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Abstract 

Host fitness is impacted by trillions of bacteria in the gastrointestinal tract (GIT) 

that facilitate development of the intestines and brain, digest fiber, and defend against 

pathogenic invasion. Gut microbes are closely tied to host development and, by 

extension, the components of life history. Yet, because microbes are capable of lateral 

gene transfer across vast phylogenetic distances, scientists have struggled to determine 

whether the taxonomic (microbiota) or genetic (microbiome) composition of a microbial 

community plays a greater role in its symbiosis with the host. The overarching theme of 

this dissertation is to explore the interplay between the phylogeny and phenotype of 

both host and its microbiome. By using 16S rRNA gene amplicon sequencing, 

metagenomic sequencing, and metabolomics to compare gut microbial communities 

associated with captive hosts, we are able to identify which microbial community 

features are correlated with specific host factors. First we compared gut colonization in 

infants across three lemur species with different diets and gut morphologies. Next we 

used metagenomic sequencing and nuclear magnetic resonance (NMR) spectroscopy to 

assess the suite of metabolic pathways and products associated with each host species. 

Both studies suggest that fiber is a critical dietary component associated with key 

features of microbial colonization in healthy infants. We next compared bacterial 

lineages shared between lemurs and bamboo specialists to assess which specific classes 

of microbial membership are impacted by host phylogeny versus diet. Finally, we 

compared secondary colonization trajectories to assess the impact of Cryptosporidium, an 
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intestinal pathogen that seasonally infects captive sifakas at the Duke Lemur Center. We 

find that, while diet predictably shapes community structure and function during 

colonization, disease incurs age-related impacts on each individual’s microbiome 

uniquely. 
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1. Introduction  

“We cannot fully understand the lives of animals without understanding our microbes and our 
symbioses with them. And we cannot fully appreciate our own microbiome without appreciating 
how those of our fellow species enrich and influence their lives.”  

– Ed Yong, I Contain Multitudes 
 

Nearly every aspect of mammalian life is linked in some way to microbes. 

Bacteria promote tissue development, train the immune system, and affect host 

behavior. In addition, gut microbes facilitate fiber digestion—thereby not only 

impacting nutrition across an individual’s lifespan, but also driving mammalian 

speciation by enabling novel adaptive feeding strategies. Thus, gut microbiome (GM) 

plays a vital role in their hosts’ evolution by contributing to aspects of life history and 

individual fitness, and by facilitating adaptive radiation to myriad dietary niches. Yet 

the assembly process leading to this complex symbiosis between animals and their gut 

microbes has eluded scientific understanding for decades. Recent technological 

advances, such as molecular-based techniques, next generation sequencing, and 

computationally powerful bioinformatics pipelines, have enabled the high-throughput 

analysis of previously uncultured and highly complex microbial communities (Maria 

Gloria Dominguez-Bello, Blaser, Ley, & Knight, 2011). Despite burgeoning scientific 

interest and technical feasibility, however, it remains difficult both to tease apart the 

relative significance of host characteristics in shaping the GM, and to determine how 

and to what extent microbial niches and succession are determined by phylogeny or 

ecology. This challenge can be insurmountable in studies of non-model organisms such 

as humans and other primates. The Duke Lemur Center (DLC) provides a unique 
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resource for studying lemurs of known lineage and fixed diet regimes. By controlling 

certain environmental variables and recording relevant long-term host data, I 

investigated the various factors contributing to the host-gut microbial relationship and 

the process of community assembly in the gut after birth and disease events.  

1.1 Gut microbial communities are complex, dynamic symbiotic 
partners 

The following studies of host-associated microbiomes draw heavily from ecology 

and comparative biology. The host comprises a system of diverse and dynamic 

landscapes, which recruit and regulate microbial communities, which in turn interact 

with and impact the host. This complex conversation entails constant communication 

across scales, involving microbes and host at the cellular, tissue, organ, organismal, 

population, and community levels. This cross-talk can be visualized as a collection of 

networks – from chemical compounds for nutrition and defense, to community 

demographics – which fluctuate as a web when one of its strands is plucked. 

Ecology provides a framework to evaluate and test the interactions within this 

complex system. Just as “nothing in biology makes sense except in the light of 

evolution” (Dobzhansky, 2013), it is impossible to understand organisms without the 

context of their ecology. Nothing exists in a void; thus, each creature’s behaviors and 

features are determined in part by the context of its surroundings – including its 

microbiome. 

Four ecological processes have traditionally provided a framework for 

generating hypotheses: dispersal, environmental selection, diversification, and drift. 
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Dispersal includes factors that help or hinder the spread of species to different habitats. 

Several features of gastrointestinal tract (GIT) physiology affect microbial dispersal: For 

example, peristalsis moves ingesta (including microbes) down the length of the gut, 

while stomach acidity (Beasley, Koltz, Lambert, Fierer, & Dunn, 2015) and lack of 

oxygen in the intestines act as restrictive filters that prevent many species from 

colonizing the colon. Furthermore, because the number and types of niche spaces are 

limited, not every species that disperses into an ecosystem can survive there: 

Environmental selection favors specific functions and roles in a given system. An 

herbivorous or vegetarian diet, for example, selects for microbes that are specifically 

adept at digesting fiber (David, Maurice, et al., 2014; Muegge et al., 2011). Once 

established, community members undergo diversification, taking on specialized roles to 

avoid competition for limited resources and niche space. (In the previous example, 

microbes may digest different fiber components, assembly-line style, in a sort of 

metabolic bucket line.) Finally, drift comprises stochastic processes that contribute to 

community structure. In the gut, each meal also provides an influx of environmental 

microbes, while gut transit eliminates a portion of the community with waste; each 

contributes to drift in the form of transient community membership.  

The growing body of microbial research suggests that not only do these 

ecological processes regulate the gut microbiome, but also that the GM performs specific 

functions that are analogous to ecosystem services. Indeed, host health can be 

considered a composite product of ecosystem services (Costello, Stagaman, Dethlefsen, 
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Bohannan, & Relman, 2012). Bodelier (Bodelier, 2011) previously listed a number of 

services provided by specific groups of microorganisms; but no one has yet considered 

these services in the context of a host.  

1.2 Lemurs provide a model for host-microbial dynamics in 
primates 

Unique to Madagascar, lemurs are an extraordinarily diverse group of primates 

that have evolved in isolation from other primates for the past 50-60 million years 

(Wright, 1999).  Lemurs’ diverse ecologies and diets make them an ideal group for 

teasing apart the potentially divergent effects of phylogenetic history and diet on the 

GM community structure, and for examining the associated community genomic 

signatures for potential effects on host health and nutritional uptake. This dissertation 

includes individuals belonging to four deep lineages that have evolved unique GIT 

morphologies coupled with distinct feeding strategies (Figure 1): Varecia variegata 

(frugivorous, or fruit-eating), Lemur catta (generalist), Hapalemur griseus (bamboo 

specialist), and Propithecus coquereli (folivorous, or leaf-eating). In Chapter 2, we assess 

primary succession of gut communities from birth to weaning; this work is published in 

PLOS ONE (E. A. McKenney, Rodrigo, & Yoder, 2015). In Chapter 3, we test whether 

species-specific 16S signatures are reflected in metagenomic and metabolomic profiles; 

that work has been submitted for publication in Gut Microbes. In Chapter 4, we compare 

bamboo specialists from two orders (primate and carnivora) to further investigate 

whether host diet and phylogeny act separately to shape specific classes of microbial 

membership; this work has been submitted for publication in Microbiome. In Chapter 5, 
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we evaluate patterns of secondary succession in a study of GM response to washout 

during and after intestinal illness, which has been submitted for publication in Microbial 

Ecology in Health and Disease. 

 

 
Figure 1. Lemurs have evolved distinct traits and behaviors across a deep 
phylogenetic history. GIT diagrams used with permission from (J. L. Campbell, 
Eisemann, Williams, & Glenn, 2000). 
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2. Patterns of gut bacterial colonization in three primate 
species1 

Host fitness is impacted by trillions of bacteria in the gastrointestinal tract that 

facilitate development and are inextricably tied to life history. During development, 

microbial colonization primes the gut metabolism and physiology, thereby setting the 

stage for adult nutrition and health.  However, the ecological rules governing microbial 

succession are poorly understood. In this study, we examined the relationship between 

host lineage, captive diet, and life stage and gut microbiota characteristics in three 

primate species (infraorder, Lemuriformes). Fecal samples were collected from captive 

lemur mothers and their infants, from birth to weaning. Microbial DNA was extracted 

and the v4 region of 16S rDNA was sequenced on the Illumina platform using protocols 

from the Earth Microbiome Project. Here, we show that colonization proceeds along 

different successional trajectories in developing infants from species with differing 

dietary regimes and ecological profiles: frugivorous (fruit-eating) Varecia variegata, 

generalist Lemur catta, and folivorous (leaf-eating) Propithecus coquereli. Our analyses 

reveal community membership and succession patterns consistent with previous studies 

of human infants, suggesting that lemurs may serve as a useful model of microbial 

ecology in the primate gut.  Each lemur species exhibits distinct species-specific bacterial 

diversity signatures correlating to life stages and life history traits, implying that gut 

                                                
1 The contents of this chapter have been published in PLOS ONE: 
McKenney, E. A., Rodrigo, A., & Yoder, A. D. (2015). Patterns of gut bacterial colonization in three primate 
species. PloS one, 10(5), e0124618. 
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microbial community assembly primes developing infants at species-specific rates for 

their respective adult feeding strategies. 

2.1 Background 

Research on the human gut microbiome (GM) has burgeoned in the past decade 

(Clemente, Ursell, Parfrey, & Knight, 2012; J. J. Faith et al., 2013; Fallani et al., 2010; 

Morowitz et al., 2011; Muegge et al., 2011; Palmer, Bik, DiGiulio, Relman, & Brown, 

2007; Sanz, 2011; Sommer & Bäckhed, 2013; Yatsunenko et al., 2012).  These studies have 

revealed that the GM has profound impacts on phenotype, ranging from cognition 

(Heijtz et al., 2011) to locomotion (Scher et al., 2013). Given that humans represent but a 

single species, however, these studies are unable to establish the general evolutionary 

and ecological "rules" by which the GM is developed and maintained. Despite 

intensifying scientific interest and enhanced technical feasibility, it remains difficult to 

tease apart the relative significance of host characteristics in shaping the GM and to 

determine how and to what extent microbial niches and succession are determined by 

phylogeny or ecology.  

Although it has been shown that dietary intake can radically alter the 

composition and efficacy of the GM (David, Maurice, et al., 2014), the mechanisms by 

which these shifts are produced remain uncharacterized.  Here, we study the 

composition and community development of GMs across multiple species within a 

phylogenetically related but ecologically diverse group of mammals.  Whereas other 

recent research on primate microbiomes has relied on limited cross-sectional sampling 
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(David, Materna, et al., 2014; Fallani et al., 2010; Frey et al., 2006; Koenig et al., 2011; 

Morowitz et al., 2011; Ochman et al., 2010; Palmer et al., 2007; Sanz, 2011; Vaishampayan 

et al., 2010; Xu et al., 2013)  we present an extensive longitudinal study of the GM 

diversity of mother-infant pairs of three different lemur species from birth to weaning.  

Our focal host species are within the primate clade Lemuriformes, which 

(together with the lorisiform primates) is sister to the haplorrhine primates (monkeys, 

apes and humans). In our study system, species are fed captive dietary regimes 

formulated to approximate the nutritional composition of natural diets consumed by 

conspecifics in the wild. The macronutrient composition within each species’ captive 

diet remains constant, while food items may be substituted to accommodate individual 

food preference and seasonal availability. Lemurs have evolved diverse GIT 

morphologies to adapt to species-specific feeding ecologies, making them an ideal group 

for teasing apart the potentially divergent effects of phylogenetic history and captive 

diet on GM community structure and for examining the associated community 

signatures for potential effects on host health and nutritional uptake.  

2.1.1 Gut microbial ecology 

The mammalian gastrointestinal tract (GIT) is characterized by extremely low 

diversity at birth, but by adulthood, it teems with trillions of microbes that perform a 

variety of functions including fiber digestion and defense against pathogens (David, 

Maurice, et al., 2014; Palmer et al., 2007). Colonization of the GIT is initiated during birth 

and thus affected by the mode of delivery (Maria G Dominguez-Bello et al., 2010). 
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Progressive succession within the human infant GIT corresponds with key stages of 

development such as nursing, weaning, and intestinal development and maturation 

(David, Materna, et al., 2014; Fallani et al., 2010; Frey et al., 2006; Koenig et al., 2011; 

Morowitz et al., 2011; Ochman et al., 2010; Palmer et al., 2007; Sanz, 2011; Sommer & 

Bäckhed, 2013; Vaishampayan et al., 2010; Xu et al., 2013), in addition to life events such 

as antibiotic or novel dietary regimes (Morowitz et al., 2011; Palmer et al., 2007). Given 

the crucial role the GM plays in infant development, its permanent impact on the 

neonatal immune system (Chow, Lee, Shen, Khosravi, & Mazmanian, 2010) and brain 

development (Heijtz et al., 2011), and the observed persistence of gut bacterial strains 

across years of sampling (J. J. Faith et al., 2013), colonization events have the power to 

impact the host for its entire lifecycle. It is therefore likely that GMs are inextricably tied 

to life history (growth and reproduction rates, reproductive duration; (Jones, 2011)). 

Gut microbes themselves are governed to varying extents by several host 

characteristics. First, genetically derived differences in immuno-“tolerance,” affect the 

host’s ability to recognize microbes as either helpful or harmful to the host (Benson et al., 

2010).  Second, the host’s nutritional intake contributes to available microbial niche 

space (Chow et al., 2010; Heijtz et al., 2011; Koenig et al., 2011; Pantoja-Feliciano et al., 

2013; Sela & Mills, 2010). Third, gut morphology provides a more or less complex 

topography for the microbes to colonize. After maternal inoculations initiate the infant 

GM during birth, diversity and membership increase with age and the introduction of 

solid foods (Koenig et al., 2011; Palmer et al., 2007). Opportunistic pioneer species alter 
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the GIT environment and create additional niche space in the form of fermentation 

byproducts (Savage, 1977). These metabolites can be used by other microbes and thus 

help to drive succession.  

After the assembly process is complete, the stable GM climax community 

prevents further colonization (i.e. by pathogenic microbes), possibly due to the 

functional redundancy among bacterial species (Ley, Peterson, & Gordon, 2006). Once 

established, the healthy adult human climax GM remains fairly stable except to reflect 

changing environmental conditions or health (David, Materna, et al., 2014). Of particular 

interest, Faith et al. (J. J. Faith et al., 2013) detected fluctuations in human and other 

mammals’ GM membership and metagenomic profiles in response to diet. Researchers 

have also observed significant shifts in response to global relocation, illness, and 

antibiotics (David, Materna, et al., 2014; Jalanka-Tuovinen et al., 2011).  

2.1.2 Our study system 

We examine GM assembly in Varecia variegata, Lemur catta, and Propithecus 

coquereli (see Figure 2). Estimated divergence times are ~32mya for the divergence of V. 

variegata and L. catta and ~ 42mya for the divergence of P. coquereli from the Lemuridae 

(V. variegata, L. catta; (Yoder & Yang, 2004)). Each species has evolved unique and 

differing life histories, ecological constraints, and distinct GIT morphologies. In our 

study system, however, V. variegata and L. catta are fed similar diets in captivity. We 

analyzed bacterial 16S rDNA reads amplified from fecal samples collected from 

positively identified individuals to resolve GM membership at the genus level and to 
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compare succession patterns between individuals and across species. By controlling 

certain environmental variables such as dietary intake and recording relevant long-term 

metadata, we investigate the contributions of host life stage, captive diet, and GIT 

morphology to the host-gut microbial relationship and the process of community 

assembly. We use summary statistics of taxonomic richness, membership, and diversity 

to test the following hypotheses. 
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Figure 2. GIT diagrams (J. L. Campbell et al., 2000) and feeding strategies for (A) 
Varecia variegata, (B) Lemur catta, and (C) Propithecus sifaka, projected onto a 
phylogenetic tree (Yoder & Yang, 2004). 
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H: If the succession process in lemurs is similar to that described in humans, then 

microbial diversity should be lowest in samples from birth and increase with age until 

weaning, with decreasing intraspecific variability as individuals approach adulthood 

and their GMs approach the climax community. We refer to this as the “life stage” 

hypothesis. 

2.2 Materials and Methods 

2.2.1 Animal housing and husbandry  

All animals were housed at the Duke Lemur Center in Durham, NC, USA. 

Conspecific lemurs are housed in indoor enclosures with access to adjoining outdoor 

runs. This typical indoor cage is 10 feet high x 7.5 feet wide x 7 feet long (approximately 

3 m high x 2.3 m wide x 2.1 m long). The typical outdoor enclosure is 10 feet high x 7.5 

feet wide x 14 feet long (approximately 3 m high x 2.3 m wide x 4.3 m long). Each lemur 

social group is allocated enough cages that each individual could have his/her own 

indoor and outdoor area if needed. For example, a group of five animals would be able 

to move between 5 connected indoor and 5 connected outdoor enclosures.  

 Because at least half of the space is outdoors, and each indoor enclosure has 1-3 

windows, lighting conditions follow the natural North Carolina photoperiod. 

Fluorescent lighting is also used from approximately 7am-5pm while staff are present.  

Social groups are provided a variety of enrichment items, including bamboo or wooden 

climbing structures, sturdy plastic play houses, elevated plastic nesting boxes or crates, 
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firehoses and ropes for climbing, and rotating novel objects (i.e. scents, paper mache 

objects, puzzles with treats inside, etc.). 

 All infants are housed with their mothers, separate from other lemurs, 

immediately after birth and during nursing to reinforce the mother-infant bond. In this 

study, one (L. catta) social group contained two mother-infant groups (with three infants 

total). However, dams were never observed to nurse infants other than their own 

offspring, so this arrangement did not impact vertical transmission via milk. 

2.2.2 Captive diets 

All individuals within each species are fed similar dietary regimes. V. variegata 

and L. catta are fed similar captive diets in alignment with their phylogenetic relatedness 

compared to P. coquereli (though in nature, their diets differ in the degree to which fruit 

is represented, with V. variegata being more frugivorous than L. catta). The following are 

representative dietary regimes per individual. V. variegata receive 80-100g Lab Diet #5038 

plus approximately 145g fruit-veggie mixture. L. catta receive 60g Lab Die #5038 plus 

approximately 110g fruit-veggie mixture. P. coquereli receive 75g Mazuri Leaf Eater 

#5675, 30g greens, 30g veggies, 10g nuts/beans, and 150g leaves. Amounts may vary 

depending on individual health, weight, and reproductive status. 

 
2.2.3 Sample collection 

All animal procedures were reviewed and approved by the Duke University 

IACUC under protocol number A282-11-11. Fifty-eight fresh fecal samples were 

collected from subjects at the Duke Lemur Center (Durham, NC, USA), either during 
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routine handling or from enclosures immediately after excretion. Samples were collected 

from a total of 6 dams within one day of parturition and from a total of 9 infants at the 

following life stages: birth, nursing, introduction of solid food, routine ingestion of solid 

food, weaning, and three months post-weaning (Table 1). Infants’ ages at each life stage 

are listed in Table 2. In this study, “introduction of solid foods” indicates that infants 

had begun to eat solid foods but that nursing still made up the majority of the diet. 

“Regular consumption of solid foods” indicates that infants consumed solids on a daily 

basis, in addition to nursing. The transition to “weaning” is marked by a dramatic 

decrease in the number and duration of nursing bouts allowed by the mother, during 

which infants consume mostly solid foods but still nurse occasionally. No invasive 

procedures were performed on the lemurs, and no lemurs were sacrificed as a result of 

the study. Furthermore, human handlers played no role in assisting the animals during 

delivery, and only handled infants during exams at the time of sample collection, to 

minimize human impact on lemur GIT colonization. 
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Table 1. Number of subjects and fecal samples from each lemur species 

Host species V. variegata L. catta P. coquereli Total 
Number of dams 1 3 2 6 
Number of infants 3 4 2 9 
Number of infants /dam 3 1,1,2 1,1  
Total subjects 4 7 4 15 
Parturition 1 3 2 6 
Birth 3 3 1 7 
Nursing 3 4 2 9 
Introduction of solid foods 3 4 2 9 
Regular consumption of solid foods 3 4 2 9 
Weaning 3 4 2 9 
Weaned 3 4 2 9 
Total samples 19 26 13 58 
 
 
Table 2. Age of subjects at each life stage 
Age at life stage V. variegata L. catta P. coquereli 
Birth 0-1 days 0-1 days 0-1 days 
Nursing 11 days 2 weeks 1-2 weeks 
Introduction of solid foods 4 weeks 8 weeks 16 weeks 
Regular consumption of solid foods 18 weeks 19 weeks 28 weeks 
Weaning 22 weeks 29 weeks 38 weeks 
Weaned 36 weeks 43 weeks 54 weeks 

 
2.2.4 Bacterial DNA extraction and sequencing 

All fecal specimens were stored in individually labeled Whirl-pak bags and 

immediately frozen at -80°C to prevent DNA degradation and continued microbial 

reproduction within feces (Claesson et al., 2009). The exterior of each frozen sample was 

cut away; DNA extractions were performed using only fecal matter that had not been 

exposed to the environment. Microbial DNA was extracted from individual samples 

using the QIAamp Stool Mini Kit (QIAGEN, Hilden, Germany) following manufacturer 

guidelines. Bacterial DNA was subsequently visualized on a gel and quantified using a 
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Nanodrop-1000. Two standardized DNA aliquots from each extraction were sent to 

Argonne National Laboratory for downstream amplification and sequencing. The PCR 

primers 515F (GTG-CCA-GCM-GCC-GCG-GTA-A) and 806R (GGA-CTA-CHV-GGG-

TWT-CTA-AT) were used to amplify the v4 region of 16S rDNA with length ~300bp for 

150 pb paired-end sequencing on the Illumina MiSeq platform according to previously 

described methods (Caporaso et al., 2012). Technical replicates were sequenced from 

each DNA sample listed in Table 1 to ensure precision between sequencing efforts. All 

116 libraries were barcoded and pooled on a single Illumina MiSeq run. 16S DNA was 

sequenced in duplicate from 58 fecal samples to create 116 libraries. 

