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Abstract
If gut microbes influence host behavioral ecology in the short term, over evolutionary time, they could drive host niche
differentiation. We explored this possibility by comparing the gut microbiota of Madagascar’s folivorous lemurs from
Indriidae and Lepilemuridae. Occurring sympatrically in the eastern rainforest, our four, target species have different dietary
specializations, including frugo-folivory (sifakas), young-leaf folivory (indri and woolly lemurs), and mature-leaf folivory
(sportive lemurs). We collected fecal samples, from 2013 to 2017, and used amplicon sequencing, metagenomic sequencing,
and nuclear magnetic resonance spectroscopy, respectively, to integrate analyses of gut microbiome structure and function
with analysis of the colonic metabolome. The lemurs harbored species-specific microbiomes, metagenomes, and
metabolomes that were tuned to their dietary specializations: Frugo-folivores had greater microbial and metagenomic
diversity, and harbored generalist taxa. Mature-leaf folivores had greater individual microbiome variation, and taxa and
metabolites putatively involved in cellulolysis. The consortia even differed between related, young-leaf specialists, with indri
prioritizing metabolism of fiber and plant secondary compounds, and woolly lemurs prioritizing amino-acid cycling.
Specialized gut microbiota and associated gastrointestinal morphologies enable folivores to variably tolerate resource
fluctuation and support nutrient extraction from challenging resources (e.g., by metabolizing plant secondary compounds or
recalcitrant fibers), perhaps ultimately facilitating host species’ diversity and specialized feeding ecologies.

Introduction

Niche differentiation is fundamental to maintaining species
diversity because resource partitioning facilitates sympatric
coexistence [1]. Dietary partitioning is one axis by which
sympatric species avoid competition, and is typically
documented by cataloging diets to show minimal overlap
[2–4], describing the morphological traits that facilitate
dietary specialization [5, 6], or experimentally highlighting
inter-species dynamics [7]. Gut microbiota—the consortia
of microorganisms, including bacteria, archaea, fungi, and
protists that inhabit animal gastrointestinal tracts—represent
an underappreciated means of partitioning resources. Gut
microbes are metabolically versatile and, via their role in
digesting substrates otherwise unavailable to hosts, can help
animals expand their dietary options. Scavengers, for
example, may benefit from the microbial breakdown of
carrion [8] that would be otherwise toxic; cichlids harbor
algal farms to optimize phototropism [9]; bamboo specia-
lists depend on microbial detoxification of cyanide [10]; and
insectivores and krill specialists use bacterial chitinases to
degrade exoskeletons and improve protein bioavailability
[11–13]. Whereas researchers recognize microbially
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facilitated resource partitioning across host feeding strate-
gies, we lack understanding about the role of gut microbiota
in promoting niche differentiation within host feeding
strategies.

Nowhere is there greater potential for gut microbiota to
facilitate dietary niche differentiation than among folivores
or leaf eaters (and herbivores, more generally). Folivores
rely on their gut microbes to solve nutritional challenges
and, in turn, gut microbes rely on their folivorous hosts to
provide the substrates needed for metabolism. Gut microbes
metabolize plant secondary compounds [10, 14] that would
otherwise inhibit nutrient bioavailability for the host
[15, 16]. They also ferment recalcitrant plant fibers into
short-chain fatty acids [17] that can account for 30–50% of
the host’s daily energy demands [18–20]. Comparative
studies have highlighted diet-related differences in the
composition and function of gut microbiota between foli-
vores and non-folivores [21–23] and between related foli-
vores across environments [24, 25]. In allopatric lineages
that converged on folivory, gut microbiota better relate to
host phylogeny and gut morphology than to dietary niche
[21]; nevertheless, for sympatric species that differentiate
their dietary niches within folivory, diet-related differences
in gut microbiota rarely have been examined [26, 27].

The lemurs of Madagascar include 50 folivorous species
that stem from different phylogenetic lineages, occupy
different niches, and are routinely sympatric throughout
diverse habitats. Madagascar’s extreme seasonal and cli-
matic variability required that species adjust their feeding
strategies and dietary selection to cope with fluctuating
resources over ecological and evolutionary timescales [28],
thereby contributing to the impressive diversification of
folivores. Two extant families, Indriidae and Lepilemuridae,
contain four genera and 45 species of leaf eaters: The for-
mer comprises the sifakas (Propithecus spp.), indri (Indri
indri), and woolly lemurs (Avahi spp.); the latter comprises
the sportive lemurs or lepilemurids (Lepilemur spp.)
(Fig. 1a). Sifakas (3–6 kg) are frugo-folivores; in the rain-
forest, fruits, seeds, and flowers account for 40–80% of their
diet [29, 30]. Indri (6–10 kg) are young-leaf specialists;
immature foliage accounts for 50–90% of their diet [30, 31],
but indri also consume seasonal fruits, seeds, flowers, and
mature leaves. Woolly lemurs (0.6–1.2 kg) are young-leaf
specialists; immature foliage accounts for up to 98% of their
diet [32]. They will forage on flowers, but rarely eat mature
leaves or fruit [33]. Lastly, sportive lemurs (0.5–1 kg) are
mature-leaf specialists [34], but, barring woolly lemurs, will
readily consume young leaves [35].

