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Abstract  
 

Primates who disperse from their natal group may shape their adult stable gut 

microbiome through physical contact and shared environments with their new group members. 

However, it is possible that individuals retain the dominant microbiome composition that they 

developed as an infant in their natal group even after joining their new group, due to a 

combination of genetic inheritance and exposure to their natal group environment. Microbial 

exposure during early life, before an immune system has been developed, can exert strong 

selection on a developing individual, in effect creating a selection bottleneck. Therefore, the 

environmental signals transmitted from mother to infant are critical in developing an infant’s 

immunocompetence. Determining what adaptations take place in an individual’s gut microbiota 

during their life could help determine the maternal importance of gut microbe transmissions 

which may be essential to the evolutionary success of a species.  

We studied Eulemur rubriventer (red-bellied lemurs) who live in family groups. We 

tested whether individuals now living in different social groups as adults overlap in microbe 

composition, and if areas of overlap are distinct compared with unrelated individuals. We also 

tested whether the gut microbiomes of co-residents (dispersed adult group-mates) would be more 

similar than that of individuals living in different groups. Using census and genetic data, we 

determined the social group membership and relatedness of 15 individuals in Ranomafana 

National Park, Madagascar. Quantitative real-time PCR and Microbial 16S ribosomal RNA gene 

sequencing indicated that E. rubriventer kinship accounted for just 2.4% of variability in gut 

microbiome diversity. Our findings indicate that host adult social group explained 25% of the 

variation in composition of E. rubriventer microbiomes. Additional research incorporating an 

increased sample size to include additional kin dyads is necessary to fully understand the 
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influence of genetic kinship and early life colonization on the GI microbiome. If initial microbial 

colonizing species are retained in adults, this demonstrates that early life colonization can persist 

through adulthood and perhaps preserve important microbial species across larger evolutionary 

time scales.   

 

Introduction 

The gut microbiome, consisting of the population of microbes that live in an individual’s 

gastrointestinal tract, is critical to host physiology (Rajilić-Stojanović et al. 2011). Microbes 

influence our risk of obesity, digestive inefficiency, and other health problems (Chang et al. 

2008; Gerritsen et al. 2011; Konturek et al. 2011, Rajilić-Stojanović et al. 2011). The presence 

and absence of specific microbes (bacteria and Archaea) in the gut aid in digestion and 

absorption of food and provide valuable nutrients, such as producing vitamins that assist with 

nutritional balance and toxin neutralization (Rajilić-Stojanović et al. 2011; Wu et al. 2011).  

Understanding the complex relationships between the microbiome and the human host, 

such as how both interact with host diet, genotype, and environment, allows us to determine the 

relationships that contribute to individual variation in gut microbiome composition. Individual 

susceptibility to the forces of selection that affect survival and reproduction will then vary as a 

result of these interactions. The selective pressures that an individual faces throughout life may 

be the strongest during their reproduction; the vertical transmission of microbes from mother to 

offspring is a signal of the local environment, which in turn will influence which microbiota the 

mother transmits to its infant throughout development. Early life influences on the gut 

microbiome that include vertical transmission of microbes from mother to infant and social 

group effects on the infant’s gut microbiome are critical and can prepare an individual for the 
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selective pressures it will experience throughout life. For example, the health of the mother will 

directly affect the health of her offspring (Zoetendal et al. 2001; Palmer et al. 2007; Cabrera-

Rubio et al. 2012; Koren et al. 2012; Mueller et al. 2015), which will in turn influence the 

infant’s ability to deal with the presence of disease. The environment that an individual is born 

into, and the food that they consume, will further shape an individual’s gut microbiome and 

influence their ability to migrate or colonize a new habitat (Amato et al. 2013; Bennett et al. 

2016). As an individual develops throughout life, they are exposed to new microbiota, which has 

its fitness costs and benefits. For example, after exposure to new microbiota, an individual 

diversifies their microbiome and increases the diseases that their body can recognize and respond 

to (Turnbaugh et al. 2007; Degnan et al. 2012; Moeller et al. 2015; Tung et al. 2015). The more 

an individual’s gut microbiome changes and diversifies, they are able to respond to more 

selective pressures.  

It has been suggested that a “core” microbiome exists in human and other species 

(Tschop et al. 2009; Tinker & Ottesen 2016) in which individuals exhibit a stable core microbial 

community, with little variance in gut microbiome compositions in response to shifts in diet and 

presence of particular bacteria.	  The core microbiome is important to identify because it may be 

directly related to adult health. The value of the stability of the core microbiome provides an 

assemblage of essential microbes that are beneficial in promoting immunity and diversity, and 

providing disease protection that can be carried with an individual throughout life. Two-thirds of 

the gut microbiome is unique to each individual, making the analysis of microbe transmission 

and retention a complex task (Palmer et al. 2007). The proportion of the adult microbiome that 

one develops in infancy (the core microbiome) is also difficult to determine because of 

interactions with other individuals from early life (e.g., relatives and in some cases non-
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relatives), as well as relatively consistent exposure to environmental microbes throughout life 

(e.g., in philopatric individuals that remain in their natal groups/ranges). The first step in 

determining the impact of the gut microbiome on individual health is identifying sources of 

individual variation, and how much of that variation is established in early life.  

The gut microbiome has a genetic component, but it is also changeable, and dynamic 

throughout life. Host genotype has a strong effect on the abundance and composition of the 

human gut microbiome, as indicated by twin studies (Zoetendal et al. 2001; Goodrich et al. 

2014). In fact, twins were more similar to one another than married pairs, suggesting that 

genotype had a stronger influence on the gut microbiome than their adult environment 

(Zoetendal et al. 2001; Goodrich et al. 2014). However, these twins spent their early lives in the 

same households, and different twin pairs were at various stages of development, making it 

difficult to determine the independent effects of genotype and environment. Nevertheless, there 

does seem to be a genetic component to one’s core and adult gut microbiomes.  

 

Maternal Influences on the Development of the Gut Microbiome 

An individual’s microbial community is most variable and flexible during their first year 

of life (Backhed et al. 2015; Mueller et al. 2015).  An infant is essentially born with a blank slate 

in regards to microbial composition, with minor bacterial cultivation during the birthing process. 

