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Abstract
Most studies of wildlife gut microbiotas understandably rely on feces to approximate consortia along the gastrointestinal 
tract. We therefore compared microbiome structure and predicted metagenomic function in stomach, small intestinal, cecal, 
and colonic samples from 52 lemurs harvested during routine necropsies. The lemurs represent seven genera (Cheirogaleus, 
Daubentonia, Varecia, Hapalemur, Eulemur, Lemur, Propithecus) characterized by diverse feeding ecologies and gut mor-
phologies. In particular, the hosts variably depend on fibrous foodstuffs and show correlative morphological complexity in 
their large intestines. Across host lineages, microbiome diversity, variability, membership, and function differed between 
the upper and lower gut, reflecting regional tradeoffs in available nutrients. These patterns related minimally to total gut 
length but were modulated by fermentation capacity (i.e., the ratio of small to large intestinal length). Irrespective of feed-
ing strategy, host genera with limited fermentation capacity harbored more homogenized microbiome diversity along the 
gut, whereas those with expanded fermentation capacity harbored cecal and colonic microbiomes with greater diversity and 
abundant fermentative Ruminococcaceae taxa. While highlighting the value of curated sample repositories for retrospective 
comparisons, our results confirm that the need to survive on fibrous foods, either routinely or in hypervariable environments, 
can shape the morphological and microbial features of the lower gut.
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Introduction

The vertebrate gastrointestinal system serves numerous 
nutritional functions, including filtering, digesting, absorb-
ing, and eliminating ingested nutrients, toxins, and other 
compounds [1]. Different segments along the gut vary in 
their physiological conditions and nutritional roles. We 
focus predominantly on mammalian hindgut fermenters, 
i.e., species in which fiber fermentation primarily occurs 
in the cecum and colon [2]. In these species, food reaches 
the stomach following preliminary digestion in the mouth, 
where acidic conditions and muscular contractions continue 
ingesta breakdown [1]. Sufficiently digested content enters 
the small intestine, the major site of protein, fat, and carbo-
hydrate processing, where end products of these metabolic 
processes are readily absorbed [1]. Many plant secondary 
compounds undergo initial detoxification in the small intes-
tine via conjugation (e.g., glucuronidation) [3]: Conjugates 
are absorbed for processing in the liver and may re-enter the 
digestive system via the biliary route for metabolism in the 
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large intestine. Lumen digesta is transported by peristaltic 
action to the cecum and colon: These locations are the pow-
erhouse sites of fiber fermentation, short-chain fatty acid 
biosynthesis, and absorption in the monogastric gut [1, 4].

The endogenous processes and localized conditions at 
distinct gastrointestinal sites also select for microbial com-
munities that further mediate digestion [5]. In the stomach, 
acidic and oxygenated conditions filter environmental inputs 
and constrain diversity [5–7]. Microbes in the small intestine 
compete with hosts to scavenge nutrients while contributing to 
digestion and vitamin biosynthesis [8]. The cecal and colonic 
microbiotas exhibit a richer array of anaerobic taxa that spe-
cialize in recalcitrant fiber fermentation, short-chain fatty 
acid production, and nutrient recycling and salvage [4, 5, 9]. 
Fecal microbiomes have been used, to great effect, as proxies 
for gut consortia. Their study has clarified links between gut 
microbiomes and host feeding ecology, within the constraints 
imposed by host phylogeny [10]. However, we lack similar 
comparative data along the gastrointestinal tracts of diverse 
hosts to link digestive physiology to microbiome features. 
Few wildlife studies have compared microbiomes across gut 
sites, especially in mammals [11–13]. Many of these studies 
understandably rely on single species (although see 12). Here, 
we help close this gap by focusing on a large repository of 
samples from diverse lemurs.

Lemurs, primates from Madagascar, are an excellent, 
non-traditional system for comparing microbiomes along the 
gastrointestinal tract linked to digestive physiology. Over 
100 species exhibit diverse dietary repertoires, gastrointes-
tinal morphologies, and gut microbiomes [14–17]. Lemur 
genera that forage primarily on diets high in fats, proteins, 
sugars, and simple fibers, like aye-ayes (Daubentonia mada-
gascariensis) [18], dwarf lemurs (Cheirogaleus spp.) [19], 
and ruffed lemurs (Varecia spp.) [20], generally harbor sim-
ple gastrointestinal systems with long small intestines; lemur 
genera that forage on diets containing significant recalci-
trant leaf fibers, either year-round or during lean times, 
like bamboo lemurs (Hapalemur spp.) [21], ring-tailed 
lemurs (Lemur catta) [22], brown lemurs (Eulemur spp.), 
and sifakas (Propithecus spp.) [23], generally harbor more 
complex gastrointestinal systems with sacculated ceca and 
long colons [14, 24–27]. At the extremes, frugivorous dwarf 
lemurs have a large intestine that is only 15% of their total 
intestinal length [24], whereas the cecum and colon of sea-
sonally folivorous sifakas comprise over 50% of their total 
gut length [14]. This tradeoff in small versus large intestinal 
length highlights that species consuming more bioavailable 
nutrients rely on absorption in the upper gut; those consum-
ing complex fibers invest in an expanded cecum and colon to 
maximize retention time, microbial fermentation, and short-
chain fatty acid production in the lower gut.