Reflecting their dietary niches, these lemurs’ gastro-
intestinal tracts are similarly specialized (Fig. 1a). Lacking a
large foregut, the indriids boast elongated intestines and
sacculated ceca that together stretch to >14 times body
length [36, 37]. Whereas sifakas have small intestines and

ceca that are, respectively, nine and one times body length,
indri have small intestines and vascularized ceca that are,
respectively, seven and three times body length [30]. The
tradeoff between intestinal and cecal capacity facilitates
greater sugar and fat absorption from fruits in the sifakas’
long intestines, and greater fiber fermentation from leaves in
the indri’s enormous cecum [30]. Woolly lemurs pre-
sumably have an intestinal tract that is similar in complexity
to that of other indriids; however, their greater reliance on
young leaves may be associated with even greater cecal
volume than is present in indri. Sportive lemurs, conversely,
have a short small intestine, but a voluminous, sac-like
cecum that has a total capacity on par with that of woolly
lemurs [16, 38, 39].

The gut microbiota of folivorous lemurs are also spe-
cialized, comprising taxa and metabolic pathways that are
associated with fiber fermentation, short-chain fatty acid
production, and plant secondary compound metabolism
[22, 23, 40], and are distinct from one another [27, 41].
Across species, phylogenetic distances in gut microbiota are
broadly correlated to phylogenetic relationships among their
hosts, with little evidence of microbiome convergence
between indriids and lepilemurids [41]. Nevertheless,
within the indriid lineage, lemurs harbor gut microbiota that
are more disparate across species, genera, and habitats than
are those of non-folivorous lemurs [41, 42]. The gut
microbiota in folivorous lemurs closely track environmental
and dietary resource availability [40, 43]. Folivory in lemurs
is thus associated with host-specific gut microbiota that are
adapted to, and potentially unable to thrive without, their
host’s preferred resources; however, comparisons across
sympatric species would provide greater resolution for
determining microbial contributions specific to resource
partitioning.

For four, folivorous species living sympatrically in a
Malagasy rainforest, each representing a genus (Table 1),
we determined gut microbiome structure and function. We
used amplicon sequencing to identify the presence and
abundance of bacterial taxa, metagenomic sequencing to
determine the metabolic pathways available to gut
microbes, and spectroscopy analysis to reveal the colonic
metabolome or metabolites excreted by lemurs. This mul-
tipronged approach simultaneously illuminates the microbes
and metabolic strategies that may differentially contribute to
digestion across lemurs. Under the hypothesis that gut
microbiota facilitate resource partitioning, we predict that
each host species will harbor structurally and functionally
distinct microbiomes and metabolomes that reflect their
dietary specialization and associated gastrointestinal mor-
phology [27]. For example, sifakas may show greater sig-
natures of fruit metabolism, but reduced signatures of plant
secondary compound metabolism; sportive lemurs may
show greater capacity for cellulose degradation; and indri
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and woolly lemurs may be intermediaries between these
extremes. If host evolutionary history predominately shapes
folivore gut microbiota, we would expect indriids to have
similar consortia, distinct from those of sportive lemurs
[21, 41]. If habitat occupation predominantly shapes foli-
vore gut microbiota, regardless of dietary niche, we would
expect similar gut microbiota across species [42].

Subjects and methods

Subjects

The lemurs included 67 adult or juvenile diademed sifakas (P.
diadema), indri (I. indri), eastern woolly lemurs (A. laniger),

and weasel sportive lemurs (L. mustelinus) (Table 1). Foli-
vorous lemurs converge on their adult microbiota by
4–6 months of age [22]: The four juveniles in our study were
estimated to be past this age threshold. The study populations
live sympatrically in the Ambatovy Conservation Zone
(Fig. 1a) and are part of a monitoring project for which
captures occur biannually [44, 45]. We chose capture timing,
split between the late dry (September–October) and late rainy
(March) seasons, to minimize risk to pregnant females or
neonates. Our procedures were approved by the Institutional
Animal Care and Use Committee of Duke University (pro-
tocols: A028-14-02; A007-17-01), and by Madagascar’s
Ministère de l’Environnement, de l’Ecologie et des Forêts
(MEEF/SG/DGF/DAPT/SCBT.Re permits: 197/13; 85/14;
68/15; 38/16; 83/17).