After one year of age, an infant’s gut microbiome begins to stabilize and remain relatively 

constant into adulthood (Palmer et al. 2007; Backhed et al. 2015). Throughout development 

(from birth through adulthood), individual exposure to microbes varies depending on one’s 

geographic location, social contact, and diet, among other potential sources, which ultimately 

influence individual gut microbiome composition and diversity.  
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Before an infant is exposed to its environment and the microbes associated with it, it 

cultivates a base microbiome from its mother during gestation and birth (Palmer et al. 2007; 

Mueller et al. 2015). A mother’s vaginal and gut microbiome change during her pregnancy and 

after parturition (Backhed et al. 2015). This may occur so that the infant inherits the most 

beneficial microbes that promote its health and survival before being exposed to its external 

environment and potential pathogens (Palmer et al. 2007).  In turn, microbes cultivated in the 

maternal gut microbiome during pregnancy promote weight gain and energy acquisition that is 

beneficial for the mother during pregnancy (Koren et al. 2012). The infant then inherits a suite of 

microbes from its mother via vaginal, fecal, and skin transmission (Backhed et al. 2015; Mueller 

et al. 2015). Vaginal birth not only transmits vaginal microbes, but gut microbes as well, by way 

of the fecal-oral route. During vaginal birth, infants come into contact with feces and obtain key 

microbes, such as Bifidobacterium species that promote healthy immune responses (Koren et al. 

2012; Backhed et al. 2015). If an infant is delivered via cesarean section, they do not inherit 

these essential microbes, and their immune responses may be compromised (Backhed et al. 

2015). Mode of delivery strongly influences the health of the infant (Backhed et al. 2015). 

Because of these relationships, reproductive health practices can have serious implications for 

offspring health. For example, in many Western societies, infants born via C-section have a less 

frequent vertical mother-infant transmission of important intestinal microbes such as Bacteroides 

and Bifidobacterium (Backhed et al. 2015).  

During an infant’s first year of life, the infant hosts a markedly dynamic microbiome 

composition, which changes almost daily (Backhed et al. 2015; Mueller et al. 2015). 

Concurrently, pregnancy and breast-feeding alter the abundance and diversity of microbes in the 

mother’s microbiome (Backhed et al. 2015), and breastfeeding is one of the most important 
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means of transmission to an infant’s gut microbiome, heavily influencing an infant’s stable and 

mature microbiome (Cabrera-Rubio et al. 2012; Ardeshir et al. 2014; Backhed et al. 2015; 

Mueller et al. 2015). The mother’s health status impacts this process of transmission, and if a 

mother is unhealthy, she may also pass on detrimental bacteria or inhibit the transmission of 

beneficial bacteria to her offspring (Koren et al. 2012). If a mother is healthy, breastfeeding 

provides the infant with essential bacteria and microbes that are necessary for development. 

Through this transmission, the infant’s gut microbes colonize and produce amino acids and 

vitamins that promote normal brain development (Koren et al. 2012; Backhed et al. 2015). This 

relationship between the gut microbiome and brain indicates that gut microbes have an important 

influence on individual behavior and development.  

The processes of gestation, birth, and breastfeeding have long-term effects on an 

individual’s gut microbiome, and provide an interesting evolutionary perspective on nonrandom 

adaptations that may have taken place in order to cultivate a healthy gut microbiome through 

vertical transmission. Considering that this process is bi-directional between the mother and 

offspring, this mutualistic relationship is adaptive for the health of both mother and offspring, 

and if it becomes disrupted, whether in the process of giving birth or breastfeeding, there could 

be serious health implications for both individuals (Koren et al. 2012; Backhed et al. 2015).  

 

Non-Maternal Influences on the Development of the Gut Microbiome 

It has been suggested that colonization history and natal group social relationships prime 

the gut microbiome for long-term colonization, and additional social and environmental factors 

may bring about changes within the gut microbiome throughout life—but we know little of this 

process (Palmer et al. 2007; Zoetendal et al. 2001; Goodrich et al. 2014).  Maternal influences on 



	   9	  

the infant microbiome are highly impactful through the processes of gestation, birth, and 

lactation, but what about other factors to which infants are exposed in early life, and that may 

make up the core microbiome in adults?  

During development, the social behavior of other group members may shape an infant’s 

gut microbiome. In adults, social group membership is a very strong predictor of microbiome 

composition (Raulo 2015; Raulo et al. in review; Tung et al. 2015; Moeller et al. 2016), and is 

likely mediated by social interaction, especially grooming (Tung et al. 2015). Grooming patterns 

and contact among natal group-mates may therefore influence the gut microbiome of developing 

individuals as well. One might also predict that different systems of infant care can substantially 

impact one’s core microbiome. Indeed, there appears to be a multitude of reasons and support for 

an existing feedback loop between infants and social group members: the presence of an infant 

affects group members’ microbiome composition, and close contact with group members affects 

infants’ microbe cultivation (Koren et al. 2012; Raulo 2015; Raulo et al. in review).  

Natal group membership may also influence the development of the core microbiome via 

differences in the microbes encountered in different microhabitats. Natal group home ranges or 

territories may vary in the composition and quality of resources, leading to differences in 

microbial transmission from dietary sources (Degnan et al. 2012; Amato et al. 2013; contra Tung 

et al. 2015; Moeller et al. 2016). There may also be transmission from the physical environment 

via soil and varying environmental communities (Turnbaugh et al. 2007). Primates, including 

lemurs, have been observed to practice geophagia, or soil ingestion (Krishnamani & Mahaney 

1999; LaFleur 2012). Individuals that consume soil may engage in this behavior for various 

reasons, such as mineral subsidization or even medicinal relief (Krishnamani & Mahaney 1999). 
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Primates also may practice geophagy (Krishnamani & Mahaney 1999; LaFleur 2012), providing 

additional diversity and enrichment to their gut microbiome composition.  

 

Challenges in Identifying the Core Microbiome 

It is challenging to study how the core microbiome is shaped because of interactions with 

residence pattern and social behavior, which have also been shown to have their own, 

independent effects on microbiome transmission (Tung et al. 2015; Moeller et al. 2016). For 

example, human residence patterns influence gut bacterial communities (Zoetendal et al. 2001; 

Song et al. 2013), and social group membership influences the structure of the gut microbiome 

more strongly than kinship in chimpanzees living in multi-male multi-female groups (Degnan et 

al. 2012). However, in many primate study systems, infants remain in their natal group 

throughout life (especially females). Relatives and non-relatives are likely to live together or 

nearby, and be in frequent contact, throughout their lives. Therefore, it can be difficult to 

distinguish the core microbiome that is established in early life because of similar or consistent 

exposure to social and physical environmental microbes throughout life.  

Eulemur rubriventer, the red-bellied lemur, is an ideal species with which to further 

investigate the core microbiome. Individuals live in small family groups of an adult male, an 

adult female, and their offspring during the first three to four years of life before both sexes 

disperse from their natal groups (Overdorff & Tecot 2006). Therefore, both sexes spend their 

early lives with kin, with minimal exposure to non-kin, and they spend their adult lives in a new 

microhabitat with an unrelated pairmate and their offspring. A previous study of this population 

determined that social group membership was a significant predictor of adult gut microbiome 

composition, and that gut microbiome composition responded in mothers and others to the birth 
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of infants (Raulo 2015; Raulo et al. in review). These findings suggest that the gut microbiome is 

at least partly shaped in adult life, after dispersal from the natal group (Raulo et al. in review). 