The Duke Lemur Center (DLC), in Durham, NC, has 
maintained a diverse collection of lemurs under naturalized 

conditions since 1966. At the end of life, lemurs are humanely 
euthanized and biological samples are banked during nec-
ropsy. This curated repository enabled our team to retrospec-
tively examine microbiome structure and predicted function 
in the stomach, small intestine, cecum, and colon in species 
within the Cheirogaleus, Daubentonia, Varecia, Hapalemur, 
Eulemur, Lemur, and Propithecus genera (Fig. 1).

We first determined the microbiome features that con-
sistently define different gut sites across all hosts. We then 
examined variation within the upper and lower gut microbi-
omes relative to host traits, including total gut length (rela-
tive to body length), morphological investment in fermenta-
tion capacity (the ratio of small to large intestinal length), 
and host phylogenetic affiliation. Under the hypothesis that 
regional conditions drive microbiome structure, we pre-
dicted increasing diversity and decreasing variability in the 
lower vs. upper gut. Further, we hypothesized that micro-
biomes are tuned to the digestive processes at each gut site 
[5] and predicted the greatest fidelity in microbiome features 
between cecal and colonic communities [27]. Although we 
expected con-familiar lemurs to harbor some shared micro-
biome members [15, 28], we nevertheless expected gut 
length or fermentation capacity to predict aspects of micro-
biome diversity, variability, composition, and function, espe-
cially in the lower gut.

Methods

Subjects and Sampling

The samples stemmed from 52 lemurs, representing seven 
genera and four families, aseptically collected during 
necropsies from 2008 to 2017 (Fig. 1). The animals ranged 
in age from 7 to 32 years. DLC lemurs receive species-spe-
cific diets, adjusted per individual and season, that variably 
comprise chow, produce, insects, and browse. These diets 
are designed to match, as closely as possible, the seasonal 
diets foraged by wild lemurs in Madagascar while providing 
adequate nutrition (supplementary material, Table S1). We 
selected lemurs whose cause of death was unrelated to the 
gastrointestinal system, who were not on antibiotics near 
the time of death, and whose samples were stored at − 80 °C 
within 3 h of death.

From banked samples that met the above criteria, we tar-
geted the stomach, small intestine, cecum, and distal colon. 
Where available, we used luminal content. Otherwise, we 
collected a small slice (< 1 g) from the mid-section of gut 
segments using sterile instruments while keeping organs 
frozen. Because the origin of some small-intestine sam-
ples was unclear (i.e., duodenum, jejunum, or ileum), we 
umbrella these sites under the term “small intestine.” Using 
this regimen, we collected 192 samples: individual lemurs 
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contributed 3.56 ± 0.7; 2–4 (mean ± SD; range) samples on 
average. The lower gut was predominately represented by 
lumen samples (> 95%); the upper gut was represented by a 
mixture of lumen (34%) and mucosal samples (66%).

Sequencing and Bioinformatics

We extracted gDNA using Qiagen’s DNeasy PowerSoil Kit. 
We followed the suggested workflow but reduced starting 
volumes to ~ 0.1 g and heated samples at 60 °C for 10 min 
prior to bead beating. We shipped aliquots to the Primate 
Microbiome Project (Nebraska Food for Health Center, Lin-
coln, NE) for amplicon sequencing. We targeted the V3–V4 
region of the 16S rRNA gene using the 341F and 805R 
primers, 2 × 300 paired-end reads, and Illumina’s MiSeq 
platform. We processed reads in QIIME2 (version 2019.10) 
[29]. Sequences were filtered for low-quality, chimeric, and 
singleton reads. Five samples sequenced poorly; all other 
samples were represented by > 4000 high-quality reads per 
sample. We binned reads into Amplicon Sequence Variants 
(ASVs) based on 100% sequence similarity. We assigned 
ASV taxonomy using QIIME2’s feature-classifier plugin with 
the Silva 132 99% Naïve Bayes classifier. We removed chlo-
roplast and mitochondrial sequences. We also removed four 

outlier samples that contained an over-representation of one 
taxon, including one stomach sample from an E. rubriventer 
comprising > 80% chloroplast sequences (identified prior to 
filtering); the cecum and colon samples from one V. varie-
gata comprising 30–50% Escherichia coli sequences; and one 
mucosal colon sample from a C. medius comprising > 70% 
Campylobacter sequences. Our final dataset contained 183 
samples, of which 40, 46, 48, and 49, respectively, derived 
from the stomach, small intestine, cecum, and colon.

