales -rich category’. While half of the 

oCat2 temporal profiles were monotone- comprised of O1 throughout pregnancy, the 

other half shifted from O2 to O3 to O1.     

Enterotype category 3 (oCat3) that accounted for 29.4% of the women, was 

composed 77.3% of ‘Coriobacteriales and Bifidobacteriales rich’ enterotype (O3), 13.6% 

of ‘Bacteroidales-rich’ enterotype (O1), and 9.1% of ‘Clostridia-rich’ enterotype (O2). 

Thus oCat3 was referred to as ‘Coriobacteriales and Bifidobacteriales rich category’. 

While 20% of the oCat3 temporal profiles were monotone- comprised of O3 throughout 

the study period, 40% shifts between O3 and O1, and 40% between O3 and O2.  

Family level 



 

144 
 

At family level, three enterotypes categories were identified (fCat1-fCat3).  Each 

category was comprised of different proportions of F1, F2, and/or F3 that varied in order 

within the profile. In addition, the number of profiles within each category differed, and 

the sequence of each profile varied (Figure 12). The number of profiles, proportions of 

F1, F2, and/or F3 and their sequence for each profile are outlined in Table 11.  

 

 

Figure 12. Temporal enterotype profiles and enterotype categories at family level 
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Enterotype category 1 (fCat1) that accounted for 41.2% of the women, was 

composed 82.8% of ‘Lachnospiraceae, Ruminococcus, and Erysipelotrichaceae rich’ 

enterotype (F2) and 17.2% of ‘Bacteroidaceae –rich’ enterotype (F1) but no 

‘Coriobacteriaceae, Bifidobacteriaceae, Verrucomicrobiaceae, and Streptococcaceae 

rich’ enterotype (F3). Thus, fCat1 was referred to as ‘Lachnospiraceae, Ruminococcus, 

and Erysipelotrichaceae rich category’. The fCat1 temporal profiles were monotone in 

close to 40% of the subjects, started out with F2 at 20-week gestation and stay in this 

state throughout pregnancy. The others alternated between F2 and F1. 

Enterotype category 2 (fCat2) that accounted for 35.3% of the women was 

composed 76.0% of ‘Bacteroidaceae –rich’ enterotype (F1), 20.0% of ‘Lachnospiraceae, 

Ruminococcus, Erysipelotrichaceae rich’ enterotype (F2), and 4.0% of 

‘Coriobacteriaceae, Bifidobacteriaceae, Verrucomicrobiaceae, and Streptococcaceae 

rich’ enterotype (F3). Thus fCat2 was referred to as ‘Bacteroidaceae -rich category’. 

While 33.3% of fCat2 temporal profiles were monotone- comprised of F1 throughout 

pregnancy, 45% alternated between F1 and F2, and 15% alternated between the three 

enterotypes.  

Enterotype category 3 (fCat3) that accounted for 23.5% of the women, was 

composed of 77.8% ‘Coriobacteriaceae, Bifidobacteriaceae, Verrucomicrobiaceae, and 

Streptococcaceae rich’ enterotype (F3), 16.70% ‘Lachnospiraceae, Ruminococcus, and 

Erysipelotrichaceae rich’ enterotype (F2), and 5.6% ‘Bacteroidaceae –rich’ enterotype 

(F1). Thus fCat3was referred to as ‘Coriobacteriaceae, Bifidobacteriaceae, 

Verrucomicrobiaceae, and Streptococcaceae rich category’. While 25% of fCat3 
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temporal profiles were monotone- comprised of F3 throughout pregnancy, 50% shifts 

between F3 and F2, while 25% between F3 and F1.  

Genus level 

At genus level, three enterotypes categories were identified (gCat1-gCat3). Each 

category was comprised of different proportions of G1, G2, and/or G3 that varied in order 

within the profile. In addition, the number of profiles within each category differed, and 

the sequence of each profile varied (Figure 13). The number of profiles, proportions of 

G1, G2, and/or G3 and their sequence for each profile are outlined in Table 11. 