However, adult social group could not explain all of the variation in gut microbiome composition 

among adult social group-mates (Raulo 2015; Raulo et al. in review), leaving open the possibility 

that early life experiences shape the adult gut microbiome.  

Several interesting questions remain about how the gut microbiome is shaped throughout 

life, such as: 1) Do related adults share a more similar microbiome than unrelated individuals, 

therefore indicating an important influence of kinship on the core gut microbiome that developed 

during infancy? 2) If core microbiome signatures are retained in an individual throughout adult 

life, could this allow researchers to determine natal group from the gut microbiome alone? The 

physical environment and social interactions with other group members may strongly influence 

an infant’s gut microbiome, but understanding colonization history is essential to determining 

potential fitness benefits and natal importance of microbiome transmissions. 

It should be noted that individuals with identical early life experiences will not share an 

identical core gut microbiome. Infants born to the same mother will share similar colonizing 

microbes due to exposure to similar, specific microbes that have been vertically transmitted from 

mother to offspring during birth and breastfeeding, and they will share a similar microbiome 

composition to that of their mother during the first few months of life (Palmer et al. 2007; 

Backhed et al. 2015). However, since the mother and infants are at different developmental 

stages, their microbiome profiles will not continuously have a high correlation (Palmer et al. 

2007). Nonetheless, they will be more similar than the microbial relationship exhibited between 

father and offspring (Palmer et al. 2007; Zoetendal et al. 2001). Similarly, siblings will not have 

an identical core microbiome due to differences in maternal condition (Palmer et al. 2007). A 
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previous study found that close genetic relatives (i.e. twins) will have a more similar microbiome 

composition and diversity than a marital partner with whom they are currently living (Zoetendal 

et al. 2001). Based on this premise and other research (Palmer et al. 2007; Backhed et al. 2015), 

an infant will have the most similar microbiome composition to that of its twin, or a sibling that 

has been born in close time proximity (Palmer et al. 2007; Zoetendal 2001). Other group 

members may shape an individual’s gut microbiome composition until they disperse, after which 

time they interact with their new group members and new microhabitat. These interactions can 

vary throughout the lifetime, leaving an adult with a microbiome that uniquely reflects its 

experiences.  

 

Hypotheses and Predictions 

To determine the effects of early life (including genetic kinship, social behavior with kin, 

and microhabitat) on the adult gut microbiome, I studied the gut microbiome of dispersed adults. 

First, I hypothesized that the gut microbiomes of genetic kin dyads (i.e., those who had resided in 

the same natal group and now reside in different groups) would be more similar than non-kin 

dyads (i.e., those who did not reside in the same natal group and may or may not now reside in 

different groups). I predicted that genetic kin, compared with non-kin, would have more similar 

1) gut microbiomes as indicated by indices of presence/absence and relative abundance; 2) 

microbial diversity, using measures of richness, abundance, and evenness; and 3) composition, 

which is the microbes that make up the host’s microbial community. Second, to determine the 

effects of later life (including social behavior and microhabitat), I hypothesized that the gut 

microbiomes of co-residents (dispersed adult group-mates) would be more similar than that of 

individuals living in different groups. Though this last hypothesis was explored by Raulo and 
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colleagues (Raulo 2015; Raulo et al. in review), here I analyzed the same large dataset using 

additional analysis methods. I predicted that co-residents, compared with individuals living in 

different groups, would have more similar gut microbiome richness, diversity, abundance, and 

composition.  

 

Methods 
 

A. Study site (Ranomafana National Park, Madagascar) 

Data were collected at the Vatoharanana bush camp in Ranomafana National Park (RNP), 

Madagascar between 2013 and 2015. These data were collected as part the Ranomafana Red-

Bellied Lemur Project (http://rachellynjacobs.weebly.com/the-ranomafana-red-bellied-lemur-

project.html), a long-term study of this population spanning approximately 30 years, directed by 

Dr. Stacey Tecot (University of Arizona) and Rachel Jacobs (U.S. Fish and Wildlife). 

Vatoharanana comprises high altitude rainforest, and is located approximately 6 km south of the 

Centre ValBio research station. The climates were the same for all E. rubriventer groups 

analyzed. 

 

B. Subjects 

Eulemur rubriventer (red-bellied lemurs) live along the eastern escarpment of 

Madagascar, and live in social groups that typically consist of the mated pair and their offspring 

(Overdorff & Tecot 2006). They are frugivorous strepsirrhines (Overdorff & Tecot 2006; Tecot 

2008), and are highly cooperative and egalitarian (Tecot et al. 2016). E. rubriventer form 

monogamous pair-bonds and groups are socially cohesive, often grooming and sleeping in tight 

huddles, and fathers and siblings help care for infants (Tecot et al. 2016). Individuals experience 

minimal non-kin interactions during the first three to four years of life before dispersing 
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(Overdorff and Tecot 2006). Within groups, only fathers and mothers are unrelated (Merenlender 

1996), unless there has been a group turnover. Turnovers occur rarely (Tecot and Baden, unpub. 

data), but when they do occur, one adult in the pair is assumed to be unrelated to existing 

offspring. This is the only instance in which a developing individual will be exposed to an 

unrelated individual outside of very rare instances of inter-group interactions (Tecot, personal 

communication). E. rubriventer have fixed territories that vary in resource abundance throughout 

the year (Overdorff 1999; Tecot 2008). 

 

C. Data collection methods 

Data were collected as part of the Allomaternal Care study by Dr. Stacey Tecot and Dr. 

Andrea Baden. Focal groups were observed weekly, during which group composition was 

recorded and fecal samples were collected for microbiome and kinship analyses.  

For microbiome analysis, fecal samples were preserved in RNALater. For kinship 

analysis, fecal samples were desiccated with silica gel in a 15ml conical tube, using a Kimwipe 

to separate the sample from the silica gel. All samples were kept at room temperature until 

analysis. Fecal samples were collected opportunistically from known individuals, with the goal 

of collecting a minimum of 1 sample for microbiome analysis, and 5-10 samples for kinship 

analysis. Samples for microbiome sequencing were transported to the Knight Lab at the 

University of Colorado, Boulder. Samples for kinship analysis were transported to the Hunter 

College Primate Molecular Ecology Laboratory (PMEL).  

Two-hundred ninety-six whole, fresh fecal samples from E. rubriventer individuals in 15 

social groups were collected from 2013 to 2015 for gut microbiome analysis. One hundred and 

ten samples from 27 individuals in 11 groups have been sequenced and used in this study. 