We computed alpha diversity, using community richness 
(observed ASVs) and evenness (the Shannon index), and beta 
diversity, using unweighted and weighted UniFrac distances 
[30]. Because the two UniFrac metrics yielded largely identi-
cal results in downstream statistical analyses, we report only 
those of the unweighted metric. We ran sequences through 
PICRUSt2, which predicts the presence and abundance of met-
abolic pathways per sample from microbial identification [31].

Statistical Analyses of Microbiome Diversity

Because the strength of our dataset lies in comparisons across 
gastrointestinal sites and lemurs, and because any individual 
may have been in dysbiosis at the time of death, we focused 
our statistical approach by averaging values across congeners. 

Genus
Family
Gut length
(gut:body ratio)
Ferm. capacity
(SI:CE+CO ratio)

Common name aye-ayesdwarf lemurs ruffed lemurs bamboo lemurs ring-tailed lemursbrown lemurs sifakas
DaubentoniaCheirogaleus Varecia Hapalemur LemurEulemur Propithecus

DaubentoniidaeCheirogaleidae Lemuridae IndriidaeLemuridae LemuridaeLemuridae
long

    (6.5)a,b

# Individuals
(ST; SI; CE; CO)

long 
(6.0)a

aCampbell, 2003 [24]; bGreene & McKenney, 2018 [27]; cCampbell et al., 2000 [14]; dSchwitzer et al., 2009 [26]

short
(4.7)c

short
(4.1)c

short 
(3.7-4.8)a,d

long 
(5.8)c

long 
(15.5)c

limited
    (64:36)a,b

limited
  (85:15)a

limited
  (62:38)c

expanded
 (60:40)c

expanded
 (53-59:41-47)a,d

expanded
 (54:46)c

expanded
 (47:53)c

5
(5; 5; 5; 4)

4
(2; 4; 3; 4*)

6
(2; 2; 6; 6)

23
(21*; 21; 23; 23)

4
(4; 4; 3; 4)

3
(2; 2; 2; 3)

7
(5; 7; 7*; 7*)

*one sample removed due to poor quality
ST = stomach; SI = small intestine; CE = cecum; CO = colon

Fig. 1   Photographs, gastrointestinal diagrams, and sample sizes of 
lemur genera featured in the study. Each host genus’ common name, 
scientific name, and phylogenetic family affiliation are provided in the 
table. Gut morphological features are provided, including gut length 
(short or long), the ratio of gut length to body length, fermentation 
capacity (limited or expanded), and the ratio of the small intestines 

to the cecum and colon. The last row provides the number of indi-
vidual lemurs in the study, as well as the number of included sam-
ples at each gut location per lemur genus. Gut diagrams illustrated by 
Sally Bornbusch, inspired by previous works [14, 24–26]. Photo of 
the bamboo lemur provided by Jodi Stirk; other photos by LKG
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We focus on “gut sites” (i.e., stomach, small intestine, cecum, 
colon) or “gut regions” (i.e., the upper or lower gut). We use 
three categorical variables to characterize host traits. Lemur 
genera (1) belong to the Lemuridae or a non-Lemuridae family; 
(2) have short or long gastrointestinal systems based on a cutoff 
of gut length > 5 × body length; and (3) have expanded versus 
limited fermentation capacity in their lower gut, based on a cut-
off of cecum + colon length ≥ 40% of total gut length (Fig. 1).

Alpha diversity metrics were normally distributed. We 
ran two analyses of variance (ANOVA) in RStudio (version 
1.3.959) [32] with R software (version 4.0.2) [33], using 
richness or evenness as the dependent variable and gut site 
as the independent variable. We ran two additional ANO-
VAs in which we retained alpha diversity as the dependent 
variable but entered gut region interacted with fermentation 
capacity and gut length as the dependent variables. We used 
Tukey’s post hoc tests to determine pairwise comparisons.

To assess beta diversity, we computed permutational 
analysis of variance using distance (adonis) with the vegan 
package (version 2.5.7) [34]. We used unweighted UniFrac 
distances as the dependent variable and gut site as the inde-
pendent variable. We used the pairwiseAdonis package 
(version 0.0.1) for post hoc comparisons between sites [35]. 
We ran an additional PERMANOVA in which we retained 
unweighted UniFrac scores as the dependent variable, but 
nested taxonomic affiliation, gut length, and fermenta-
tion capacity within gut region. We used the ape package 
(version 5.5) to calculate Principal Coordinates (PCo) of 
unweighted UniFrac distances [36]. We retained the top 
three PCos and used them as the dependent variables in 
ANOVAs that included gut region, taxonomic affiliation, gut 
length, and fermentation capacity as independent variables.