2.2.5 16S sequence Analyses 

Illumina sequencing produced 15,308,697 total reads before filtering. We used ea-

utils (Aronesty, 2011) to join forward and reverse reads, yielding a total of 9,040,165 

joined reads. A fastq file containing these joined reads was deposited in the NCBI 

Sequence Read Archive (Project ID PRJNA270617). Joined 16S reads were analyzed 

using Quantitative Insights Into Microbial Ecology (QIIME v1.7.0) to classify microbial 

constituents and compare membership between samples (Caporaso et al., 2010; 

Kuczynski et al., 2012).  

We performed quality filtering using default settings and demultiplexed reads 

using 12 bp barcodes. A total of 5,844,416 sequences were retained after quality filtering 

in QIIME, giving us an average coverage of 50,297 sequences (standard deviation 15,670) 

per library. Coverage ranged from 1 sequence (in a library sequenced from a sample 
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collected from P. coquereli at birth, discussed below) to 82,473 sequences, with a median 

of 53,668 sequences per library. Duplicate 16S libraries were generally more similar to 

each other than to libraries sequenced from other samples (Figures 3 and 4), suggesting 

that the coverage (>50,000 paired-end reads per library after quality filtering in QIIME) 

adequately captured the taxonomic diversity recovered in each DNA extraction. 
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Figure 3. Composition of 16S libraries sequenced in duplicate from 58 fecal samples, 
collected from 15 lemurs belonging to Varecia variegata, Lemur catta, and Propithecus 
coquereli. Samples were collected from infants at (i) birth, (ii) nursing, (iii) 
introduction of solid foods, (iv) regular consumption of solid foods, (v) weaning, (vi) 
weaned, and from dams at parturition (p). Infants’ ages are listed below each life 
stage. The samples collected from each species during the introduction of solid foods 
are also bracketed and indicated with asterisks. Technical duplicates sequenced from 
each sample are paired and arranged so that infants’ results are repeated in the same 
order within each life stage and so that dams’ order corresponds to their infants’. 
Results are shown at the (A) phylum level and (B) genus level. 

 
 

 
Figure 4. Weighted PCoA of OTU beta diversity between libraries. The distance in 
PCoA vector space represents community membership (i.e. taxa in Fig. 3). Each data 
point in represents a library (i.e. bar in Fig. 3). The distance between points represents 
unique branches on a phylogenetic tree (i.e. evolutionary history not shared between 
libraries in Fig. 3). Closer points share more branch length, while points more distant 
from one another have more unique or disparate GMs. Dashed lines connect samples 
from a representative individual from each species, and represent species-specific 
trajectories. Representative individuals were chosen based on the completion of 
longitudinal sampling and quality of sample sequencing. Dashed circles indicate 
samples collected from animals after they begin consuming solid foods regularly.  
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Operational taxonomic units (OTUs, a proxy for taxa based on 97% sequence 

similarity) were picked using UCLUST (Edgar, 2010). Next we calculated the number 

and frequency of OTUs within each sample and the net difference in OTUs between any 

two communities to report alpha and beta diversity, respectively. Beta diversity was 

quantified using weighted UniFrac (Lozupone & Knight, 2005), which calculates the 

proportion of OTUs unique to each sample. QIIME performs Principle Coordinate 

Analyses (PCoA) on the weighted GM beta diversity to detect underlying relationships 

between the microbiota, feeding ecology, host species, and relatedness among hosts. 

2.2.6 Statistical analyses 

We used JMP Pro (Version 11, SAS Institute Inc., Cary, NC, USA) to perform a 

mixed model nested two factor ANOVA, using the model  

! = # + % + # ∗ %+	∝ 

where y is the biodiversity index, A is host species (fixed), B is life stage (fixed), A*B is 

the interaction between host species and life stage, and α is individual nested within 

species (random).  

 We used linear contrasts of the Shannon-Weaver and Simpson’s diversity to test 

for effects of life stage and other host factors. The Shannon-Weaver index calculates 

biodiversity by taking the log of relative abundance values. This method only slightly 

reduces the weight of rare species, which may contribute many of the changes between 

progressive life stages. Simpson’s diversity index, however, squares relative abundance 

values. Therefore, the weight of rare species is reduced relatively more than the weight 
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of abundant species. This makes Simpson’s diversity more robust in situations where 

there are many rare species whose changes may potentially disturb overall patterns of 

change.  

 We used the adonis(Oksanen et al.) function in R (Oksanen et al., 2013) to 

calculate the strength and significance of host species and life stage in determining 

variation in a distance matrix of the weighted UniFrac measurements of beta diversity 

between all libraries. Adonis is analogous to PERMANOVA (Anderson, 2005), a 

nonparametric method that determines significance through permutations (default=999) 

and returns a pseudo F- and p-value. By partitioning distance matrices, PERMANOVA 

statistically compares the differences in overall community composition between classes 

of 16S libraries. 

 Finally, we used Linear discriminant analysis Effect Size (LEfSe (Segata et al., 

2011a), with default settings) to detect bacterial lineages whose frequencies differ 

significantly between host species at life stages of specific interest, such as the 

introduction and regular consumption of solid foods. LEfSe is available on the 

Huttenhower lab Galaxy instance (http://huttenhower.sph.harvard.edu/galaxy), and 

takes a tab-delimited table of OTU frequencies with class, subclass, and subject headings 

as input. LEfSe detects differentially distributed lineages with the Kruskall-Wallis test 

(default alpha value = 0.05), and then checks the consistency of subclass distinctions with 

the pairwise Wilcoxon text (default alpha value = 0.05). The final linear discriminant 
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analysis (LDA) ranks all differentiating lineages by their effect size (default threshold on 

logarithmic LDA score = 2.0). 

2.3 Results 
All statistical tests support the life stage hypothesis. Both alpha diversity 

measures yielded similar significance; here we present the results of the Shannon-

Weaver analyses (Tables 3 and 4). As expected, individuals within species exhibit more 

variation and less similarity during early life stages (Figures 3 and 4, Table 3). The 

average weighted UniFrac distance between individuals within species at each life stage 

also decreases as animals mature (Figure 5). Birth samples contained the lowest bacterial 

diversity compared to other life stages, with significant increases early in life and 

continued, though less significant, increases to parturition (Figure 6). Community 

composition also differed significantly among life stages (Table 4). Birth and nursing 

samples comprised different bacterial ecological pioneer membership within each lemur 

species; however, opportunistic colonizers (i.e. Enterobacteria) and lactose digesting 

bacteria were consistently detected across host species (Figure 3). As lemurs progressed 

from the introduction to the regular consumption of solid foods, the number of 

differential lineages detected within each species increased (Figure 7). Yet many of the 

lineages come from the same clades; and several were retained across life stages, 

suggesting that they may be members of the native GIT community. 
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Table 3. Statistical tests to determine roles of life stage in shaping GMs. Diversity should be lowest at birth and increase with 
age until weaning, plateauing as lemurs approach adulthood and GMs approach climax community makeup. 

Shannon-Weaver 
Contrast 

Test pVv pLc pPc Is hypothesis supported? 

µi = 1/5 
(µii+µii+µiii+µv+µvi) 

Compare birth to other 
life stages in each species 

<0.0001 <0.0001 <0.0001 
Yes: alpha diversity is significantly lower in 
samples from birth than from other life stages in 
all host species. 

µi = µii birth vs. nursing <0.0001 <0.0001 0.2448 Supported for V. variegata and L. catta 

µii = µiii 
Nursing vs, introduction 
of solids 

0.3298 <0.0001 <0.0001 Supported for L. catta and P. coquereli 

µiii = µiv 
Introduction vs. regular 
solids 

<0.0001 <0.0001 0.8512 Yes 

µiv = µv 
Regular solids vs. 
weaning 

0.9551 0.1253 0.6545 
Yes: GM composition has not changed 
significantly. 

µv = µvi Weaning vs. weaned 0.1971 0.9797 0.9484 
Yes: GM composition has not changed 
significantly. 

µvi = µp Weaned vs. parturition 0.2810 0.0278 0.4771 
Yes: GM composition has not changed 
significantly. 
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Table 4. Tests to detect GM differences between lemur clades 

Shannon-Weaver 
Contrast 

Test p-value Result 

1
2 # $%&'

(% + # $%&'
*+

= # $%&'
-+  

Lemuridae versus Indriidae for life stages when 
solid food is consumed regularly. 

p=0.0002 
Average for P. coquereli (7.837) is 
significantly higher than Lemuridae 
(6.822). 

# $%&'
(% = # $%&'

*+  
Test for difference between V. variegata and L. catta 
for life stages when solid food is consumed regularly 

p=0.6744 
V. variegata (6.873) does not differ from L. 
catta (6.771). 

adonis (life stage) Calculate variation due to life stage p=0.007 
Yes: community composition is 
significantly different between life stages. 
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Figure 5. Inter-individual GM variation within species. Weighted UniFrac distances 
were averaged to plot GM variation at each life stage. The distances between replicate 
libraries (sequenced from the same fecal sample) were omitted from average 
calculations. Distance could not be calculated for Propithecus coquereli at birth or for 
Varecia variegata at parturition because only one sample was collected at these time 
points. 
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Figure 6. Shannon-Weaver biodiversity values, averaged at each life stage within 
species. 
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Figure 7. Bacterial lineages that distinguish 16S libraries sequenced from fecal 
samples collected from lemurs at (A) introduction of solid foods and (B) regular 
consumption of solid foods.  Differentially distributed lineages are ranked based on 
their linear discriminant analysis effect size. The average percent contribution of each 
lineage is listed in parentheses. 
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Interestingly, all infant GMs follow the same overall movement and convergence 

through vector space in Figure 4. For each species, infant GM profiles converge toward 

the climax community represented here by mothers’ parturition samples within each 

species as the animals mature (Figure 4). Life stages during which lemurs consume solid 

food on a daily basis cluster closely in PCoA vector space (Figure 4) and share the same 

major bacterial constituents (Figure 3), suggesting putative climax communities for each 

host species (see further discussion below).  

P. coquereli microbial diversity is significantly higher than that of the two species 

within the Lemuridae (V. variegata, L. catta) after solid food is consumed daily (p=0.0002; 

Table 3), while the latter two species do not differ significantly from each other 

(p=0.6744; Table 4). Furthermore, P. coquereli hosted a greater number of differential 

lineages during the introduction (Figure 7A) and regular consumption (Figure 7B) of 

solid foods than either lemurid species. Interestingly, the membership within P. 

coquereli’s highly diverse GMs was highly conserved. Inter-individual variation, as 

measured by the average weighted UniFrac distance, was lower in P. coquereli than 

either V. variegata or L. catta (Figure 5).  

2.4 Discussion 

Our results indicate that captive diet impacts GM succession (i.e. differences 

between life stages, Table 3), while species identity of the host accounts for major 

distinctions among samples across life stages (Table 4). Although V. variegata and L. catta 

are more closely related to each other than either is to P. coquereli, they are nonetheless 
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separated by a significant period of evolutionary history (approximately 30mya (Yoder 

& Yang, 2004)). To contextualize this phylogenetic diversity, there is as much 

evolutionary distance separating Varecia from Lemur as there is distance separating 

humans from marmosets. This long evolutionary separation is manifested by many 

behavioral, ecological, and phenotypic characteristics. We assume that the gut 

microbiomes associated with these two species are less constrained evolutionarily than 

the lemurs’ differently-evolved gut morphologies and other distinguishing physiological 

and morphological characteristics. We therefore maintain that there has been sufficient 

opportunity and time for the gut microbiomes of these two species to change 

independently, so that when they are brought together in captivity and fed similar diets, 

observed GM similarities are likely to reflect a dietary effect. Diet and phylogeny, 

however, are clearly confounded. To more thoroughly disentangle the effects of 

phylogeny and diet, additional species within the lemuriform radiation should be 

surveyed. A host species’ characteristics are the consequence of the evolutionary impacts 

of adaptive strategies, such as feeding ecology and life history, and as such, are the 

ultimate drivers of species’ divergence. While we tested each factor separately, we also 

discuss interactive effects below. 

2.4.1 Life stage dictates dietary intake, and both drive microbial 
succession 

GM constraint begins at nursing due to dietary restriction: milk is the sole source 

of food during this stage, unless the infant practices coprophagy (i.e. as practiced by P. 

coquereli). The introduction of solid food increases bacterial diversity (Figures 3 and 6) 
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and GM differentiation between host species (Figures 4, 5, and 7) by supplying more 

diverse nutrients than are available in milk alone. Weaning, in turn, stabilizes dietary 

diversity (Figure 6) by eliminating milk from the diet and refining the nutrient profile 

available to GM members, thus decreasing variability within host species (Figure 4 and 

5). Regular consumption of solid foods, and weaning especially, seems to drive GM 

convergence within host species (indicated by high p-values in Table 3, shared bacterial 

constituents in Figure 3, and decreased average UniFrac distances in Figure 5). All GM 

libraries exhibit increasing diversity and stability—that is, decreasing variability 

between individuals and among progressive life stages—with the introduction of solid 

foods, increasing age, and weaning (Table 3; Figures 3-5). For example, V. variegata and 

L. catta libraries all contained Prevotella after the introduction of solid food, while P. 

coquereli libraries from the same life stages all contained four genera within the family 

Ruminococcaceae (Figure 3). 

2.4.2 Dietary fiber affects microbial diversity 

We predicted that P. coquereli GMs fed a high-fiber captive diet would be 

significantly different from GMs in V. variegata and L. catta fed captive diets high in 

starches and other soluble carbohydrates.  P. coquereli libraries were the most diverse 

(Table 4, Figure 6) and contained the most differential bacterial lineages detected by 

linear discriminant analysis (Figure 7). Of particular interest are four Ruminococcaceae 

genera detected in P. coquereli samples after solid food was introduced (Figure 3). 

Ruminococcaceae were first isolated from ruminant (i.e. cow) gut samples, and have also 
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been detected in folivorous gorillas (Frey et al., 2006; Erin A McKENNEY, Ashwell, 

Lambert, & Fellner, 2014). Thus, the family is likely present in P. coquereli due to 

convergent dietary challenges. P. coquereli consumes the highest fiber diet of the species 

studied here. Dietary fiber is fermented to produce myriad metabolic byproducts 

(Stevens & Hume, 1998), which in turn support the high diversity of gut bacteria 

detected in our study. 

2.4.3 Species-specific traits distinguish GMs despite diet 

While P. coquereli hosted the GMs with highest diversity, L. catta and V. variegata 

GMs exhibit higher inter-individual variation (Figure 5). LEfSe detected several bacterial 

lineages that distinguished V. variegata from L. catta despite the similar dietary regimes 

imposed by captivity (Figure 7). Furthermore, putative core microbiomes become 

apparent for all three species as lemurs approach weaning and adulthood (Figure 4). L. 

catta GIT morphology is of intermediate complexity (Figure 2), reflecting adaptation to a 

higher number of different food items foraged in situ compared to V. variegata. Our 

results indicate that captive diet plays an integral role in shaping bacterial diversity 

(Tables 3 and 4, Figures 5 and 6), but also that species-specific traits such as GIT 

morphology impact the beta diversity observed between the two Lemuridae species 

(Figures 4 and 7). These findings are consistent with previous work, which 

demonstrated that phylogeny is the main driver of gut microbial communities in 

primates (Ochman et al., 2010).  
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2.4.4 Natural diet is tied to host developmental patterns 

Primates have fundamentally different life histories as compared to other 

mammals (Read & Harvey, 1989). Under the protein-richness hypothesis, animals with 

increased protein intake such as folivores should develop more rapidly compared to 

frugivores and wean at an earlier age, unless the age at weaning is delayed for optimal 

coordination with environmental conditions (Chow et al., 2010; Godfrey, Samonds, 

Jungers, & Sutherland, 2001). Lemurs exemplify this exception to the rule. Lemurs have 

evolved estrus cycles comprising fleeting time-windows that occur at species-specific 

intervals to accommodate their different developmental rates.  As a consequence, 

lemuriform infants wean in synchrony, regardless of species, prior to the arrival of 

cyclones to Madagascar in March (Wright, 1999). This island-wide adaptive response to 

environmental challenges permits development over species-specific intervals, instead 

of at differing rates.  Those intervals are mediated, in part, by food availability and 

dietary adaptations (Borries, Lu, Ossi-Lupo, Larney, & Koenig, 2011).  

Propithecus species are highly folivorous (Hemingway, 1998), consuming natural 

diets that are enriched for protein and fiber compared to the fruits eaten by V. variegata 

in situ (Britt, 1998). Propithecus infants are also more precocious at weaning than 

frugivorous lemurs (Godfrey et al., 2001); but instead of maturing more quickly, P. 

coquereli development takes place over 30 months, compared to 14 months for V. 

variegata (DLC records; (Wright, 1999)).  These developmental differences can affect 

many phenotypic traits. For example, folivorous lemurs exhibit adult dentition at 
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weaning to aid in chewing fibrous forages, while frugivorous lemur teeth are less fully 

developed at weaning (Godfrey et al., 2001). Precocious folivorous lemurs’ delayed 

weaning may also promote enhanced microbial succession, just as it enables the 

advanced development of other adaptive traits. Because GMs also aid in fiber digestion, 

it stands to reason that the patterns of GM development would also vary between lemur 

species utilizing different feeding strategies.  

2.4.5 Life stage impacts microbial succession differently in each 
lemur species 

The 16S profiles from samples collected after the introduction of solid foods 

show varying levels of similarity to nursing samples within each lemur species (Figures 

3 and 4; Table 3). Specifically, V. variegata appears to undergo a less profound shift in 

GM composition with the introduction of solid foods (p=0.3298; Table 3) compared to 

the other species in our study (p<0.0001; Table 3). This suggests that early gut 

colonization has more and longer lasting impact on the GMs in V. variegata, while GM 

succession in L. catta and P. coquereli progresses further toward the climax communities 

observed in dams at parturition (Figures 3 and 4). These effects may stem from the 

species-specific developmental rates discussed above. Alternatively, consumption of 

solid foods may have less impact on the GM in V. variegata than in L. catta or P. coquereli. 

A possible explanation might be that the nutritional composition of milk may be more 

similar to that of the captive diet consumed by V. variegata. Another possibility is that 

because V. variegata has the simplest GIT morphology, it undergoes the least gut tissue 

development and thus has less transformative impact on GM composition. Importantly, 
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while infants within species exhibit similar colonization trajectories (Figure 4), the 16S 

signature and infant age at each life stage is distinct between species (Figure 3, Table 2).  

GMs from P. coquereli differ significantly from V. variegata and L. catta (p=0.0002; 

Table 4), while the sister groups do not differ (p=0.6744; Table 4). The taxonomic 

diversity of GMs within each lemur species also appears constrained; that is, many 

bacterial families are detected in each lemur species that belong to a few orders and are 

specific to their primate host (Figures 3 and 7), suggesting specialized bacterial radiation 

appropriate to each host species’ characteristics (i.e. immune system or GIT 

morphology). 