Samples preserved for kinship analysis for the entire study were collected from every study 
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individual from 2013-2015 (n=253). Individuals for which both genetic and microbe data were 

available yielded a sample size of 15 lemurs in 5 different social groups. Because seasonal 

changes in gut microbiome composition have been observed in prior studies (Raulo 2015; Raulo 

et al. in review), data were divided into two sets: a reduced dataset used to compare the gut 

microbiome with kinship (n=15) within one season (September and October of 2013) to avoid 

temporally uncontrolled time points (hypothesis 1); and the total data for microbiome analysis 

(n=110) used to explore social groups (hypothesis 2).   

 

D. Lab analysis methods 

Genetic kinship procedures 

Genetic kinship was analyzed in the Primate Molecular Ecology Lab directed by Dr. 

Andrea Baden at Hunter College. Genetic mapping methods entailed genotyping ten loci for each 

individual, as well as the larger red-bellied lemur population in Vatoharanana, providing 

maternity and paternity probabilities. Samples were genotyped from 150 individuals in the 

population (including study individuals). Four to six loci were genotyped for the 15 individuals 

used in this study. DNA extraction of fecal samples was performed using the QIAamp DNA 

Stool Mini Kit (QIAGEN, USA) following the manufacturer’s protocols with the exception of 

extending the initial incubation period to 48-72 hours. 

For low-quality fecal DNA extracts, polymerase chain reaction (PCR) amplifications 

were conducted, and microsatellite genotyping amplification products were separated using 

capillary electrophoresis. Alleles were sized relative to an internal size standard using Gene 

Mapper software. To detect and avoid allelic dropout, multiple PCR replicates were performed 

according to the concentration of DNA in each sample (Morin et al. 2001). Final genotypes were 
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scored based on multiple independent reactions (Taberlet et al. 1996); all heterozygotes were 

confirmed by a minimum of two separate reactions and homozygous genotypes were confirmed 

via five amplifications. 

 

Microbiome sequencing 
 

16s rRNA sequencing was used to identify gut microbes in fecal samples. Dr. Katherine 

Amato supervised sample processing and provided training in microbiome data analysis. Sample 

processing, sequencing and core amplicon data analysis were performed according to methods 

from the Earth Microbiome Project (http://www.earthmicrobiome.org/). The resulting amplicons 

were sequenced using Illumina MiSeq platform (Caporaso et al. 2012). Microbial DNA was 

extracted using MOBio PowerSoil kit and the V4 region of the 16S ribosomal RNA gene was 

amplified using PCR. QIIME (Quantitative Insights into Microbial Ecology) software was used 

to match barcodes with samples and to extract poor quality reads (done with default settings of 

the “split_libraries_fastq.py” command [Q>20, 1% risk marginal in bases]). Using open 

reference operational taxonomic unit (OTU) picking, I clustered sequences and matched them 

with a known taxonomic database (GreenGenes 13_8), while enabling reverse strand matching 

(following Raulo et al. in review), and data were rarefied at 3000 reads per sample. The total 

number of reads per sample was 5000, and samples with less than 3000 reads were removed 

because all of them contained less than 100 reads (see Raulo et al. in review). Therefore, 

sequence data represented in our OTU table were used as relative abundances of each taxon per 

sample. Due to our inability to join many of the forward and backward reads (because of gaps in 

the sequences), only forward reads were used in OTU clustering. Forward reads were used for 
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this study because there is more variation in this part of the gene region. There was no systematic 

bias in OTU clustering between the forward and backward read sequences.   

 

E. Data analysis 

Kinship 

I used a regression measure of relatedness (Queller and Goodnight 1989) to score for 

relatedness. This regression measure weights each allele inversely by its frequency in the 

population so that rare alleles are given a relatively higher weight (Queller and Goodnight 1989). 

The relatedness values range from -1 to 1, with negative values occurring if the gene frequencies 

of the two compared individuals differ from the mean of the population in opposite directions 

(Queller and Goodnight 1989). The relatedness values typically average 0.5 among parents and 

offspring and full siblings, 0.25 among half siblings and cousins, and 0 among unrelated 

individuals. For the purpose of this study, I categorized our relatedness scores into three 

categorical values: unrelated (relatedness value of 0 or below), low relatedness (relatedness value 

of 0-0.25), and high relatedness (relatedness value of 0.25 and above). I constructed pedigrees 

using demographic data from the Ranomafana Red-Bellied Lemur Project long-term database, 

the Allomaternal Care project, and the genetic kinship analysis.  

 
Microbiome 

I analyzed microbiome data for composition, diversity, and presence/absence of 

microbes. I analyzed samples from adult relative and non-relative dyads, for similarities in gut 

microbiomes. I analyzed sequences to identify microbes using QIIME. The rarefied open 

reference OTU table with both database-matched and de novo clustered OTUs was standardized 

and converted into dissimilarity indices (weighted and unweighted UniFrac) to determine 
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whether individuals were significantly different. This step was done in R version 3.3.2 in the 

adonis function ‘vegan’ function package (Oksanen et al. 2014) and the phyloseq package 

(McMurdie & Holmes 2013). The UniFrac index provides an estimate of the similarity (or 1 - 

similarity = dissimilarity) of the samples to one another. I analyzed samples using both weighted 

UniFrac indices and unweighted UniFrac indices. Weighted UniFrac indices describe relative 

abundance and unweighted UniFrac indices describe presence and absence of microbiota. 

 Relative abundance is important when looking at cases with a large sample population, 

as differences in relative taxa abundance within a community are thought to be important. The 

diversity of microbes within an individual can be defined as the number and abundance 

distribution of distinct types of organisms (i.e. richness and abundance), which is important 

because this has been linked to several human diseases, for example low diversity in the gut has 

been linked to obesity and inflammatory bowel disease (Rajilić-Stojanović et al. 2015), and high 

diversity has been linked to individuals who have greater access to more nutritious food sources 

(Wu et al. 2011; Amato et al. 2013). Within a community, estimators such as the Chao1 (Chao 

1987) calculate alpha diversity, the number (richness) and distribution (evenness) of taxa 

expected within a single population. These generate figures known as rarefaction curves, which 

plot the number of individuals sampled versus the number of species, as increasing numbers of 

sequenced taxa provide increasingly accurate estimates of total population diversity (Colewell & 

Coddington 1994).  
To compare microbial diversity across individuals, I used both alpha diversity (diversity 

within a sample) and beta diversity (diversity across samples) indices. Alpha diversity 

determines how many types of sequences there are in a sample, and beta diversity compares 

samples to each other. To quantify alpha diversity, I used Chao1 and Shannon diversity indices, 
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which both measure richness and evenness. To determine beta diversity, I used the Bray-Curtis 

dissimilarity index (Legendre & Legendre 2012), which is based on abundance data.  These 

indices are commonly used to characterize species diversity in a community, accounting for 

richness, abundance and evenness of the present species.  