We determined which gut sites harbored the most simi-
lar microbiomes within individuals by retaining unweighted 
UniFrac values that compared two different sites derived 
from the same lemur. We computed Kruskal–Wallis tests 
with Dunn’s multiple comparisons in GraphPad Prism (ver-
sion 9.1.2), for which we entered comparisons between the 
stomach vs. small intestinal microbiomes, cecal vs. colonic 
microbiomes, and all upper vs. all lower gut microbiomes.

Statistical Analyses of Microbiome Composition 
and Predicted Function

To compare composition across gut regions and hosts, we 
collapsed our ASV table across congeneric hosts per gut site 
and at microbial genus-level resolution. Regarding metagen-
omic function, we averaged the relative abundances of meta-
bolic pathways across congeners per gut site. We used lin-
ear discriminant analysis effect size (LEfSe) to determine 
which microbial genera or metagenomic pathways were 
significantly enriched in the upper or lower gut by entering 
data from each gut site per host genus [37]. We included 

host genus as the “subject” variable. Because LEfSe cannot 
account for multiple variables concurrently, we next ana-
lyzed patterns separately within the upper and lower gut. We 
compared profiles between the stomach and small intestinal 
microbiomes and between the cecal and colonic microbi-
omes. Next, we compared patterns between host genera with 
expanded vs. limited fermentation capacity. We applied the 
Benjamini–Hochberg correction factor across all analyses to 
account for multiple comparisons [38].

Results

Microbiome Diversity Along the Gastrointestinal 
Tract

The lemurs’ upper gut microbiomes were less diverse than 
were their lower gut microbiomes (Fig. 2). We found a sig-
nificant effect of gut site on richness (ANOVA: F3,24 = 12.04, 
p < 0.001, Fig. 2a) and evenness (ANOVA: F3,24 = 8.27, 
p < 0.001, Fig. 2b). Post hoc tests clarified that the stom-
ach and small intestinal microbiomes were similarly diverse 
(richness, p = 0.255; evenness, p = 0.321), as were the cecal 
and colonic microbiomes (p > 0.997 for both metrics). The 
overall effect of gut site was driven by differences in diver-
sity between the upper and lower gut microbiomes. The 
stomach microbiome was less rich than either the cecal or 
colonic microbiome (p < 0.031 for both comparisons) and 
trended towards being less even (p < 0.1 for both compari-
sons). The small intestinal microbiome was less diverse 
than either the cecal or colonic microbiome (richness: 
p < 0.001 for both comparisons; evenness: p < 0.002 for both 
comparisons).

The upper and lower gut microbiomes across lemur genera 
were structurally distinct. We found an effect of gut site on 
unweighted UniFrac distances (PERMANOVA: F3,24 = 5.26, 
R2 = 0.40, p < 0.001; Fig. 2c), with gut site explaining 40% of 
the variance. Post hoc tests revealed no difference between 
the stomach and small intestinal microbiomes (p = 0.906) or 
the cecal and colonic microbiomes (p = 1.0). The stomach 
microbiome differed from both the cecal and colonic micro-
biomes (p = 0.018, for both comparisons), and the small 
intestinal microbiome differed from both the cecal (p = 0.012) 
and colonic (p = 0.006) microbiomes.

Within individual lemurs, we found significant differences 
between pairwise unweighted UniFrac comparisons across 
gut sites (Kruskal–Wallis: H = 71.57, p < 0.001; Fig. 2d). 
Post hoc tests clarified that cecal and colonic microbiomes 
harbored the most similar microbiomes overall: the differ-
ences between these microbiomes were significantly smaller 
than were the differences between the stomach and small 
intestinal microbiomes and between all upper and lower gut 
sites (p < 0.001 for both comparisons).
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Microbiome Composition and Predicted Function 
Along the Gastrointestinal Tract

The microbiomes were generally dominated by Firmicutes, 
Bacteroidetes, Proteobacteria, Actinobacteria, and Epsilon-
bacteraeota. We detected considerable variation within and 
between host genera and gut sites; however, the cecal and 
colonic microbiomes were the most similar (supplementary 
material, figure S1). LEfSe identified 43 microbes that were 
significantly enriched in the lemurs’ upper (n = 15) or lower 
(n = 28) gut microbiomes (Fig. 3). For example, the upper gut 
contained greater abundances of Sarcina (log(LDA) = 4.89, 
p = 0.017) and Bifidobacterium (log(LDA) = 3.13, p = 0.039). 
In contrast, the lower gut was dominated by archaeal metha-
nogens from Methanomethylophilaceae (log(LDA) = 2.71, 
p = 0.044) and the bacterial taxa Bacteroides (log(LDA) = 4.32, 
p = 0.048) and Treponema2 (log(LDA) = 3.84, p = 0.045), 
along with genera from the Lachnospiraceae, Ruminococ-
caceae, and Erysipelotrichaceae families.