Gut microbiome 
composition

Geographic
range

(a) (b)Lemur hosts

n = 17

n = 23

n = 21

n = 6

Gastrointestinal
morphology

Dietary 
composition

Fibrobacteres; Fibrobacterales
Fibrobacteraceae; Fibrobacter

Proteobacteria; Aeromonadales
Succinivibrionaceae; Anaerobiospirillum
Succinivibrionaceae; Succinatimonas

Synergistetes; Synergistales
Synergistaceae; Cloacibacillus
Synergistaceae; Pyramidobacter

Verrucomicrobia; Opitutales
Puniceicoccaceae; Cerasicoccus

Actinobacteria; Coriobacteriales
unassigned; unassigned
Atopobiaceae; unassigned
Eggerthellaceae; Enterorhabdus

Bacteroidetes; Bacteroidales
unassigned; unassigned
Bacteroidaceae; Bacteroides
Muribaculaceae; unassigned
Prevotellaceae; unassigned
Prevotellaceae; Alloprevotella
Prevotellaceae; Prevotella 1
Prevotellaceae; UCG-001
Rikenellaceae; hoa5-07d05 gut group
Rikenellaceae; RC9 gut group
Tannerellaceae; Parabacteroides

Other Bacteria; unassigned 

Erysipelotrichaceae; UCG-004
Firmicutes; Erysipelotrichales

Acidaminococcaceae; Phascolarctobacterium
Acidaminococcaceae; Acidaminococcus

Firmicutes; Selenomonadales

Enterobacteriaceae; Escherichia-Shigella
Proteobacteria; Enterobacteriales

Family; Genus
Microbial key: Phylum; Order

Spirochaetaceae; unassigned
Spirochaetes; Spirochaetales

Enterococcaceae; Enterococcus
Firmicutes; Lactobacillales

Firmicutes; Clostridiales
vadinBB60 group; unassigned
Lachnospiraceae; unassigned
Lachnospiraceae; NK3A20 group
Lachnospiraceae; Oribacterium
Lachnospiraceae; Roseburia
Lachnospiraceae; Shuttleworthia
Ruminococcaceae; unassigned
Ruminococcaceae; [Eubacterium]

Ruminococcaceae; UCG-014
Ruminococcaceae; Ruminococcus 1

 coprostanoligenes grp.

Fig. 1 Features of the lemur hosts and their gut microbiomes. Depicted in a are the following: color-coded photographs of the lemur species,
including sifakas (yellow), indri (light green), woolly lemurs (dark green), and sportive lemurs (teal); their respective geographic ranges [81],
shown using the same color code, with the red dot pinpointing the study site; illustrations of their dietary composition, with the relative size of
fruits, flowers, young (light green) and mature (dark green) leaves corresponding to their relative dietary proportion; and key features of their
gastrointestinal morphology, including the cecum (gray), based on previous publications [36, 37, 39]. Depicted in b are pie charts showing lemur
gut microbiome composition (i.e., genera that account for ≥1% of sequences, on average, across individuals, in minimally one host species), and a
microbial key for which color families refer to microbial phyla and distinct shades refer to unique microbial genera. “Unassigned” refers to
microbial genera that could not be phylogenetically assigned via online databases. “Other” refers to the sum of all microbial genera that failed to
reach the 1% cutoff. Photographs provided by Nick Garbutt (nickgarbutt.com); illustrations provided by Sally Bornbusch.
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Samples

During six capture missions from 2013 to 2017, we col-
lected 89 fecal samples, directly post voiding or from the
rectum using a fecal loop, and placed them at −20 °C
within 1 h. We caught 47 subjects only once and recaptured
20 animals at least once, all within a 65 km2 area. We
caught representatives of each species in both seasons. We
used sterile equipment and consistent methods across
lemurs and missions, and maintained storage conditions
during transit to Duke University, where samples were
stored at −80 °C.

Analytical procedures

Amplicon sequencing, bioinformatics, and statistics

We extracted DNA from feces using QIAGEN’s DNeasy
PowerSoil Kit (Hilden, Germany). We shipped 12-µL ali-
quots (5–50 ng/µL) in two batches to Argonne National
Laboratories (Lemont, IL) for amplicon sequencing of the
V4 region of the 16S rRNA gene using the 515f-806r pri-
mer set, 151 × 151 bp paired-end sequencing, and Illumi-
na’s MiSeq platform. Each batch included representatives
from all species during both seasons. Amplicon sequences
are available online (NCBI accession PRJNA606765).

We processed sequences using the Quantitative Insights
Into Microbial Ecology (QIIME) package (version 2-
2019.4; Supplementary material, S1) [46]. We followed
the developers’ suggested workflow: We demultiplexed and
denoised sequences from each run via DADA2 (i.e., filtered
for quality, chimeras, and singletons), using default para-
meters. DADA2 clusters sequences into “amplicon
sequence variants” (ASVs) based on 100% sequence iden-
tity. We removed one sample from an indri represented by
<10,000 reads. Our final dataset comprised 88 samples and
our shallowest depth was 19,679 sequences/sample.

We merged the ASV tables and representative sequences,
and assigned taxonomy using the SILVA 132 99% classifier
pre-trained for the V4 region of the 16S rRNA gene [47].
We removed chloroplast and mitochondrial sequences. We
computed the relative abundance of genera per sample. We

determined alpha diversity (using Observed ASVs, Shan-
non’s H index, and Faith’s Phylogenetic Diversity) and beta
diversity (using unweighted and weighted UniFrac dis-
tances). We rarefied samples to 19,000 sequences at the
time of metric computation.