I tested whether gut microbiome diversity was correlated with kinship using a Pearson 

correlation test.  This test measures the strength and direction of association that exists between 

the two variables (gut microbiome diversity and kinship). I also used a linear regression to 

determine whether kinship could predict gut microbiome diversity. To determine whether 

kinship influenced the gut microbiome, I tested whether relatedness scores were associated with 

microbial similarity using partial Mantel tests, which determined the correlations between gut-

microbial similarity (Bray-Curtis dissimilarity) and relatedness (Legendre & Legendre 2012). 

Identifying specific microbes is important because they can have specific effects on their 

own. Certain taxa have been found to be more heritable than others (Goodrich et al. 2014), so in 

a study analyzing genetic kinship such as this, it is essential to look at the presence of these 

specific taxa. In order to analyze composition, I analyzed the complete OTU table of our sample 

population, determining the proportions of the most abundant taxa present, as well as the specific 

taxa outline in the Goodrich et al. (2014) study in which heritable taxa were identified.  

To test for associations between individuals, non-metric multidimensional scaling (MDS) 

was performed using relative abundance, and to visualize clustering patterns between social 

groups, a Principle Component Analysis (PCA) was performed in QIIME.  

 

Results 
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There were a large number of related individuals within our sample population. We found 

a low-to-high degree of relatedness for over half of the study individuals (Table 1). Microbial 

species richness and diversity did not differ greatly across all individuals sampled for 

microbiome analysis (n=36) using Chao1 richness estimates (Figure1a) and Observed OTUs 

(Figure1b). 
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Table 1. Shows E. rubriventer individuals and their relatedness scores using the Queller & Goodnight Estimator 

(1989). The closer the value is to 1, the more related the individuals are. 
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a)       b) 

 

                             

Figure 1. E. rubriventer Rarefaction curves showing the number of unique Operational Taxonomic Units (OTUs, 

sharing ≥ 97% sequence identity). (a) Red-bellied lemur microbiomes clustered by individual using Chao1 richness 

and diversity estimates. (b) Red-bellied lemur microbiomes clustered by individual using Observed OTUs.  

 

There was no direct correlation between genetic similarity and microbial similarity 

(partial Mantel test for relative abundance: r = 0.187, P= 0.079 (Table 2); for presence/absence: 

r = 0.17, P= 0.103 (Table 3)).   
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Table 2. Partial Mantel test for relative abundance analyzing the correlation between genetic similarity and 

microbial similarity.  

	  
Number of entries Mantel r statistic p-value Number of permutations Tail type 
15 0.18691 0.079 999 two-sided 
 

Table 3. Partial Mantel test for presence/absence analyzing the correlation between genetic similarity and microbial 

similarity.  

Number of entries Mantel r statistic p-value Number of permutations Tail type 
15 0.17065 0.103 999 two-sided 

 

Across all 15 individuals, relatedness accounted for 2.4% of the explained variability in 

GI diversity (Table 4). There also was no correlation between genetic similarity and gut 

microbiome diversity (Chao1) (Pearson correlation r = 0.035, n = 105, P= 0.729).  

	  
Table 4. Linear regression of Relatedness and Microbiome Diversity using Chao1 index. 
	  

Model Summary 
 

 
Model 

 
R 

 
R2 

 
Adjusted 

R2 

 
Std. Error of 
the Estimate 

Change Statistics 
R2 Change F Change df1 df2 Sig. F 

Change 
1 0.183a 0.033 0.024 0.878 0.033 3.556 1 103 0.062 

a. Predictors: (Constant), Diversity Difference 
	  
 

 

Microbial species richness and diversity did not differ strongly among Eulemur 

rubriventer individuals occupying different social groups (n=13) (Figure 2a and Figure 2b). 

Chao1 richness estimates (Chao, 1987), clustered by social group, revealed that red-bellied 

lemurs inhabiting different social groups harbored the same number of microbial OTUs within a 



	   24	  

range of 200 taxa. This pattern across social groups was maintained when measured only by the 

number of OTUs (Figure 2b). 

To further test the effect of social group on the microbiome composition of our samples, 

OTU abundances were compared across study groups. A permutational analysis of variance 

(PERMANOVA) using distance matrices indicated that social group only had a slight effect on 

gut microbiome composition (R2= 0.2490, P= 0.0307). Relative proportions of OTUs were 

compared as a function of social group across the higher taxonomic levels Phylum (Figure 3a), 

Class (Figure 3b), Order (Figure 3c), and Family (Figure 3d), and indicated that the GI 

microbiome composition is similar among the higher taxa across all social groups. Bacteroidetes 

(31% of total sequences), Firmicutes (23%), Proteobacteria (16%), and Cyanobacteria (7%) 

phyla predominated, and were detected in similar proportions across all social groups (Figure 4). 
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a) 

 

b) 

 

Figure 2. E. rubriventer rarefaction curves showing the number of unique Operational Taxonomic Units (OTUs, 

sharing ≥ 97% sequence identity). (a) Red-bellied lemur microbiomes clustered by social group using Chao1 

richness and diversity estimates. (b) Red-bellied lemur microbiomes clustered by social group using Observed 

OTUs. 
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c 

 
 
d 

 
Figure 3.  Eulemur rubriventer taxonomic composition based on sum of social group means. Stacked charts of 

microbial taxonomy at the level of (a) Phylum, (b) Class, (c) Order,  and (d) Family. 
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Figure 4 Gut microbe profiles of the six social groups, allocated by phylum. 
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Non-metric multidimensional scaling (MDS) was used to visualize and assess 

dissimilarities among our set of sample individuals and groups (Figure 5). 

 
 

 
 
Figure 5. Non-metric multidimensional scaling with each sample individual represented. Shows proximity of 

individuals to each other indicating how dissimilar they are. Objects that are more similar to one another are 

ordinated closer together. The axes are arbitrary as is the orientation of the plot. Based on abundance of observed 

microbes. Kruskal’s stress (1)= 0.268. Each point represents an individual. Different colors indicate social groups. 

 

There were no significant patterns between samples from unrelated or related individuals, 

or across social groups. However, Principal Component Analysis (PCA) revealed slight positive 

trends between certain social groups (Figures 6 and 7). The PCA did not reveal any trends across 

related individuals or across all social groups. 
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Figure 6. Principal Component Analysis of factors contributing to gut microbiome diversity results. Shows the 

observations on a two-dimensional map, and identifies trends of social group and overlapping territory. Each point 

represents an individual. Different colors indicate social groups. Individuals in the same social group are more 

similar to one another, and social groups in nearby territories are more similar than other social groups in more 

distant territories.  
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Figure 7. Principal Component Analysis of factors contributing to gut microbiome diversity results used to 

emphasize variation and bring out strong patterns in the dataset. Correlation circle shows a projection of the initial 

variables in the factor space. When two variables are far from the center, and if they are: 1) close to each other, they 

are significantly positively correlated (r close to 1); 2) orthogonal, they are not correlated (r close to 0); 3) on the 

opposite side of the center, they are significantly negatively correlated (r close to -1). Each point represents an 

individual. The different colors represent the different social groups. 