Predicted metagenomic function also varied along the gas-
trointestinal tract: we identified 81 metabolic pathways that dif-
fered between the upper and lower gut, including tradeoffs in 
amino acid cycling, fermentation, plant secondary compound 
metabolism, and vitamin biosynthesis (Fig. 4). The upper gut 
microbiome showed greater capacity for amino acid degrada-
tion (Fig. 4a), including of histidine, arginine, and ornithine 
(log(LDA) > 2.10, p < 0.012 for all comparisons); the lower gut 
showed greater capacity for amino acid biosynthesis (Fig. 4b), 
including of lysine, tryptophan, isoleucine, and threonine 
(log(LDA) > 2.50, p < 0.04 for all comparisons). The upper gut 
microbiome showed greater capacity for vitamin B12 biosynthe-
sis via aerobic pathways (log(LDA) = 2.17, p = 0.002; Fig. 4c) 

and cofactor Q biosynthesis (log(LDA) = 2.47, p = 0.005), 
whereas the lower gut microbiome had greater capacity for 
the final stages of B12 biosynthesis (log(LDA) = 2.62, p = 0.04; 
Fig.  4d) and cofactor A biosynthesis (log(LDA) = 2.29, 
p = 0.038). The upper gut microbiome showed greater capac-
ity for metabolizing protocatechuate (log(LDA) = 2.09, 
p = 0.005; Fig. 4e), whereas the lower gut microbiome was 
enriched for pathways related to galacturonic acid metabolism 
(log(LDA) = 2.65, p = 0.007; Fig. 5f) and pyruvate fermenta-
tion to acetate and lactate (log(LDA) = 2.45, p = 0.04; Fig. 4g) 
and propanoate (log(LDA) = 2.68, p = 0.05; Fig. 4g). We also 
detected more abundant pathways related to the TCA and gly-
oxylate cycles in the upper gut microbiomes.

Gut Morphology and the Gut Microbiome

We found that fermentation capacity, more than total gut 
length, influenced the lemurs’ microbiomes (Fig. 5). Regard-
ing alpha diversity, we found no main effect of gut length 
(ANOVAs: richness, F1,22 = 0.017, p = 0.898; evenness, 
F1,22 = 0.097, p = 0.759) or fermentation capacity (ANOVAs: 
richness, F1,22 = 0.292, p = 0.594; evenness, F1,22 = 0.630, 
p = 0.436) and no significant interaction between gut region 
and gut length (ANOVA: richness, F1,22 = 2.280, p = 0.145; 
evenness, F1,22 = 0.960, p = 0.338). However, we detected 
a significant interaction between gut region and fermenta-
tion capacity (ANOVAs: richness, F1,22 = 12.319, p = 0.002; 
evenness, F1,22 = 8.020, p = 0.01; Fig. 5a,b). Post hoc tests 
revealed differences between the upper and lower gut 
microbiomes for hosts with expanded fermentation capac-
ity (p < 0.001 for both metrics) but not with limited fermen-
tation capacity (richness: p = 0.367; evenness: p = 0.656). 

Fig. 2   Diversity in the micro-
biome at four gastrointestinal 
sites across seven lemur genera, 
including the stomach (white), 
small intestine (silver), cecum 
(grey), and colon (black). 
Depicted are measures of alpha 
diversity, including microbi-
ome (a) richness as captured 
by Observed Features and (b) 
evenness as captured by the 
Shannon index, and of beta 
diversity, including unweighted 
UniFrac distances graphed (c) 
in Principal Coordinate space 
averaged across congeners and 
(d) as pairwise comparisons 
within individual lemurs across 
gut sites. *p < 0.05; **p < 0.01; 
***p < 0.001; §p < 0.1
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A; Bifidobacteriales; Bifidobacteriaceae; Bifidobacterium

A; Coriobacteriales; Eggerthellaceae; Enterorhabdus

A; Propionibacteriales; Propionibacteriaceae; Cutibacterium

B; Bacteroidales; Bacteroidaceae; Bacteroides

B; Bacteroidales; Porphyromonadaceae; Porphyromonas

E; Methanomassiliicoccales; Methanomethylophilaceae; Can.