P. coquereli infants, and indeed the offspring of many herbivores (i.e. horses and 

rabbits (Sommer & Bäckhed, 2013; Stevens & Hume, 1998), practice maternal 

coprophagy—they consume their mothers' feces early in life, presumably to inoculate 

their GIT with beneficial communities. This behavior may explain the only observation 

during our study wherein the DNA extracted from the sample collected from a P. 

coquereli infant at birth yielded two duplicate libraries with inconsistent bacterial 

membership (Figure 3). One of the libraries contained only one OTU; but the other 

technical replicate contained higher diversity than other samples collected at birth or 

even within the nursing sample later collected from the same P. coquereli infant. This 

anomalous result may reflect either sequencing error or maternal coprophagy during or 

shortly after birth.  All other duplicates yielded similar 16S results within library pairs. 
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Sampling from animals with detailed medical records allowed us to verify that 

hosts were healthy, and therefore ensured that GMs were not affected by illness. Lemur 

GM profiles appear to converge in accordance with macro-organismal ecology 

succession trends (Figures 5 and 6), in which the climax community achieves a more 

conserved composition within species over time. The refined community includes 

specific members, which are best adapted to the environment and interact with each 

other within that environment, and thus have greater stability over time. 

2.5 Synthesis 

All lemur samples from birth and nursing contain predominantly Proteobacteria 

(Figure 3), similar to GMs in human infants delivered vaginally (Benson et al., 2010; 

Morowitz et al., 2011). We find the phyla Firmicutes and Bacteroidetes to dominate all 

lemur libraries in this study after solid food is consumed (Figure 3), comparable with 

findings in humans and other primates (Table 5). Lachnospiraceae (Clostridiales: 

Clostridia: Firmicutes), a major family detected in healthy human gut microbiota 

(Gosalbes et al., 2011), was also detected in P. coquereli birth samples. Interestingly, the 

gut microbiota sequenced from other non-human primates differ in the distributions of 

their dominant phyla (Table 5). Specifically, lemurs appear to harbor ratios of 

Proteobacteria and Firmicutes more similar to Pan species than to either Gorilla species 

(Ochman et al., 2010) or to Nycticebus pygmaeus (pygmy loris, the only other prosimian 

whose gut microbiota has been studied to date (Xu et al., 2013)), while Bacteroidetes 

shows the opposite relationship. 
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Table 5. Composition of Gut Microbial Communities Characterized in Different Non-human Primates 

 % of phylogenetic lineagea 

Bacterial phylum 
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Actinobacteria 0.54 0.15  10.98 1.98 2.94 6.97 3.99 4.34 0.77 
Bacteroidetes 40.08 48.52 31.05 41.19 44.98 34.96 19.15 27.86 28.49 19.16 
Cyanobacteria 1.18 1.45 3.09 0.28       
Elusimicrobia 0.34 0.36 0.36        
Euryarchaeota 0.27 0.46 0.91   0.01 0.11 0.01 0.06 0.03 
Firmicutes 29.94 24.13 55.39 9.44 4.96 9.93 70.89 53.75 61.66 27.01 
Fusobacteria    0.3    0.12   
Lentisphaerae 0.15 0.28 0.07    0.06 0.12 0.02  
Proteobacteria 11.72 9.08 2.59 30.43 47.98 51.84 1.04 12.59 2.93 52.38 
Spirochaetes 11.76 5.18  0.50 0.02 0.16 0.40 0.75 1.87 0.07 
Tenericutes 1.27 3.55 2.17  0.03 0.11 0.37 0.33 0.19 0.46 
Verrucomicrobia 1.00 5.07 2.92 1.33 0.03 0.04 0.63 0.32 0.39 0.11 
Other 1.26 1.67 1.43 1.12 .03 .02 0.38 0.16 0.07 0.02 

aValues are proportions of the phylogenetic lineages reported for each next generation sequencing library. 
bLemur values are averaged over the following life stages: regular consumption of solids, weaning, weaned, and parturition. 
cData reported are for metagenomic libraries sequenced from pooled samples from two wild Pygmy Lorises (Xu et al., 2013). 
dData are values for 16S Sanger sequencing libraries averaged within species for 2 Gorilla beringei, 2 Gorilla gorilla, 5 Pan paniscus, 8 
Pan troglodytes troglodytes, 5 Pan troglodytes schweinfurthii, and 2 Pan troglodytes elliot (Ochman et al., 2010). 
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Lemur GMs contained two bacterial lineages associated with humans consuming 

a distinctly non-Western diet. All lemurs’ GMs contained Prevotella after solid food was 

introduced (Figures 3 and 7), similar to humans from outside the U.S. (De Filippo et al., 

2010; Koenig et al., 2011; Pantoja-Feliciano et al., 2013; Sela & Mills, 2010; Yatsunenko et 

al., 2012). V. variegata GMs were also enriched in Treponema (Spirochaetes; Figure 3 and 

7). GMs isolated from children living in rural Burkina Faso contained both Prevotella and 

Treponema, while neither genus was present in European children (De Filippo et al., 

2010). The presence of Prevotella and Treponema indicates bacterial fermentation of plant-

derived compounds such as xylene, xylose, and carboxymethylcellulose (Flint & Bayer, 

2008). Presumably, these bacteria were detected in humans in developing countries due 

to the higher prevalence of plants and produce in non-Western diets, thus yielding the 

similarity to those found in lemurs. Accordingly, our results indicate the potential to use 

lemurs as a model of GM assembly for comparison to human and other primates. 
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3. Feeding strategy shapes diversity and functional 
specialization of the gut microbiome in captive lemurs.  

Many studies have demonstrated the individual effects of fiber on microbial 

membership, metagenomics, and fermentation; but few have attempted to interpret the 

relationship among these biological phenomena with respect to coevolutionary 

adaptation (e.g. gut morphology). We quantitatively compare the fecal microbial 

metabolic pathways and fermentation products associated with nutritional intake of 

frugivorous (fruit-eating) and folivorous (leaf-eating) lemurs to provide a 

multidimensional perspective on the coevolutionary dynamics between host and 

microbiome. Shotgun metagenomic sequencing revealed differential metabolic pathway 

enrichment tailored to detoxify and digest the diet. Frugivorous metagenomes feature 

pathways to degrade simple carbohydrates and glycosaminoglycans, while folivorous 

metagenomes appear adapted to break down phytic acid and other phytochemical 

compounds in an anaerobic environment. Nuclear magnetic resonance (NMR) based 

metabolic profiling of fecal samples linked metabolic pathways to products, confirming 

that microbial fermentation reflects the dissimilar substrates provided in each diet. Fecal 

samples from frugivorous lemurs contained significantly altered profiles of short chain 

fatty acids, alcohol fermentation products, amino acids, glucose and glycerol compared 

to folivorous lemurs. We present the relationships between these datasets as an 

integrated visual framework, which we refer to as microbial geometry. 

Lemurs provide a basal phylogenetic group for testing whether the microbial 

trends observed in humans and model species extend to other primates. That is, we can 
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verify whether the “rules” of microbial ecology are universal and if the human gut  

microbiome is derived from an ancestral primate state, or if perceived dysbioses and 

other salient features are merely artifacts of our built environment and other recent 

lifestyle changes (Amato, 2016). 

3.1 Background 

Animals have evolved a suite of adaptations to accommodate diverse feeding 

strategies. Herbivores typically have larger, complex gastrointestinal tracts, which 

provide increased niche space and transit time to promote microbial fermentation of 

dietary fiber. Trillions of commensal and symbiotic microbes — collectively known as 

the gut microbiome — also contribute to nutritional ecology by facilitating digestion of 

fiber and other dietary components that are otherwise inaccessible to their hosts. Host 

diet and gut morphology select for specific microbial community membership and 

functions to complement the host feeding strategy. Synergistically, mutualistic and 

commensal microbes adapt to exploit available resources while minimizing negative 

impact on the host.  

Previous studies have demonstrated the power of diet in shaping microbial 

community membership and functionality in humans (David, Maurice, et al., 2014) and 

across mammals with different feeding strategies (Muegge et al., 2011). However, 

microbial function cannot be reliably inferred from taxonomic assignment. Horizontal 

gene transfer rapidly transmits adaptive functions across vast phylogenetic distances 

throughout the microbiome (Ochman, Lawrence, & Groisman, 2000).  While horizontal 
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gene transfer has been posited as a community-level adaptive strategy to environmental 

selection (Ochman et al., 2000), very few studies have analyzed or compared these 

profiles from the same sample set (although see (C. Zhang et al., 2015)).  Our research 

expands on previous studies to investigate the specific mechanisms by which gut 

microbial communities adapt and contribute to host nutrition in lemurs. Lemuriforms 

provide a unique system for exploring host-microbial dynamics across a range of 

phenotypes in a phylogenetically constrained and basal group of primates. Here we 

focus on Varecia variegata, Lemur catta, and Propithecus coquereli, which have evolved 

distinct gut morphologies to accommodate their respective frugivorous, generalist, and 

folivorous wild feeding strategies (Figure 2). We previously detected significantly 

greater diversity (p=0.0002) and less inter-individual variation in folivorous P. coquereli 

compared to either Varecia variegata or Lemur catta (E. A. McKenney et al., 2015), 

demonstrating the importance of high fiber diet, increased gut length and retention time 

for maintaining a complex and stable GM. In this study, we continue to probe the effects 

of diet and phylogeny by assessing metagenomic and metabolomic profiles from the 

same fecal samples whose 16S membership was characterized previously (E. A. 

McKenney et al., 2015). We expect that P. coquereli’s specific diet and gut morphology 

will select for a conserved metagenome along with increased fermentation of fiber-

derived products such as acetate and butyrate compared to other lemurs. 
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3.2 Materials and Methods 

3.2.1 Dietary analysis 

Captive Propithecus coquereli browse fresh tree cuttings (see Table 6), and are fed 

commercially available vegetables and greens; we refer to this as the folivorous diet. 

Captive Varecia variegata and Lemur catta, by contrast, are fed a rotating diet of fruit and 

vegetable mix, supplemented with nutritionally complete pelleted feed. We refer to this 

second diet as frugivorous. We collected representative dietary components and dried 

them in a lyophilizer for 24-48 hrs, or until weight remained constant (indicating that all 

moisture had been removed). After drying, dietary components were ground in a 

Waring blender and nutrients were quantified at Cumberland Valley Analytical Services 

(Hagerstown, MD, USA). 
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Table 6. Gastrointestinal characteristics and diets fed to three lemur species in captivity 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

a (J. L. Campbell et al., 2000) 
b (J. L. Campbell, C. V. Williams, & J. H. Eisemann, 2004) 
c (Ganzhorn, 1986) 
d consists of apple, melon, grapes, and/or banana 
e consists of corn, cucumber, celery, sweet potato, and/or carrot 
f consists of romaine lettuce, kale, collard greens 
g consists of sumac, tulip poplar, sweet gum, red bud, mimosa 
 

 
Varecia variegata Lemur catta Propithecus coquereli 

Gut length to body length ratioa 4.65 ± 1.1 5.8 ± 0.4 15.5 ± 0.6 
Gut transit time (hrs) 1.25 ± 1.1b 6.45 ± 1.26c 24.00 ± 0b 

    
Captive diet items (g)    

Lab Diet #5038 80-100 60  
Mazuri Leaf Eater #5675   75 
Fruit rotationd 72 55  
Vegetable rotatione 72 55 30 
Nuts/beans   10 
Greensf   30 
Browseg   150 



 

 44 

3.2.2 Fecal collection 

Fresh fecal samples were collected from positively identified individuals at key 

developmental stages: introduction of solid foods, weaning, and fully weaned (Table 7; 

also used for 16S sequencing analysis as previously described in Chapter 2 (E. A. 

McKenney et al., 2015)). Samples were stored in Whirl-pak bags (Nasco, Fort Atkinson, 

WI) and immediately frozen to -80°C to halt microbial reproduction and prevent DNA 

degradation (Claesson et al., 2009). 

 
Table 7. Fecal samples submitted for metagenomic sequencing and NMR 
spectroscopy. Only a subset of the available samples passed QC requirements for 
metagenomic sequencing. 

 frugivorous  folivorous 
 V. variegata  L. catta  P. coquereli 

Metagenomic 
sequencing 

     

Intro solids 1  2  2 
Daily solids   2  3 
Weaned  2  3  3 

      
NMR spectroscopy      

Weaned 6  6  5 
 

 

3.2.3 Metagenomic sequencing and analysis 

DNA was extracted from each sample using the QIAamp Stool Mini Kit 

(QIAGEN, Hilden, Germany) following manufacturer guidelines, as previously 

described (E. A. McKenney et al., 2015). DNA yields were quantified with a Qubit 3.0 

(ThermoFisher Scientific, Massachusetts, USA). DNA aliquots were sent to New York 

Genome Center for TruSeq 2x125bp library preparation and sequencing on the Illumina 
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HiSeq 2500 platform. Adapters were trimmed and quality filtering was performed using 

cutadapt (Martin, 2011). Low complexity reads and reads shorter than 50bp were filtered 

using prinseq-lite (Schmieder & Edwards, 2011). Subsequently, phiX reads and host 

reads (identified from mmur 2.0 + P. coquereli genomes) were filtered using bbmap and 

bbduk from the biotools package (http://sourceforge.net/projects/bbmap/).  

Functional composition was determined using HUMAnN2 

(v0.5.0, http://huttenhower.sph.harvard.edu/humann2) , the aligner DIAMOND 

(Buchfink, Xie, & Huson, 2015) and the UniRef database 

(http://www.uniprot.org/help/uniref). HUMAnN2 details the abundance of each 

pathway in the community as a function of the abundances of the pathway’s component 

reactions, with each reaction’s abundance computed as the sum over abundances of 

genes catalyzing the reaction. We used jackknifed beta diversity to produce Principle 

Coordinate Analysis (PCoA) plots based on Bray Curtis distance between samples. We 

tested for significant effects of age, species, or diet on metagenomic composition used 

the nonparametric adonis(vegan 2.3-4) function in R (Oksanen et al., 2013). Adonis 

partitions the input distance matrix (default=999 permutations) to statistically compare 

differences in metagenomic composition between sample classes (lifestage, species, and 

diet), and returns a pseudo F- and p-value. We used linear discriminant analysis effect 

size (LEfSe, default settings, alpha = 0.05 (Segata et al., 2011a)) to detect significantly 

enriched metabolic pathways associated with diet (class = diet; no subclass; sample = 

SampleID) across all three lifestages. LEfSe detects differentially distributed pathways 
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within each class using a Kruskall-Wallis test, then ranks enriched pathways by the log 

of their linear discriminant analysis scores. 

3.2.4 Accession numbers 

16S v4 sequences were retrieved from the Sequence Read Archive (Sequence Red 

Archive Project ID PRJNA270617). 

3.2.5 Nuclear Magnetic Resonance (NMR) spectroscopy 

We next quantified fecal metabolites using NMR, to check whether metagenomic 

profiles accurately predict microbial fermentation products. Frozen fecal samples were 

thawed and approximately 50 mgs were mixed with 200 µl phosphate buffered saline 

(PBS) prepared in D2O, pH 7.5.  Samples were homogenized for 5 min at 30Hz.  Samples 

were then centrifuged for 10 min at 14K x g at 4C.  The supernatant was filtered through 

a 0.22 µm centrifugal filter.  The pellet from the first centrifugation was re-extracted with 

another 200 µl PBS in 95% D2O, pH 7.5.  The second slurry was homogenized for 5 min 

at 30Hz, followed by centrifugation with the supernatant filtered through a 0.22 µm 

filter as before. The supernatants were combined and 300 µl was taken and mixed with 

300 µl of 99.9 % D2O containing 500 µM 3-(trimethylsilyl)-1-propanesulfonic acid-d6, 

sodium salt (DSS-d6).   

NMR analysis was carried out using a Bruker Avance III 700MHz NMR 

spectrometer with a TXI triple resonance probe operating at 25C. Spectra were collected 

with a 1D NOESY pulse sequence covering 12 ppm. The spectra were digitized with 
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32768 points during a 3.9 second acquisition time. The mixing time was set to 100 ms 

and the relaxation delay between scans was set to 2.0 seconds.   

The data were processed using Advanced Chemistry Development Spectrus 

Processor (version 2016.1, Toronto, Canada).  The spectra were zero filled to 65536 

points, apodized using a 0.3Hz decaying exponential function and fast Fourier 

transformed. Automated phase correction and 3rd order polynomial baseline correction 

was applied to all samples.  Metabolite concentrations were quantified using the 

Chenomx NMR Suite (version 8.2, Edmonton, Canada).  The DSS-d6 was used as a 

chemical shift and quantification reference for all spectra and was set to a chemical shift 

of 0.00 and a concentration of 250 µM.  Quantitative fitting of each spectrum was carried 

out in batch mode, followed by manual adjustment for some spectra to correct for errors 

arising from spectral overlap.  Final concentrations were normalized based on the 

weight of the feces used to prepare each sample. We used the Kruskal Wallis rank sum 

test to identify significantly different metabolites across the three species, and compared 

between species with the Dunn test using the Benjamini-Hochberg adjustment for 

multiple comparisons. These and other statistical measures were calculated in R. 

3.3 Results  

Propithecus coquereli consumes a diet containing less starch but increased fiber 

and protein compared to V. variegata and L. catta in captivity (Table 8). Adonis testing 

found no significant associations between overall metagenomic composition and host 

species (p=0.243), diet (p=0.315), or life stage (p=0.442). However, diet does explain the 
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majority of metagenomic variation across species (23.82%) and life stages (39.99%) 

detected using PCoA (Figure 8). LEfSe also detected significant differentiation based on 

diet, in the abundance of pathways specific to macronutrient and vitamin metabolism 

(Figure 9). Further investigation of these enriched pathways using the interactive KEGG 

reference pathway (http://www.genome.jp/kegg-bin/show_pathway?map01100) 

revealed that lemur metagenomes feature metabolic networks tailored to digest the 

nutrients in frugivorous or folivorous diets (Figures 10 and 11). Microbes in folivorous 

lemurs ferment dietary fibers to produce increased acetate and butyrate, while the GMs 

from lemurs consuming fruits and vegetables high in starch, produce more proprionate 

(Figure 12).  
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Table 8. Nutritional composition of diets and browse fed to captive Varecia variegata, 
Lemur catta, and Propithecus coquereli in captivity 

a averaged across tulip poplar, sweet gum, red bud, mimosa, sumac, and frozen sumac 
 

 V. variegata, 
L. catta 

 
P. coquereli 

 Pelleted feed, 
fresh produce 

Pelleted feed, 
fresh 

produce 
Browsea 

% moisture 10.2 5.5 6.1 ± 0.8 
% dry matter (DM) 89.8 94.5 93.9 ± 0.8 
    
Crude protein (%DM) 17.9 25 17.1 ± 3.0 
Adjusted protein (%DM) 17.9 25 16.2 ± 3.2 
Acid detergent fiber (ADF, %DM) 8.8 21.5 19.1 ± 1.6 
Neutral detergent fiber 
(NDF, %DM) 

15 29.1 23.1 ± 1.4 

Non fiber carbohydrates (%DM) 61 39.1 54.4 ± 3.8 
    
Ash (%DM) 6.1 6.81 5.5 ± 0.6 
Calcium (%DM) 1.04 1.16 1.01 ± 0.17 
Phosphorous (%DM) 0.63 0.69 0.25 ± 0.04 
Magnesium (%DM) 0.21 0.24 0.22 ± 0.04 
Potassium (% DM) 1.08 1.33 1.26 ± 0.24 
Sodium (%DM) 0.245 0.183 0.026 ± 0.002 

Iron (PPM) 396 632 79 ± 10.7 
Manganese (PPM) 119 98 175.8 ± 110.5 
Zinc (PPM) 108 220 103.3 ± 50.3 
Copper (PPM) 27 145 60 ± 31.1 
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Figure 8. Age and species drive metagenomic variation. We performed Principle 
Coordinate Analysis (PCoA) on libraries subsampled at a depth of 790000 and 
jackknifed Bray Curtis distances to compare metagenomic profiles at key 
developmental life stages across three lemur species. Bray Curtis distance quantifies 
the dissimilarity between metagenomic libraries based on the abundance of each 
metabolic pathway represented per metagenome.  

 
Figure 9. Lemur diet drives jackknifed UPGMA clustering. Samples collected at the 
introduction of solid foods cluster separately from samples collected during daily 
consumption of solid foods and after infants have fully weaned; but folivorous P. 
coquereli samples cluster separately from frugivorous L. catta and V. variegata 
samples at all life stages. Each library was subsampled at a depth of 790000 to match 
the abundance count in the smallest metagenomic library. 

0.03
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Figure 10. Frugivorous and folivorous metagenomes feature differential metabolic 
enrichment. Metabolic pathways were identified as biomarkers if they earned 
significant Linear discriminant analysis Effect Size (LEfSe) scores. 