	  
	  
Discussion 
 

We found that genetic kinship did account for 2.4% of variability, but overall it was not a 

good predictor of gut microbiome similarity, diversity, and composition. There was no direct 
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correlation between kinship and microbial similarity in regards to relative abundance, 

presence/absence, or diversity. Furthermore, kinship accounted for just 2.4% of variability in gut 

microbiome diversity, and a linear regression determined that kinship could not predict GI 

diversity. Overall, Eulemur rubriventer individuals across all social groups did not differ 

strongly in microbial species richness and diversity. Social groups clustered together, 

demonstrating that E. rubriventer individuals acquired the same number of microbial OTUs 

(within a range of 200 taxa) even though they resided in different social groups, determined by 

Chao1 richness estimates and observed OTUs.  Our results add to the current evidence of group-

specific microbiota (Degnan et al. 2012; Song et al. 2013; Tung et al. 2015), as this study 

suggests that social groups have an effect on gut microbiome composition  

This study builds on a recent study of the role of E. rubriventer social dynamics in 

shaping the gut microbiota (Raulo 2015; Raulo et al. in review). In that study, the gut 

microbiome composition of breeding individuals in a group were as similar to one another as 

they were to their presumed offspring (Raulo 2015; Raulo et al. in review), but no genetic data 

were available to confirm relationships.  In order to test this relationship, this study used a 

portion of the total dataset in order to look at genetic relatedness. 	  Further research incorporating 

a larger sample size is necessary to definitively test kinship and early life exposure with the gut 

microbiome. A larger sample size will allow us to construct mother and offspring dyads, 

potential sibling dyads, as well as kin and non-kin who resided together as adults.  

 

Genetic relationships  

These results demonstrate that Eulemur rubriventer GI microbiome composition and 

diversity do not vary greatly between individuals. Here, there is just slight indication of a 
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retained gut microbiome from genetic relatives, but there are no significant results that indicate 

there was a direct correlation between genetic similarity and microbial similarity or between 

genetic similarity and gut microbiome diversity. Unfortunately, we were unable to look at 

mother-offspring dyads because our dataset did not contain any mother-offspring dyads. This is 

the obvious analysis to perform in the future, as the infant will directly inherit most of their early 

life microbes from their mother during gestation, birth, and breastfeeding/care. This is important, 

as the mother’s health condition can vary during each infant’s development, contributing to 

differences in siblings. Lacking these dyads in our dataset may have been the reason that our 

results did not indicate any significant influence of genetic kinship on the adult gut microbiome. 

Although siblings could be genetically related, they may or may not have been in their natal 

group at the same time due to dispersal. Therefore, we may find signals of a genetic influence on 

the gut microbiome, but these individuals would not have been subject to the same social or 

physical environmental influences on the core microbiome.  

While results from this study suggest that relatedness does not motivate patterns of 

composition and diversity of gut microbes, further research is necessary to determine if this 

result is replicated in larger sample populations and with known parent-offspring dyads. It should 

be noted that our sample size did not allow us to compare kin with non-kin dyads who resided 

together and separate as adults; we were only able to compare kin and non-kin. Because non-kin 

may or may not live together as adults, support for our hypothesis indicates that early life 

experience is somewhat important, but further study is necessary to determine its importance 

relative to later-in-life influences such as social group membership.  

A recent study by Goodrich et al. (2014) showed that certain microbes are more heritable 

than others, with the relative abundance of 16S rRNA gene sequences belonging to the family 
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Christensenellaceae showing the most variance attributed to host genetic effects. Furthermore, 

this large-scale twin study showed that the abundances of bacterial families Ruminococcaceae 

and Lachnospiraceae are, to a certain degree, heritable taxa.	  In contrast,	  the phylum 

Bacteroidetes were found to be mostly environmentally determined, as most nodes were not 

heritable (Goodrich et al. 2014). These specific microbes that are potentially retained from kin 

may be more important than overall diversity when investigating the effects of kinship. Our 

analysis indicates that a percentage of these highly heritable bacteria are present in our sample 

population. The total sequences comprised 6.5% of the family Lachnospiraceae, and the family 

Ruminococcaceae was comprised of 1.9% of the total sequences. However, the most heritable 

taxon, the family Christensenellaceae of the order Clostridiales and Firmicutes phylum, only 

was comprised of .001% of the total sequences (Table 4). While OTUs representing 

Christensenella were not abundant in our dataset, this result could be due to various factors. The 

phylum Firmicutes, to which Christensenella belongs, is not as abundant in E. rubriventer as in 

humans (Goodrich et al. 2014). In order to better determine the presence and relative abundance 

of Christensenella in our sample population, we need a larger sample size. However, in a recent 

study with E. rubriventer, indicator analysis revealed that group-specific differences in 

microbiome composition were a result of changes in bacteria presence, mainly belonging to the 

order Clostridiales (Raulo et al. in review). Perhaps in the social groups with the highest 

abundance of Clostridiales, there is also a higher abundance of Christensenella. If so, we may 

also find a higher degree of relatedness among these individuals. Additionally, like many non-

human primate species, there are many unidentified taxa in our sample population 

(approximately 15% of total sequences) (Table S1). Because the Goodrich et al. (2014) study 

was performed with humans, it is possible that some of the unidentified taxa found in lemurs are 
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heritable and important to the species. A future study further comparing the genetics of E. 

rubriventer samples with their corresponding gut microbiome composition could further 

determine whether the changes in Clostridiales presence are a factor of host genetics. 

 

Sociality 

These results provide evidence that group membership directly affects the composition of 

the adult gut microbiome in wild E. rubriventer, as found previously by Raulo and colleagues 

(Raulo 2015; Raulo et al. in review). In that study, they also found that E. rubriventer gut 

microbiome composition was impacted by social network position (Raulo et al. in review). 

Although E. rubriventer social group membership does not fully explain the complete microbial 

variation of individuals, these studies suggest that it may contribute quite a bit more to the adult 

gut microbiome than genetic kinship. Therefore, our results highlight the importance of 

understanding socially mediated transmission in shaping gut microbiomes, and to what extent it 

does so.  