F; Bacillales; Staphylococcaceae; Staphylococcus
F; Clostridiales; Clostridiaceae1; Sarcina

F; Clostridiales; Family XIII; UCG_001
F; Clostridiales; Lachnospiraceae; Eubacterium xylanophilum group
F; Clostridiales; Lachnospiraceae; GCA_900066755
F; Clostridiales; Lachnospiraceae; Roseburia
F; Clostridiales; Lachnospiraceae; unassigned
F; Clostridiales; Peptococcaceae; Peptococcus
F; Clostridiales; Peptococcaceae; uncultured
F; Clostridiales; Peptostreptococcaceae; unassigned
F; Clostridiales; Ruminococcaceae; Candidatus Soleaferrea
F; Clostridiales; Ruminococcaceae; Caproiciproducens
F; Clostridiales; Ruminococcaceae; DTU089
F; Clostridiales; Ruminococcaceae; Intestinimonas
F; Clostridiales; Ruminococcaceae; Oscillibacter
F; Clostridiales; Ruminococcaceae; Ruminiclostridium5
F; Clostridiales; Ruminococcaceae; Ruminiclostridium9
F; Clostridiales; Ruminococcaceae; UBA1819
F; Clostridiales; Ruminococcaceae; UCG_004
F; Clostridiales; Ruminococcaceae; UCG_014
F; Clostridiales; Ruminococcaceae; unassigned
F; Erysipelotrichales; Erysipelotrichaceae; Candidatus Stoquefichus
F; Erysipelotrichales; Erysipelotrichaceae; UCG_004
F; Erysipelotrichales; Erysipelotrichaceae; uncultured
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Fig. 3   Microbial taxa significantly enriched in the upper (stomach 
and small intestinal) or lower (cecal and colonic) gut microbiomes 
across seven lemur genera, including Cheirogaleus (C), Daubentonia 
(D), Varecia (V), Hapelemur (H), Eulemur (E), Lemur (L), and Pro-
pithecus (P). The heat map shows the relative abundance of microbes 
(% of total microbiome) in the microbiome across congeners at each 

gut site, with rows depicting microbial genera and columns depicting 
host genera. Microbial taxonomy is shown to the right of each row, 
when possible, to genus level. “Unassigned” refers to the summation 
of all sequences that could be taxonomically assigned below the low-
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Fig. 4   Predicted metagenomic 
function in the microbiome 
across seven lemur genera in 
the upper (white) and lower 
(black) gut. Bars indicate the 
relative abundance of metabolic 
pathways related to (a) amino 
acid degradation, (b) amino 
acid biosynthesis, (c, d) vitamin 
and cofactor biosynthesis, (e) 
plant secondary compound 
(PSC) metabolism, (f) pectin 
degradation, and (g) pyruvate 
fermentation. Pathway names 
and numbers are from the 
MetaCyc database. *p < 0.05; 
**p < 0.01
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Hosts with expanded versus limited fermentation capacity 
had richer consortia in their lower guts (p = 0.042), though 
they had comparable evenness (p = 0.488).

Regarding beta diversity, we found taxonomic affiliation, 
nested within gut region, predicted unweighted UniFrac dis-
tances (PERMANOVA: F3,20 = 12.50, R2 = 0.533, p < 0.001; 
Fig. 5c,d). While accounting for this variation, we found a 
modest effect of total gut length nested within gut region 
(F2,20 = 1.838, R2 = 0.052, p = 0.076), which explained 5% of 
the variance in our dataset; but a significant effect of fermenta-
tion capacity nested within gut region (F2,20 = 4.557, R2 = 0.130, 
p = 0.001), which explained 13% of the variance in our dataset. 
Of the top PCos calculated from unweighted UniFrac distances, 
PCo1 was influenced by gut region (ANOVA: F1,23 = 77.379, 
p < 0.001; Fig. 5e), PCo2 was influenced by taxonomic affilia-
tion (ANOVA: F1,23 = 18.353, p < 0.001; Fig. 5f), and PCo3 was 
influenced by fermentation capacity (ANOVA: F1,23 = 19.451, 
p < 0.001; Fig. 5g). We detected no other significant relation-
ships between the top PCos and host traits.

When examining the lemurs’ upper and lower gut micro-
biomes separately, we found no single taxon or metabolic 
pathway that was enriched in stomach vs. small intestinal 
microbiomes or in cecal vs. colonic microbiomes. However, 
when computing analyses relative to fermentation capacity, 
we found 23 taxa and 24 metabolic pathways that were dif-
ferentially enriched in the hosts’ lower gut microbiomes, 
representing tradeoffs predominately in Lachnospiraceae 
and Ruminococcaceae taxa (Fig. 6) and in pathways linked 
to sugar metabolism (supplementary material, figure S2).