 

 52 

 
Figure 11. Lemur metagenomes feature pathways specific to frugivorous (fruit-based) 
or folivorous (leaf-based) diets. L. catta and V. variegata microbiomes are capable of 
metabolizing a range of sugars, starches in fruits, as well as glycans, which are often 
utilized in hosts with shorter gut transit times. By contrast, P.coquereli metagenomes 
appear adapted specifically for anaerobic digestion of fiber and secondary plant 
compounds. 
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Figure 12. Short chain fatty acid production reflects dietary composition. Short chain 
fatty acids were measured and normalized by initial sample weight and averaged 
across weaned infants.  
* indicates p-value < 0.05  
** indicates p-value < 0.01 

 
Significant differences between additional metabolites further confirm microbial 

adaptation to high sugar and starch concentration in frugivores, and to protein-rich 

leaves in folivores (Table 9, Figures 12 and 13). Figure 12 shows the percentages of each 

of the short chain fatty acids for the three species.  The P. coquereli has significantly 
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higher acetate production and lower propionate levels compared with the V. variegata 

and L. catta.   The fruits in the V. variegata and L. catta diet have high concentrations of 

polyfructans and pectin, which are fermentation substrates for propionate. Pectin is 

composed of polygalacturonic acids with some of the carboxyl groups esterified with 

methanol. As shown in Figure 13a, the V. variegata and L. catta and both had higher 

levels of methanol production.  Alcohols are end products of microbial fermentation: 

certain gut bacteria can degrade pectin with the release of methanol.  The very low 

levels in the P. coquereli are consistent with the lower pectin in leaves compared to fruit 

consumption.  Ethanol was also found in the fecal samples (Figure 13b), though only the 

V. variegata samples contained a significant amount of ethanol.  The higher levels of both 

ethanol and glucose (Figure 13c) observed in V. variegata are likely due to greater 

consumption of starches and fruit in the diet.  Interestingly, this species also shows a 

higher level of lactate, although the variability was quite high and the increase was not 

statistically significant (Figure 13e). Lactate concentrations are otherwise very low, as 

observed in the L. catta and P. coquereli. The glutamate levels in the feces of P. coquereli 

were significantly higher than in either of the other two lemur species (Figure 13f), and 

likely reflect the higher amount of protein in their leaf-based diet. 
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Table 9. Fecal metabolites vary across species.  
Significant p-values are highlighted in red. 

Kruskal Wallis Test    Dunn Test values 
Short Chain Fatty Acids  Lc vs Pc Lc vs Vv Pc vs Vv 

Formate 0.076 0.41791 0.05522 0.05589 
Acetate 0.286 0.22913 0.28378 0.17470 
Propionate 0.086 0.04386 0.24636 0.09523 
Butyrate 0.244 0.22926 0.24835 0.14301 

Alcohols     
Ethanol 0.00054 0.50000 0.00097 0.00086 
Methanol 0.0076 0.40946 0.00641 0.00932 
Isopropanol 0.038 0.02546 0.36580 0.02953 

Amino Acids     
Alanine 0.012 0.00560 0.03406 0.16060 
Glutamate 0.0031 0.02193 0.10426 0.00109 
Leucine 0.683 0.59275 0.40956 0.39541 
Isoleucine 0.798 0.49118 0.40956 0.75910 
Valine 0.819 0.43368 0.50000 0.86736 

Energy Metabolites     
Glucose 0.018 0.39261 0.01432 0.01825 
Glycerol 0.004 0.00161 0.15174 0.01655 
Lactate 0.257 0.24446 0.24367 0.15009 

Aromatic Metabolites     
ß-Hydroxyphenylacetate 0.282 0.12776 0.47707 0.23084 
Phenylacetate 0.901 0.41371 0.97115 0.62056 
Phenylalanine 0.667 0.34335 0.45518 0.55707 
Uracil 0.019 0.04625 0.00892 0.22542 
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Figure 13. Gut microbes produce metabolite profiles specific to host diet and species. 
All metabolite concentrations (mmol) were measured and normalized by initial 
sample weight and averaged across weaned infants. 

 
To summarize: dietary fiber provides niche space for diverse bacterial taxa, 

which specialize in a relatively narrow range of metabolic pathways to produce higher 

levels of short chain fatty acids. We present the relationships between these datasets as 

an integrated visual framework, which we refer to as microbial geometry, following the 

concept of nutritional geometry which allows investigators to track which food items 
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animals select for and which nutrients they “defend” as they forage. In Figure 14, we use 

microbial geometry to visualize and compare gut microbial profiles across different 

feeding strategies. We discuss the implications of each feeding strategy below. 

 

 
Figure 14. Dietary fiber shapes microbial community form and function. Frugivorous 
and folivorous diets provide nutritionally distinct substrates for fermentation, and 
thus cultivates distinct microbiomes. For example, following the GM profile for 
folivorous P. coquereli, in green, clockwise from the top: a high-fiber diet supports a 
greater diversity of microorganisms, which draw from a more limited, specialized 
pool of metabolic pathways to produce more fermentation products (compared to 
frugivorous GMs). 

 

3.4 Discussion 

3.4.1 Bespoke services 

Our results suggest that host diet and gut morphology may act as selective filters 

that promote the colonization of bacterial taxa with existing functions to metabolize 

essential nutrients. A previous study demonstrated that while P. coquereli host 
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significantly higher 16S diversity than L. catta or V. variegata, the folivore’s high fiber 

intake and gut complexity select for minimal variation in bacterial membership (E. A. 

McKenney et al., 2015). Principle coordinate analysis of metagenomes sequenced from 

the same samples indicates that age and diet-related patterns overcome individual 

differences (Figures 8 and 9). Linear discriminant analysis suggests that gut 

metagenomes are honed to digest either fruit- or leaf-based diets. Frugivorous 

metagenomes were enriched for metabolism of starch and sucrose, amino sugar and 

nucleotide sugar, while folivorous metagenomes featured pathways for metabolizing 

chlorophyll and secondary plant compounds including phytic acid, flavones, and 

flavonol (Figures 10 and 11). Flavones contribute to plant pigmentation (Aherne & 

O’Brien, 2002), whereas phytic acid impairs absorption of iron, zinc, and calcium 

(Schlemmer, Frølich, Prieto, & Grases, 2009). By breaking down phytic acid, microbes 

may prevent mineral deficiencies in P. coquereli. LEfSe also identified several amino acid 

pathways (Figure 10), suggesting that gut microbes not only supplement dietary intake, 

but may also satisfy host nutritional requirements. Arginine and proline provide 

additional substrates for protein synthesis, while essential amino acids such as 

methionine, valine, leucine, isoleucine, and phenylalanine (which is itself a precursor to 

tryptophan) cannot be produced by the host at all. Pathways for branched-chain amino 

acids (valine, leucine, and isoleucine) and glutamate biosynthesis distinguished 

folivorous lemur samples in this study (Figure 11), and have been previously shown to 

be enriched in herbivores in a previous study (Muegge et al., 2011).  
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Quantification of metabolites using NMR confirmed that feeding strategy may 

select for specific microbial functions. Dietary carbohydrates, specifically resistant 

starches and dietary fibers, are substrates for fermentation that produce the short chain 

fatty acids, primarily acetate, propionate and butyrate.  The rate and amount of short 

chain fatty acid production depends upon the species and amount of microflora present 

in the colon (Roberfroid, 2005), the substrate source (Cook & Sellin, 1998), and the gut 

transit time (Argenzio & Southworth, 1975; Owens & Isaacson, 1977). The differences in 

the butyrate levels did not reach the level of statistical significance, but the trend of 

higher butyrate, along with the significantly increased acetate in the P. coquereli (Figure 

12), is fully consistent with the higher fiber diet.  Conversely, frugivorous feces 

contained higher levels of glucose and glucose-derived metabolites (Figure 13). 

Fermentation of glucose can generate lactate or pyruvate as intermediates, which can go 

on to form short chain fatty acids as well as ethanol and CO2. Lactic acid bacteria can 

ferment glucose to produce two molecules of lactic acid in a process called homo-lactic 

fermentation.  Certain bacteria can also use hetero-lactic fermentation to convert glucose 

to lactic acid, ethanol, and CO2.   Lactate production and utilization is typically well 

balanced in the fecal microbiome (Bourriaud et al., 2005). Lactate is also an intermediate 

in the production of some of the short chain fatty acids, especially butyrate (Morrison et 

al., 2006).     

Glycerol is the backbone of all triglycerides, and was also elevated in V. variegata 

and L. catta compared to P. coquereli samples (Figure 13). The normally incomplete 
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digestion and absorption of triglycerides can lead to a mixture of glycerol, free fatty 

acids, and undigested glycerides entering the colon (Vonk, Kalivianakis, Minich, 

Bijleveld, & Verkade, 1997).  Glycerol levels in the gut are dependent upon other 

fermentation products.  Butyrate has been shown to stimulate glycerol absorption 

(Fujimoto, Inoue, Ohgusu, Hayashi, & Yuasa, 2007; Kato, Hayashi, Inoue, & Yuasa, 

2005).  As noted earlier, the differences in the butyrate levels between the species is not 

significantly different; but the trend of higher butyrate in P. coquereli is consistent with 

the lower level of glycerol that could results from increased absorption (Figure 13d).   

Bacteria typically ferment glycerol to 1,3-propandiol (1,3-PDO) with 3-

hydroxypropanal (3-HPA) as an intermediate (G. P. Da Silva, Mack, & Contiero, 2009).  

While most glycerol reducing species efficiently reduce glycerol to the end product, 1,3-

PDO, some lactobacilli are known to accumulate 3-HPA (Sauvageot, Gouffi, Laplace, & 

Auffray, 2000).  In aqueous solution the 3-HPA becomes hydrated and dimerized, 

forming an equilibrium set of compounds known as reuterin (Vollenweider, Grassi, 

König, & Puhan, 2003).  Reuterin may have significant health modulating effects due to 

its broad antimicrobial activity against pathogens (Axelsson, Chung, Dobrogosz, & 

Lindgren, 1989) and commensal gut bacteria (Cleusix, Lacroix, Vollenweider, Duboux, & 

Le Blay, 2007).  The low levels of glycerol in P. coquereli could indicate efficient 

metabolism of glycerol to either 1,3-PDO or potentially 3-HPA.  The presence of reuterin 

in the very long gut of the P. coquereli could help to maintain a healthy microbiome via 

colonization resistance. 
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3.4.2 Context dependence 

While diet and gut morphology select for specific microbial taxa and functions 

that are beneficial to the host, the microbiome exhibits additional context-dependent 

adaptations to survive in the host gut environment. For example, in addition to 

producing amino acids for the host, folivorous microbes appear equipped to reclaim 

nitrogen from leaves for themselves via the urea cycle (Figure 10). Frugivorous 

metagenomes, however, feature abundant pathways for metabolism of starch and 

sugars, glycosaminoglycans, ascorbate (vitamin C) and aldarate, pantothenate and CoA, 

and lipopolysaccharide production. Interestingly, these five “frugivorous” pathways are 

predictive of dysbiosis associated with inflammatory intestinal diseases in humans 

(Larsen & Dai, 2015b; Chenhong Zhang et al., 2015), suggesting that a disease state and 

naturally rapid passage rates may incur the same microbial adaptations. We therefore 

propose that further research is needed to determine whether these “pathological” 

pathways are in fact merely commensal. 

NMR detected increased levels of lactate, ethanol, and methanol in V. variegata 

(Figure 13), all of which are derived from glucose. Glucose is readily fermented by gut 

bacteria in both foregut and hindgut herbivores to produce formate and acetate (Muegge 

et al., 2011). Increased glucose in V. variegata may therefore indicate incomplete 

fermentation due to shorter gut length and reduced bacterial load. In V. variegata and L. 

catta, for example, microbial utilization of starch, sugars, and glycosaminoglycans 

reflects adaption to the low-fiber frugivorous captive diet. Glycosaminoglycan foraging 
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has been particularly well documented in Bacteroidetes, which were consistently present 

at higher abundance in frugivorous versus folivorous lemurs in a previous study (E. A. 

McKenney et al., 2015). Given that fruit contains high levels of vitamin C, it is 

unsurprising that “frugivorous” microbiomes are also adapted to metabolize ascorbate.  

A previous study of gut microbes found that opportunistic microbes are well 

adapted to rapid transit time and other hallmarks of disrupted environments (Lozupone 

et al., 2012). Our detection of several human disease-associated pathways in healthy 

lemurs with rapid gut transit times suggests that certain microbial taxa or functions may 

be mislabeled as pathogens, when they are actually opportunistic commensals along for 

the ride. In these cases of mistaken pathology, the additional context offered by 

comparative studies of non-traditional species may help to distinguish correlation from 

causation and thus have significant implications for the medical community.  



 

 63 

4. Bamboo specialists from two mammalian orders 
(Primates and Carnivora) share a high number of low-
abundance gut microbes2 

Gut microbial communities digest fiber–a nutrient source otherwise unavailable 

to mammals–and thus play a central role in adaptation to dietary specialization. Bamboo 

specialization is one of the most extreme examples of convergent herbivory, yet the 

adaptive role of gut microbes in facilitating bamboo digestion is not well understood. 

The gut microbiome itself is shaped both by host phylogeny and by feeding strategy, but 

it remains unclear how each force shapes the composition of the gut microbial 

community. To address this question, we used deep sequencing to investigate the nature 

and comparative impact of phylogenetic and dietary influences in selecting for specific 

gut microbial membership three bamboo specialists: the bamboo lemur (Hapalemur 

griseus, Primates: Lemuridae), giant panda (Ailuropoda melanoleuca, Carnivora: Ursidae), 

and red panda (Ailurus fulgens, Carnivora: Musteloideadae).  

Our study detected significantly higher Shannon diversity in the bamboo lemur 

(10.029) compared to both the giant panda (8.256; p=0.0001936) and the red panda (6.484; 

p=0.0000029). Previous studies have shown that the giant panda harbors a carnivore-like 

gut microbiome with low microbial diversity, in spite of the high-fiber diet characteristic 

of the host. Our results thus complement previous work in finding that phylogeny 

predominantly governs high-level microbiome community structure. However, we also 

                                                
2 The contents of this chapter have been submitted to Microbiome: 
McKenney EA, Maslanka M, Rodrigo A, Yoder AD. Bamboo specialists from two mammalian orders 
(Primates, Carnivora) share a high number of low-abundance gut microbes. 
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find that 48 low-abundance OTUs are shared among bamboo specialists, compared to 

only 8 OTUs shared by the bamboo lemur and its sister species, the ringtail lemur 

(Lemur catta, a generalist). Our results suggest that deep sequencing is necessary to 

detect rare bacterial OTUs that may be specifically adapted to a diet rich in bamboo.  

These findings suggest dietary adaptation in the “rare biosphere” across primate 

and carnivoran hosts, and therefore provide a more comprehensive framework for 

understanding the evolution and ecology of the microbiome as well as the host.  

4.1 Background 

Host phylogeny and diet have been established as the two major forces that 

govern gut microbiome (GM) composition, yet no unifying framework has been 

proposed to reconcile the effects of phylogeny and diet on GM community assembly. 

We address this gap by comparing three species of mammal with differing levels of 

phylogenetic proximity that share a highly derived dietary specialization.  The three 

species are all bamboo specialists, though two of them are distantly-related members of 

the order Carnivora (the giant panda and the red panda, diverged ~40my (Hedges, 

Dudley, & Kumar, 2006)) and one is a member of the order Primates (the bamboo lemur, 

diverged from Carnivora ~83my (dos Reis et al., 2012)).  By comparing the composition 

of their gut microbiomes (GM) we can investigate the similarities and differences in GM 

composition, some of which will be due to phylogenetic proximity and some of which 

will be due to diet (i.e., bamboo, in this case). 
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Previous studies have revealed remarkable GM convergence that mirrors host 

diet. For example, ant- and termite-eating mammals show distinct and consistent 

similarities in their GM, despite vast phylogenetic distance between host species (Delsuc 

et al., 2014). Diet-induced changes and similarities have been detected in GM 

communities across mammalian species (Ley et al., 2008; Muegge et al., 2011), even 

driving human GMs to resemble more herbivorous or carnivorous states (David, 

Maurice, et al., 2014). Most herbivores have evolved a variety of adaptations to 

accommodate the challenges associated with consuming high-fiber diets. For example, 

increased gut complexity and GM diversity are both associated with herbivory and 

consumption of dietary fiber (Simpson & Campbell, 2015; Stevens & Hume, 1998). The 

giant panda however, has retained a short, simple, carnivore-like gastrointestinal tract in 

spite of their herbivorous diet. Recent studies have similarly found that the giant panda 

GM also deviates from the general mammalian pattern in that it does not appropriately 

reflect a diet high in cellulose (Xue et al., 2015; Zhu, Wu, Dai, Zhang, & Wei, 2011).  

Multiple studies have shown that the giant panda harbors extremely low GM 

diversity (Xue et al., 2015; Zhu et al., 2011) dominated by Firmicutes and Proteobacteria 

(Fang et al., 2012; Xue et al., 2015; Zhu et al., 2011), with high seasonal variation (Xue et 

al., 2015) and limited functional capacity to metabolize cellulose (Zhu et al., 2011). 

Moreover, comparative studies have revealed an overwhelming lack of GM convergence 

between the giant panda and other herbivores, perhaps due to the power of host 

phylogeny as a driving selective force. In a comparison of GMs isolated from 56 
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mammalian species, giant pandas clustered with other bears instead of with herbivores 

(Ley et al., 2008).  Li et al (Li et al., 2015) also found that the giant panda GM is more 

similar to that of the Asian black bear than it is to the red panda, further suggesting that 

phylogenetic signal overrides dietary signal in this case. 

To further examine the effects of diet versus phylogeny, here we compare GMs 

from three bamboo specialists (a primate: bamboo lemur, Hapalemur griseus; and two 

carnivorans: giant panda, Ailuropoda melanoleuca; and red panda, Ailurus fulgens). We 

also compare the bamboo specialists to two phylogenetic controls: the Asian black bear 

(Ursus thibetanus, omnivorous, diverged from the giant panda by ~34 mya (Hedges et al., 

2006); data from Li et al. 2015 (Li et al., 2015)) and the bamboo lemur’s sister species, the 

ringtail lemur (Lemur catta, a generalist, diverged from the bamboo lemur ~13 mya 

(Yoder & Yang, 2004); data from (E. A. McKenney et al., 2015)).  A recent investigation of 

GM succession in lemurs detected host species-specific signatures and increased 

diversity associated with both GIT complexity and dietary fiber intake (E. A. McKenney 

et al., 2015). Of the three lemur species studied, the folivorous (leaf-eating) lemur, 

Coquerel’s sifaka (Propithecus coquereli), exhibited the lowest inter-individual variation, 

suggesting that the GM is tightly regulated by traits associated with a high-fiber diet (i.e. 

gut complexity or nutrient availability) in these primates. 

The three bamboo specialists targeted by the current study additively span more 

than 140 million years across the phylogenetic spectrum of mammals and represent 

three independent branches across the phylogeny of mammals: Primates, Ursidae, and 
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Musteloideadae (Flynn, Nedbal, Dragoo, & Honeycutt, 2000) (Figure 15). These three 

species also present GIT characteristics that are unique among herbivores.  While 

herbivores generally exhibit increased gastrointestinal complexity and increased transit 

time to accommodate high-fiber diets, the bamboo specialists share an overall lack of 

gastrointestinal complexity and comparatively short total gastrointestinal lengths (Table 

10). This apparent lack of morphological adaptation for folivory makes these three hosts 

an attractive system for comparing the impact of fiber-rich diet versus phylogeny on GM 

communities.  The lack of morphological adaptation to diet might suggest that GM 

composition will be especially important in these host species for adequately digesting 

their respective high-fiber diets. 
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Figure 15. Bamboo consumption is associated with simple gastrointestinal 
morphology, and spans the mammalian phylogeny. Divergence times at each node are 
(A) 83 my (dos Reis et al., 2012), (B) 40 my, (C) 34 my, and (D) 13 my (Hedges et al., 
2006). The giant panda (Ailuropoda melanoleuca) gut diagram is adapted from 
(Beijing Zoo, 1986). The Asian black bear (Ursus thibetans) and the red panda 
(Ailurus fulgens) guts are represented by the American black bear and the common 
raccoon (Stevens & Hume, 1998), respectively. These “surrogate” species are closely 
related and considered to have a similar gut morphology to the focal species. The 
bamboo lemur (Hapalemur griseus) and ringtail lemur (Lemur catta) gut diagrams are 
adapted from (J. L. Campbell et al., 2000). 
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Table 10. Gut length and transit times in bamboo specialists and lemurs 

Species Feeding strategy Gut length to body 
length ratio 

Transit time 

Giant panda Bamboo 4a 480 ± 90 mind 

Red panda Bamboo 4b 225 ± 51 mine 

Bamboo lemur Bamboo 4.1c 1,836 ± 78 minf 

Ringtail lemur Generalist 5.8c 387 ± 76 ming 

Coquerel’s sifaka Folivore  15.5c 1,465.2 ± 102 minf 

 a (Beijing Zoo, 1986)    
b (Bleijenberg & Nijboer, 1989) 
c (J. L. Campbell et al., 2000)      
d (Dierenfeld, Hintz, Robertson, Van Soest, & Oftedal, 1982) 
e (Fulton, Crissey, Oftedal, & Ullrey, 1987)  

f (J. Campbell, C. Williams, & J. Eisemann, 2004) 
g (Ganzhorn, 1986) 
 
 

While Li et al. (Li et al., 2015) were the first to compare gut microbes in bamboo 

specialists using next generation sequencing, relatively low coverage may have 

precluded detection of low-abundance diet-associated OTUs in previous studies of giant 

panda and red panda GMs (Li et al., 2015; Wei et al., 2007; Xue et al., 2015; Zhu et al., 

2011). By increasing the depth of sequencing, we predict that additional OTUs 

comprising the "rare biosphere" (Sogin et al., 2006) may be detected, perhaps revealing a 

higher GM diversity than has previously been appreciated. The depth of sequencing 

coverage produced by our study also offers a novel perspective on the effects of 

phylogeny versus selection in this highly specialized dietary niche. If convergent 

evolution shapes the rare biosphere in response to dietary pressures, then bamboo 

specialists should exhibit shared GM membership despite the phylogenetic distance 

among the host species. 
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4.2 Methods 

4.2.1 Animals 

Bamboo lemurs (n=4) and ringtail lemurs (n=3) were housed at the Duke Lemur 

Center in Durham, North Carolina. Red pandas (n=2) and giant pandas (n=3) were 

housed at the Smithsonian Conservation Biology Institute (Front Royal, VA) and the 

Smithsonian National Zoological Park (Washington, D.C.), respectively.  All animals 

were healthy, and no individuals were experiencing any kind of gastric disturbance (i.e. 

mucoidal episodes in giant pandas) at time of sampling. All three species are fed similar 

diets in captivity (bamboo, supplemented with produce and commercially formulated 

biscuits; Table 11). Individual sex and age at time of sampling are listed in Table 12. 
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Table 11. Representative diets (kg, as fed) offered to captive bamboo specialists. 