To analyze alpha diversity, we computed linear mixed
models (LMM) using the glmmADMB package (v 0.8.3.3)
and R software (v 3.3.3) in RStudio (v 1.1.463) [48–50].
We used alpha-diversity metrics as the dependent variables,
host species and season nested within species as the
explanatory variables, and lemur nested within its social
group as a random variable. To analyze beta diversity, we
used the vegan package (v 2.4-5) [51] to perform permu-
tational analysis of variance using unweighted and weighted
UniFrac distances. We included host species, season nested
within species, and individual nested within social group as
explanatory variables, and tested that variable order did not
influence our results. We reran all diversity analyses using
sex as an additional explanatory variable, but failed to find
any sex differences. We report findings from the simplified
models. We likewise failed to find differences by age class.

We determined if microbial variability between con-
specifics differed between species and seasons. We com-
puted pairwise comparisons of UniFrac distances across
lemur pairs, excluding comparisons in which the samples
derived from the same lemur or from lemurs within the
same social group. Using GraphPad Prism (version 8.0.2),
we computed Kruskal–Wallis and Dunn’s post-hoc tests of
conspecific UniFrac distances between host species, and
repeated the analysis separately within and between
seasons.

Metagenomic sequencing, bioinformatics, and statistics

We selected 12 samples from sifakas and indri (1 per sub-
ject) for metagenomic sequencing (Table 1), because more
information is available about these species’ feeding ecol-
ogy compared with woolly and sportive lemurs. We selec-
ted high-quality samples that were split evenly between
seasons. We shipped aliquots (>1 µg of total DNA/sample)
to the New York Genome Center for sequencing [23]. All
samples underwent TruSeq PCR-Free preparation and were

Table 1 Sample numbers by the subjectsʼ demographics and type of analysis.

Common name Host sample size Analytical sample size

By age
[A, J]

By sex
[F, M]

Social groups Amplicon sequencing Metagenomic sequencing NMR spectroscopy

Diademed sifakas 23, 0 10, 13 13 27 8 12

Indri 14, 3 10, 7 10 29 4 12

Eastern woolly lemurs 20, 1 11, 10 16 27 NA 8

Weasel sportive lemurs 6, 0 3, 3 5 6 NA 4

A adults, J juveniles, F females, M males, NMR nuclear magnetic resonance.
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sequenced in one lane of Illumina’s HiSeq 2500 platform,
targeting 2 × 125 bp reads. We generated minimally 20
million reads/sample. Metagenomic sequences are available
online (NCBI accession PRJNA606765).

Sequences were processed via established methods [23].
Sequences were filtered for host DNA (0.1–0.6% of
sequences/sample) by comparison to the genomes of the
Coquerel’s sifaka (P. coquereli: NCBI accession
PRJNA281642) and gray mouse lemur (Microcebus mur-
inus: NCBI accession PRJNA19967) and for plant
sequences from viridiplantae (0.2–0.4% of sequences/sam-
ple). We determined functional composition using
HUMAnN2 (v0.5.0) [52] and the UniRef database, which
provide the relative abundance of metabolic pathways based
on the abundance of the genes catalyzing each pathway’s
component reactions. We retained for analysis metabolic
pathways that were present in minimally two samples.

Our statistical analyses of metabolic pathways mirrored
those applied to ASVs. We calculated the number of
pathways per sample, and computed a LMM, using species
and season nested within species as explanatory variables,
and social group as a random term. We calculated
Bray–Curtis dissimilarity scores in pathway profiles across
sample pairs, and computed Wilcoxon tests to assess if
metagenomic variation differed within and between species.
We performed permutational analysis of variance using
Bray–Curtis metrics, using host species and season nested
within species as explanatory variables. We used Linear
discriminant analysis Effect Size (LEfSe) [53] with the
Benjamini–Hochberg correction factor [54] to determine
which pathways were enriched in the species’
metagenomes.

Metabolomic profiling and statistics

We selected 36 samples across species (Table 1) for colonic
metabolomics profiling via nuclear magnetic resonance
(NMR) spectroscopy [23, 43]. We mixed feces (~0.05 g)
with 600 µL PBS prepared in D2O, pH 7.5. We centrifuged
homogenized samples through 0.22 µm and 30 kDa MWCO
filters. We added 60 µL of an internal standard (500 µM 3-
(trimethylsilyl)-1-propanesulfonic acid-d6, sodium salt
(DSS-d6)), and stored samples at −20 °C until analysis. We
acquired spectral data using a 700MHz NMR spectrometer
and a standard 1D-NOESY Preset experiment. We analyzed
the data using the Advanced Chemistry Development
Spectrus Processor software (v 2016.1) and the Chenomex
NMR Suite (v 8.2). We determined metabolite concentra-
tions by quantitative fitting of each spectrum. The final
concentrations were normalized based on sample weight.
The values for total phenolic compounds were determined
by spectral integration over the region from 6.8 to 8.5 ppm.
Samples from one woolly lemur and one sportive lemur that

were contaminated with propylene glycol were removed
from analysis: Our final sample size for metabolomics
profiling was 34 samples.