In the lower gut, hosts with expanded fermentation capac-
ity had microbiomes enriched for the R7 group from the Chris-
tensenellaceae family and UCG-005, UCG-010, Ruminoclo-
stridium5, and the NK4A214 group from the Ruminococcaceae 
family (log(LDA) > 3.50, p < 0.05 for all comparisons), for exam-
ple. Hosts with limited fermentation capacity had microbiomes 
enriched for Lachnoclostridium and Anaerostipes from the Lach-
nospiraceae family (log(LDA) > 3.30, p < 0.05 for both compari-
sons), for example. Hosts with limited fermentation capacity had 
greater capacity for sugar degradation (figure S2a), including of 
fucose and rhamnose, glucose, and hexitol (log(LDA) > 2.20, 
p < 0.05 for all comparisons), and greater capacity for vitamin 
K1 and K2 biosynthesis (log(LDA) > 2.20, p < 0.05 for both path-
ways; figure S2b). In contrast, hosts with expanded fermentation 
capacity had greater metagenomic capacity for pyruvate fermen-
tation (log(LDA) = 2.65, p = 0.048; figure S2c).

Discussion

We used a curated sample repository to characterize the 
stomach, small intestinal, cecal, and colonic microbiomes 
of diverse lemurs while illuminating how variation in gut 
morphology can underlie microbiome features. In general, 

microbial richness and evenness increased along the gas-
trointestinal tract, while variability decreased. Microbiome 
membership and function differed between the upper and 
lower gut, reflecting regional tradeoffs in conditions and 
macronutrients [5]. These patterns, particularly those in the 
cecum and colon, were modulated by the hosts’ fermenta-
tion capacity, as measured by the ratio of small to large 
intestines. Lemur genera with expanded fermentation capac-
ity harbored greater microbiome diversity and enrichment 
for Ruminococcaceae in their lower guts [39]. In contrast, 
hosts with more limited fermentation capacity harbored 
more homogenized microbiome diversity across gut sites 
and enriched capacity for sugar metabolism in their lower 
guts. Lemurs that eat more digestible diets versus lemurs 
that must sometimes rely on more fibrous items share gut 
morphological and microbiome features, irrespective of 
feeding strategy. We suggest that the digestibility of staple 
and fallback foods, more so than food type, can shape the 
evolution of host-microbial symbioses in the gut.

Across study lemurs, we found distinct microbiome 
communities at each gut site, which makes sense consid-
ering the different digestive processes and physiological 
conditions at each gut site [1]. In the stomach and small 
intestine, digestion occurs under acidic and oxygenated 
conditions [1]. The microbiomes at these sites showed 
corresponding enrichment for acid- or oxygen-tolerant 
microbes, including Sarcina [40], Proteobacteria [41], 
and in the case of the brown lemurs, Helicobacter [42]. 
We likewise found greater abundances of Clostridium and 
various Lactobacillales that are known to inhabit mam-
malian upper guts [5, 7, 43]. In addition, there was greater 
metagenomic capacity to degrade amino acids in the upper 
gut, potentially linked to ingested protein, and capacity to 
degrade protocatechuate, an intermediate compound pro-
duced during the microbial metabolism of aromatics [44].

The lemurs’ lower gut microbiomes were richer and 
more evenly distributed and comprised anaerobic taxa 
known to ferment fiber, like genera within the Ruminococ-
caceae and Lachnospiraceae families [39] and methano-
genic archaea [45]. Relative to the upper gut, we observed 
greater homogenization between cecal and colonic micro-
biomes within individuals, across congeners, and distant 
relatives. Lemur feces thus provide a decent proxy for 
cecal and colonic microbiomes, but do not provide good 
representations of stomach and small intestinal consortia. 
Regarding functionality, the lemurs’ lower gut microbi-
omes showed greater capacity for amino acid biosynthe-
sis, pectin metabolism, and pyruvate fermentation, which 
highlight microbial roles in nutrient recycling, fiber deg-
radation, and short-chain fatty acid production [9]. These 
patterns support the hypothesis that localized conditions 
and digestive processes at different gut sites select for spe-
cific microbiotas [5].
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Our results further suggest that variation in the lemurs’ 
lower gut microbiomes is shaped by the morphological capac-
ity for fermentation. Specifically, host genera with expanded 
fermentation capacity in the lower gut had correspondingly 
more diverse and compositionally distinct microbiomes in 
the cecum and colon. In particular, expanded fermentation 
capacity correlated to enrichment for Christensenellaceae 
R7 and Ruminococcaceae taxa, whereas limited fermenta-
tion capacity was associated with Lachnospiraceae taxa. 
Both Ruminococcaceae and Lachnospiraceae have genetic 