Among lemur species some differences might be expected since they vary in social and 

mating systems (Tecot et al. 2016), as well as habitat type and exposure to habitat disturbance 

(Ratsimbazafy 2007; Herrera et al. 2011). A study by Yildirim et al. (2014) found that more 

promiscuous primate species show greater microbial diversity. Therefore, host-specific factors 

relevant to various primate species, such as diet or sexuality, can possibly drive host interspecific 

differences in microbiome variation (Yildrim et al. 2014). If promiscuity is a driving factor for 

individual variation of the microbiome, this may explain the low variation of a monogamous 

species such as E. rubriventer. In our study, gut microbiome community composition became 

more similar as a function of social group at higher taxonomic levels (S1). These results could be 
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a factor of the small subset of samples that we were able to use for this analysis. In the future we 

plan to incorporate a larger sample size, and eventually incorporate several generations of 

individuals and known dispersal routes. By including dispersal routes, we will have a better 

understanding of the individuals and social groups that interact with one another, and perhaps 

interact to shape one’s gut microbiome composition and diversity.  

Our results also indicated that social groups appear more similar in microbial diversity 

based on their current geographical territories. For example, we can see that social groups 8 and 

11 are highly similar in microbial diversity (Figure 7) and have partially overlapping 

geographical territories (Figure 8). These results could indicate that similar diets across groups 

and environments are as large of an indicator of gut microbiome similarity as sociality. Diet is 

known to greatly influence gut microbiome composition and variation (Amato et al. 2013). For 

example, howler monkeys that were exposed to varying degrees of habitat degradation, and 

therefore variation in available food resources, had dissimilar diversity, richness, and 

composition	  within their gut microbiomes (Amato et al. 2013). Because E. rubriventer disperse 

from their natal groups, their new groups expose them to new microhabitats and potentially new 

dietary sources. To determine whether locational effects can explain social group differences, we 

plan to investigate short-term changes in gut microbiome composition by analyzing samples 

collected in different seasons, as E. rubriventer individuals occupy different portions of their 

home ranges and consume different foods.  
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Figure 8. Geographical territories of E. rubriventer social groups in Ranomafana National Park. Photo credit: 

Ranomafana red-bellied lemur project. 

 

Interestingly, although there was slight variation in gut microbiota between social groups, 

variation between individuals across these groups was less pronounced. Not only do individuals 

share more similar sets of gut microbes, but they also share similar abundances of individual 

microbial species and microbial evenness. This is concurrent with other studies on lemur gut 

microbiome variation (Bennett et al. 2016), which also found no significant variation in the 

diversity of Lemur catta gut microbiota in response to social group, age, sex, and habitat 

disturbance. In fact, lemurs are relatively invariable compared to other species, such as 

chimpanzees and baboons (Tung et al. 2015; Moeller et al. 2016; Amato et al. in preparation). 
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This low level of variation could be due to the relatively small social and foraging groups of E. 

rubriventer and other lemur species, though this needs to be explored further. 

  

The Core Microbiome and Next Steps 

While these results suggest that horizontal transmission seems to have a much stronger 

influence on the adult gut microbiome than does vertical transmission, it could be that early life 

colonization and horizontal transmission of gut microbiota are essential to the evolutionary 

success of a species. Horizontal transmission may eliminate bottleneck effects on a population 

and also diversify an individual’s microbiome, which has known benefits for health and 

immunity (Gerritsen et al. 2011; Rajilić-Stojanović et al. 2011). If vertical transmission of 

microbes from parent to offspring was the main variable attributing to variation within the gut 

microbiome, microbial diversity would be prevented over evolutionary time scales. Since there 

are health effects of low species richness and diversity in the gut microbiome (Gerritsen et al. 

2011; Konturek et al. 2011), horizontal transmission and sociality can preserve disease 

protection. The question persists, though, in the relative importance of horizontal transmission in 

early and adult life. Additional research on the influence of genetic kinship and early life 

colonization on the GI microbiome is necessary to fully understand the way they shape the adult 

microbiome and prepare an infant for transmission of microbes in adulthood. 

Finally, our genetic analysis produced surprising results when combined with our current 

knowledge of the E. rubriventer sample population. Four individuals within our sample 

population previously thought to be related were determined to be unrelated, demonstrating that 

genetic analysis is necessary in the future to confirm kinship. E. rubriventer is reportedly 

monogamous (Merenlender 1996; Tecot et al. 2016). We do not think that this result changes 
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that categorization, as variation is expected in any trait. However, it does have implications for 

studies such as this that rely on knowledge of kin relationships. In studies of E. rubriventer, 

group membership is not a guaranteed proxy for kinship. This finding is of great significance for 

current research and past studies of this species, and is being explored further by the Ranomafana 

Red-Bellied Lemur Project. 

Future studies should then examine the relationship between E. rubriventer GI 

microbiome composition, relatedness, and presence of heritable bacteria. The current evidence 

that reports vertical transmission of gut microbes from mother to offspring (Palmer et al. 2007; 

Zoetendal et al. 2001; Moeller et al. 2016) further supports the assertion that the gut microbiome 

is a flexible and changing community and ends up being largely influenced by horizontal 

transmission. This is interesting, as it could be argued that initial vertical transmission of 

microbes from mother to infant, as well as natal group member influence on an infant’s gut 

microbiome, is critically important during stages of early development, but needs change as they 

become adults. Our results also indicated little variance between individuals, which could be a 

result of Madagascar’s island biogeography. Isolated host populations may have not had the 

opportunity to become exposed to new microbiota and the fecal microbiota of island-living 

individuals may have less individualized gut microbiome compositions (Martinez et al. 2015). 

Furthermore, the presence of forest fragmentation has been shown to reduce diversity in host 

populations because individuals who consume less diverse diets have less diverse gut 

microbiomes (Amato et al. 2013), which could be a reason we do not see much variance in our 

sample population. Future studies should be pursued that more accurately describe the relative 

influence of microbial factors, such as genetics and sociality, vs. one variable dominating 

another. Understanding the time scales on which genetic transmission wanes in influence and 
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social factors increase in their relative impact on composition and diversity will provide valuable 

insight into the link of GI microbiome, sociality, and transmission. 
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Sample	  ID	  
Name	  

Social	  
Group	  

ERUB.8M	   3	  
ERUB.7M	   3	  
ERUB.12M	   7	  
ERUB.15M	   7	  
ERUB.35M	   8	  
ERUB.34M	   8	  
ERUB.36M	   8	  
ERUB.32M	   8	  
ERUB.3M	   9	  
ERUB.4M	   9	  
ERUB.31M	   11	  
ERUB.30M	   11	  
ERUB.29M	   11	  
ERUB.17M	   53	  
ERUB.16M	   53	  
Table 3 Shows table of E. rubriventer individuals and their corresponding social group. 
 