 Giant panda Red panda Bamboo lemur 

Food Item G1 G2  G3  R1  R2 B1 B2 B3  B4 

Bambooa 21 kg 30 kg 30 kg 2.7 kg 1.8 kg 0.2 kg 0.2 kg 0.2 kg 0.15 kg 

Leaf Eater food, Gorillab 0.1 kg 0.9 kg 1.2 kg 0.2 kg 0.2 kg     

Leaf Eater food, Lemurb 0.3 kg     0.025 kg 0.025 kg 0.035 kg 0.03 kg 

Vegetable mixturec 0.3 kg 0.75 kg 0.6 kg   0.015 kg 0.015 kg 0.025 kg 0.02 kg 

Fruit rotationd  0.5 kg  0.3 kg 0.1 kg 0.03 kg 0.015 kg 0.015 kg 0.025 kg 0.02 kg 
a Bamboo is primarily Phyllostachys spp 
b Marion Zoological, Plymouth, MN; nutrient content the same. 
c Consists of corn, cucumber, celery, sweet potato, and/or carrot. 
d Consists of apple, melon, grapes, and/or banana. 
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Table 12. Animals' sex and age at time of sampling 

Species Individual Sex Age (years) at time of 
sampling 

Life stage at 
sampling 

giant panda G1 female 16.90 adult 
giant panda G2 female 1.81 subadult 
giant panda G3 male 17.80 adult 

red panda R1 female 1.97 adult 
red panda R2 male 0.95 subadult 

bamboo lemur B1 female 14.44 adult 
bamboo lemur B2 female 14.51 adult 
bamboo lemur B3 female 17.86 adult 
bamboo lemur B4 male 15.93 adult 
ringtail lemur L1 female 3.78 adult 
ringtail lemur L2 female 6.00 adult 
ringtail lemur L3 female 11.00 adult 

 

4.2.2 Fecal samples 

A single, fresh stool sample was collected opportunistically from each individual 

and immediately stored at -80C in an individually labeled Whirlpak bag (Nasco, Fort 

Atkinson, WI) to prevent microbial reproduction and DNA degradation within feces. 

Prior to extraction, the exterior of each frozen sample was removed to prevent 

environmental contamination. DNA was extracted from each sample separately using 

the QIAamp Stool Mini Kit (QIAGEN, Hilden, Germany) following the manufacturer’s 

protocol. DNA yields were quantified using a Qubit 3.0 (ThermoFischer Scientific, 

Massachusetts, USA). 

4.2.3 16S library prep and sequencing 

Six hypervariable regions of the 16S gene were amplified using the Ion 16S 

Metagenomics Kit large tube (1.5-mL Eppendorf tube) protocol. This kit performs two 
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reactions for each sample, using two primer sets. The first primer set targets the V2, V4, 

and V8 regions of 16S; the second primer set targets the V3, V6, and V9 regions. 

Amplified reads from each region are approximately 250bp, 288bp, 295bp, 215bp, 260bp, 

and 209bp, respectively. Purified PCR products from each sample were pooled and 

libraries were prepped using the Ion Plus Fragment Library Kit (Thermo Fisher 

Scientific, Grand Island, NY). After nick repair, PCRs were purified with Ampure XP 

(Beckman Coulter, Indianapolis, IN). Unique barcode adapters were ligated, an 

additional nick repair step was run, and the library was purified a second time using 

Ampure XP. Ligation is performed on blunt ends and fragments from all variable 

regions are similar lengths, so this step is not expected to introduce bias. DNA from E. 

coli and distilled water were also prepared and sequenced to provide positive and 

negative controls, respectively.  Library concentration was determined using qPCR. A 

total of 9 libraries (plus positive and negative controls) were pooled on a 318 chip and 

sequenced on the Ion PGM platform using the Ion PGM Sequencing 400 Kit (Thermo 

Fisher Scientific, Grand Island, NY). 

4.2.4 Data analysis 

We compared our Ion Torrent data to two previously published 16S data sets. 

McKenney et al. (E. A. McKenney et al., 2015) used the Illumina MiSeq platform to 

sequence the v4 region in feces collected from three ringtail lemurs (Sequence Read 

Archive accession numbers SAMN02689938-02689939 and SAMN02689974-02689977).  

Li et al. (Li et al., 2015) compared V1-V3 regions amplified from 6 captive red pandas, 5 
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giant pandas, and 6 Asian black bears and sequenced using the Roche 454 GS FLX 

Titanium platform (Sequence Read Archive accession numbers SRR2584945- 2584949, 

and SRR2584966- 2584977). Although comparisons across different sequencing platforms 

and protocols need to be treated with caution, there is value in comparing the results 

(i.e. taxonomic classifications of OTUs detected) from these different analytical 

frameworks for consistency or conflict. Together, these two omnivorous phylogenetic 

controls provide an opportunity to address the question of whether there is shared 

membership across bamboo specialists’ microbiomes. 

We used Quantitative Insights Into Microbial Ecology (QIIME v1.9.1) for all data 

analysis. All scripts necessary to reproduce the analytical workflow are available in 

Appendix A. We demultiplexed Ion Torrent, Illumina, and Roche 454 (Li et al., 2015) 

sequencing data separately to reflect the error models associated with different 

platforms. We filtered Ion Torrent reads with minimum quality score <20 and read 

length <150 bp to reflect the PGM error model used in the Metagenomics 16S workflow 

(v4.6) available in the Ion Reporter Software package (v5.0). Illumina sequencing data 

were demultiplexed by individual and filtered using default parameters, as described 

previously (E. A. McKenney et al., 2015). Roche 454 data were filtered to remove reads 

<200bp in length and any sequences with ambiguous bases to reproduce previously 

published filtering methods (Li et al., 2015). QIIME removes barcodes and primers by 

default during the initial demultiplexing step.  
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Singletons were removed and operational taxonomic units (OTUs) were picked 

based on 97% sequence similarity, using the closed reference UClust (Edgar, 2010) 

option in QIIME. The closed reference method classifies OTUs at the Genus level using a 

pre-defined taxonomy map of reference sequences, thus enabling the comparison of 

non-overlapping amplicons as described previously (Delsuc et al., 2014). Chloroplasts 

were filtered from each OTU table, and filtered OTU tables were merged into a single 

file for downstream analyses. 

We plotted rarefaction curves to compare coverage across libraries (Figure 16). 

Beta diversity was quantified using UniFrac distance metrics. We used jackknifed 

UPGMA clustering to produce sample trees and Principle Coordinate Analysis (PCoA) 

plots, with biplots to visualize relationships between bacterial membership and host 

metadata. To test whether discrepancies in sequencing coverage impacted the PCoA, we 

performed jackknifing twice: first with the full data set (default settings), and second by 

subsampling each library to a depth of 1280 to match the number of sequences in the 

smallest library (see Table 13). We calculated two measures of alpha diversity: Shannon 

diversity, which summarizes community complexity based on the number and 

frequency of OTUs; and phylogenetic diversity, which incorporates the evolutionary 

distance between OTUs. 
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Figure 16. Rarefaction curves 
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Table 13. Sequence coverage and observed OTUs per sample. Asterisks denote data 
described in Li et al. 2015. 

Sample Sequence coverage Observed OTUs 
GiantPanda1 118,114 264 
GiantPanda2  123,321 248 
GiantPanda3  103,448 229 

RedPanda1  66,644 297 
RedPanda2  139,554 241 

BambooLemur1  86,314 237 
BambooLemur2  116,341 264 
BambooLemur3  121,932 265 
BambooLemur4 95,280 249 
RingtailLemur1  86,314 120 
RingtailLemur2  116,341 122 
RingtailLemur3  121,932 122 

GiantPanda1* 5056 14 
GiantPanda2* 4621 12 
GiantPanda3* 4775 10 
GiantPanda4* 5096 8 
GiantPanda5* 3807 32 

RedPanda1* 2532 10 
RedPanda2*  1733 9 
RedPanda3* 1514 14 
RedPanda4* 1280 7 
RedPanda5* 2246 9 
RedPanda6* 1579 13 

AsianBlackBear1* 4849 14 
AsianBlackBear2* 5830 28 
AsianBlackBear3* 6819 12 
AsianBlackBear4* 6879 17 
AsianBlackBear5* 3807 11 
AsianBlackBear6* 3700 10 
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To compare the impact of host diet and phylogeny on OTU membership, we 

used in-house scripts with Boolean logic statements to identify which OTUs were 

present in all lemurs and/or bamboo specialists. We defined OTUs as shared if they were 

detected in all individuals in a given category. We considered OTUs unique to a 

category if they were detected in all individuals within that class, but not shared with 

any other category. 

4.2.5 Statistical analysis 

We performed an analysis of variance (ANOVA) with post-hoc Tukey Honestly 

Significant Difference to test for differences in diversity data associated with host species 

and diet. We used a generalized linear model (GLM) approach to test for differences 

resulting from gut transit time (see Table 10) to accommodate time as a continuous 

variable. We used Linear discriminant analysis Effect Size (LEfSe (Segata et al., 2011a)), 

with default settings and all alpha values set to 0.05, to detect significantly enriched 

bacterial OTUs in each host species (class = host species; no subclass; sample = 

SampleID).  LEfSe uses a Kruskall-Wallis test to detect differentially distributed OTUs 

within each class. The enriched OTUs are then ranked by the log of their linear 

discriminant analysis scores.  

 

4.3 Results 

A total of 970,948 sequences were retained after quality filtering data sequenced 

on the Ion Torrent and Illumina platforms, with an average coverage of 107,883 
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sequences per library (compared to 3,889 sequences per library derived from the Roche 

454 data; see Table 13). The retained sequences were assigned to 562 OTUs.  

4.3.1 Comparison of all three data sets 

Discrepancies in sample size appear to drive clustering patterns in the PCoA of 

data sets sequenced on Roche 454, Illumina, and Ion Torrent platforms (Figure 17). 

Samples sequenced on the Roche 454 platform cluster separately along PC1, indicating 

that nearly 40% of the variation in the combined data set is explained by the difference 

in sequencing coverage. (By contrast, the difference between Illumina and Ion Torrent, 

along PC2, accounts for only about 4% of the total variation.) This effect was retained 

when we subsampled each library to an even depth of 1280 sequences. We suspect that 

Roche 454 sequencing may be biased toward certain dominant organisms, resulting in 

unusually low number of OTUs compared to other published gut microbial data.  
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Figure 17. Discrepancies in sequencing sample size drive patterns in Principal 
Coordinate Analysis of jackknifed unweighted UniFrac distance. UniFrac distance 
integrates the phylogenetic differences between different OTUs based on 
presence/absence in each gut community. Ion Torrent data was compared with two 
published data sets. McKenney et al. (E. A. McKenney et al., 2015) used the Illumina 
MiSeq platform to sequence the v4 region in feces collected from three ringtail lemurs 
(Lemur catta, diverged from the bamboo lemur ~13 mya (Yoder & Yang, 2004)).  Li et 
al. (Li et al., 2015) compared V1-V3 regions amplified from 6 captive red pandas, 5 
giant pandas, and 6 Asian black bears and sequenced using the 454 GS FLX Titanium 
platform.  Each library was subsampled at a depth of 1280 to match the number of 
sequences in the smallest library (see Table 13). Ellipsoids were calculated using the 
InterQuartile Range (IQR) method and plotted to visualize the confidence interval for 
each sample. 

 

Figure 18 confirms the prediction that low sequence coverage fails to detect the 

presence of rare membership in complex GM communities. The OTU heatmap indicates 

that the relationships underlying the PCoA and UPGMA clustering are driven by the 

absence of most OTUs from the Roche 454 data. Indeed, only 4 OTUs were identified as 

Platform
Roche 454

Ion Torrent

Illumina
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shared by host species in both data sets: Streptococcus was detected in all 8 giant pandas; 

Sarcina was detected in all 8 red pandas and in all 3 ringtail lemurs; and Clostridiacium 

and an unclassified Clostridiaceae genus were detected in all 29 individuals (across all 4 

host species). Additional research, in which all samples are sequenced at similar depth 

on the same platform, is necessary to thoroughly compare GM membership for evidence 

of microbial convergence.  

 
Figure 18. Deep sequencing coverage detects rare membership in complex 
communities and affects UPGMA clustering. Samples sequenced on the Roche 454 
platform cluster separately from samples sequenced on the Ion Torrent and Illumina 
MiSeq platforms. This discrepancy is likely driven by different data sizes (see Table 
13), as limited sampling fails to detect the presence of rare OTUs. However, within 
this larger clustering effect, the microbiome tree topology appears to recapitulate host 
phylogenetic relationships as previously demonstrated (Ochman et al., 2010). Both 
OTUs and samples have been ordered by UPGMA hierarchical clustering. 

 

4.3.2 Comparison of Ion Torrent and Illumina data 

While neither Shannon (p=0.101) nor phylogenetic diversity (p=0.325) was 

significantly different between bamboo and generalist diets, both measures are 

significantly and positively correlated with increased gut transit time (p < 0.0001, Figure 
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19). Shannon diversity measures both richness (or number of taxa) and evenness 

(distribution of organisms across the taxa), while Phylogenetic diversity measures the 

minimum branch length necessary to include all taxa in each community (D. P. Faith, 

1992). We find that bamboo lemurs harbor significantly higher phylogenetic diversity 

than red pandas (p=0.00036) and significantly higher Shannon diversity than any other 

host species compared in this study (see values in Figure 19), indicating that not only do 

bamboo lemurs’ gut microbes span more phylogenetic branches than other hosts’ GMs, 

but also that bamboo lemurs’ diverse OTUs are more evenly represented. 

 

 

 
Figure 19. Alpha diversity significantly correlates with gut transit time. We used a 
generalize linear model to test the strength of the relationship between transit time as 
a continuous variable and (A) Shannon or (B) phylogenetic diversity. Darker shading 
indicates higher p-value significance for pairwise comparisons of (C) Shannon and 
(D) phylogenetic diversity. 
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We also find that all three bamboo specialists host greater numbers of unique 

and significantly enriched OTUs (Figures 20 and 21). The two most abundant members 

in giant panda GMs are an unclassified Enterobacteriaceae genus and Streptococcus 

(occurring at average relative frequencies of 39.3% and 12.1%, respectively), which also 

distinguished the giant panda GMs characterized previously (Li et al., 2015). Jackknifed 

PCoA and UPGMA clustering of full and rarefied datasets suggest that community 

structure appears to be driven by high-abundance OTUs (Figure 21) and conserved 

across individuals in all host species except the red panda. Indeed, the variation in OTU 

membership and abundance between the red pandas (Figure 20) prevented them from 

clustering together on a UPGMA sample tree (Figure 18). The discrepancies observed 

between RedPanda1 and RedPanda2 may result from high inter-individual variation or 

from dietary plant matter: chloroplast sequences made up 52.9% and 19.9% of their 

respective libraries before filtering. At the phylum level, the GM of the bamboo lemur 

most closely resembles that of the ringtail lemur (Figure 20), suggesting that higher-level 

GM composition is shaped by host phylogeny. That is, the similar phylum-level 

structure of the microbiota observed across bamboo lemurs and ringtail lemurs likely 

reflects ancestral host selection, as suggested by previous studies (Ley et al., 2008; E. A. 

McKenney et al., 2015; Ochman et al., 2010).   
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Figure 20. Bamboo lemurs’ gut community structure is more similar to ringtail lemurs 
than carnivoran bamboo specialists. G = Giant panda; R = Red panda; B = Bamboo 
lemur; L = ringtail Lemur. All vertical axes are scaled to a maximum relative 
abundance of 45 percent. All labeled genera were also identified as biomarkers 
(labeled in red) with significant Linear discriminant analysis Effect Size (LEfSe 
(Segata et al., 2011a)) scores. We ran LEfSe with default settings and all alpha values 
set to 0.05, to detect OTUs with significantly different representation between hosts 
(class = host species; no subclass). 
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Figure 21. Principal Coordinate Analysis of jackknifed weighted UniFrac distance 
reflects OTU-driven variation in the gut microbiome. Each library was subsampled at 
a depth of 66000 to match the number of sequences in the smallest library (see Table 
13). Weighted UniFrac distance integrates both the phylogenetic differences between 
different OTUs and their relative abundance in the gut community. The top ten OTUs 
identified as drivers of PCoA patterns were projected using biplots. These OTUs were 
also identified as biomarkers with significant Linear discriminant analysis Effect Size 
(LEfSe (Segata et al., 2011a)) scores, and are scaled to reflect their enriched relative 
abundance. 

 
 While the bamboo and ringtail lemurs share several high-abundance OTUs (i.e. 

Prevotella, Treponema, and an unclassified Clostridiales OTU; Figures 20 and 21), bamboo 

specialists share a higher total number of OTUs (Figure 22). Forty-eight OTUs were 

shared among all bamboo specialists (compared to only 8 OTUs shared between the 

sister lemur species). These shared OTUs were relatively low-abundance (Figure 22B), 

making up only 24.3%, 13.0%, and 9.6% of the GMs in giant pandas, red pandas, and 

bamboo lemurs, respectively.  



 

 86 

 
Figure 22. Phylogeny and diet shape different classes of microbial membership. We 
defined OTUs as shared if they were detected in all individuals in a given category. 
We considered OTUs unique to a category if they were detected in all individuals 
within that class, but not shared with any other category. Using these definitions, we 
find that (A) bamboo specialists share more of their microbiome than lemurs and that 
(B) unique and conserved OTUs are less abundant (i.e. account for less than 0.12 of 
community membership). 
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4.4 Discussion   

To ensure detection of rare GM members, we performed deep sequencing of 

reads amplified from six variable regions of the 16S gene. Different bacterial types 

exhibit different levels of variation at each of the different 16S regions. High coverage of 

multiple regions, therefore, not only increases the likelihood of detecting low-abundance 

OTUs but may also provide a more complete consensus view of community 

composition. 

We implemented a closed-reference OTU-picking approach to compare Ion 

Torrent sequencing data from bamboo specialists to ringtail lemur data sequenced on 

the Illumina MiSeq platform (E. A. McKenney et al., 2015) and to Asian black bear data 

sequenced on the Roche 454 platform (Li et al., 2015). While the closed-reference 

approach allows comparisons across 16S gene regions, batch effects associated with 

sequencing coverage and platform may bias the relationships detected with PCoA (Leek 

et al., 2010) in Figures 17 and Figure 21.  We therefore focus our discussion to results 

derived directly from OTU classification of Ion Torrent and Illumina sequencing data. 

Our increased sequencing depth uncovered previously undetected rare 

membership in the GM structure of both the giant and the red panda and thus enabled a 

more thorough investigation of shared membership in their GMs. Specifically, it appears 

that host phylogeny shapes Phylum-level community structure, while similar dietary 

pressures select for specific shared Genus-level OTUs.  We describe these patterns 

below. 
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4.4.1 Host phylogeny shapes dominant taxa. 