potential to ferment complex carbohydrates and substrates, 
with the former more tuned to cellulose, hemicellulose, and 
xylan and the latter more tuned to starch, pectin, and chitin 
[39]. Ruminococcaceae taxa, in particular, have been estab-
lished as critical fermenters that contribute to short-chain 
fatty acid production [46]. The Christensenellaceae R7 and 
Ruminococcaceae UCG-005 genera may emerge as specific 
markers for leaf-fiber fermentation in lemurs [47]. Outside 
of lemurs, these taxa are gaining recognition for their cel-
lulolytic and fermentative capacity [48] and their positive 
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Fig. 6   Microbial taxa significantly enriched in the cecal (ce) and 
colonic (co) microbiomes of host lemurs with limited and expanded 
fermentation capacity, including Cheirogaleus (C), Daubentonia 
(D), Varecia (V), Hapelemur (H), Eulemur (E), Lemur (L), and Pro-
pithecus (P). The heat map shows the relative abundance of microbes 
(% of total microbiome) in the microbiome across congeners at each 

lower gut site, with rows depicting microbial genera and columns 
depicting host genera relative to fermentation capacity. Microbial 
taxonomy is shown to the right of each row, when possible, to genus 
level. “Unassigned” refers to the summation of all sequences that 
could be taxonomically assigned below the lowest resolution pre-
sented
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association with human health [49]. That the relative length 
of the lemurs’ lower guts, but not their entire gastrointestinal 
tracts, predicted microbiome features echoes previous work 
on gut morphology and dietary ecology in various primates 
[16, 25] and highlights the significance of fiber digestion in 
shaping primate evolution [17].

Our study was possible because of the DLC’s effort to 
swiftly collect, curate, and comparably bank biological sam-
ples upon necropsy. Though this dataset presents a rare oppor-
tunity to study digestive physiology and gut microbiomes using 
humane approaches, it comes with limitations. Our study relies 
on geriatric and sick animals in captivity: some findings may 
be biased by lemur age, condition, and human management. 
We collapsed samples from mucosal and lumen sources to 
boost power, understanding that these habitats select for dif-
ferent microbes: The reduced diversity of upper gut consortia 
could be reflected in the greater inclusion of mucosal samples 
[50]. We further collapsed samples from multiple points along 
the small intestine because the specific location of origin was 
often unclear. We found the greatest microbiome variation 
within and between stomach, and especially, small intestinal 
samples. Future studies could specifically examine the duode-
nal, jejunoileal, and ileal microbiomes in lemurs and clarify 
differences between mucosal and lumen consortia [5, 43, 50]. 
While we strongly caution against the invasive research to 
overcome such limitations in wildlife, we recommend accred-
ited facilities curate gut content for future retrospective studies.

The inclusion of additional methodological approaches 
could also strengthen our results, especially shotgun metagen-
omic sequencing and short-chain fatty acid profiling. Here, we 
used predicted metagenomic function, which is cost-effective 
but inherently relies on microbial identity to assume microbial 
function. This approach thus excludes microbes with uncertain 
classifications and those unknown to the software from host spe-
cies, like lemurs, that are underrepresented in online microbial 
databases. Future work to assay the concentrations of short-chain 
fatty acid in the lemurs’ samples or culture their consortia under 
different conditions could establish causal links between micro-
bial identity and function relative to host fermentation capacity. 
Consideration of morphological traits beyond gut length, such 
as surface area, volume, sacculation, and retention time, though 
hard to find in the literature, could also prove beneficial.

Although our study subjects lived in captivity, they are 
representatives of their wild kin; our results shed light on the 
mechanisms that underlie variation in gut microbiotas. Evolu-
tion in the diverse, hypervariable, and stochastic environments 
that characterize Madagascar required lemurs to withstand 
food scarcity [51]. Species strongly reliant on easily digest-
ible foodstuffs, like fruits and grubs, are either restricted to 
the more plenteous rainforests (Varecia), sustain hiberna-
tion during the dry season (Cheirogaleus) [52], or evolved 
morphological toolkits to extract structurally defended items 
(Daubentonia) [18]. Absent such strategies, lemurs routinely 

or periodically rely on microbial fermentation of fibrous foods 
in the hindgut [15, 47, 53]. Despite their disparate feeding 
strategies—ranging from frugivory to folivory—these species 
host rich and diverse microbiomes in their cecum and colon 
comprising the fermentative taxa that enable fiber digestion. 
Our results highlight that the need to survive on seasonal or 
emergency fallback foods may shape morphology [16, 17] and 
microbiotas in the lower gut across lemurs and ultimately may 
shape species diversity, adaptation, and resilience.
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