 

 

Figure 13.Temporal enterotype profiles and enterotype categories at genus level 
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Enterotype category 1 (gCat1) that accounted for 41.2% of the women, was 

composed of 89.3% ‘Lachnospiraceae, Roseburia, Ruminococcus, and Eubacterium rich’ 

enterotype (G1), 10.7% of ‘Blautia, Bacteroides, Ruminococcus_A rich’ enterotype (G2), 

but no ‘Bifidobacterium, Collinsella, and Akkermansia rich’ enterotype (G3), thus gCat1 

was referred to as ‘Lachnospiraceae, Roseburia, Ruminococcus, and Eubacterium rich 

category’. The gCat1 temporal profiles were monotone, comprised mainly of the G1. 

Women in this category started out with G1 at 20-week gestation and 57.1% stayed in 

this state throughout pregnancy while the remaining 42.9% shifted between G1 and G2 

once during pregnancy. This shift to another enterotype returned to its original state 

within one month. No shifts to G3 were noted. 

Enterotype category 2 (gCat2) that accounted for 23.5% of the women, was 

composed of 88.2% ‘Blautia, Bacteroides, Ruminococcus_A rich’ enterotype (G2), 

5.91% ‘Lachnospiraceae, Roseburia, Ruminococcus, and Eubacterium rich’ enterotype 

(G1), and 5.91% ‘Bifidobacterium, Collinsella, and Akkermansia rich’ enterotype (G3). 

Thus, gCat2 was referred to as ‘Blautia, Bacteroides, Ruminococcus_A rich category’. 

75% of gCat2 temporal profiles were monotone, comprised of G2 throughout pregnancy 

for all time points that the stool samples were collected, while 25% of the temporal 

profiles had the three enterotypes alternating.     

Enterotype category 3 (gCat3) that accounted for 35.3% of the women, was 

composed of 92.6% of ‘Bifidobacterium, Collinsella, and Akkermansia rich’ enterotype 

(G3), 7.4% ‘Lachnospiraceae, Roseburia, Ruminococcus, and Eubacterium rich’ 

enterotype (G1), but no ‘Blautia, Bacteroides, Ruminococcus_A rich’ enterotype (G2). 

Thus gCat3 was referred to as ‘Bifidobacterium, Collinsella, and Akkermansia rich 
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category’. While 66.6% of the gCat3 temporal profiles were monotone, comprised of G3 

throughout the study period, 33.3% shifts between G3 and G1 once during pregnancy. 

Shifts to G2 returns to its original G3 within one month. No shifts to G2 were noted.  

Factors associated with enterotype categories 

Race/ethnicity, BMI, and diet are all factors that are reported to influence the GI 

microbial communities. Associations between the related factors and the enterotype 

categories were examined. At phylum level no significant associations were found, 

however BMI, dietary fiber, dietary iron, and the percentage of calories in the diet from 

fat were all significantly associated with class, order, family and/or genus level 

enterotypes (Table 12).   

Table 12. Factors associated with enterotype categories 
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BMI was significantly associated with genus level enterotype categories (gCat1-

gCat3) and women in the ‘Lachnospiraceae, Roseburia, Ruminococcus, and Eubacterium 

rich category’ (gCat1) had significantly higher BMIs compared to women in the ‘Blautia, 

Bacteroides, Ruminococcus_A rich category’ (gCat2) (F=10.513, p= 0.024). In addition, 

total fiber (g) in the diet was also significantly associated with class level enterotype 

categories (cCat1-cCat3). Women in the ‘Clostridia-rich category’ (cCat1) consumed 

significantly higher dietary fiber compared to those in the ‘Bacteroidia-rich’ (cCat2) 

(F=13.835, p= 0.007) or ‘Coriobacteriia and Actinobacteria rich categories’ (cCat3) 

(F=17.181, p= 0.003).  Dietary iron (mg) intake was significantly associated with class 

level enterotype categories (cCat1-cCat3) and women in cCat1 (Clostridia-rich) had 

significantly higher amounts of iron in their diets than those in cCat2 (Bacteroidia-rich, 

F= 11.608, p= 0.035) or cCat3 (F= 13.625, p= 0.025).  