OTUs conserved within host species made up a small proportion of the GM 

membership studied here (Figure 22). Ochman et al. (Ochman et al., 2010) also found 

that host phylogeny produces a relatively weak signal at the OTU level. The giant 

pandas’ two most abundant bacterial OTUs, an unclassified Enterobacteriaceae genus 

and Streptococcus, were also found to be dominant in previous studies of the giant panda 

GM (Fang et al., 2012; Xue et al., 2015; Zhu et al., 2011). Both taxa have been detected in 

previous studies of GM succession in newborn humans (Mackie, Sghir, & Gaskins, 1999; 

Palmer et al., 2007) and lemurs (E. A. McKenney et al., 2015), reflecting their ability to 

opportunistically colonize simple gastrointestinal tracts. However, these OTUs are likely 

normal majority members of the adult climax community in giant pandas due to their 

relatively simple gut morphology. Proteobacteria, the phylum to which 

Enterobacteriaceae belongs, was found to be a dominant constituent in previous studies 

of giant panda GMs (Fang et al., 2012; Hirayama, Kawamura, Mitsuoka, & Tashiro, 1989; 

Li et al., 2015; Xue et al., 2015). Furthermore, Hirayama et al. (Hirayama et al., 1989) 

observed that cub GM membership shifted from Lactobacillus and Bifidobactierium to 

Enterobacteriaceae genera with the introduction of solid foods. This transition indicates 

that, for giant pandas, Enterobacteriaceae may not be invaders so much as a normal part 

of the healthy adult GM structure. 
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4.4.2 Low abundance OTUs may be functionally important. 

  Despite their low abundance, the OTUs unique to bamboo specialists may play 

an important functional role for their hosts. Low-abundance taxa, often referred to as the 

"rare biosphere," are important contributors to both alpha- and beta-diversity (Lynch & 

Neufeld, 2015), and can be disproportionately active (B. J. Campbell, Yu, Heidelberg, & 

Kirchman, 2011) and perform key functional roles such as methanogenesis (Thauer, 

Kaster, Seedorf, Buckel, & Hedderich, 2008) or metabolite production. Therefore, the 

rare biosphere may inform studies of convergent evolution between long-diverged 

hosts.  Given the small sample size, we cannot make conclusive statements about the 

role of the rare biosphere. We suggest, however, that the presence of certain low-

abundance OTUs across phylogenetically diverse lineages of bamboo specialists is 

compelling enough to hypothesize their common role in the gut. 

The bamboo lemur shares six times more OTUs with other bamboo specialists 

than with its sister species (Figure 22), suggesting that diet shapes low-abundance OTU 

membership. Fibrobacteres (Ransom-Jones, Jones, McCarthy, & McDonald, 2012) and 

Ruminococcus (Barker, Gillett, Polkinghorne, & Timms, 2013) are known to have fiber-

digesting abilities, and other OTUs have been detected in studies of the koala 

(Phascolarctobacterium and Ruminococcus (Barker et al., 2013)) and even the termite gut 

(Planctomycetes (Köhler, Stingl, Meuser, & Brune, 2008); and Synergistes (Hongoh et al., 

2007)), demonstrating that diet can convergently shape GMs across vast host 

phylogenetic distances. Fourteen of the OTUs detected in bamboo lemurs were 
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previously detected in other lemur species (E. A. McKenney et al., 2015), and spanned 

the bacterial phylogenetic spectrum. Of the OTUs shared among lemurs, 

Faecalibacterium, Fibrobacter, Ruminococcus, and Phascolarctobacterium were enriched in 

bamboo lemurs and Coquerel’s sifaka (folivorous) compared to other Lemuridae 

(ringtail lemur and ruffed lemur, Varecia variegata, a frugivore or fruit-eater (E. A. 

McKenney et al., 2015). The increased number of shared OTUs between Coquerel’s 

sifaka and bamboo lemur GMs, and among the three bamboo specialists, despite their 

greater phylogenetic distance, indicates that their shared OTUs may be adapted to 

digesting high-fiber diets. 

 We detected higher Shannon diversity than was previously reported in the giant 

panda (Table 14). This likely results from the detection of low-abundance OTUs; Lemos 

et al. (Lemos, Fulthorpe, Triplett, & Roesch, 2011) also found that Shannon values 

increased with sequencing coverage. Xue et al. (Xue et al., 2015) likely detected a higher 

number of OTUs (Table 14) as a consequence of the high seasonal variation between 

their samples. By comparison, our study lacks longitudinal leverage. Deep sequencing 

across several time points (as performed by McKenney et al. (E. A. McKenney et al., 

2015)) would verify and extend the seasonal dynamics detected by Xue et al. (Xue et al., 

2015) to the rare biosphere. 
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Table 14. Sequencing coverage, OTU count, and Shannon diversity for three studies 
of the giant panda GM. 

Study Average coverage 
(sequences/sample) 

No. OTUs Shannon Diversity 

Li et al. 2015 4982 235 0.342 
Xue et al. 2015 767 781 2.4 
Our findings 114,961 346 8.256 

 
A previous study detected higher Shannon diversity in Coquerel’s sifaka 

compared to ringtail lemurs (E. A. McKenney et al., 2015), suggesting that both dietary 

fiber and gut complexity increase niche space available to gut microbes. We find that 

giant pandas harbor similar Shannon diversity to Coquerel’s sifaka, and that bamboo 

lemur diversity values are highest as measured by both indices (Figure 19), despite the 

bamboo specialists’ much shorter gastrointestinal tract lengths (Table 10). The bamboo 

fed to specialists is richer in fiber compared to the browse fed to folivorous lemurs 

(Table 15) and may provide additional resources sufficient to increase GM diversity, as 

previously demonstrated across mammalian species (David, Maurice, et al., 2014; Ley et 

al., 2008; E. A. McKenney et al., 2015; Muegge et al., 2011). Alternatively, higher Shannon 

diversity values may indicate that the bamboo specialists’ GM communities comprise 

more transient members compared to Coquerel’s sifaka and other lemur species. Rapid 

transit time may preclude host regulation of GM membership and allow propagation of 

opportunistic bacteria (i.e. Enterobacteriaceae). Indeed, high diversity may indicate 

ongoing transition between opportunistic bacteria augmented by environmental 

microbes, as seen during GM colonization in other lemur species (E. A. McKenney et al., 

2015).  



 

 92 

 
Table 15. Acid Detergent Fiber (ADF) and Neutral Detergent Fiber (NDF) of browse, 
as a percentage of dry matter (DM) 

Browse ADF (%DM) NDF (%DM) Consumed by 
Bamboo (Phyllostachys 
aureosulcata)a 

18.1-20.9% 66.3-66.6% Giant panda, red panda 

Bamboo (Phyllostachys 
aurea)b 

45.7% 74.2% Bamboo lemur 

Sumac (genus Rhus)c 11.7-20.6% 17.5-23.5% Coquerel’s sifaka 
(folivorous lemur) Tulip poplar (Liriodendron 

tulipifera)c 

22.1% 25.6% 

Sweet gum (Liquidambar 
styraciflua)c 

20.9% 24.7% 

Red bud (Cercis 
canadensis)c 

18.4% 20.8% 

Mimosa (genus Mimosa)c 20.8% 26.4% 
a R.B. Tabet, O.T. Oftedal and M.E. Allen, Proceedings of the Fifth Comparative 
Nutrition Society Symposium. Hickory Corners, MI, pp 176-183, 2004. 
b A. Sahoo, R.K. Ogra, A. Sood, P.S. Ahuja, Grassland Science 56:116-125. Doi: 
10.1111/j.1744-697X.2010.00183.x, 2010.  
c McKenney (unpublished data) 

 

4.5 Conclusions 

With higher sequencing coverage, we were able to detect similarities in rare 

bacterial membership shared by bamboo eaters. Most likely, these bamboo-

associated bacteria yield more benefit in the bamboo lemur (due to its greater transit 

time) than in the bamboo-eating carnivorans with simpler guts.  Despite GI 

morphological and physiological differences, several OTUs detected across host species 

suggest that adaptations to bamboo diets may also incur subtle impacts on long-term 

GM succession and membership. We have integrated these patterns of GM membership 

across highly diverged bamboo specialists into a governing framework that accounts for 

and synthesizes the effects of host phylogeny and dietary specialization. Rather than act 
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as directly competing forces, we find that the impacts of phylogeny and diet manifest in 

different “classes” of GM membership. Specifically, phylogeny is found to shape the 

class of highly abundant taxa (which contribute to variation between GMs), while 

dietary pressures select for a greater number of low-abundance OTUs. The low-

abundance OTUs shared among bamboo specialists may be specifically adapted to a 

nutritional profile rich in fiber. These findings are important for understanding how 

convergent feeding strategies impact the host-microbiome relationship and, conversely, 

how gut microbiota may facilitate convergent evolution in phylogenetically-diverged 

species with shared dietary regimes. 
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5. Down for the count: Cryptosporidium infection 
depletes the gut microbiota in Coquerel’s sifakas3 

Enteric pathogens are a leading cause of disease and mortality worldwide, with 

the GM being one of the first lines of defense against infection.  The GM has been 

identified as crucial both in resistance to and recovery from infectious pathogens.  The 

protozoan Cryptosporidium is one such pathogen.  Common in soil and groundwater, this 

environmental pathogen can survive for long periods of time outside of the host and 

across myriad environmental conditions.  When present in the host, Cryptosporidium 

causes a variety of digestive disorders than can prove to be devastating in children 

under five, and fatal to the immune-compromised.  To gain a richer understanding of 

the etiology of this pathogen, we examine the impact of cryptosporidiosis on the GM of 

a non-human primate known to experience a debilitating disease state upon infection.  

Coquerel's sifaka (Propithecus coquereli) is a highly folivorous primate endemic to 

Madagascar.  Under captive conditions, sifakas are precariously susceptible to 

cryptosporidiosis, experiencing extreme gastrointestinal distress that, if left untreated, 

can rapidly advance to morbidity and death.  Over the course of infection, we find that 

the sifaka GM responds with decreased microbial diversity though with increased levels 

of community dissimilarity.  Time to recovery appears to be inversely related to age, 

with young animals being slowest to recover GM diversity and full community 

membership.  Though individual sifakas showed unique trajectories of microbial loss 

                                                
3 The contents of this chapter have been submitted to Microbial Ecology in Health and Disease: 
McKenney EA, Greene LK, Drea CM, Yoder AD. Down for the count: Cryptosporidium infection depletes the 
gut microbiota in Coquerel’s sifakas. 
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and recolonization in response to infection, recovery shows remarkably consistent 

patterns, similar to initial community assembly of the GM in infants.  This observation in 

particular provides biological insight into the rules by which the GM recovers from the 

disease state.  

5.1 Background 

The gut microbiome is the complex consortia of bacteria, archaea, eukaryotes, 

and their respective genomes, that inhabit animal gastrointestinal (GIT) tracts. GMs 

promote host health through a variety of metabolic mechanisms and signaling pathways 

(Leser & Mølbak, 2009). A healthy, or symbiotic, GM aides in digestion (Ramakrishna, 

2013; Terrapon & Henrissat, 2014), produces critical nutrients (LeBlanc et al., 2013; 

Wong, De Souza, Kendall, Emam, & Jenkins, 2006), and interacts dynamically with the 

immune system (Brestoff & Artis, 2013). Healthy GMs also provide specific resistance 

against invading pathogens via the production of bacteriocins, the sequestration of niche 

space and resources, and/or the activation of host immune defenses (Stecher & Hardt, 

2011). Likewise, GMs have also been suggested to facilitate pathogen clearance from the 

GIT. For example, compared to conventional controls, mice that had a normal immune 

system but low GM complexity were unable to clear Salmonella pathogens from the 

lumen (Endt et al., 2010). The links between the GM and pathogen resistance have led to 

the development of prebiotic, probiotic, and fecal-transplant therapies designed to 

renew host health. As a classic example, Clostridium difficile often infects host GITs 

following antibiotic administration (Chang et al., 2008), but infections can be cleared by 
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fecal transfaunations from healthy donors (Petrof et al., 2013). GMs also have been 

implicated in other diarrheal infections caused by bacteria (Vibrio cholera (Hsiao et al., 

2014; Monira et al., 2013), Escherichia coli (Kamada et al., 2012), Salmonella (de Jong, Parry, 

van der Poll, & Wiersinga, 2012)) and protozoans (Giardia (Chen et al., 2013), 

Cryptosporidium (Harp, Chen, & Harmsen, 1992; Ras, Huynh, Desoky, Badawy, & 

Widmer, 2015)). In some cases, the GM recovers from enteric infection to a new stable 

state (David, Materna, et al., 2014): This shift possibly reflects stochasticity, but could 

also result from hosts selecting for particular taxa or functions that confer resistance. 

Unfortunately, in most studies of the GM and enteric infection, samples are 

opportunistically collected after infections occur. Thus, examination of the pre-infected 

GM is limited (although see David et al. (David et al., 2015)). Moreover, we lack specific 

understanding of what constitutes a sufficiently healthy GM to confer resistance, 

facilitate clearance, and maintain gut homeostasis. 

Cryptosporidium is a particularly problematic GIT parasite. Present worldwide, it 

is a pathogenic protozoan that infects a diverse range of vertebrates, including humans 

(Fayer, 2004). Oocysts can be transmitted via the fecal-oral route, are often present in 

groundwater, and can survive for long periods of time under myriad environmental 

conditions (Robertson, Campbell, & Smith, 1992). Nevertheless, cryptosporidiosis is 

generally more common in warm, moist environments and during warm, rainy months. 

The pathogen’s life cycle is completed within a single host; replication cannot occur 

outside of hosts (Fayer, 2004). Following ingestion, oocysts that reach the stomach and 
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small intestine are activated to burst, each releasing four motile sporozoites. Sporozoites 

invade host GIT epithelial cells, where they reproduce to form new oocysts. Infected 

individuals typically present with watery diarrhea, owing to increased intestinal 

permeability, chloride secretion, and malabsorption, all of which are related to the host’s 

immune response to infection (Charles-Smith, Cowen, & Schopler, 2010; Checkley et al., 

2015). In humans, children under the age of five years are most vulnerable to infection, 

due to their lack of protective immunity and increased fecal-oral transmission (Huang, 

Chappell, & Okhuysen, 2004). For immunosuppressed patients, like those battling 

HIV/AIDS, Cryptosporidium infection can be fatal (O'Connor, Shaffie, Kang, & Ward, 

2011). 

The relationship between Cryptosporidiosis and the GM is garnering increased 

research attention, with laboratory rodents often serving as model organisms. Rodents 

provide a tractable system for testing specific pathogenic mechanisms and interactions 

with the GM. For instance, immunosuppressed mice that are germ free are significantly 

less resistant to Cryptosporidium oocysts than are controls (Harp et al., 1992). Moreover, 

Lactobacillus sp. and Bifidobacterium sp. may be helpful probiotics for immunosuppressed 

mice to resist cryptosporidiosis (Alak, Wolf, Mdurvwa, Pimentel-Smith, & Adeyemo, 

1997; Sanad, Al-Malki, & Al-Ghabban, 2015). Although rodent models offer advantages 

relative to sample size, experimental control, and reproducibility, their distant relation 

to humans makes them somewhat biologically irrelevant. Thus, we stand to gain a better 

understanding of the resistant GM and the means for combating this destructive 
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pathogen by studying the links between cryptosporidiosis and the structure of the GM 

in a variety of host taxa across the course of infection. 

The Coquerel’s sifaka (Propithecus coquereli) is an excellent, non-traditional 

primate model in which to probe the links between GM structure and enteric infection. 

Sifakas are endemic to Madagascar and generally subsist on a diverse folivorous diet 

(Irwin, 2006) that requires specialized GIT morphology for adequate microbial 

fermentation of dietary fiber, including significantly elongated intestines, an enlarged 

cecum, and longer gut-transit time compared to other lemur species (J. Campbell et al., 

2004; J. L. Campbell et al., 2000) (Figure 23). Indeed, sifaka ceca and intestines, 

respectively, are approximately 1 and 9 times body length (J. L. Campbell et al., 2000). 

The sifaka GM is likewise specialized compared to that of other lemurs. Sifaka GMs are 

enriched for plant-degrading bacteria (e.g., Ruminococcus sp.) and genes (e.g., tanases) 

and, although tightly conserved across individuals, are more diverse than those of other 

lemurs (E. A. McKenney et al., 2015; McKenney et al. in prep). In the wild, the structure 

of sifaka GMs varies seasonally and corresponds to shifts in nutrient availability (Fogel, 

2015). 
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Figure 23. (a) Photograph of a young Coquerel’s sifaka at the Duke Lemur Center and 
(b) drawing of the GIT of a Coquerel’s sifaka, reproduced with permission from (J. L. 
Campbell et al., 2000). 

 

Coquerel’s sifaka is the only one of the nine critically-endangered sifaka species 

that is routinely and successfully kept in captivity. Despite general success in captivity, 

this primate remains disposed towards fragile gut health and is uniquely susceptible to 

infection with protozoan pathogens, including Cryptosporidium parvum (Charles-Smith et 

al., 2010). In captive sifakas living in North America, Cryptosporidium infection manifests 

with lethargy, anorexia, and fulminating diarrhea, which can be prolonged (>1 week) or 

persistent (>2 weeks), chronic, severe, and even fatal. Infant and subadult sifakas are 

most susceptible with adults having infrequent and less severe infections (Charles-Smith 

et al., 2010). Chronic cryptosporidiosis is complicated by malabsorption and 

malnutrition, which are of particular concern for folivores that depend on their gut 

microbes to digest high-fiber, leaf-based diets. Thus, understanding how the sifaka GM 

relates and reacts to Cryptosporidium infection can offer insight into preventative 

healthcare measures and treatment options for this endangered primate. Moreover, 

lemurs share a closer evolutionary history with humans and are already proving to be 
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useful models in studies of human disease (Bons, Rieger, Prudhomme, Fisher, & Krause, 

2006; Languille et al., 2012). Humans’ diverse diet, lifestyle, and medical treatment 

choices introduce variation to the microbiome and often preclude rigorous studies, 

making it difficult to identify changes resulting specifically from dysbiosis and disease. 

By contrast, sifakas’ consistent high-fiber diet and lifestyle in captivity, as well as their 

elongated gut, all select for complex microbial membership with minimal variation 

either within or between healthy individuals (E. A. McKenney et al., 2015). As a 

biological model, the sifaka is thus useful for assessing microbial dynamics and host 

regulation during various perturbations and recovery. 

Here, we examine the GM of captive sifakas across seasonal bouts of 

cryptosporidiosis, analyzed as three diagnosable states: pre-infected, infected, and 

recovery periods. We use statistical tests to detect the community shifts associated with 

infectious perturbation and determine which host metadata and microbial features 

might contribute to pathogen resistance and recovery from infection. Ultimately, these 

data can be used to contribute to the design of prebiotic or probiotc therapies for captive 

lemurs, as well as for human patients battling enteric disease. 

State 1 – Pre-infected 

  If a stable, symbiotic microbiome underlies resistance to pathogen colonization, 

we would expect that the GM of ‘unaffected’ individuals (i.e., those that did not contract 

an infection) would differ in diversity or taxonomic structure from that of ‘pre-infection’ 

individuals (i.e., those that eventually contracted an infection). If, however, a ‘microbial 
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lack’ does not make some individuals more susceptible to infection than others, we 

would expect the GM of ‘unaffected’ and ‘pre-infection’ individuals to be 

indistinguishable.  

State 2 – Infected 

During active infection and diarrheal shedding, we expect more rapid transit 

times GM diversity to decline and the taxa present to shift towards microbes tolerant of 

oxygen, or associated with dysiobsis (Lozupone et al., 2012). Community alterations 

may include increased proportions of pre-existing taxa or introduction of previously 

absent taxa, which are opportunists adapted to features of a disrupted environment. 

State 3 – Recovery  

We predict that recovery of the GM through secondary colonization will mimic 

that of initial colonization (E. A. McKenney et al., 2015): Microbial diversity should 

increase across recovery, and the taxonomic structure of the GM should return to a 

stable community similar to that of either ‘pre-infection’ or ‘unaffected’ individuals 

(Coyte, Schluter, & Foster, 2015). These patterns are likely to be most evident in younger 

animals, because infant sifakas are known to have a less robust GM compared to adults 

(E. A. McKenney et al., 2015). 

5.2 Methods & materials 
5.2.1 Subjects & housing 

The subjects included 35 captive Coquerel’s sifakas (19 female, 16 male) that 

ranged in age from 0.5-25 years. They were housed at the Duke Lemur Center (DLC) in 
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Durham, NC in ten mixed-sex social groups, each of which comprised a dominant 

breeding pair and associated offspring or relatives. Each social group occupies its own 

large (146m2/animal) indoor/outdoor pen year round. Six of the groups gain additional 

access to large, forested enclosures (0.6-5.8 hectares), in which they semi-free range 

when ambient temperatures remain above 5º C (41º F). Throughout the year, the subjects 

are fed a once-daily diet of Leaf-Eater Primate Diet Mini-Biscuit (No. 5672, Mazuri) 

accompanied by fresh vegetables, greens, beans, nuts, and freshly cut leaves from local 

flora. When semi-free ranging, the subjects are able to forage on additional local 

vegetation. Water is always freely available. All of the subjects are individually 

identifiable via colored collars, tail shaves, and distinguishing markings. The DLC 

animals are maintained in accordance with the U.S. Department of Agriculture 

regulations and the National Institutes of Health Guide for the Care and Use of 

Laboratory Animals. The research protocols for this study were approved by the 

Institutional Animal Care and Use Committee (IACUC) of Duke University (protocol 

number A171-09-06). 