We performed a principle component analysis (PCA) in
JMP (v 14.0.) on the identified metabolites. We retained the
top four principle components (PCs) with eigenvalues >1
that accounted for >1% of the variation. We used these PCs
as variables in a linear discriminant analysis (LDA) to test
for species differences. We repeated PCAs/LDAs within
each season. We computed LMMs for a subset of meta-
bolites, including the short-chain fatty acids, branched-
chain amino acids, and plant secondary compound deriva-
tives. We entered metabolites as the dependent variables,
host species and season as the explanatory variables, and
social group as a random term. The few samples analyzed
from sportive lemurs precluded testing for seasonal differ-
ences in metabolite concentrations within species. Meta-
bolite concentrations are presented in the Supplementary
material, S2.

Results

Gut microbiome structure

Each lemur species harbored a structurally unique gut
microbiome (Fig. 1b). The consortia of sportive lemurs
were the most distinct; those of indri and woolly lemurs
were the most similar (Supplementary material, S3). The
lemurs’ consortia were dominated by the Firmicutes, Bac-
teroidetes, Actinobacteria, and Proteobacteria phyla. Bac-
teroidetes were most abundant in sifakas (62.8%),
intermediately abundant in indri (47.7%) and woolly lemurs
(38.8%), and least abundant in sportive lemurs (14.1%). In
contrast, Firmicutes were most abundant in sportive lemurs
(60.0%), intermediately abundant in woolly lemurs
(41.4%), and least abundant in sifakas (28.2%) and indri
(19.7%). Indri had the greatest proportion of Proteobacteria
(20.5%), whereas sportive lemurs had the greatest propor-
tion of Actinobacteria (15.1%).

Thirty-five microbial genera accounted for ≥1% of the
gut microbiome in minimally one host species. Two of
these taxa—unassigned genera within the Prevotellaceae
and the Lachnospiraceae families—were present in large
proportions (i.e., ≥1%) in all host species. Otherwise, sifaka
microbiomes were dominated by the unassigned Pre-
votellaceae genus (17.9%) and another genus within this
family (UCG-001; 16.1%); indri microbiomes were domi-
nated by the unassigned Prevotellaceae genus (24.4%),
Prevotella 1 (18.1%), and Anaerobiospirillum from the
Succinivibrionaceae family (18.6%); woolly lemur micro-
biomes were dominated by a genus within the Erysipelo-
trichaceae family (UCG-004; 24.7%) and Bacteroides
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(15.3%); and sportive lemur microbiomes were dominated
by the unassigned Lachnospiraceae genus (33.8%), Ori-
bacterium (17.2%), and Enterorhabdus from the Egger-
thellaceae family (14.8%).

Sifaka gut microbiomes had the greatest alpha diversity,
as revealed by Observed ASVs (LMM: all zs > 14.58, all ps
< 0.001; Fig. 2a), Shannon’s H index (LMM: all zs > 11.52,
all ps < 0.001; Fig. 2b) and Faith’s Phylogenetic Diversity
(LMM: all zs > 11.86, all ps < 0.001; Fig. 2c). Relative to
the dry season, the rainy season was associated with more
Observed ASVs in sifakas (LMM: z= 2.62, p= 0.009),
greater Shannon’s H index scores in sportive lemurs (LMM:
z= 2.68, p= 0.007), and potentially greater Faith’s Phylo-
genetic Diversity scores in indri (LMM: z= 1.82, p=
0.068).

Analysis of beta diversity confirmed that microbiome
structure varied by species, as captured by unweighted
(PERMANOVA: R2= 0.97, df= 3, p < 0.001; Fig. 2d–f)
and weighted (PERMANOVA: R2= 0.96; df= 3, p <
0.001; Supplementary material, S3) UniFrac distances.
Within host species, season was associated with unweighted
(PERMANOVA: R2= 0.002, df= 3, p= 0.012), but not

weighted (PERMANOVA: R2= 0.002, df= 3, p= 0.249),
UniFrac distances. Overall, season explained 0.2% of the
variation in our dataset. Within-species variability differed
between host species (unweighted UniFrac: Kruskal–Wallis
H= 345.9, p < 0.001; Fig. 2g; weighted UniFrac:
Kruskal–Wallis H= 230.8, p < 0.001; Supplementary
material, S3): Post-hoc tests of unweighted UniFrac dis-
tances showed that, across individuals, sifakas harbored the
most homogenized consortia (all ps < 0.001), whereas
sportive lemurs harbored the most heterogeneous consortia
(all ps < 0.007). Findings related to within-species differ-
ences between species held true when pairwise comparisons
were examined exclusively within or between seasons
(Supplementary material, S3), such that variable seasonal
differences between species could not explain the results.