Finally, the total percent of calories from fat (%) in the diet was significantly 

associated with class (cCat1-cCat3), order (oCat1-oCat3), family (fCat1-fCat3), and 

genus level (gCat1-gCat3) enterotype categories. At class level, women in the 

‘Bacteroidia-rich category’ (cCat2) had significantly higher calories from fat compared 

to those in ‘Coriobacteriia and Actinobacteria rich category’ (cCat3) (F= 8.784, p= 

0.042). At the order level, women in ‘Clostridales-rich category’ (oCat1) had 

significantly higher calories from fat compared to those in ‘Coriobacteriales and 

Bifidobacteriales rich category’ (oCat3) (F= 9.427, p= 0.025). At family level, women in 

‘Lachnospiraceae, Ruminococcus, and Erysipelotrichaceae rich category’ (fCat1) 

consumed significantly higher calories from fat in their diet compared to those in 

‘Coriobacteriaceae, Bifidobacteriaceae, Verrucomicrobiaceae, and Streptococcaceae 
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rich category’ (fCat3) (F= 11.968, p= 0.010). Finally, at genus level women in either 

‘Lachnospiraceae, Roseburia, Ruminococcus, and Eubacterium rich’ (gCat1) or ‘Blautia, 

Bacteroides, Ruminococcus_A rich category’ (gCat2) consumed significantly higher 

calories from fat compared to those in ‘Bifidobacterium, Collinsella, and Akkermansia 

rich category’ (gCat3) (F=7.846, p=0.042; F=12.223, p=0.010, respectively).  

Stability of the enterotype categories and correlation with associated factors 

The stability of the enterotype categories is defined using any measure of 

deviation from a constant enterotype profile. The stability was quantified using the 

entropy of a vector of enterotype proportions within a profile. An entropy score of 0 

means that enterotypes present in the temporal profile are identical (i.e. only one 

enterotype is present). Alternatively, the maximum entropy log of 3 means that all the 

enterotypes are present at the same proportion.  Stability as defined above was not 

significantly associated with any of the influential factors examined in this study. 

Phylotype categories and their associations with associated factors 

At the phylum level a phylotype category was defined as a group of similar 

longitudinal patterns of relative abundances of a given phylum. This differs from 

enterotypes in that enterotypes contain taxa from multiple different phyla. Analysis of the 

associations between clusters of the temporal profiles and selected subject specific 

covariates was performed. Subjects with more than 3 samples (n=17) were included in 

the analysis to determine the temporal profiles. Only phylotypes that were present in at 

least 50% of all subjects at three time points were included. At phylum level, this resulted 

in6 out of 12 phylotypes and at lower taxonomic level, 72 phylotypes out of 143 present 

in the data (50%). For each phylotype clusters of profiles were identified using the 
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Silhouette width index. At phylum level 2 categories were identified - one had a higher 

relative abundance of the phylum and the other was lower (Figure 14). 

 

Figure 14. Heatmaps for phylotype categories at the phylum level 

 

Chi-square was used to test the relationship between race and the cluster variable. 

If the number of clusters was 2, a t-test was performed to test if the means of BMI, fiber, 

iron, fat, protein, carbohydrate, sweets were significantly different in the two clusters. 

When the number of clusters was more than 2, ANOVA analysis was used n times, where 

n is the number of clusters, each time picking a different cluster to be the reference point. 

 

 

Figure 12. Heatmaps for phylotype categories at the phylum level 
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The ANOVA model was tested if the means of the given numerical variable were 

significantly different from the mean in the baseline clusters.  

Dietary fiber, calories from fat, and calories from carbohydrate were significantly 

associated with Firmicutes and/or Actinobacteria categories (Table 13). Dietary fiber was 

significantly associated with the Firmicutes and Actinobacteria categories. Fiber in the 

diet was higher in the high-Firmicutes compared to low-Firmicutes category (t=2.57, p= 

0.03), and conversely, it was higher in low-Actinobacteria compared to high-

Actinobacteria category (t=2.47, p= 0.03).  Similarly, the percent of total calories in the 

diet from fat was higher in the high-Firmicutes compared to low-Firmicutes category 

(t=1.82, p= 0.09), and conversely, higher in low- Actinobacteria compared to high- 

Actinobacteria category (t=3.23, p= 0.01). The percent of total calories from 

carbohydrates was lower in low-Actinobacteria category compared to higher in high-

Actinobacteria category (t=-2.00, p= 0.09). 