5.2.2 Study period & Cryptosporidium detection 

We conducted the study across a three-year period from 2013-2016. During this 

time, nine sifakas contracted Cryptosporidium infections during late spring or early 

summer and only one individual became infected in the winter (see Table 16). The 

majority of infected individuals were either infants (n=2) or subadults (n=5); only three 

were aged 5 years or older. The husbandry practices implemented at the DLC are 
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specifically designed to prevent infection with Cryptosporidium to the extent possible, 

thus limiting the available sample size of infected individuals.  Additionally, 

antimicrobial treatments and subsequent fecal microbiome transplants may be 

administered in cases of severe prognosis (see Table 16). Nonetheless, these strict 

husbandry practices also guarantee that animals are otherwise in optimal health, thus 

allowing us to clearly delineate the impacts of infection versus other possible causes of 

morbidity.  
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Table 16. Metadata per sifaka subject, presented in order of ascending age 

Subject Age 
(yrs) 

Sex Social 
group 

Study 
year 

Illness 
duration 
(days)a 

Antimicrobials Fecal 
transplant 

Beatriceb 1 F M 2013 11 azithromycin no 

Valeria 1 F A 2015 22 ampicillin, 
ceftazidime, & 
nitazoxanide 

yes 

Gisela 2 F G 2013 15 ampicillin, 
ceftazidime, 

ceftiofur, 
metronidazole, 
nitazoxanide 

yes 

Remus 2 M R 2013 20 ampicillin, 
ceftazidime, 

metronidazole, 
& nitazoxanide 

yes 

Aemilia 2 F D 2015 9 no no 

Gertrudec 3 F P 2016 > 6 no no 

Pontius 3 M D 2015 8 metronidazole no 

Arcadia 5 F D 2015 13 no no 

Rupilia 14 F R 2013 > 8 no no 

Antoniad 18 F A 2015 > 3 amoxicillin & 
ampicillin 

no 

a Values preceded by a greater than symbol (>) are estimates; first day of infection is 
unknown for these subjects (Gertrude, Rupilia, and Antonia). 
b Only pre-infection and recovery samples were available. 
c Infection manifested in winter 2016. 
d On antimicrobials only during recovery, because they were administered to treat a 
separate injury, not the infection. 
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Cryptosporidium infections are detected by DLC veterinarians using acid-fast 

staining, as described previously (Charles-Smith et al., 2010; A. J. da Silva et al., 2003). In 

brief, fecal samples were collected from sifakas showing symptoms of infection, 

including lethargy, anorexia, or diarrhea. The samples were prepared for microscopic 

analysis using a concentrated formalin-ethyl acetate method, and smears were prepared 

and stained using a modified acid-fast technique. A positive test confirms an active 

infection with Cryptosporidium, including the presence of oocysts. Infected sifakas are 

continuously monitored for oocysts across the period of infection and are deemed 

recovered (free of infection) after three consecutive negative smears. 

5.2.3 Fecal sampling 

Because Cryptosporidium infection at the DLC primarily occurs in late spring 

(Charles-Smith et al., 2010), we began collecting fecal samples from all sifakas between 

late winter (February) and early spring (May). Because cryptosporidiosis is more 

prevalent in younger sifakas, but can affect sifakas of any age, we chose to establish a 

‘healthy’ profile from individuals of all ages. For individuals that eventually became 

infected, these samples constituted pre-infection samples from which we could (1) gauge 

their diagnostic potential and (2) assess the impact of intestinal disease on the GM. For 

comparison, we retained the samples from ‘unaffected’ individuals that did not become 

infected during our study period. No individuals became infected in year two. We 

therefore only include samples from ‘unaffected’ adults in years one and three. We 

endeavored to sample all sifakas prior to infection, minimally weekly across the period 
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of infection, and weekly for two months after infections were cleared. When possible, we 

collected samples more frequently (e.g., daily) across the period of infection. We 

collected only fresh fecal samples, post voiding, placing the sample into sterile tubes 

using sterile wooden spatulas. We immediately placed the tubes on ice and stored them 

at -80 °C within 1 hour of collection. 

5.2.4 DNA extraction & genetic analyses 

We extracted genomic DNA from fecal samples for downstream genetic analyses 

using commercially available extraction kits. The samples from year one were extracted 

using the QIAamp Stool Mini Kit (QIAGEN, Hilden, Germany), whereas the samples 

from year three were extracted using the MoBio Powersoil DNA Isolation Kit (Carlsbad, 

California, USA). Although different extraction protocols can ultimately influence the 

sequence data generated (Whitehouse & Hottel, 2007), the two extraction kits used 

herein have been shown to produce strikingly similar results on microbial community 

composition (Wagner Mackenzie, Waite, & Taylor, 2015).  For both extraction protocols, 

we used 0.1-0.2g of frozen feces and followed the manufacturers’ specifications, except 

that we included a heat-blocking step prior to bead-beating. For the QIAAMP Stool Mini 

kit, samples were heated to 95 °C for 5 minutes; for the MoBio kit, samples were heated 

to 65 °C for 10 minutes. The concentration of extracted gDNA was determined using a 

QuBit 3.0 (ThermoFischer Scientific, Massachusetts, USA). 

We shipped aliquots of gDNA, overnight on dry ice, in two batches (year one 

and year three) to Argonne National Laboratories (Lemont, Illinois, USA) for sequencing 
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of the 16S rRNA gene. We used the 515F (GTG-CCA-GCM-GCC-GCG-GTA-A) and 806R 

(GGA-CTA-CHV-GGG-TWT-CTA-AT) primers to sequence the v4 variable region. 

5.2.5 Bioinformatic & statistical analyses 

We processed the sequence data using Quantitative Insights into Microbial 

Ecology (QIIME v1.9.1) (Caporaso et al., 2010). All scripts necessary to reproduce the 

analytical workflow are available in Appendix B. Specifically, forward and reverse 

reads were joined together using ea-utils (Aronesty, 2011), quality filtered, and 

demultiplexed per individual using default parameters, as described previously (E. A. 

McKenney et al., 2015). We processed raw reads from the two sequencing runs 

separately, then concatenated the resulting fasta files and picked OTUs from the 

complete dataset based on 97% sequence identity, using the de novo UClust method 

(Edgar, 2010). 

        We calculated the unique fraction or UniFrac distance metric (Lozupone, Lladser, 

Knights, Stombaugh, & Knight, 2011) to measure the phylogenetic distance between 

samples, weighted by the relative abundance of each bacterial lineage detected per 

community. We used a distance matrix to calculate Principle Coordinates Analyses 

(PCoA) and pairwise comparisons between health-status groups. Whereas PCoA plots 

detect relationships between community composition, individual, and health status, we 

assessed pairwise GM distance with student’s t-tests and Bonferroni corrections to 

quantify community disruption relative to health status. We also calculated Linear 

discriminate analysis Effect Size (LEfSe) (Segata et al., 2011b) to determine which 
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significantly enriched OTUs drove the observed alpha and beta diversity dynamics 

across individuals during health, infection, and recovery. Finally, we calculated four 

metrics of alpha diversity (i.e., within-sample diversity) on all samples using the QIIME 

software: Good’s coverage, the Shannon and Simpson indices, and Faith’s Phylogenetic 

Diversity (PD) (D. P. Faith, 1992). We retained all samples, as Good’s coverage was 95% 

or greater for every sample. We report Good’s coverage as a quality measure, but we 

completed statistical analyses for the remaining three metrics.  

To assess the influence of Cryptosporidium infection on alpha diversity, we ran 

three suites of Linear Mixed Models (LMM) using the glmmADMB package (version 

0.8.3.3; (Skaug, Fournier, Nielsen, Magnusson, & Bolker, 2014)) in Rstudio (version 

0.99.902) (Team, 2015). In all models, we used the Shannon index, Simpson index, or the 

log(PD) (to better normalize the data) as the response variable. We always included 

individual sifaka and study year (2 classes: one and three) as random variables. The data 

for Shannon, Simpson, and log(PD) most closely resembled the normal distribution: We 

therefore used the Gaussian family for all models. For each model included herein, we 

determined the best fit via stepwise deletion, removing the variable with the highest p 

value, and refitting the model until only significant explanatory variables (P < 0.05) 

remained. We added each non-significant variable back into the model one by one to 

ensure that we did not overlook any significant effects. We present each full model 

below.  

Model 1. Ydiversity = Ahealth status + Bsex + Cage + A*C + aindividual + bstudy year + erandom error 
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We first determined if the alpha diversity of samples from ‘pre-infection’ 

individuals was equal to that of samples from ‘unaffected’ individuals. In these models, 

we included health status (two classes: pre-infection and unaffected), host sex (two 

classes: female and male), host age (continuous variable, in years), and the interaction 

between health status and age, as explanatory variables.  

Model 2. Ydiversity = Ahealth status + Bantimicrobials + Cage + A*C + aindividual + bstudy year + erandom error 

We next asked if alpha diversity varied with health status across only the 10 

sifakas that contracted Cryptosporidium infection. Because only two males of similar ages 

became infected, we could not reliably test for sex differences among infected 

individuals. We therefore did not include host sex in these analyses. In this second set of 

models, we included as explanatory variables health status (three classes: pre-infection, 

infection, and recovery), host age (continuous variable, in years), concurrent 

antimicrobial use (two classes: yes and no), and the interaction between health status 

and age.  

Model 3. Ydiversity = Ainfection day + Bantimicrobials + Cage + A*C + aindividual + bstudy year + erandom error 

Lastly, we examined diversity within infected individuals to determine how alpha 

diversity changed across the period of infection. In these models, we excluded three 

infected individuals (two adults, one subadult) for whom we could not conclusively 

determine the initial day of infection. For the remaining seven individuals (Figure 24), 

our models included as explanatory variables age class (continuous variable, in years), 
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infection day (continuous variable, in days), concurrent antibiotic use (two classes: yes 

and no), and the interaction between infection day and age.  

 

 
Figure 24. Schematic illustrating the timing of fecal sample collection relative to 
infection day across the study for all individuals whose initial day of infection was 
known, including during pre-infection (green), active infection (dark orange), and 
recovery (light orange). 

 

5.3 Results 

5.3.1 Model 1 – The gut microbiome prior to infection 

Prior to infection, sifakas that eventually contracted Cryptosporidium hosted GMs 

that were similar to those of unaffected adults. Alpha diversity measures did not vary 

between unaffected and pre-infected individuals as captured by the Shannon, Simpson, 

and Phylogenetic Diversity indices (see Table 17), and weighted UniFrac distances were 

similar between all unaffected and pre-infected sample pairs (t = 0.80, df = 50, p = 1.0, see 

Figure 25). 

pre-infection 10 20 30 40 50 60 700
Day of infection/recovery

Beatrice

Valeria

Gisela

Remus

Aemilia

Pontius

Arcadia



 

 111 

Table 17. Alpha diversity in samples from unaffected vs. pre-infected subjects 

Explanatory 
variable 

Trend Shannon Simpson PD 

z p z p z p 

health status unaffected = pre-
infection 

-
0.98 

0.32 
-

0.83 
0.41 

-
0.69 

0.49 

age no trend -
0.67 

0.50 
-

0.93 
0.35 

-
0.38 

0.71 

sex female = male -
0.85 

0.40 0.81 0.42 
-

0.94 
0.35 

health status * age no trend 0.73 0.47 0.56 0.58 1.30 0.19 

 
 
 

 

Figure 25. Boxplots of mean ± quartiles weighted UniFrac distance for all pairwise 
comparisons within health status, including unaffected, pre-infected, infected, and 
recovery pairs. NS indicates a non-significant result, whereas *** indicates p < 0.001. 
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5.3.2 Model 2 – The gut microbiome across health statuses 

Host age and health status, as well as their interaction, were significantly 

associated with GM diversity (see Table 18) when comparing only the samples obtained 

from sifakas that contracted infection. These subjects tended to host greater microbial 

diversity prior to than during infection, as captured by the Simpson index. Overall, age 

was not associated with GM diversity; however, the interaction between age and health 

status indicates that younger animals, compared to their older counterparts, 

significantly reduced microbial diversity during recovery. Not surprisingly, concurrent 

antimicrobial usage (see Tables 16 and 18) was associated with a significant and 

dramatic decrease in GM diversity. Moreover, recovery was associated with a 

significantly more diverse GM than during infection, as captured by both the Shannon 

and Simpson indices. Recovery was especially pronounced for the subjects treated with 

antimicrobials, each of which subsequently received a fecal microbiome transplant.
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Table 18. Alpha diversity across health statuses for all infected sifakas; significant results are shown in bold. 

 Explanatory variable Trend Shannon Simpson PD 

z p z p z p 

health status pre-infection (>) infection 0.47 0.64 1.70 0.09 -0.35 0.73 

health status infection < recovery 2.35 0.019 2.78 0.0054 1.21 0.23 

age no trend 1.42 0.157 1.31 0.1890 0.49 0.63 

antimicrobials no > yes -6.87 < 0.001 -5.86 < 0.001 -7.57 < 0.001 

health status * age younger sifakas < older sifakas in recovery -1.96 0.05 -3.09 0.002 -0.84 0.40 
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Weighted and unweighted UniFrac distances further revealed infection to be 

associated with community disruption, as shown by box and PCoA plots (Figures 25 

and 26). Whereas variation between sample pairs in pre-infected and recovery periods 

were similar (t = -3.10, df = 47, p < 0.14), samples collected during infection exhibited 

significantly greater variation than did samples from pre-infected (t = 3.63, df = 46, p < 

0.001) or recovery (t = 3.48, df = 72, p < 0.001) periods, likely reflecting microbial 

community disturbance during infection. We used linear discriminant analysis to 

identify the taxa that were significantly enriched at each health status (Table 19). 

Healthy (unaffected and pre-infection) samples were distinguished from infection and 

recovery by ten biomarkers, infection was distinguished by six biomarkers, and recovery 

by just four biomarkers.  
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Figure 26. Principal Coordinate plots of (a) unweighted and (b) weighted UniFrac 
distances for all samples, including those collected from unaffected sifakas (dark 
green), as well as those from sifakas during pre-infection (light green), active 
infection (dark orange), and recovery (light orange) periods. 
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Table 19. Bacterial taxa significantly enriched in specific health statuses 

Health status Phylum Order Family Genus Log(LDA)  

Healthy (unaffected and pre-infection) Actinobacteria Bifidobacteriales Bifidobacteriaceae Bifidobacterium 3.74 

Bacteroidetes Bacteroidales Rikenellaceae unk 4.45 

   Other 2.40 

Firmicutes Clostridiales unk unk 4.49 

  Mogibacteriaceae Anaerovorax 3.22 

  Gracilibacteraceae unk 3.68 

  Lachnospiraceae Butyrivibrio 2.97 

   Other 3.66 

Proteobacteria Aeromondales Succinivibrionaceae Succinivibrio 2.79 

Verrucomicrobia Verrucomicrobials Verrucomicrobiaceae Akkermansia 3.40 

Infection 
 
 
 
 
 
 

Firmicutes Lactobacillales Enterococcaceae Enterococcus 3.06 

 Turicibacterales Turicibacteraceae Turibacter 2.47 

 Clostridiales Peptococcaceae unk 2.39 

  Other Other 3.14 

Proteobacteria Desulfovibrionales Desulfovibrionaceae Desulfovibrio 3.65 
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Table 19. (continued) 
 

Infection 

Phylum Order Family Genus Log(LDA) 

 Enterbacteriales Enterbacteriaceae unk 3.83 

Recovery Bacteroidetes Bacteroidales unk unk 4.35 

Firmicutes Clostridiales Clostridiaceae unk 3.46 

  Lachnospiraceae unk 4.28 

 Erysipelotrichales Erysipelotrichaceae Coprobacillus 3.06 
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When considering only the subjects for which we could identify the initial day of 

infection (i.e., day 0), the number of days post infection was, or tended to be, 

significantly and positively associated with GM alpha diversity (see Table 20). 

Specifically, after an initial, relatively steep decrease in diversity at the onset of infection, 

the Shannon, Simpson, and Phylogenetic Diversity indices increased gradually across 

recovery (see Figure 26a-c). We next plotted the UniFrac distance of infection and 

recovery samples from the pre-infection baseline for each individual, to measure the 

community disruption across the number of days post infection (Figure 26d). This 

approach highlights community variation within each individual as a result of infection, 

allowing individual disease trajectories to be compared. Although unique trajectories 

are apparent (Figure 27), individuals showed similar longitudinal trends in phylogenetic 

distance of microbial lineages, which correspond negatively to the patterns of alpha 

diversity observed across individuals (Figure 26). Specifically, alpha diversity decreased 

and UniFrac distance increased during infection, suggesting that GM membership is 

more sparse and less tightly regulated than the GM of healthy sifakas. 
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Table 20. Alpha diversity across infection days for sifakas for whom initial day of infection was known; significant results are 
shown in bold. 

Explanatory variable Trend Shannon Simpson PD 

z p z p z p 

day since infection first detected increasing 2.35 0.019 2.02 0.043 1.90 0.057 

age no trend 1.31 0.190 0.78 0.436 0.95 0.343 

antimicrobials decreased -7.04 < 0.001 -6.25 < 0.001 -7.65 < 0.001 

infection day * age no trend -1.23 0.220 -1.32 0.187 -0.84 0.4 
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Figure 27. Mean ± standard error (sem) alpha and beta diversity metrics relative to 
infection day across the study for all sifakas whose initial day of infection was 
known. Shown are (a) Shannon index, (b) Simpson index, (c) Phylogenetic diversity, 
and (d) weighted UniFrac distance from pre-infection (i.e., baseline). 
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Figure 28. Trajectories for individual sifakas during infection and recovery relative to 
measures of gut microbial (a) alpha and (b) beta diversity. (a) Shannon index (solid 
lines) incorporates species richness and evenness, while phylogenetic diversity 
(dashed lines) quantifies taxonomic relatedness across communities. (b) Principal 
coordinate analysis plots UniFrac distance, weighted by relative abundance. 
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5.3.3 Model 3 – Individual variation in gut microbiomes during 
infection 

We used PCoA to compare samples from six infected subjects for which we had 

significant depth of sampling across the duration of infection and recovery (Figure 24). 

Based on weighted UniFrac distance (Figure 27b), we observe that overall trends were 

similar per stage across individuals; yet each sifaka’s illness progressed along a unique 

trajectory. Not only did each individual’s GM occupy a unique area in vector space, but 

the three newly weaned infants (Figure 27b, top row) showed more variation than did 

the sub-adults (Figure 27b, bottom row). As individuals recovered, their GM regained 

stability. The individual distance between recovery and healthy baseline fell within the 

normal range of variation for healthy (unaffected and pre-infection) sifakas, though the 

recovered community was shifted from its original composition (Figures 26 and 27). This 

shift may be due to substitution of related species (e.g. Lachnospiraceae: Other and 

Lachnospira are replaced by Lachnospiraceae: unknown and Blautia) or to a shift in OTU 

abundance. 

5.4 Discussion 

Taken together, our results suggest that infection decreases microbial diversity 

by acting on specific taxa until the GM recovers its original stable state. We found clear 

signals in the structure of the sifaka GM, determined via amplicon sequencing, across 

infected and recovery periods. Prior to contracting infection, sifakas hosted a GM similar 

to those of unaffected adults. Once infected, however, GM diversity dramatically 

dropped off, community distance from pre-infection baseline dramatically increased, 
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and sifakas hosted a number of bacteria known to colonize humans suffering from 

enteric disease, including Desulfovibrio (Loubinoux, Bronowicki, Pereira, Mougenel, & Le 

Faou, 2002), Enterococcus and Enterobacteriaceae (Larsen & Dai, 2015a). After 

Cryptosporidia oocysts cleared the lumen, the sifakas began to regain the diversity and 

pre-infection composition of their GM, although these patterns were age associated, 

such that younger individuals recovered slowest. Despite our limited sample size, we 

observed that the initial drop in diversity and subsequent recovery from infected 

perturbation in sifakas mirrored initial colonization dynamics evident from birth to 

weaning (E. A. McKenney et al., 2015).  

Among the most notable findings in our study were those regarding GM 

community diversity and UniFrac distance. Diversity is generally beneficial to 

communities, as it likely represents more complete niche specialization and utilization, 

which can help buffer against perturbation (McCann, 2000; Tilman & Downing, 1996). 