Gut microbiome function

We identified 578 metabolic pathways in the metagenomes
of sifakas and indri. Compared to indri, the sifakas’ meta-
genomes had more pathways (LMM: z= 6.44, p < 0.001;
Fig. 3a). For indri, more pathways were associated with the
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Fig. 2 Gut microbiome structure in four species of folivorous
lemurs. Depicted are measures of alpha diversity, including a
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dry season than the rainy season (LMM: z= 4.09, p <
0.001), but sifakas showed no seasonal differences in
pathway numbers (LMM: z= 1.26, p= 0.21). Analysis of
Bray–Curtis distances indicated an effect of species (PER-
MANOVA: R2= 0.45, df= 1, p= 0.001; Fig. 3b) and
season within species (PERMANOVA: R2= 0.26, df= 2,
p= 0.027) on pathway composition. Wilcoxon tests of
pairwise comparisons confirmed that there was greater
metagenomic variability between sifaka-indri pairs than
between paired conspecifics (sifakas: U= 229, p < 0.001;
indri: U= 12, p < 0.001; Fig. 3c, see Supplementary
material S4).

LEfSe identified 145 pathways that were differentially
enriched in the species’ metagenomes, representing trade-
offs in fiber and sugar metabolism, short-chain fatty acid
production, and plant secondary compound degradation.
We present several illustrative results: First, the sifakas
showed enrichment for one rhamnose-degradation pathway
(RhamCat pwy), whereas the indri showed enrichment for
seven galactose-degradation pathways, including the Leloir
pathway (Log(LDA) > 2.58, ps < 0.05 for both compar-
isons; Fig. 3d). Second, the sifakas showed enrichment for
heterolactic fermentation, whereas the indri showed
enrichment for mixed-acid fermentation (Log(LDA) > 2.15,
ps < 0.05 for both comparisons; Fig. 3e). Third, the sifakas
lacked enrichment for any pathways associated with plant

secondary compound metabolism, whereas the indri showed
enrichment for 11 aromatic-compound degradation path-
ways, e.g., p-cymeme (pwy-5226) and cinnamate (pwy-
6690) degradation (Log(LDA) > 2.78, ps < 0.05 for both
comparisons; Fig. 3f). Lastly, there were other metagenomic
differences between the species, including tradeoffs in
vitamin, amino acid, and fatty-acid cycling, and enrichment
for the citric acid cycle in indri (Supplementary material,
S5).

Colonic metabolome

We identified 18 metabolites in the lemurs’ feces. PC/LDA
revealed that metabolome composition varied by species
(Wilks’ λ= 0.22, p < 0.001, Fig. 4a); however, seven of
34 samples were misclassified, with analyses misassigning
woolly lemurs and sportive lemurs or misassigning sifakas
and indri. Repeating the analyses within seasons confirmed
species differences in both seasons (Supplementary mate-
rial, S6).

In general, indri and sifakas had the greatest metabo-
lomic concentrations of short-chain fatty acids (Supple-
mentary material, S6), including acetate (indri > sifakas,
LMM: z= 2.34, p= 0.019; indri, sifakas, or sportive
lemurs > woolly lemurs, LMM: all zs > 2.20, all ps < 0.03;
Fig. 4b), propionate (indri or sifakas > woolly lemurs or
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sportive lemurs, LMM: all zs > 2.30, all ps < 0.03; Fig. 4c),
and butyrate (indri > other species, LMM: all zs > 2.70, all
ps < 0.007; sifakas > woolly lemurs, LMM: z= 3.32, p=
0.009; Fig. 4d). In contrast, woolly lemurs and sportive
lemurs generally had the greatest metabolomic concentra-
tions of branched-chain amino acids (Supplementary
material, S6), including isoleucine (sportive lemurs > other
species, LMM: all zs > 2.87, all ps < 0.004; Fig. 4e), leucine
(woolly lemurs or sportive lemurs > sifakas or indri, LMM:
all zs > 2.13, all ps < 0.04; Fig. 4f), and valine (woolly
lemurs > sifakas or indri, LMM: both zs > 2.0, both ps <
0.05; Fig. 4g).

Again, indri and sifakas generally had the greatest
metabolomic concentrations of plant secondary compound
derivatives (Supplementary material, S6), including total
phenolic compounds (sifakas or indri > woolly lemurs or
sportive lemurs, LMM: all zs > 3.08, all ps < 0.002; indri ≥
sifakas, LMM: z= 1.67, p= 0.094; Fig. 4h) and phloretic

acid (indri > woolly lemurs, LMM: z= 2.78, p= 0.006;
indri ≥ sportive lemurs, LMM: z= 1.82, p= 0.069; indri ≥
sifakas, LMM: z= 1.95, p= 0.051; Fig. 4i). Lastly, tri-
methylamine was present in most samples from sifakas and
sportive lemurs, but was minimally present in samples from
indri and woolly lemurs (Fig. 4j). Ethanol was variably
present in the metabolomes of all species, but displayed a
5.83–34.65 fold increase, on average, in the sifakas’ meta-
bolome compared to the metabolomes of the other species.

