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Abstract

Mammals have diversified into many dietary niches. Specialized myrmecophagous

(ant- and termite-eating) placental mammals represent a textbook example of evolu-

tionary convergence driven by extreme diet specialization. Armadillos, anteaters, aard-

varks, pangolins and aardwolves thus provide a model system for understanding the

potential role of gut microbiota in the convergent adaptation to myrmecophagy. Here,

we expand upon previous mammalian gut microbiome studies by using high-through-

put barcoded Illumina sequencing of the 16S rRNA gene to characterize the composi-

tion of gut microbiota in 15 species representing all placental myrmecophagous

lineages and their close relatives from zoo- and field-collected samples. We confirm

that both diet and phylogeny drive the evolution of mammalian gut microbiota, with

cases of convergence in global composition, but also examples of phylogenetic inertia.

Our results reveal specialized placental myrmecophages as a spectacular case of large-

scale convergence in gut microbiome composition. Indeed, neighbour-net networks

and beta-diversity plots based on UniFrac distances show significant clustering of myr-

mecophagous species (anteaters, aardvarks and aardwolves), even though they belong

to phylogenetically distant lineages representing different orders. The aardwolf, which

diverged from carnivorous hyenas only in the last 10 million years, experienced a

convergent shift in the composition of its gut microbiome to become more similar to

other myrmecophages. These results confirm diet adaptation to be a major driving

factor of convergence in gut microbiome composition over evolutionary timescales.

This study sets the scene for future metagenomic studies aiming at evaluating

potential convergence in functional gene content in the microbiomes of specialized

mammalian myrmecophages.
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Introduction

The radiation of extant mammals has resulted in more

than 5000 living species, which diversified into a wide

variety of diet niches ranging from broadly generalized

to highly specialized (Feldhamer 2007). Host-associated

microbiota play a major role in diet specialization

across vertebrates (Ley et al. 2008a; Karasov et al. 2011)

to the point that they might be considered an integral

part of the phenotype (McFall-Ngai et al. 2013). In

mammals, high-throughput 16S rRNA gene sequencing

of faecal samples from a diversity of species has shown

that both diet and phylogeny have driven the evolution
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of the gut microbiome (Ley et al. 2008b). At large taxo-

nomic scales, diet appears to be a major driving factor,

as gut microbiomes have evolved convergently in mam-

mals sharing the same feeding habits (Muegge et al.

2011). In particular, large differences in gut microbial

communities have been demonstrated among carni-

vores, omnivores and herbivores. Within herbivores, a

clear divide can be seen between foregut fermenters,

which consist essentially of artiodactyls, and the phylo-

genetically diverse hindgut-fermenting taxa, which

include horses, capybaras, rabbits and elephants (Ley

et al. 2008b; Muegge et al. 2011). Cases of convergence

driven by the herbivorous diet are also found among

vertebrates with the folivorous stinkbird or hoatzin

(Godoy-Vitorino et al. 2011) and herbivorous fish

(Sullam et al. 2012) showing similarities in gut microbi-

ome composition to ruminant mammals and in inverte-

brates with ants in which herbivory has also driven the

convergence of gut symbionts (Russell et al. 2009;

Anderson et al. 2012). At shallower taxonomic scales,

such as within bears (Ley et al. 2008b), great apes

(Ochman et al. 2010) and between bat families (Phillips

et al. 2012), host phylogeny and microbiome composi-

tion seem to have codiverged. For instance, despite its

exclusive bamboo diet, the giant panda still hosts a gut

microbiome similar to other bears (Ley et al. 2008b).

Mammalian myrmecophages (anteater and termite

eaters) provide an opportunity for further understand-

ing the mechanisms that drive the evolution of the gut

microbiome by disentangling the effects of diet and

phylogeny. Whereas more than 200 mammalian species

include a significant portion of ants and/or termites in

their diet, only 22 of them can be considered specialized

myrmecophages eating more than 90% of ants and/or

termites (Redford 1987). Most of these species feed

opportunistically on both types of social insects, with

only a few species specialized on either ants or termites.

In fact, the aardwolf is the only true termite-eating spe-

cialist. Ant-eating specialists are restricted to arboreal

species such as the pygmy anteater (Cyclopes didactylus),

which is the only anteater species fully specialized on

ants (Miranda et al. 2009), and the long-tailed pangolin

(Manis tetradactyla), which probably feeds specifically

on arboreal ant species (Redford 1987). Mammalian

myrmecophages can thus be considered as a highly spe-

cialized group of insectivores (i.e. a term generally used

to cover the eating of all terrestrial invertebrates) feed-

ing exclusively on social insects of low nutritional value

(Redford & Dorea 1984).

Myrmecophagous mammals represent a textbook

example of phenotypic evolutionary convergence

(Feldhamer 2007; McGhee 2011) and therefore provide a

model system in which to characterize the taxonomic

composition of the gut microbiome in convergently

evolved species sharing the same highly specialized

diet. Lineages specialized to eat exclusively ants and/or

termites have independently evolved multiple times in

mammalian evolutionary history: in monotremes, the

short-beaked echidna (Tachyglossus aculeatus); in marsu-

pials, the numbat (Myrmecobius fasciatus); in placental

mammals across five different orders, tolypeutine arma-

dillos (Priodontes, Cabassous and Tolypeutes), the three

anteater genera (Cyclopes, Myrmecophaga and Tamandua),

pangolins (Manis), the aardvark (Orycteropus afer) and

the aardwolf (Proteles cristata) (Redford 1987). These five

placental lineages represent different degrees of

morphological specialization towards myrmecophagy,

probably reflecting both phylogenetic constraints and

the time since this peculiar feeding habit evolved. Giant

armadillos, anteaters aardvarks, and pangolins consti-

tute the most extreme examples of specialized myrme-

cophagous phenotypes (Reiss 2001). These animals have

developed similar but convergent morphological adap-

tations such as the reduction in or loss of teeth, an elon-

gated muzzle with an extensible tongue, viscous saliva

produced by hypertrophied salivary glands and power-

ful claws used to dig into ant and termite nests. Placen-

tal myrmecophages also share a relatively low

metabolic rate due to their nutritionally poor diet

(McNab 1984). Indeed, exclusively feeding on social

insects imposes strong energetic constraints because

most of the protein value is locked in their recalcitrant

chitin exoskeleton (Redford & Dorea 1984). Chitinase

genes are found in mammalian genomes, but their exact

role in digestion is still unclear (Bussink et al. 2007).

However, chitinolytic bacteria are ecologically wide-

spread (Gooday 1990), and some species have been

identified in the mammalian digestive tract (Sim�unek

et al. 2001). This raises the hypothesis that specialized

myrmecophagous mammals might rely on symbiotic

bacteria for degrading chitin exoskeletons to optimize

their protein nutritional intake.

Recent molecular phylogenetic advances have unam-

biguously demonstrated that myrmecophagous placen-

tals are anciently diverged, independent lineages with

more than 80 million years separating myrmecophagous

xenarthrans (tolypeutine armadillos and anteaters),

aardvarks, pangolins and aardwolves (Springer et al.