Table 13. Factors associated with phylum level phylotype categories 

 
 
 

 

Lower taxonomic ranked phylotype categories associated with metadata 

 Within each phylum, 1 to 6 phylotype categories were identified for 72 

phylotypes at the lower taxonomic ranks, from order to genus level. The association 
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between the associated factors and the lower taxonomic level phylotype categories were 

examined. Race, BMI, dietary fiber, dietary iron, total calories from fat, protein, 

carbohydrate and sweets were all significantly associated with selected genus phylotype 

categories and described below and presented in Table 14. 

Race was significantly associated with 5 genera phylotype categories - two in 

phylum Firmicutes (Megasphaera, Anaerococcus), one in phylum Bacteroidetes 

(Bacteroides), two in phylum Actinobacteria (Adlercreutzia, Eggerthella). BMI was 

significantly associated with 14 genera phylotype categories – nine in phylum Firmicutes 

(Ruminococcus, Turicibacter, family Gemellaceae, Clostridium, family 

[Mogibacteriaceae], Anaerostipes, Faecalibacterium, Veillonella Coprobacillus), four in 

phylum Bacteroidetes (Bacteroides, family Rikenellaceae, Butyricimonas, 

Parabacteroides), one in phylum Actinobacteria (Desulfovibrio). Total dietary fiber (g) 

in the diet was significantly associated with 14 genera phylotype categories- eight in 

phylum Firmicutes (Anaerofustis, Peptostreptococcus, Dorea, Megasphaera, SMB53, 

Anaerostipes, Veillonella, Lactobacillus), one in phylum Bacteroidetes (Prevotella), one 

in phylum Actinobacteria (Bifidobacterium), four in phylum Proteobacteria 

(Escherichia, Citrobacter, Sutterella, family Pasteurellaceae).  Similarly, dietary iron 

(mg) in diet was significantly associated with 2 genera phylotype categories – both in 

phylum Firmicutes (Dorea and Turicibacter).  

The percent of total calories in the diet from fat (%) was significantly associated 

with 13 genera phylotype categories- seven in phylum Firmicutes (Ruminococcus, order 

Clostridiales Lactococcus, family Gemellaceae, family [Mogibacteriaceae], 

Anaerococcus, Parvimonas), one in phylum Bacteroidetes (Porphyromonas), four in 
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phylum Actinobacteria (Adlercreutzia, family Bifidobacteriaceae, 

Scardovia, Eggerthella), one in phylum Proteobacteria (family Enterobacteriaceae). The 

percent of total calories from protein (%) was also significantly associated with 6 genera 

phylotype categories - four in phylum Firmicutes (Coprobacillus, Streptococcus, 

Dialister, Phascolarctobacterium), one in phylum Bacteroidetes (family Rikenellaceae) 

and one in Actinobacteria (Atopobium). Percent of total calories from Carbohydrate (%) 

was significantly associated with 6 genera phylotype categories – three in phylum 

Firmicutes (Ruminococcus, Eubacterium, Lactococcus), two in phylum Actinobacteria 

(Eggerthella, Scardovia), and one in phylum Proteobacteria (family 

Enterobacteriaceae). Percent of total calories from sweets (e.g. sugary beverages and 

desserts) was significantly associated with 10 genera phylotype categories- six in phylum 

Firmicutes (Coprococcus, family [Mogibacteriaceae], family Clostridiaceae, Finegoldia, 

WAL_1855D, and family Gemellaceae), three in phylum Bacteroidetes (Prevotella, 

family [Barnesiellaceae], Butyricimonas) and one in Proteobacteria (Bilophila).  
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Table 14. Factors associated with lower taxonomic level phylotype categories 
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