Discussion

By comparing gut microbiota across folivorous lemurs, we
show that ecologically similar, sympatric hosts harbor
strikingly different gut microbiomes, metagenomes, and
metabolomes, in a manner that reflects the hosts’ dietary
niches and associated gastrointestinal morphologies. The
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frugo-folivores had the most diverse microbial commu-
nities, but showed the least individual variability. Their
microbiota were enriched for bacteria, metabolic pathways,
and metabolites associated with simple-fiber metabolism.
Conversely, the consortia of mature-leaf specialists were
simple in structure and enriched for taxa and metabolites
putatively associated with cellulolysis. The gut microbiota
of the two young-leaf specialists appeared intermediate
between these extremes, but were nevertheless distinct:
Indri showed a strong reliance on microbially facilitated
fiber and plant secondary compound degradation, whereas
woolly lemurs may prioritize amino acid cycling. We sug-
gest that the gut microbiota of these species differentially
help their hosts withstand ingested fibers or plant secondary
compounds, balance fruit and foliage fermentation, or cope
with fluctuating resources in hypervariable environments
(see [28]). Our results support the proposal that animal
microbiota can influence host behavior [55], in this case,
facilitating different folivorous strategies in sympatric spe-
cies. Such findings illuminate how microbes can promote
the evolution of folivory and the maintenance of macro-
species diversity.

The frugo-folivorous sifakas had gut microbiota that
reflected their metabolic balance of fruit and foliage fer-
mentation. The dominant bacteria in their consortia inclu-
ded non-cellulolytic fiber specialists, like Prevotellaceae
members [56], fat metabolizers, like Rikenellaceae mem-
bers [57], and complex-fiber specialists from the Clos-
tridiales order [58] and Lachnospiraceae family [59]. The
greater alpha diversity in the sifakas’ microbiota indicate
that fruit consumption is associated with a relatively even
distribution of generalist taxa common to all hosts [27, 42].
Whereas the greater number of metabolic pathways in the
sifakas’ metagenomes, compared with those of indri, per-
haps facilitates the sifakas’ more varied diet, the similar
concentrations of short-chain fatty acids excreted by sifakas
and indri perhaps point to a shared reliance on microbial
fermentation of diverse substrates [60]. Although fruit
consumption has clear energetic advantages, the ethanol and
trimethylamine in the sifakas’ metabolomes, respectively
associated with fruit over-ripening [61] and microbial
decomposition [62], may point to the negative con-
sequences of sugar fermentation occurring in a gastro-
intestinal system that is optimized for foliage digestion
during lean seasons.

Indri, as young-leaf specialists, harbored large propor-
tions of Prevotellaceae, and Clostridiales members from
the Ruminococcaceae family, that likely reflect host reliance
on fruits, flowers, and young leaves. Nevertheless, their gut
microbiota also comprised abundant Proteobacteria, from
the Anaerobiospirillum genus and Gammaproteobacteria
class. The function of these Proteobacteria requires expla-
nation, because they are typically associated with oxygen

tolerance [63] and shorter gastrointestinal systems [42], and
only rarely with folivory [26]. The metagenomic and
metabolomic results indicate that these taxa may play a role
in fiber metabolism: Anaerobiospirillum can use galactose
[64], a sugar common in non-cellulolytic plant fibers, for
energy. The metagenomes of indri (compared with sifakas)
were enriched for pathways associated with galactose cat-
abolism. Indri metagenomes were likewise enriched for
mixed-acid fermentation pathways, reflecting a strategy
used by Gammaproteobacteria to produce the short-chain
fatty acid, acetate [65]. Acetate was more concentrated in
the metabolomes of indri than in the metabolomes of the
other indriids. These results may indicate that indri rely on
the fibrolytic capacity of specialized Proteobacteria.

Compared with the other species, indri had signatures of
greater plant secondary compound degradation. Both the
sifakas and indri had relatively raised concentrations of total
phenolic compounds, a finding that is consistent with diets
similarly rich in secondary compounds [30]. Because leaf
tannins in Malagasy rainforests tend to be most con-
centrated in the late afternoon [66], perhaps the diurnal indri
and sifakas ingest more plant secondary compounds than do
the nocturnal species. Yet, for indri, the abundance of
metabolomic phloretic acid is revelatory about the dynamics
between plant secondary compounds and gut microbes.
Phloretic acid is produced by bacteria during the detox-
ification of p-coumaric acid [67], a hydroxycinnamic acid
common in plant tissues [68]. Whereas Ruminococcaceae
members degrade p-coumaric acid into phloretic acid
[67, 69], Gammaproteobacteria also use hydroxycinnamic
acids for energy [70]. Crucially, the metagenomes of indri,
compared with those of sifakas, were enriched for one
metabolic pathway that Gammaproteobacteria use to
degrade cinnamates and hydroxycinnamates [70]. Indri may
rely simultaneously on Firmicutes and Proteobacteria for
fiber and plant secondary compound metabolism, suggest-
ing functional redundancy to ensure that, even following the
extinction of one phylum, the lemurs’ folivorous diets could
remain sustainable.