2003; Delsuc et al. 2004; Meredith et al. 2011). Specialized

myrmecophages therefore provide an especially good

model for studying convergence of the gut microbiome

over large evolutionary timescales. In this work, we

expand upon previous studies of placental gut microbi-

ome evolution using high-throughput Illumina barcoded

16S rRNA amplicons of faecal samples from representa-

tives of all placental myrmecophagous lineages and

their close relatives. We characterize the taxonomic

composition of their gut microbiota with the objective of
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answering several fundamental ecological and evolu-

tionary questions: ‘How distinct are the microbiomes of

ant-eating mammals in terms of taxonomic composition

compared with other mammals?’ ‘Have entire gut bacte-

rial communities been affected by convergence towards

myrmecophagy or do they still show signs of phyloge-

netic constraints?’ ‘Did myrmecophagous host species

independently recruit similar gut microbes?’ ‘Can we

identify bacterial taxa specific to myrmecophages that

may be potential chitin degraders?’

Materials and methods

Data acquisition

Faecal samples from myrmecophagous placentals and

phylogenetically related species were provided by Euro-

pean (Colchester UK, London UK, Leipzig DE, and

Montpellier FR) and US (Atlanta GA, Cincinnati OH,

Houston TX, and San Diego CA) zoos. We also used

faecal samples of 30 giant anteaters (Myrmecophaga

tridactyla) and five giant armadillos (Priodontes maximus)

collected in 2006 in Emas National Park (Brazil) under

IBAMA licence no. 02001.00215/07-21 provided by the

Brazilian Institute on Environment and Natural

Resources for a study using scat detection dogs (Vynne

et al. 2011). Faeces were also collected in 2012 from 10

nine-banded armadillos (Dasypus novemcinctus) previ-

ously captured by staff of the Merritt Island National

Wildlife Refuge in Florida (USA). Finally, two wild

pichis (Zaedyus pichiy) and a pink fairy armadillo (Chl-

amyphorus truncatus) were sampled in 2009 with

Research Permit 339/08 issued by the Direcci�on de

Recursos Naturales Renovables of Mendoza Province

(Argentina). These last three samples were lyophilized

and shipped immediately after collection. For zoo

samples, faeces were usually swabbed within 48 h of

defaecation. For field samples, swabs were made from

previously frozen or lyophilized faecal material. A total

of 93 swab samples from 15 species were collected

(Table S1, Supporting information).

DNA extraction, PCR amplification and amplicon

preparation for sequencing followed the protocols

described in Caporaso et al. (2012) and can be found on

the Earth Microbiome Project (EMP; Gilbert et al. 2010)

web page (http://www.earthmicrobiome.org/emp-stan-

dard-protocols/). Briefly, faecal swabs were extracted

using the PowerSoil DNA isolation kit (MoBio Labora-

tories, Carlsbad, CA, USA). Total genomic DNA was

subjected to PCR amplification targeting a ~300-bp frag-

ment of the 16S rRNA variable region 4 (V4) using the

universal bacterial primer set 515F/806R, which ampli-

fies bacterial and archaeal 16S genes near universally

(e.g. Walters et al. 2011; Caporaso et al. 2012). Three

replicate PCRs were performed for each DNA sample,

and amplicons generated from each set of three reac-

tions were subsequently pooled and quantified using

PicoGreen. Negative controls included no template con-

trols for DNA extraction and PCR amplification. Finally,

all barcoded amplicons were pooled in equal concentra-

tions for sequencing. The amplicon pool was purified

using the MoBio UltraClean PCR Clean-up kit and

sequenced on the Illumina MiSeq sequencing platform

(MiSeq Control Software 2.0.5 and Real-Time Analysis

software 1.16.18) at the BioFrontiers Institute Next-

Generation Genomics Facility at University of Colorado,

Boulder, USA. We analysed the single-end sequencing

read from the 515f primer (GTGCCAGCMGCCGCG

GTAA).

16S rRNA data processing and taxonomic
assignment

Raw 16S rRNA amplicon sequences were processed

using the QIIME suite of software tools (version

1.6.0-dev) (Caporaso et al. 2010a). Sequences were

demultiplexed and quality-filtered according to default

parameters within QIIME. These sequences were then

clustered into operational taxonomic units (OTUs) with

a sequence similarity threshold of 97% with UCLUST

(Edgar 2010) within QIIME. We assigned sequences to

OTUs in two ways, first with an open-reference proto-

col that captures the full diversity within our data set

and second with a closed-reference protocol that

enables comparison with previously published studies.

For the open-reference approach, we followed the

subsampling open-reference protocol with default

parameters in QIIME (http://qiime.org/tutorials/open_

reference_illumina_processing.html). Briefly, sequence

reads were initially clustered against the October 2012

release of the Greengenes (DeSantis et al. 2006; McDon-

ald et al. 2012) 97% reference data set (http://greeng-

enes.secondgenome.com). The majority of sequences,

85%, matched the reference database, and these OTUs

received the taxonomic classification standardized in

Greengenes. Sequences that did not match the Greeng-

enes data set at 97% were subsequently clustered into

de novo OTUs at 97% similarity with UCLUST. The

representative sequences of all OTUs were then aligned

to the Greengenes reference alignment using PyNAST

(Caporaso et al. 2010b), and this alignment was used to

construct a phylogenetic tree using FastTree (Price et al.

2010) within QIIME. This tree was used subsequently

for phylogenetically informed diversity analyses.

Sequences that did not align to Greengenes with a 70%

similarity threshold were assumed to be non-16S

and thus artefactual and removed from further analy-

sis. These de novo OTUs were then assigned their
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taxonomies to the finest level possible with the RDP

classifier (Wang et al. 2007) retrained on the Greengenes

October 2012 reference data set using an 80% confi-

dence threshold.

The second OTU picking approach utilized closed-

reference OTU picking against the Greengenes 97%

reference database from 4 February 2011 (Files available

at http://qiime.org/home_static/dataFiles.html). Subse-

quent analyses used the Greengenes reference tree and

taxonomy assignments (McDonald et al. 2012). These

new data were then combined with previously pub-

lished data sets. Because all closed-reference data sets

are processed using the same method and the same

references for taxonomic assignments, using a closed-

reference approach allows for the combination of differ-

ent data sets and comparisons across different studies.

Our data as well as previously published data are avail-

able in the EMP/QIIME database (http://www.micro-

bio.me/qiime/ and http://www.microbio.me/emp).

For our 93 samples, the closed-reference and open-refer-

ence data sets were compared with Procrustes analysis

to assess whether we were recovering the same beta-

diversity patterns with each data set. This analysis

rotates or transforms the points in one PCoA plot to try

to match the corresponding points in the second plot

while still preserving the relative distances between

points within each plot. The goodness of fit (M2) and

statistical significance of the goodness of fit (P) were

then measured to determine the level of correspondence

between the two sets. Finally, we also compared pro-

portions of phyla that were not assigned to Greengenes

by comparing taxa summary charts. For both OTU pick-

ing pipelines, low-abundance OTUs (OTUs representing

<0.00005% of the total reads in the data set) were

filtered out as recommended for Illumina-generated

sequence data (Bokulich et al. 2013).