Nevertheless, because none of our diversity measures varied between unaffected and 

pre-infected individuals, it would seem that diversity alone may not provide resistance 

against Cryptosporidium colonization. Instead, we found that diversity measures all 

dropped with initial infection and recovered slowly as infections cleared. These patterns 

during infection and recovery in lemurs are broadly consistent with those of other 

model systems (David et al., 2015). Notably, although the identity and abundance of 

individual taxa may have shifted, the measure of bacterial Phylogenetic Diversity was 

the least affected by infection, indicating that secondary succession may involve closely 
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related taxa. These interpretations are further supported by measures of weighted 

UniFrac distance that increased from pre-infection baseline during infection, but 

returned to values typical of healthy individuals during recovery. As in other studies 

(Kurokawa et al., 2007; Schloissnig et al., 2013), we also detected individual variation in 

GM composition within sifakas. Individual trajectories during recovery could have 

implications for future management and treatment of enteric disease, notably if 

treatment options could be optimized at the individual level, rather than the species 

level.  

In addition to identifying patterns across infection in both within- and between-

sample diversity, we also identified a temporal component to re-colonization. 

Bifidobacterium, Akkermansia, Succinovibrio, Rickenellacaea spp, and Lachnospiraceae spp, 

which previously have been identified as commensal and/or mutualists in humans 

(Ventura, Turroni, Motherway, MacSharry, & van Sinderen, 2012) and lemurs (E. A. 

McKenney et al., 2015), were significantly enriched in healthy sifakas compared to 

infected or recovering individuals. Of these bacterial taxa, both Bifidobacterium and 

Akkermansia are known mucin degraders that are also depleted in humans suffering 

from both Crohn’s disease and ulcerative colitis (Png et al., 2010). Lozupone et al. 

(Lozupone et al., 2012) suggested that pioneer and opportunistic microbes are well 

adapted to both early succession and stress. In this study, we identified six OTU 

biomarkers for Cryptosporidium infection, which may be similarly adapted to rapid gut 

transit time, inflammation, and other hallmarks of disturbance: Four of these taxa have 
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been previously described in studies of species with short gut transit times (McKenney 

et al. in review) or in humans suffering from GM dysbiosis and inflammatory intestinal 

disease. For example, Desulfovibrio prevalence is significantly enriched in patients with 

irritable bowel disease (IBD) relative to healthy individuals or to patients with non-

inflammatory bowel diseases (Loubinoux et al., 2002). That Desulfovibrio were likewise 

biomarkers for cryptosporidiosis in sifakas further supports the idea that sulfur-

reducing bacteria may be specifically adapted to dysbiotic conditions, such as 

inflammation and rapid gut transit time. Like Desulfovibrio, Veillonella is significantly 

increased in patients with Crohn’s Disease (Gevers et al., 2014), and Limnobacter species 

increase significantly in a zebrafish model of IBD-like colitis (He et al., 2013). Lastly, the 

genus Bacillus includes both environmental and pathogenic species (Alcaraz et al., 2010), 

suggesting that the genus is an opportunistic colonizer of the sifaka gut after a microbial 

“washout”.  

Although it is unclear if these four biomarkers directly contributed to symptoms 

in the current study, the OTUs may be adapted to invade disrupted communities and/or 

guts with rapid transit times. Importantly, Desulfovibrio and Veillonellaceae have been 

implicated in the short-chain fatty acid environment of Crohn's patients, wherein they 

shift their metabolism from butyrate to propionate production and increase mucin 

degradation (Joossens et al., 2011). The implications of such shifts are twofold: (1) a shift 

from butyrate to propionate production decreases the nutrients immediately available to 

intestinal cells; and (2) increased mucin degradation can form toxic compounds, which, 
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in turn, may cause or perpetuate local inflammation and/or enable increased pathogen 

colonization (Desai et al., 2016). Coupled together, such effects could be especially 

disastrous in folivorous sifakas that depend on gut microbes to extract nutrients from a 

fiber-dense diet. Further research is needed to confirm if these taxa are indeed associated 

with a shift in fermentation. Recovering sifakas were distinguished by only four 

biomarkers, the taxonomic identities of which suggest that GMs returned to normalcy. 

For example, Lachnospiraceae spp indicate a return to microbial community 

membership more typical of healthy sifakas, whereas Coprobacillus may have been 

introduced via coprophagy (a behavior typical of sifakas and other herbivorous species 

(Hörnicke & Björnhag, 1980; Hume, 1989; Sakamaki, 2010)) or therapeutic fecal 

microbiome transplant (Floch, 2010).  

Following infection or antibiotic perturbation, fecal transplants are proving 

effective in replenishing depleted communities to healthy stable states (Floch, 2010; 

Jorup-Rönström et al., 2012; Vrieze et al., 2013). Following severe infection and 

significant antimicrobial administration, three sifakas in our study received fecal 

transplants from healthy donors. Although our sample size is small, these three 

individuals (Valeria, Gisela, and Remus) were the only subjects whose GM diversity 

within the study period recovered to levels equal to or greater than that of pre-infection 

baseline (see Figure 28a, top row). In contrast, recovery of GM diversity in the remaining 

sifakas, that received little or no antimicrobial treatment and no fecal transplant, were 

observed to asymptote below their pre-infection levels (see Figure 28a, bottom row). We 
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stopped sampling after 65 days; thereafter, it is possible that these individuals 

eventually recovered to their pre-infection diversity levels. That fecal transplants may 

have facilitated a faster recovery in sifakas is an exciting finding for health management. 

Future studies could be aimed at more carefully quantifying the functional and 

structural GM patterns associated with fecal-transplant treatments in sifakas and other 

animals, including humans. 

In the present study, we found that the temporal patterns in GM dynamics across 

infection mirror those dynamics in human patients during bouts of enteric infection. In 

other lemur studies, a focus on diet and the GM is helping to reveal the role of dietary 

fiber in maintaining gut health (E. A. McKenney et al., 2015), a crucial area of research 

for westernized human societies (Tilg & Moschen, 2015; Wong et al., 2006). Because 

lemurs are also earth’s most endangered vertebrates (IUCN, 2016), studies of their GMs 

may aid conservation or management efforts for wild and captive populations, 

respectively. The constraints we faced herein, including small sample size, opportunistic 

sampling, and limited control of treatment administration (e.g., antimicrobials and fecal 

transplants), are far outweighed by the benefits gained from studies of lemurs in 

probing the links between the GM and health. Ultimately, by including lemurs as one of 

many model systems, we stand to gain a more subtle appreciation of the intricate 

symbiosis between hosts and their GMs that can be applied to address health challenges 

for humans and for non-human wildlife. 
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6. Significance & Perspectives 
We set out to closely examine GMs for evidence and impact of ecological 

processes: primary succession, horizontal gene transfer, environmental selection, and 

secondary succession. The growing body of microbial research suggests that not only do 

these ecological processes regulate the GM, but also that the GM performs specific 

functions that ultimately benefit host health. Indeed, host health can be considered a 

composite product of ecosystem services (Costello et al., 2012). While previous studies 

suggest the importance of these processes and functions, we offer novel perspectives 

from a non-model primate system.  

6.1 Microbial ecology 

We first assessed how gut communities assemble from birth to weaning. Several 

studies have previously detected age-related changes in GM membership that are 

consistent across human infants (Fallani et al., 2010; Palmer et al., 2007). In Chapters 2 

and 3 we tested how and whether those patterns of colonization are conserved across 

three lemur species with different gut morphologies and captive diets. In addition to 

species-specific colonization trajectories, we found that the two fruit-eating species, V. 

variegata and L. catta, exhibited overlap in community structure and high inter-

individual variation compared to leaf-eating P. coquereli (E. A. McKenney et al., 2015). 

The consistency of folivorous GMs demonstrates that fiber selects for specific microbial 

taxa. However, while horizontal gene transfer has been posited as a community-level 

adaptive strategy to environmental selection (Ochman et al., 2000), very few studies 
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have analyzed or compared these profiles from the same sample set (although see 

(Chenhong Zhang et al., 2015)). We therefore tested whether the species-specific 16S 

signatures described in Chapter 2 are reflected in metagenomic and metabolomic 

profiles. In Chapter 3 we used combination of shotgun sequencing and NMR 

spectroscopy to reveal that functional signatures do indeed complement aspects of both 

diet (i.e. nutrients and secondary plant compounds) and gut morphology (especially 

transit time).  

Having demonstrated the combined selective power of diet and phylogeny, we 

next compared bamboo specialists from two orders (primate and carnivora) in Chapter 

4, to further investigate whether each factor acts separately to shape specific classes of 

microbial membership. Ochman et al. (Ochman et al., 2010) demonstrated that 

phylogeny shapes gut microbiota, but that species-specific signatures may be drowned 

out by other patterns contributing to GM complexity. We compared three highly 

diverged bamboo specialists and two closely-related generalists to maximize the effects 

of selection by phylogeny versus diet, and identified four categories of OTUs (listed here 

in decreasing average abundance) that are (1) shared by all hosts, (2) unique to bamboo 

specialists, (3) unique to lemurs, and (4) unique to each species. Together, our results 

suggest that convergent feeding strategy exerts a distinct selective pressure on low-

abundance gut microbial membership. 

After characterizing the various features comprising adaptation to the healthy 

host gut, we conclude in Chapter 5 with a study of GM response to washout during and 
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after intestinal illness. We compared individual P. coquereli patients that contracted 

Cryptosporidiosis to healthy individuals and across infection and recovery periods, to 

evaluate patterns of secondary succession. We found that the regulatory power of high-

fiber diet and lengthy gut / transit time in P. coquereli eventually restore the original 

community structure, but that each patient’s GM exhibits unique and age-related 

differences in re-colonization.  

6.2 Context dependence 

6.2.1 Invasive species and pathogens 

A function or trait may be beneficial in some cases but harmful in others. 

Invasive species are a classic ecological example of context-dependence, in which an 

organism may experience increased fitness due to novel niche space, decreased 

competition, or lack of predators or pathogens when it is introduced to a new habitat. In 

the medical world, invasive species are often associated with dysbiosis and 

pathogenesis. Opportunistic species are common in the environment and colonize the 

infant gut (Lozupone et al., 2012); but these opportunists are typically out-competed in 

later stages of succession. However, these potential pathogens proliferate in gut 

environments where antibiotic treatment or diarrhea disrupt the stable climax 

community (Chang et al., 2008; David et al., 2015; Loubinoux et al., 2002; Ras et al., 

2015). Importantly, these “pathogens” have also been detected in species that have short 

guts with rapid transit times (Xue et al., 2015) and/or consume diets high in sugar/starch 

but low in dietary fiber (E. A. McKenney et al., 2015). For example, a previous study 
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identified several metabolic pathways in fruit-eating lemur microbiomes that are 

associated with inflammatory gut diseases in humans (McKenney et al., in prep). The 

lemurs were healthy, but they have more rapid gut transit times than humans due to 

their simpler gut morphology. That frugivorous hosts are not sickened by their gut 

microbiota further suggests that ‘pathogens’ are simply acting out of their ecological 

context, and are found guilty by association. Comparison is needed to distinguish 

correlation from causation. Without it, opportunistic commensals may be mislabeled as 

pathogens when they are really just along for the ride. In these cases of mistaken 

pathology, the context offered by additional and non-traditional host species may help 

to distinguish correlation from causation and may have significant implications for the 

medical community. 

6.2.2 Microbial primatology 

This dissertation introduces captive lemurs as a non-traditional primate model to 

assess the contribution of host factors (such as diet, age, relatedness, and gut 

morphology) to shaping the structure and function of the gut microbiome. Lemurs are 

among our closest mammalian but most distant primate relatives, and we share many 

genetic, physiological, and lifestyle features that do not typify traditional rodent models.  

The mechanisms of colonization, interactions, and niches within the lemur GIT are likely 

analogous to those in the human GIT, given that lemurs are also primates, and thus may 

have a profound impact on current understanding of human health and development. 

Lemurs also provide a basal group for testing whether the trends observed in humans 
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and model species extend to other primates. That is, we can verify whether the accepted 

principles of microbial ecology are universal and if the human GM is derived from an 

ancestral primate state, or if perceived dysbioses and other salient features are merely 

artifacts of our built environment and other recent lifestyle changes (Walter & Ley, 

2011).  

Humans’ varied lifestyles and diets introduce variation to the microbiome, 

making it difficult to identify changes resulting specifically from dysbiosis and disease 

(Amato, 2016). The Duke Lemur Center provides a unique opportunity to quantify 

microbial membership, metagenomes, and metabolites from a system in which diet and 

environment are consistent, and where metadata for each individual host is known and 

recorded regularly. This consistency makes our system useful for assessing microbial 

dynamics across a range of ecologically and physiologically diverse primates. Lemurs 

are already proving invaluable as non-traditional primate models for investigations of 

human health (Bons et al., 2006; Languille et al., 2012). Medical studies have traditionally 

focused on identifying which microbes cause pathogenesis; but very little is known 

about the complexity required to sustain health. Enhanced understanding of the nature 

and dynamics of GMs in lemurs will enable modeling of ecological processes in the gut 

for application to other primates, including humans. 
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Appendix A 

Additional File 1 
 
# McKenney refers to original datasets discussed here. 
# Li refers to data published by Li et al. 2015 and downloaded from Sequence Read 
Archive 
 
# MacQIIME 1.9.1-20150604 
$ source /macqiime/configs/bash_profile.txt 
$ cd working_directory/ 
 
# loop to convert a list of downloaded .fastq files to .fasta + .qual files 
$ for q in `ls SRR*.fastq`; do echo $q; convert_fastaqual_fastq.py -c fastq_to_fastaqual -f 
$q; done 
 
# concatenated all 17 samples into one .fasta file 
$ cat `ls SRR*.fna` > Li_seqs-raw.fna 
 
# validate mapping file 
$ validate_mapping_file.py -m map.txt -o validate_mapping_file_output 
 
# demultiplex Li data using quality filtering parameters specified in Li et al. 2015 
 ## -a, maximum number of ambiguous bases 
 ## -b, barcode type (length) 
$ split_libraries.py -m Li_map.txt -f Li-seqs-raw.fna -q fastaqual/Li-seqs.qual -o Li_seqs -
a 1 -b 14 
 
# pick OTUs separately for Li and McKenney data 
# closed reference approach accommodates different 16S variable regions 
 ## used default chimeras_retention: union to detect chimeras at this step 

## created parameters.txt file, to add enable_rev_strand_match True 
### see (https://groups.google.com/forum/#!topic/qiime-
forum/U1h0DrhnG6A) for details 

$ pick_closed_reference_otus.py -i Li_seqs.fna -o Li_OTUs -p parameters.txt  
$ pick_closed_reference_otus.py -i McKenney_seqs.fna -o McKenney_OTUs 
 
# filter Chloroplast sequences 
$ summarize_taxa_through_plots.py -i otu_table.biom -o taxa_summary -m map.txt  
$ filter_taxa_from_otu_table.py -i otu_table.biom -o otu_table_filtered.biom -n 
c__Chloroplast 
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# merge OTU tables 
$ merge_otu_tables.py –i 
McKenney_OTUs/otu_table_filtered.biom,Li_OTUs/otu_table_filtered.biom -o 
merged_otu_table.biom 
# summarize number of sequences per sample 
$ biom summarize-table -i merged_otu_table.biom -o otu_table_summary.txt 
 
# alpha rarefaction 
$ alpha_rarefaction.py -i merged_otu_table.biom -o alpha_rarefaction/ -t rep_set.tre 
 
# jackknifed beta diversity 
 ## -e, number of samples to include in each jackknifed subset 

### sampled to number of sequences in smallest library (from 
otu_table_summary.txt) 

$ jackknifed_beta_diversity.py -i McKenney_OTUs/otu_table.biom -o 
jackknifed_PCoA_McKenney -e 66000 -m map.txt -t rep_set.tre  
$ jackknifed_beta_diversity.py -i merged_otu_table.biom -o jackknifed_beta-div_merged 
-e 1280 -m map.txt -t rep_set.tre  
  
# make 2D plots using /pcoa folder from jackknifed_beta_diversity.py 
 ## —-scree generates a scree plot of PC variance 
$ make_2d_plots.py -i /pcoa -m map.txt -o 2d_plots --scree 
  
# 3D Emperor PCoA with biplots 
$ make_emperor.py -i pcoa/ -m map.txt -b 'Species' --biplot_fp L6-biplot_coordinates.txt 
-t merged_otu_table_L6.txt -o biplot_L6 
$ make_otu_heatmap.py -i merged_otu_table.biom -o heatmap.pdf -s 
weighted_unifrac/upgma_cmp/master_tree.tre  
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Appendix B 
Additional File 2 
 
# E refers to data sequenced from samples collected during 2013 outbreak. 
# L refers to data sequenced from samples collected during 2015 and 2016 outbreaks. 
 
# create working directory 
$ mkdir working_directory 
$ cd working-directory 
  
# Download fastq files and eautils 
$ wget *.fastq.gz 
$ gunzip *.fastq.gz 
$ wget -O fastq-join https://www.dropbox.com/s/m51lmz4vu9ooc2o/fastq-join?dl=1  
$ wget -O fastq-barcode.pl https://www.dropbox.com/s/hk33ovypzmev938/fastq-
barcode.pl?dl=1 
$ chmod a+x fastq-join fastq-barcode.pl 
 
# Join forward and reverse reads 
$ ./fastq-join R1.fastq R2.fastq -o joined.fastq 

## Produce barcode subset corresponding to joined reads 
$ ./fastq-barcode.pl I1.fastq joined.fastqjoin > barcodes.fastq 
 
# start QIIME: 
$ source /macqiime/configs/bash_profile.txt 
 
# Demultiplex 
$ check_id_map.py -m map.txt -o map_output 
$ split_libraries_fastq.py -i joined.fastqjoin -o join_out_regmap/ -b barcodes.fastq -m 
map.txt --rev_comp_barcode --barcode_type 12 
 
# filter crypto samples from original sequence files 
$ filter_fasta.py -f E_seqs.fna -o E_Crypto_seqs.fna --sample_id_fp E_sample_ID_file.txt 
$ filter_fasta.py -f L_seqs.fna -o L_Crypto_seqs.fna --sample_id_fp L_sample_ID_file.txt 

## concatenate filtered sequences from both data sets. 
$ cat E_Crypto_seqs.fna L_Crypto_seqs.fna >EL_Crypto.seqs.fna 
 
# pick de novo OTUs 
$ pick_de_novo_otus.py -i EL_Crypto_seqs.fna -o UClust_denovo_OTUs/ 

## check that all samples were retained 
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$ biom summarize-table -i UClust_denovo_OTUs/otu_table.biom -o 
UClust_denovo_OTUs/otu_table_summary.txt 

## filter to remove PcFe4, PcBe5Cp01, PcAr8Cp00, and PcAr8Cp08 in 
downstream analysis (they had 1, 2, 21, and 10 sequences per sample, 
respectively) 

$ filter_samples_from_otu_table.py -i UClust_denovo_OTUs/otu_table.biom -o 
UClust_denovo_OTUs/filtered_otu_table.biom --sample_id_fp EL_map_filtered.txt 
 ## double-check number of samples 
$ biom summarize-table -i UClust_denovo_OTUs/filtered_otu_table.biom -o 
UClust_denovo_OTUs/filtered_otu_table_summary.txt 
 ## use filtered_otu_table.biom as full data set for all downstream analyses 
# filter biom table to produce subsets for comparison 
 ## Age vs. Illness 
$ filter_samples_from_otu_table.py -i filtered_otu_table.biom -o AvI_otu_table.biom --
sample_id_fp AvI_map.txt 
 ## Infant Infection per Days Elapsed 
$ filter_samples_from_otu_table.py -i filtered_otu_table.biom -o IIDE_otu_table.biom --
sample_id_fp IIDE_map.txt 
 ## Recovery vs. Baseline 
$ filter_samples_from_otu_table.py -i filtered_otu_table.biom -o RvB_otu_table.biom --
sample_id_fp RvB_map.txt 
 ## Recovery vs. Baseline, including all Healthy Adults 
$ filter_samples_from_otu_table.py -i filtered_otu_table.biom -o RvBHA_otu_table.biom 
--sample_id_fp RvBHA_map.txt 

## perform all following downstream analyses on the 5 data sets above  
 ## identify taxa 
$ summarize_taxa_through_plots.py -i filtered_otu_table.biom -o taxa_summary -m 
EL_map_filtered.txt 
 ## alpha diversity 
$ alpha_diversity.py -i filtered_otu_table.biom -o alpha_diversity.txt -m 
chao1,goods_coverage,simpson,shannon,PD_whole_tree -t rep_set.tre 
 ## beta diversity 
$ beta_diversity.py -i filtered_otu_table.biom -m weighted_unifrac,unweighted_unifrac 
-o beta_div -t rep_set.tre 
 ## PCoA 
$ principal_coordinates.py -i beta_div/weighted_unifrac.txt -o weighted_unifrac_PC.txt 
$ make_2d_plots.py -i weighted_unifrac_PC.txt -m map.txt -o weighted_unifrac_plots 
$ principal_coordinates.py -i beta_div/unweighted_unifrac.txt -o 
unweighted_unifrac_PC.txt 
$ make_2d_plots.py -i unweighted_unifrac_PC.txt -m map.txt unweighted_unifrac_plots 
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