Despite sharing dietary specialization and gastro-
intestinal morphology with indri, the woolly lemurs had
distinct gut microbiota, characterized by different fibrolytic
bacteria, like Fibrobacter [71], different Gammaproteo-
bacteria, like Succinatimonas and Eschericia-Shigella, and
by bacteria associated with fats and proteins, like Bacter-
oides and Erysipelotrichaceae members [72, 73]. Compared
with indri and sifakas, woolly lemurs perhaps prioritize
plant protein metabolism. This suggestion is supported by
the lower metabolome concentrations of short-chain fatty
acids, but greater concentrations of branched-chain amino
acids, which are essential nutrients that must be acquired by
consumption or microbial action. The nocturnal woolly
lemurs may be particularly reliant on gut microbes for
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amino acid synthesis, because leaf-protein concentrations
tend to wane overnight in Malagasy rainforests [66]. The
similarly nocturnal sportive lemurs excreted concentrated
branched-chain amino acids, raising the possibility that
niche differentiation via activity pattern might influence the
relationship between host diet and microbially facilitated
nutrition. Alternately, perhaps woolly lemurs better absorb
enteric short-chain fatty acids, leading to their reduced
excretion. Future research could clarify how the gastro-
intestinal tract of woolly lemurs compares with those of
other indriids, and potentially either limits short-chain fatty
acid production or promotes their absorption.

The gut microbiota of sportive lemurs, the mature-leaf
specialists, were simplest in structure, but most variable across
individuals. Perhaps a diet of tough foliage and a simple
gastrointestinal system are associated with a relatively uneven
distribution of a few, specialist taxa. Overall, sportive lemurs
had consortia that appeared to be optimized for microbial
cellulolysis. Their gut microbiota were dominated by two
Clostridiales taxa from the Lachnospiraceae family that
together comprised >50% of sequences. These bacteria are
known for their cellulolytic capacity [58]. The concentrated
acetate, but limited propionate and butyrate, in the sportive
lemurs’ metabolomes may reflect cellulose fermentation [74].
The third most abundant bacterial taxon in the sportive
lemurs’ consortia, Enterorhabdus from the Eggerthellaceae
family, is perhaps implicated in plant secondary compound
metabolism. Some Eggerthellaceae taxa produce equol [75],
a metabolite synthesized during the breakdown of the flavo-
noid daidzein [76]. Flavonoids are thought to promote host
health, potentially by regulating gut microbiota [77]. Daidzein
is produced almost exclusively by Fabaceaemembers, a plant
family well represented in Madagascar [78]. Perhaps sportive
lemurs preferentially feed on Fabaceae leaves and rely on
Eggerthellaceae members for secondary compound detox-
ification. Continued study of medicinal plants and microbial
metabolism by Madagascar’s folivores could have biomedical
potential [79].

Alternately, the variability of the sportive lemurs’ gut
microbiota may owe to their feeding flexibility. In the
absence of competitive woolly lemurs [35], these mature-
leaf specialists adopt a diet rich in immature foliage. It
would be interesting to compare the gut microbiota of
woolly lemurs and sportive lemurs throughout their extant
ranges, including when living in sympatry versus in allo-
patry. It would likewise be interesting to compare gut
microbiota in sifakas, woolly lemurs, and sportive lemurs
living sympatrically in dry forests, where they experience
greater seasonality than do their peers in the rainforest (see
[27]). In other systems, correlational evidence for micro-
bially facilitated resource partitioning could derive from
comparison across sympatric hosts that depend on microbial
metabolism for digestion. Experimental evidence will be

critical, as our methods did not permit tracking the meta-
bolism of dietary items by specific microbes, nor did they
fully differentiate the metabolic action of hosts from that of
their microbes. Necessary evidence might be obtained using
germ-free models that could be colonized by the consortia
of diverse hosts and exposed to variable diets [80]. Such
studies would further establish that microbes provide hosts
with the enzymatic potential for extracting nutrients from an
array of resources and for adapting to variable environ-
mental circumstances.

Previous work, focused across primate lineages evolving
under different conditions and on different continents, has
shown that convergence on folivory does not underlie
convergence on a singular gut microbiome [21, 41]. Instead,
host phylogenetic and morphological constraints better
underlie microbial composition, especially when examined
at broad scales. We have shown that related species of
folivorous lemurs, characterized by different gastrointestinal
morphologies, yet living sympatrically, each depend on the
metabolic capacity of a unique set of microbes, some of
which are highly specialized. We therefore suggest that
folivory encompasses a greater diversity of feeding strate-
gies than is generally recognized and that, within the con-
straints imposed by host phylogenetic placement, gut
microbes can play a role in facilitating finer grained
resource partitioning. The dietary plant variation experi-
enced by folivores across niches, habitats, and continents
have seemingly shaped host-microbiota coadaptation in
lineage-specific ways [21, 42], such that, over evolutionary
time, hosts and their microbes have become equally spe-
cialized and inter-dependent. That these lemurs’ specialized,
host-specific diets were mirrored by equally specialized,
host-specific gut microbiota may have conservation impli-
cations. Among Indriidae and Lepilemuridae, 82% of spe-
cies are listed as endangered or critically endangered [81].
Although numerous factors contribute to extinction
[82, 83], host-microbiota co-specialization might underlie a
reduced resilience to dietary perturbation and a limited
ability to buffer the consequences of the Anthropocene
[84, 85].
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