Comparative analyses with other mammals

Source tracking. Before combining our closed-reference

data set with additional mammalian data, we controlled

for potential contamination by soil and other confound-

ing environmental factors. We suspected that some

samples, in particular field-collected samples, may have

been contaminated postdefaecation with soil or other

environmental bacteria. Also, it has been reported that

faecal samples of armadillo species can contain high

percentages of soil particles (Anacleto 2007; Vaz et al.

2012), and some myrmecophagous animals such as

pangolins are fed with an insectivore diet mixed with

soil in captivity (Yang et al. 2007). Because we are not

able to confidently distinguish between these two sce-

narios, we filtered out samples that either displayed

evidence of contamination or assigned to a low number

of taxa previously described from mammal gut commu-

nities. To detect potential contamination, we used a

Bayesian approach to estimate the proportion of each

sample derived from a priori-defined source communi-

ties (Knights et al. 2011). As source data sets, we

included 16S rRNA data from a set of 42 soil samples

(Ramirez et al. 2010; Eilers et al. 2012) sequenced using

the same 16S rRNA V4 region primers (Table S2, Sup-

porting information) and a representative and diverse

set of mammal gut communities (Muegge et al. 2011).

We excluded samples with more than 10% assignment

to our representative soil community. Because our sam-

ple set focused on myrmecophagous mammals, which

includes host species with potentially highly unique gut

microbiomes, we used a fairly liberal filtering threshold

(i.e. very low percentage) and removed samples for

which <0.01% of the community assigned to our repre-

sentative source of mammal gut communities. Our goal

with these filtering thresholds was to remove samples

that were probably not representative of the host’s gut

microbiome.

Statistical analyses. We performed comparative analyses

of myrmecophagous, insectivorous, omnivorous, foliv-

orous, herbivorous and carnivorous mammals by

combining our filtered data set with 39 available

samples that were originally sequenced as part of the

Muegge et al’s. (2011) study. We resequenced the V4

16S region for 16 of these samples on the Illumina

platform using the 515f/806r primer set following EMP

protocols as described above (Table S3, Supporting

information). Previous work has shown that sequence

reads of this length amplified over the V2 or V4 region

are sufficient for accurate and repeatable taxonomic

identification to at least the family level and for global

community characterization (Liu et al. 2008; Caporaso

et al. 2011). Because we had both V2 and V4 16S region

sequence data for 16 samples, we compared these data

sets to confirm their similarity using a Procrustes

analysis of PCoA scores based on unweighted UniFrac

distances.

Because we included 23 samples sequenced on the

454 platform (Muegge et al. 2011), we rarefied our

closed-reference comparative data set at a level of 1100

sequences per sample to avoid biases caused by differ-

ences in sequencing depth of samples. The composition

of each sample was summarized at various taxonomic

levels using QIIME. The Greengenes reference tree was

used to perform beta-diversity comparisons by comput-

ing phylogeny-based UniFrac distances (Lozupone &

Knight 2005) between samples within QIIME. For

exploring relationships between host diet and host

phylogeny, we then used both principal coordinate

analysis (PCoA) on UniFrac distance matrices within

© 2013 John Wiley & Sons Ltd
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QIIME and phylogenetic network analysis of commu-

nity similarity (Parks & Beiko 2012) by reconstructing

networks from UniFrac distance matrices with Splits-

Tree4 (Huson & Bryant 2006) using the neighbour-net

agglomerative method (Bryant & Moulton 2004). To

assess the relative importance of diet vs. host phylog-

eny in shaping the gut microbiota, we performed two-

factor crossed analysis of similarity (ANOSIM) with the

factors diet and host order using the software package

PRIMER v6 (Clarke & Gorley 2006). To address the

uneven sampling across diet and host order categories,

we randomly subsampled even numbers of samples for

each category and ran ANOSIM on diet and host order

separately within QIIME. This subsampling procedure

was repeated 100 times.

Finally, we identified bacterial genera significantly

associated with an ant-eating diet using the script

otu_category_significance.py in QIIME. We performed

this analysis using a related-taxon approach where

myrmecophagous species were compared with their

nonmyrmecophagous relatives, allowing us to better

control for the potential effect of phylogenetic distance

between certain myrmecophagous and nonmyrmecoph-

agous species. Four separate comparisons were possible

given the taxonomic breadth of our data set: (i) aardvark

vs. rock hyrax, (ii) aardwolf vs. nonmyrmecophagous

species in the order Carnivora, (iii) giant anteater vs.

sloths and (iv) southern tamandua vs. sloths. For each

comparison, we used an analysis of variance (ANOVA) to

identify bacterial genera that are found at significantly

higher relative abundance in myrmecophagous species

compared with their nonmyrmecophagous relatives.

After correction for multiple comparisons, this provided

a list of the taxa potentially associated with myrmecoph-

agous mammals (Table 1), for which we calculated the

mean relative abundance found across the different diet

classes (Table S5, Supporting information). To ensure

that microbial taxa potentially unique to this study were

not overlooked, these analyses were performed on both

the closed-reference (i.e. only sequences matching those

in the Greengenes database are retained) and open-ref-

erence (i.e. nonmatching sequence clusters are also

retained) data sets, respectively, rarefied to 1100 and

12 000 sequences per sample.

Table 1 Bacterial genera significantly higher in mean relative abundance (RA) in the guts of myrmecophagous (Myr) species than

closely related nonmyrmecophagous (NM) species. Taxa in bold are those detected in more than one comparison

Myr species NM related species Bacterial genus (Family) Myr RA NM RA P†

Aardvark Rock hyrax None NA NA NA

Aardwolf Hyena, lion, bush dog, polar bear Prevotella (Prevotellaceae) 0.1041 0.0025 0.0001

Streptococcus (Streptococcaceae) 0.1327 0.0005 0.0341

Dialister (Veillonellaceae) 0.0055 0 0.0021

Klebsiella (Enterobacteriaceae) 0.01 0 0.0147

Unclassified (Erysipelotrichaceae) 0.1123 0.0007 0.0111

Unclassified (Clostridiaceae) 0.1173 0.0216 0.0182

Faecalibacterium (Ruminococcaceae) 0.025 0.0027 0.0478

Eubacterium (Lachnospiraceae) 0.0186 0 0.0489

Giant anteater Linnaeus two-toed sloth,

Hoffmann’s two-toed sloth

Unclassified (Clostridiaceae) 0.0286 0.0063 0.007

Streptococcus (Streptococcaceae) 0.3031 0.0023 0.001

Eubacterium (Erysipelotrichaceae)* 0.0566 0.0036 0.0019

Bifidobacterium (Bifidobacteriaceae) 0.0251 0.0025 0.039

Blautia (Lachnospiraceae)* 0.0241 0.0009 0.0086

Unclassified (Streptococcaceae)* 0.0128 0.0001 0.0009

Lactococcus (Streptococcaceae)* 0.0124 0.0001 0

Lactobacillus (Lactobacillaceae)* 0.0052 0.0004 0.0083

Peptococcus (Peptococcaceae) 0.0048 0 0.0243

Turicibacter (Erysipelotrichaceae) 0.0075 0.0014 0.0331

Sarcina (Clostridiaceae)* 0.0013 0 0

Southern tamandua Linnaeus two-toed sloth,

Hoffmann’s two-toed sloth

Catenibacterium (Erysipelotrichaceae) 0.0283 0 0.0081

Bulleidia (Erysipelotrichaceae) 0.0201 0.0002 0.0095

Blautia (Lachnospiraceae) 0.0173 0.0005 0

Roseburia (Lachnospiraceae)* 0.0105 0.0003 0.0451

Peptococcus (Peptococcaceae) 0.0017 0 0.0029

Collinsella (Coriobacteriaceae)* 0.0015 0 0

*Additional taxa detected using the open-reference data set.
†FDR corrected.