 

Sum of Total 
 Row Labels Total 

f__ 9.8694 
f__[Bryobacteraceae] 0.0004 
f__[Cerasicoccaceae] 0.0056 
f__[Chthoniobacteraceae] 0.019 
f__[Exiguobacteraceae] 0 
f__[Fimbriimonadaceae] 0.0058 
f__[Methanomassiliicoccaceae] 0.4508 
f__[Mogibacteriaceae] 0.0216 
f__[Paraprevotellaceae] 2.862 
f__[Pedosphaeraceae] 0.0034 
f__[Tissierellaceae] 0.0046 
f__[Weeksellaceae] 0.0168 
f__0319-6G20 0.0016 
f__A4b 0.0028 
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f__Acetobacteraceae 0.0538 
f__Acidobacteriaceae 0.0584 
f__Actinomycetaceae 0.0066 
f__Aerococcaceae 0.019 
f__Aeromonadaceae 0.0172 
f__Alcaligenaceae 2.1276 
f__Alteromonadaceae 0.002 
f__Anaeroplasmataceae 0.0016 
f__auto67_4W 0.011 
f__Bacillaceae 0.0054 
f__Bacteriovoracaceae 0.0004 
f__Bacteroidaceae 8.9658 
f__Bdellovibrionaceae 0.0038 
f__Beijerinckiaceae 0.0086 
f__Bifidobacteriaceae 0.0278 
f__Bradyrhizobiaceae 0.0406 
f__Brevibacteriaceae 0.0026 
f__Burkholderiaceae 0.027 
f__C111 0.0002 
f__Caldilineaceae 0.0006 
f__Campylobacteraceae 0.7078 
f__Cardiobacteriaceae 0.0004 
f__Carnobacteriaceae 0.0012 
f__Caulobacteraceae 0.0504 
f__Cellulomonadaceae 0.0008 
f__Chitinophagaceae 0.0712 
f__Chlamydomonadaceae 0.0006 
f__Christensenellaceae 0.0008 
f__Chthonomonadaceae 0.0002 
f__Clostridiaceae 0.0128 
f__Comamonadaceae 0.1084 
f__Conexibacteraceae 0.001 
f__Coriobacteriaceae 0.778 
f__Corynebacteriaceae 0.0128 
f__Coxiellaceae 0.0074 
f__Cryomorphaceae 0.0018 
f__Cytophagaceae 0.0226 
f__Dermabacteraceae 0.0048 
f__Desulfovibrionaceae 0.4188 
f__Dethiosulfovibrionaceae 0.0014 
f__EB1017 0.0006 
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f__Ellin515 0.0018 
f__Ellin517 0.0002 
f__Ellin6075 0.0038 
f__Elusimicrobiaceae 0.0116 
f__Enterobacteriaceae 0.7954 
f__Enterococcaceae 0.003 
f__Erysipelotrichaceae 2.7996 
f__Erythrobacteraceae 0.0014 
f__Eubacteriaceae 0.0018 
f__F16 0.0078 
f__Flavobacteriaceae 0.0158 
f__Frankiaceae 0.0096 
f__Fusobacteriaceae 0.0062 
f__Gaiellaceae 0.0006 
f__Gemellaceae 0.0042 
f__Gemmataceae 0.0036 
f__Gemmatimonadaceae 0.0006 
f__Haliangiaceae 0.0018 
f__Halomonadaceae 0.0164 
f__Helicobacteraceae 0.1634 
f__Hyphomicrobiaceae 0.0248 
f__Hyphomonadaceae 0.0048 
f__Intrasporangiaceae 0.0018 
f__Isosphaeraceae 0.0048 
f__Kineosporiaceae 0.0016 
f__Koribacteraceae 0.0068 
f__Lachnospiraceae 6.4696 
f__Lactobacillaceae 0.0156 
f__Leptospiraceae 0.0004 
f__Leptotrichiaceae 0.0044 
f__Methylobacteriaceae 0.0186 
f__Methylocystaceae 0.061 
f__Methylophilaceae 0.005 
f__Microbacteriaceae 0.0118 
f__Micrococcaceae 0.0116 
f__Micromonosporaceae 0.0062 
f__mitochondria 0.0024 
f__Moraxellaceae 0.3522 
f__Mycobacteriaceae 0.011 
f__Mycoplasmataceae 1.195 
f__Myxococcaceae 0.0002 
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f__Nannocystaceae 0.0002 
f__Neisseriaceae 0.02 
f__Nitrososphaeraceae 0.0006 
f__Nitrospiraceae 0.001 
f__Nocardioidaceae 0.0014 
f__Nostocaceae 0.001 
f__OM60 0.0012 
f__Opitutaceae 0.0158 
f__Oxalobacteraceae 0.0344 
f__Paenibacillaceae 0.001 
f__Parachlamydiaceae 0.0002 
f__Pasteurellaceae 0.245 
f__Patulibacteraceae 0.0012 
f__Peptostreptococcaceae 0.0002 
f__Phyllobacteriaceae 0.0022 
f__Pirellulaceae 0.002 
f__Piscirickettsiaceae 0.0016 
f__Planctomycetaceae 0.0026 
f__Planococcaceae 0.001 
f__Polyangiaceae 0.0002 
f__Porphyromonadaceae 1.6788 
f__Prevotellaceae 8.9922 
f__Pseudomonadaceae 0.1248 
f__Pseudonocardiaceae 0.006 
f__R4-41B 0.0004 
f__RB40 0.0014 
f__RFP12 3.456 
f__Rhizobiaceae 0.0528 
f__Rhodobacteraceae 0.102 
f__Rhodocyclaceae 0.0022 
f__Rhodospirillaceae 0.027 
f__Rickettsiaceae 0.0038 
f__Rikenellaceae 0.0036 
f__Ruminococcaceae 1.8976 
f__S24-7 0.2722 
f__Saprospiraceae 0.0008 
f__Sinobacteraceae 0.06 
f__Solibacteraceae 0.0106 
f__Solirubrobacteraceae 0.0012 
f__Sphaerochaetaceae 0.0098 
f__Sphingobacteriaceae 0.0686 
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f__Sphingomonadaceae 0.122 
f__Spirochaetaceae 0.009 
f__Staphylococcaceae 0.2748 
f__Streptococcaceae 0.0574 
f__Succinivibrionaceae 5.1264 
f__Syntrophobacteraceae 0.0002 
f__Trebouxiophyceae 0.002 
f__Veillonellaceae 3.221 
f__Verrucomicrobiaceae 0.0668 
f__Victivallaceae 0.0042 
f__Williamsiaceae 0.0006 
f__Xanthobacteraceae 0.0028 
f__Xanthomonadaceae 0.1204 
Other 8.982 
Grand Total 74 

Table 4 Total sequences of OTUs in the family taxonomic rank. 
 

 

 

	  