© 2013 John Wiley & Sons Ltd
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Results

We generated 16S rRNA gene sequences from a total of

93 new faecal samples from 15 mammalian species

representing all major ant-eating lineages, including ant-

eaters, aardvarks, pangolins and aardwolves, and closely

related species such as armadillos and sloths (Table S1).

The MiSeq run resulted in 2 030 814 sequence reads of

115–145 bp after quality filtering with default QIIME

parameters. One sample failed to amplify (wild giant

armadillo sample Pri.max.Seat.05007 with five sequences

in total), resulting in a data set of 92 successfully

sequenced new mammal gut samples with an average of

22 074 sequences per sample.

Comparison of OTU picking methods

We compared the results from the two different OTU

picking protocols to determine what impact they had

on the biological conclusions reached from our data set.

These methods were the open-reference method (using

the Greengenes reference alignment, but allowing for

new OTU clusters) and the closed-reference OTU pick-

ing (discarding sequences that do not cluster with 97%

similarity with the Greengenes reference set). Open-ref-

erence OTU picking utilizes more of the sequence data

as reads that do not match the reference data set with

97% similarity are clustered into new OTUs, classified

to the finest taxonomic level possible and retained in

the data set. However, this approach precludes the

comparison of data sets sequenced with different pri-

mer sets such as the data set from Muegge et al. (2011).

Closed-reference OTU picking, on the other hand,

allows for comparison of data sets sequenced using

nonoverlapping primer regions because only the reads

that cluster with the reference data set are retained in

the analysis. As the reference data set is composed of

full-length 16S rRNA sequences, reads generated from

different primer sets can be assigned to the same OTU.

Open-reference OTU picking resulted in a total data

set of 1 814 980 sequences being assigned to OTUs. The

number of assigned sequences per sample ranged from

11 466 to 35 420 with a median of 19 516. Closed-refer-

ence OTU picking resulted in ~82% of the open-refer-

ence sequences (i.e. 1 481 672 sequences), aligning with

Greengenes OTU’s. The number of sequences per sam-

ple ranged from 8196 to 31 701 with a median of

15 512. Of the 188 336 sequence reads that did not

assign to the reference data set, most sequences were

assigned to either Firmicutes (42%) or Bacteroidetes

(32%) (Fig. S1, Supporting information). The two OTU

picking methods nevertheless yielded very similar

bacterial communities (Mantel test comparing UniFrac

distance matrices from each OTU picking method

R2 = 0.95, P = 0.001). A plot of the Procrustes analysis

comparing the PCoA based on unweighted UniFrac

distances obtained from open-reference and closed-

reference OTU assignment methods for the 92 new

samples again shows that these are similar (Procrustes

M2 = 0.041, P = 0.001) and illustrates that the global

sample clustering patterns projected on the first two

axes of the PCoA match almost exactly (Fig. 1). These

results suggest that the closed-reference data set can be

used for downstream comparative analyses incorporat-

ing critical samples from previously published data sets

that also used Greengenes as a reference set (Muegge

et al. 2011). Thus, we utilized the closed-reference data

set for the majority of our analyses.

Filtering out samples that were not probably
representative of the host’s gut microbiome

Of the 92 new samples successfully sequenced as part

of this study, 56 samples resulted in an assignment to a

mammalian gut source community of more than 0.01%

(Table S4 and Fig. S2, Supporting information). Among

these, one wild giant armadillo sample (Pri.max.

Seat.04J09) also had a 10% assignment to a soil source

community, leaving 55 samples of the initial 92 for

PC1 (16%)

PC2 (9.1%)

PC3 (5%)

Fig. 1 Procrustes analysis comparing unweighted UniFrac

distances for open-reference and closed-reference OTU assign-

ment methods of the 92 mammalian gut samples. This kind of

analysis attempts to stretch and rotate the points in one matrix,

here obtained by PCoA, to be as close as possible to the points

in the other matrix, thus preserving the relative distances

between points within each matrix. Circles represent bacterial

communities of samples characterized by either open- or

closed-reference OTU assignments coloured by diet (blue:

omnivore; green: folivore; purple: insectivore; orange: myrm-

ecophage). Each samples’ two circles are connected to each

other by lines representing the distortion between the two

matrices.
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subsequent analyses. In total, 5 of the 92 samples

resulted in a substantial proportion of their bacterial

community assigning to soil. These were field-collected

samples from the giant anteater (Myrmecophaga tridac-

tyla), giant armadillo (Priodontes maximus) and aardvark

(Orycteropus afer) samples from the Colchester Zoo, for

which we suspected soil contamination during

sampling. Notably, one of the giant armadillo samples

(Pri.max.Seat.3.04L11) assigned 56% of its bacterial

community to the source soil data set. Most samples

with a low assignment to a mammalian gut community

also assigned a high proportion of their community to

an ‘unknown’ source, including 27 samples with 100%

assignment to an ‘unknown’ source. Of these, 19 were

giant anteater and giant armadillo faeces located by scat

detection dogs in Emas National Park (Brazil). These

faecal samples potentially were exposed to a number

of contamination sources, including rain and soil.

Although we included soil as a source community in

our source-tracking analysis, our soil sample set was

representative of major soil types and not specific to the

field sites or zoo soils associated directly with faecal

samples included in this study. Also included in the

samples assigning to an ‘unknown’ source were five

aardvark samples from the Colchester Zoo, for which

we suspected problems during shipment (i.e. the

samples had thawed and stayed at ambient temperature

for almost a week), and a wild pichi (Zaedyus pichiy)

sample. Unfortunately, the only two Chinese pangolin

(Manis pentadactyla) samples that we managed to collect

from the Leipzig Zoo also belonged to this category

and were therefore also excluded. Because this source-

tracking analysis depended on a closed-reference data

set that included a wide taxonomic range of mammals,

it is unlikely that full assignment to ‘unknown’ was due

to samples having an entirely unique mammalian gut

microbiome, but rather likely due to contamination

from sources not included in our source-tracking

analysis.

Combining closed-reference mammalian gut data sets

We combined our 55 samples with those from 39

mammals in Muegge et al’s study. (2011), including 23

originally sequenced for the V2 region and 16 samples

resequenced for the V4 region. Through a Procrustes

analysis, these 16 resequenced samples were confirmed

to have similar patterns despite the use of different 16S

regions (V2 and V4) and different sequencing technolo-

gies (454 and Illumina) (Fig. S3, Supporting informa-

tion). Therefore, we assembled a comparative data set

containing mammalian gut samples from 94 individuals

and used only V2 data in cases where no V4 data were

available.

We show the taxa relative abundance of the corre-

sponding microbial communities in the phylogenetic

context of the 47 mammalian species considered

(Fig. 2). Taxa summary charts at the phylum level

confirm that mammalian gut microbial communities are

dominated by members of a reduced number of bacte-

rial phyla, with Firmicutes, Bacteroidetes, Proteobacteria

and Tenericutes being the most abundant in our data

set. Large variations in the proportion of these bacterial

phyla are seen across the mammalian phylogeny. For

example, large proportions of Firmicutes and Bacteroi-

detes characterize gut microbiomes of Artiodactyla,

whereas Firmicutes are mostly predominant in Carniv-

ora. Xenarthran gut microbiomes seem to have rela-

tively high proportions of Proteobacteria, which are

especially abundant in anteaters. Within Xenarthra,

sloths are characterized by a high abundance of Bacter-

oidetes, as it is also the case in elephants and hyraxes

within Afrotheria.

The comparison of taxa summary plots computed at

the family level and ordered by either host taxonomy

or host diet (Fig. S4, Supporting information) highlights

the confounding effects of phylogeny and diet on mam-

malian gut microbiome evolution that have been shown

in previous studies (Ley et al. 2008b; Muegge et al.

2011). The two taxa charts display evident cases of clus-

tering of similar gut microbial community composition

in species belonging to the same mammalian order or

sharing the same diet. For example, herbivorous and

folivorous species belonging to different orders (Diprot-

odontia, Hyracoidea, Proboscidea, Lagomorpha, Peris-

sodactyla and Artiodactyla for herbivores, and Pilosa

(sloths) and primates (colobus monkey) for folivores)

appear to have similar gut microbiota compositions

characterized by high proportions of Bacteroidales

and Ruminococcaceae. These phylogenetically diverse

species sharing similar diets seem to have converged on

gut microbiomes of similar taxonomic compositions

confirming herbivory as a major driver of gut microbi-

ome evolution in mammals (Ley et al. 2008b).

To further explore the roles of phylogeny and diet

in shaping mammal gut microbial communities, we

compared beta-diversity based on UniFrac distances

computed between the 94 samples. The neighbour-net

network reconstructed from the unweighted UniFrac

distance matrix revealed interesting patterns of cluster-

ing by both host taxonomy and diet (Fig. S5, Supporting

information). However, we also noticed in this network

a potential effect of zoo vs. wild sampling, with some

field-collected samples of giant anteaters, giant armadil-

los and pichi clustering with the wild nine-banded

armadillo samples. This effect, potentially driven by the

distinctiveness of the numerous nine-banded armadillo

samples, is best visualized in a PCoA of unweighted

© 2013 John Wiley & Sons Ltd
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Prevost’s squirrel
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Bighorn sheep
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Visayam warty pig 

Spotted hyena

Speke’s gazelle 

Ring-tailed lemur

Angolan colobus monkey
Sumatran orangutan 

North American black bear

Aardvark

Sloth bear

Springbok

Chimpanzee
Gorilla

Grevy’s zebra

Capybara

Southern tamandua

Six-banded armadillo

Whilte-faced saki 

Lion

Black lemur

Spectacled bear

Giant anteater

Okapia

Hoffmann’s two-toed sloth

Screaming hairy armadillo

Bush dog

Linnaeus two-toed sloth

Reticulated giraffe

Giant armadillo 

Red kangaroo
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Three-banded armadillo

Hamadryas baboon
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Herbivores 
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Fig. 2 Phylogeny of the 47 mammalian species represented by their corresponding gut microbiome compositions estimated at the

phylum level from a total of 94 faecal samples. The mammalian phylogenetic tree coloured by diet (see inset legend) follows Delsuc

et al. (2012) for xenarthrans and Meredith et al. (2011) for other mammals. The eight most represented bacterial phyla are indicated.
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UniFrac distances (Fig. S6, Supporting information).

Although this effect appears less important than cluster-

ing by taxonomy (ANOSIM host order: R = 0.628,

P = 0.001) or by diet (ANOSIM host diet: R = 0.394,

P = 0.001; Table S6, Supporting information), it is never-

theless statistically significant (ANOSIM captive vs. wild

R = 0.178, P = 0.002). As most samples in the mamma-

lian comparative data set were of captive origins, we

excluded field-collected samples to prevent the influ-

ence of this potentially confounding variable in down-

stream analyses. This resulted in a final data set of 69

captive mammals, with all diet categories still repre-

sented including myrmecophages, insectivores, carni-

vores, omnivores, folivores and herbivores.

The neighbour-net network reconstructed from the

unweighted UniFrac distance matrix on this reduced

data set still shows a clear pattern of clustering by both

host diet and taxonomy (Fig. 3). In particular, all

herbivores except the gorilla form a well-defined cluster

within which we retrieved the classic divide into two

distinct groups corresponding to foregut (artiodactyls)

and hindgut (horses, rhinos, capybaras, hyraxes and

elephants) fermenters. This analysis also revealed the

distinctiveness of the gut microbiomes of the folivorous

two-toed sloths (Choloepus didactylus and Choloepus hoff-

manni), which form a well-defined group clearly sepa-

rated from other mammals, but nevertheless close to

herbivores. Primates (lemurs, sakis, baboons, gorillas

and chimps) that are primarily omnivorous also group

together. Similarly, most members of Carnivora (hyena,

bush dog, lions and bears) also belong to a distinct clus-

ter with the notable exceptions of the sloth bear and

aardwolves that are well separated. Aardwolves are in

fact part of a well-defined cluster of myrmecophagous

species together with the large majority of aardvark and

anteater samples. Among myrmecophages, only two

Aardwolves 

Aardvarks 

Anteaters 

Sloths 

Armadillos 

Carnivores 

Primates 

Hindgut 
herbivores 

Foregut herbivores 

Sloth bear 

Bears 

Spotted hyena 

Echidna 

Herbivores 

Folivores 

Omnivores 

Insectivores 

Myrmecophages 

Carnivores 
Artiodactyla 

Primates 

Carnivora 

Perissodactyla 

Pilosa 
Cingulata 
Tubulidentata 

Rodentia 

Hyracoidea 
Diprotodontia 

Lagomorpha 

*

*

Monotremata 

Fig. 3 Neighbour-net network reconstructed from unweighted UniFrac distances between 69 mammalian gut samples collected from

captive animals. Samples are coloured by diet, and symbols indicate mammalian orders (see inset legend). Neighbour-net is an

agglomerative method based on the neighbour-joining algorithm and is useful for representing the overall structure of the data as a

network while accounting for uncertainty.
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aardvarks, a giant anteater sample, and the distantly

related echidna (Tachyglossus aculeatus) appear sepa-

rated from the other species. Finally, armadillos form

another obvious group divided into two distinct

clusters corresponding to omnivorous (hairy and six-

banded armadillos) and insectivorous (three-banded

armadillos) species and it appears close to myrmeco-

phages in the network.

Beta-diversity analysis of this 69-sample captive data

set using PCoA of unweighted UniFrac distances con-

firmed a strong signal for sample clustering by both

diet and host order (Fig. 4). The major clusters previ-

ously identified in the neighbour-net network are visu-

ally evident on the PCoA plot, with herbivores and

myrmecophages being distributed at the two extremes

of the first axis. Also, sloths appear to form a distinct

group, which is nevertheless close to herbivores. This

clustering pattern by both diet and host order is signifi-

cant as assessed by a crossed ANOSIM (diet R = 0.559,

P = 0.001; Table S6, Supporting information; host order

R = 0.62, P = 0.001). However, because our data set con-

tains uneven numbers of diet and host order categories,

we randomly subsampled the data so that each cate-

gory had the same number of samples and reran the

ANOSIM 100 times. Our results are robust to uneven

sampling as both factors were significant at P = 0.001 in

all 100 subsample tests. Examining the pairwise ANOSIM

results across diet categories shows that myrmecophag-

es are significantly different from most other diets

(P = 0.001), although a comparison of variances within

groups using a Bartlett test (Bartlett 1937) shows that

the amount of dispersion among these groups is not

equal (Table S6, Supporting information), which can

also lead to statistically significant differences. Insecti-

vores, however, are not significantly different from

myrmecophages (R = 0.196, P = 0.137). Accordingly, in

the PCoA (Fig. 4), samples from the insectivorous three-

banded armadillo (Order Cingulata, pink circle) appear

superimposed with the myrmecophagous aardvark

(Order Tubulidentata, orange square) and anteater

samples (Order Pilosa, orange triangle). Two other nota-

ble results from this beta-diversity analysis are the fact

that both the termite-eating aardwolf (Proteles cristata)

and the sloth bear (Melursus ursinus), which includes a

significant portion of termites and ants in its diet (Joshi

et al. 1997), are outliers within Carnivora. The aardwolf

firmly clusters with other specialized myrmecophages

(anteaters and aardvarks), rather than with other

members of Carnivora, including its closest relative the

spotted hyena (Crocuta crocuta). The sloth bear also

appears clearly separated from the other members of

Carnivora including its close bear relatives.

Finally, we explored the distinctiveness of myrmeco-

phage gut microbiota composition by performing com-

parisons with their closest relatives using ANOVA

(Table 1). The comparisons of the relative abundance

of all bacterial taxa present indicate that the aardwolf

gut microbiota is significantly enriched in Prevotella

(Prevotellaceae), Streptococcus (Streptococcaceae), Dialis-

ter (Veillonellaceae), Klebsiella (Enterobacteriaceae),

Faecalibacterium (Ruminococcaceae), Eubacterium (Lach-

nospiraceae) as well as unclassified genera of Erysipelo-

trichaceae and Clostridiaceae, as compared to other

members of Carnivora. Similar comparisons conducted

between anteaters and their sloth relatives also revealed

a significant enrichment in Streptococcus and other

Legend

Other bears

Spotted hyena

Aardwolf

Sloths
Sloth bear

Fig. 4 Mammalian faecal bacterial

communities clustered using principal

coordinates analysis of the unweighted

UniFrac distance matrix. Each point cor-

responds to a faecal sample coloured

according to diet with different symbols

corresponding to host order (see legend

inset). The respective positions of the

sloths, spotted hyena, aardwolf, sloth

bear and other bears are indicated. In

several cases, host taxa gut microbiomes

are clustered by diet. A couple of striking

examples include the sloth bear, which

has a gut microbiome that is more simi-

lar to that of sloths than other bears; and

the aardwolf, which has a gut microbi-

ome that clusters more closely with the

microbiomes of myrmecophagous host

taxa rather than with that of its closest

relative, the spotted hyena.
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bacterial taxa in anteaters’ gut microbiotae. However,

when all related-taxon comparisons are considered, very

few genera appear to be consistently more abundant in

the myrmecophagous than in nonmyrmecophagous spe-

cies. Furthermore, when mean relative abundances of

these bacterial taxa are calculated across all diet groups

represented in the data set (Table S5), it becomes less

clear as to whether these same taxa may be considered to

be uniquely associated with myrmecophagous mammals,

with insectivores in general or even more broadly with

omnivorous mammals that include insects in their diet.

For example, although Streptococcus is found to be signifi-

cantly higher in abundance in aardwolves and giant

anteaters compared with their nonmyrmecophagous

relatives, it appears to be enriched at similar levels in

omnivores as in myrmecophages when compared with

the other diet categories (Table S5).

Discussion

Diversity of mammalian gut microbiomes and the
problem of wild vs. zoo sampling

Our study is the first large-scale comparative study of

the gut microbiome in mammals that includes a signifi-

cant number of samples collected in the field. Although

previous studies reported no effect of captivity (Ley

et al. 2008b; Muegge et al. 2011), we observed systematic

differences between wild and zoo specimens. These

differences are not altogether unexpected given the

large differences in diet that may exist between wild

and captive settings. The effect might be especially

noticeable in animals for which diet in captivity is

markedly different than in nature, which is the case for

xenarthrans in general and especially myrmecophagous

mammals (Superina 2011). It is also worth noting that

of the samples that were detected as containing soil

microbes, a large proportion were from wild animals.

For example, field-collected samples from giant anteat-

ers and giant armadillos showed signs of soil contami-

nation with notably one of the giant armadillo samples

assigning 56% to soil. Although our application of

source tracking allowed us to identify faecal samples

that may have truly been contaminated with soil, we

recognize that a signature of soil microbes may not be

an indication of contamination, but rather a natural fea-

ture of myrmecophagous mammals feeding on ant and

termite nests, as soil is ingested along with their prey

(Redford 1987; Anacleto 2007; Vaz et al. 2012). For

example, soil particles are generally found in most

armadillo species faeces (Anacleto 2007) with an esti-

mate of 17% in the nine-banded armadillo (Beyer et al.

1994). Also, some ant-eating species kept in captivity,

such as the Chinese pangolins we sampled, are main-

tained on a specific diet incorporating additional chitin

and soil to facilitate ingestion (Yang et al. 2007). Also,

we could not exclude the possibility that for field-col-

lected samples of myrmecophages, a certain proportion

of the 16S rRNA sequences obtained might actually

come from ants and especially termites, which contain a

diversity of associated bacteria (K€ohler et al. 2012).

Diet differences between wild and captive herbivores

and omnivores, on the other hand, are probably smaller

than for species with more specialized diets such as

carnivores and insectivores for which special diets have

to be designed in captivity (Yang et al. 2007; Superina

2011). Accordingly, only minor differences were

reported in studies comparing the gut microbiomes of

wild and captive pandas (Zhu et al. 2011) and of

domestic vs. feral goats (De Jesus-Laboy et al. 2011).

The few wild samples included in Ley et al. (2008b) and

Muegge et al. (2011) were from omnivorous and herbiv-

orous species, which may explain why the differences

were not significant.

Studies of host-associated microbiota in wild verte-

brate populations have recently begun to flourish, with

host taxa covered to date including primates (Ochman

et al. 2010; Yildirim et al. 2010), North American moose

(Ishaq & Wright 2012), bats (Phillips et al. 2012), capybar-

as (Garcia-Amado et al. 2012), hoatzins (Godoy-Vitorino

et al. 2012), iguanas (Lankau et al. 2012) and house mice

(Linnenbrink et al. 2013). These studies have generally

revealed diverse gut microbiota in wild populations and

the influence of environmental factors such as geography

that can affect both interspecific (Phillips et al. 2012) and

intraspecific variations (Godoy-Vitorino et al. 2012; Lin-

nenbrink et al. 2013). This suggests that broad sampling

across the range of each species might be necessary to

gain a full understanding of microbial diversity. For

example, in wild populations of house mice, biogeogra-

phy was identified as the main driving factor of microbi-

ome structure (Linnenbrink et al. 2013), and similar

patterns have been observed in humans (Yatsunenko

et al. 2012), although geographical variation is often also

confounded by variation in diet and host genetics.

In our analyses, field-sampled nine-banded armadillos

(Dasypus novemcinctus) appear to have distinct gut micro-

biota from other armadillos and from mammals in gen-

eral. This species is the most widespread xenarthran

species ranging from northern Argentina to the south-

eastern United States and is thus adapted to a wide range

of environmental conditions. It is also worth noting that

nine-banded armadillos entered Texas only relatively

recently (around 1850 A.D.). They quickly become

invasive and rapidly spread eastwards to meet found-

ing populations accidentally introduced in Florida

later (Taulman & Robbins 1996; Loughry et al. 2009).

This recent invasion was accompanied by severe genetic
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bottlenecks, likely due to successive founder effects (Hu-

chon et al. 1999). The individuals we sampled came from

the removal programme of an invasive population con-

ducted at Merritt Island National Wildlife Refuge in Flor-

ida in 2012. The gut microbiota of these individuals are

likely not to be representative of the full range of gut mi-

crobiome diversity of this species, as invasive popula-

tions have shifted from a mostly myrmecophagous diet

in their native range to a more omnivorous diet in the

newly colonized northern area (Redford 1986; Sikes et al.

1990). There is the possibility that the invasive popula-

tion may have also shifted its microbiota structure, or,

intriguingly, the microbiome may have contributed to its

success as an invasive species. Alternatively, the

observed distinctiveness of nine-banded armadillo gut

microbiota might also reflect a wild vs. captive pattern as

suggested by its clustering with other field-collected

samples in the neighbour-net analysis (Fig. S5). Our

results highlight the need for more comparative sam-

pling in wild specimens to capture the essence of intra-

specific variation in the gut microbiome across species

range.

Convergence of gut microbiota in myrmecophagous
mammals

Our expanded analyses including wild and captive ani-

mals and a wider range of diets confirm both diet and

phylogeny as major drivers of the microbiome composi-

tion as shown in previous studies (Ley et al. 2008b;

Muegge et al. 2011). The previously unstudied myrme-

cophagous species appear to span a large area of the

beta-diversity plots, which highlight marked differences

in the composition of their gut bacterial communities.

Although the microbiota of specialized myrmecophagous

mammals show substantial variation, they cluster signifi-

cantly with respect to the rest of the mammals. However,

we note that in the reduced 69 captive animal data set,

statistical significance for comparisons against certain

diet types (i.e. myrmecophage vs herbivore and myrm-

ecophage vs carnivore) could be driven by differences in

dispersion between groups rather than true clustering

(see Table S6, Supporting information). Yet supporting

statistical evidence, microbial clustering by diet is also

evident in neighbour-net networks where the gut micro-

biota of myrmecophages appear significantly distinct

from that of animals with other diets, except insectivores.

Indeed, the gut microbiota of insectivorous three-banded

armadillos (Tolypeutes matacus) were clustered with that

of aardvark and anteaters in the PCoA and appeared

close to myrmecophage gut communities in network

analyses. The fact that three-banded armadillos are

opportunistic insectivores eating substantial quantities of

ants and termites (Redford 1985; Bolkovi�c et al. 1995)

might explain this similarity in gut microbiota composi-

tion. However, phylogenetic inertia might also play a role

as the gut communities of omnivorous armadillos (Chae-

tophractus and Euphractus) cluster with those of the three-

banded armadillos in the neighbour-net network. The

future inclusion of additional insectivorous taxa from dif-

ferent orders such as bats, shrews and tenrecs will allow

disentangling the two effects. These analyses illustrate

the utility of network representations for comparing bac-

terial communities based on measures such as UniFrac as

a complement to classical PCoA. They provide a useful

alternative to clustering methods such as UPGMA, which

do not take into consideration the occurrence of conflict-

ing signals in the data when visualizing the similarity

between bacterial communities (Parks & Beiko 2012).

Our results revealed that aardvarks, anteaters and

aardwolves possess similar gut microbiota despite rep-

resenting highly distinct phylogenetic lineages that

diverged some 100 million years ago (Mya; Meredith

et al. 2011). This strongly suggests a major role for diet

in driving the convergent composition of the gut

microbiome in these specialized myrmecophages, paral-

leling the case of hindgut fermenter herbivores composed

of phylogenetically diverse lineages such as horses,

rhinos, capybaras, hyraxes and elephants (Muegge

et al. 2011). In contrast, groups such as primates and

carnivores show signs of phylogenetic inertia, with

members of these groups forming well-defined clusters

consisting of species with different diets. This clearly is

not the case within myrmecophages where anteaters

have diverged considerably from their closest relatives in

xenarthrans (i.e. sloths), aardvarks appear very distinct

from the other afrotherians (i.e. elephants and hyraxes),

and the aardwolf has diverged substantially from the

other members of Carnivora (hyenas, lions, bush dog and

bears). This latter case represents an interesting contrast

to the case of the giant panda, which clusters with other

Ursidae despite its distinct bamboo diet (Ley et al.

2008b).

Both of these cases represent recent transitions to a

highly specialized diet in the two distinct groups of Car-

nivora (Eizirik et al. 2010). The aardwolf (Proteles cristata)

is a strict myrmecophage, almost exclusively feeding on

the termite genus Trinivertermes with some seasonal vari-

ations (Kruuk & Sands 1972; Redford 1987). The aard-

wolf represents the sister lineage to all other hyenas

(Koepfli et al. 2006) from which it diverged <10 Mya

(Eizirik et al. 2010). Despite this relatively recent diver-

gence, this species shows marked morphological and

physiological differences from carnivorous hyenas, such

as a reduced dentition, elongated muzzle and tongue,

and digestive tract modifications such as a muscular

stomach and relatively short small intestine, to facilitate

the rapid processing of termites (Anderson et al. 1992).
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The giant panda (Ailuropoda melanoleuca) diverged from

all other ursids some 19 Mya (Krause et al. 2008; Eizirik

et al. 2010), but the fossil record estimate for its dietary

shift to a bamboo-rich diet is at least 7 Mya (Jin et al.

2007). Despite the fact that the aardwolf and the giant

panda present some parallel aspects in their diet adapta-

tion, the trajectories followed by their gut microbiota

nevertheless differ greatly. The panda has retained a car-

nivore-like gut microbiome (Ley et al. 2008b) and uses

specific genes from its bacterial taxa to facilitate cellulose

and lignin degradation, even though their significance

for the host physiology has yet to be demonstrated (Zhu

et al. 2011; Fang et al. 2012). In the case of the aardwolf,

its gut microbiome appears to have shifted in overall

composition to converge with other myrmecophages. In

contrast to the giant panda, the sloth bear (Melursus ursi-

nus) is an omnivore specialized on ants and termites

when available, but also exhibits seasonal variations in

its diet (Joshi et al. 1997). The sloth bear diverged from

other Ursinae around 7 Mya (Krause et al. 2008), and

morphological adaptations to its myrmecophagous diet

include an elongated snout with bare lips and the lack of

upper incisors. It is interesting to note that this species is

the only member of Carnivora (excluding the aardwolf)

that does not cluster with other bears in neighbour-net

networks and beta-diversity plots. This suggests that

despite its more recent divergence from other bears and

its less specialized diet than the panda, the sloth bear

experienced an overall shift in the composition of its gut

microbiota.

Finally, our results also provide new insights into the

evolution of sloth gut microbiota. Sloths are poorly stud-

ied arboreal folivores with multichambered stomachs

allowing the fermentation of plant material in a manner

analogous to foregut fermenters such as artiodactyls (Fo-

ley et al. 1995). In our analyses, two-toed sloths (genus

Choloepus) present distinct gut microbial communities,

but nevertheless appear close to herbivores in neigh-

bour-net analyses and in intermediate position between

omnivores and herbivores in beta-diversity plots. They

do not cluster firmly with the colobus monkey (Colobus

guereza), the only other folivorous species, nor with art-

iodactyls or hindgut fermenters. There is thus some

degree of convergence in gut microbiota composition

between folivorous sloths and mammalian herbivores,

but the sloth microbiome seems to be rather distinct sug-

gesting substantial differences in digestion modes in

these xenarthrans relative to other mammals.

Potential chitin degraders and prospects for future
metagenomic surveys

The myrmecophagous diet imposes strong nutritional

challenges to mammals because a large proportion of

the protein value of termites and ants consists of the

chitin constituting their exoskeletons. In terms of nutri-

tional values, ants and termites are not especially differ-

ent from other terrestrial invertebrates; however, their

larval and alate forms contain much more fat and are

thus the frequent prey of many species of mammals

(Redford & Dorea 1984). Apart from a muscular stom-

ach thought to assist in the mechanical processing

of large amounts of social insects, myrmecophagous

mammalian digestive tracts do not show obvious ana-

tomical adaptations that might reflect an increased

potential for chitin degradation (Stevens & Hume 2004).

Nevertheless, the macroscopic inspection of faecal sam-

ples in diet characterization studies (Kruuk & Sands

1972; Taylor et al. 2002; Miranda et al. 2009) and

the results of some rare functional assays (Cooper &

Withers 2004) suggest that substantial variations exist

among mammalian myrmecophages with regard to

chitin degradation and assimilation.

The degradation of chitin in nature is primarily

carried out by bacterial taxa such as pseudomonads,

enteric bacteria, gliding bacteria, actinomycetes and

members of the genera Bacillus, Vibrio and Clostridium

(Gooday 1990). Endogenous chitinases have also been

reported in plants, invertebrates, fungi and vertebrates

including mammals. Thus, there are three possible

sources of chitinolytic enzymes in the digestive system:

from the animal itself, from its associated gut microbi-

ome or from the ingested food (Gooday 1990). Chitinase

genes are found in vertebrate genomes, but their exact

function and role in digestion are not fully understood

in mammals (Bussink et al. 2007; Funkhouser & Aron-

son 2007). These enzymes are nevertheless believed to

be important for chitin degradation in marine fishes

feeding on crustaceans (Gutowska et al. 2004), and

chitinase activity has been detected in the stomach of

insectivorous nine-banded armadillos (Smith et al.

1998). It has also been recently demonstrated that these

enzymes might also have a digestive activity in the

human gastric juice (Paoletti et al. 2007). However, there

is also evidence that chitinolytic bacteria are an integral

part of mammalian gut microbiomes (Sim�unek et al.

2001). Some studies have suggested that the forestom-

ach of minke whales (Balaenoptera acutorostrata) includes

bacterial taxa that can digest the chitinous exoskeleton

of krill (M�artensson et al. 1994) and that insectivorous

bats use symbiotic gut bacteria to assimilate the chitin

of their insect prey (Whitaker et al. 2004).

A key question is thus whether myrmecophagous

mammals possibly use symbiotic bacteria to help them

digest the chitin of ant and termite exoskeletons that

would account at least partially for the observed

convergence in the composition of their gut microbiota.

If this process occurs, are the same bacterial taxa

© 2013 John Wiley & Sons Ltd
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recruited independently in different myrmecophagous

lineages or do different bacterial taxa provide the same

functions? Although we tentatively identified some bac-

terial genera whose abundance is significantly increased

in myrmecophagous species, among which Lactococcus

is a promising candidate with species known to

degrade chitin such as L. lactis (Vaaje-Kolstad et al.

2009), we do not have an understanding of the func-

tional gene content associated with these taxa. For

example, processes such as gene loss and lateral gene

transfer occurring among gut and environmental bacte-

ria (Hehemann et al. 2010) could lead to a weak corre-

spondence between the taxonomic classification and the

functional role of host-associated microbes. An investi-

gation of the functional gene content of myrmecopha-

gous gut microbial communities through shotgun

metagenomic approaches could help elucidate whether

these and other taxa provide such functional roles.

A previous shotgun metagenomic survey illustrated

the point that mammalian gut microbial communities

can differ in their composition, but nevertheless share a

functional core of genes ensuring similar functions

(Muegge et al. 2011). Such functional metagenomic stud-

ies of the mammalian gut microbiome are currently

expanding, as illustrated by recent surveys conducted in

pig (Lamendella et al. 2011), Iberian lynx (Alcaide et al.

2012) and pygmy loris (Xu et al. 2013), providing compar-

ative data for future studies of myrmecophagous mam-

mals. The study on the endangered Iberian lynx (Lynx

pardalis) suggests the intriguing possibility that the lynx

microbiome evolved to digest not only the meat of its

exclusive prey (the European rabbit, Oryctolagus cunicu-

lus) but also the plants constitutive of its diet (Alcaide

et al. 2012). For myrmecophagous animals, such studies

would focus on genes and pathways involved in chitin

degradation, which might have been convergently

recruited in ant-eating placentals. Future genomic, me-

tagenomic and functional studies of myrmecophagous

placental species and their associated oral and gut micro-

biomes should help reveal the complex interplay

between the host genome and its associated microbiome

in the adaptation to the myrmecophagous diet. Testing

whether adaptation to myrmecophagy consists primarily

of differences in which taxa are present, in which genes

supply essential functions, or in gene expression thus

remains a key challenge for the field, although the pres-

ent study provides a substantial advance in our under-

standing of the overall patterns of microbial communities

associated with this extreme dietary adaptation.
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