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1  | INTRODUC TION

The burgeoning field of metagenomics has revealed the importance 
of bacterial symbionts in the health of vertebrate hosts, leading 
some authors to suggest that the symbionts may be called “a for-
gotten organ” of the host (O’Hara & Shanahan, 2006). The diversity 
and composition of intestinal microbiota have been linked to several 
host physiological functions such as nutrient processing (Hooper, 
Midtvedt, & Gordon, 2002), structure and function of the digestive 
system (Robosky et al., 2005), as well as in regulating the immune 
systems of the host (Hooper, 2001). Recent advances in the field of 
culture-independent techniques have brought to light several hid-
den interactions between hosts and their intestinal microflora. The 
diversity and stability of such interactions have led Zilber-Rosenberg 

and Rosenberg (2008) to suggest that hosts and symbionts evolve 
together as a unit and that rapid variations in the symbionts can have 
important consequences in the adaptation and evolution of hosts.

Although factors leading to dysbiosis (imbalance in the intestinal 
microflora, often resulting in health problems) have received much 
attention, relatively little is known about the factors shaping the 
normal symbiotic microflora. Several studies on mammals and their 
gut microbiomes have suggested coevolution and codiversification, 
implying that host phylogeny shapes the gut microflora composition 
(Ley, Lozupone, Hamady, Knight, & Gordon, 2008). In addition, diet 
can act as a strong selective force on gut microflora, contributing 
to diverse communities not only between host species but also 
within a species (Bolnick et al., 2014; Muegge et al., 2011; Nakamura 
et al., 2011; Schwab, Cristescu, Northrup, Stenhouse, & Gänzle, 
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tance did not significantly influence the community in either Rattus hosts. Collectively, 
these results indicate that a shift in habitat is likely to result in a change in the gut 
microflora community and imply that the gut microflora is a complex trait, influenced 
by various parameters in different habitats.

K E Y W O R D S

16s metagenomics, anthropo-dependent, intestinal microflora, physiological plasticity, Rattus 
rattus, Rattus satarae

www.ecolevol.org
http://orcid.org/0000-0003-1518-5442
http://creativecommons.org/licenses/by/4.0/
mailto:amruta.varudkar@gmail.com


6464  |     VARUDKAR and RAMAKRISHNAN

2011). Similarly, intrinsic factors such as host genetics (Linnenbrink 
et al., 2013), host phylogeography (Banks, Cary, & Hogg, 2009), 
and presence or absence of other enteric parasites (e.g., helminths, 
Kreisinger, Bastien, Hauffe, Marchesi, & Perkins, 2015) also influ-
ence the diversity of gut microflora at different spatial and temporal 
scales. Extrinsic factors such as seasonality (Maurice et al., 2015), 
biogeography (Linnenbrink et al., 2013), and other local environ-
mental features (e.g., crop rotation, Chu, Spencer, Curzi, Zavala, & 
Seufferheld, 2013; proximity of heterospecifics, Lankau, Hong, & 
Mackie, 2012) influence the gut microflora, often indirectly through 
diet. Evidently, the gut microflora is present at the interface of host–
habitat interactions and could facilitate physiological adaptation of 
the host to a novel environment.

The anthropic ecosystem is one such novel environment that 
is exclusively and actively maintained by humans. Species which 
have successfully colonized this environment and are almost en-
tirely dependent on this habitat for resources are called com-
mensal or “anthro-dependent” species (Hulme-Beaman, Dobney, 
Cucchi, & Searle, 2016). The anthropic ecosystem is undeniably 
different from a species’ natural environment, and the successful 
exploitation of this alien habitat must certainly have imposed se-
lective pressures on the species, thereby necessitating adaptation. 
One of the most important factors that attract these species to 
an anthropic habitat is the overabundance of anthropogenic food 
(O’Connor, 2013). Such a change in diet type from natural to an-
thropogenic has been shown to have diverse impacts on the mor-
phology, behavior, as well as physiology of the commensal species 
(Bateman & Fleming, 2012; Beckmann & Berger, 2003; Riyahi 
et al., 2013; Yom-Tov, Yom-Tov, & Baagøe, 2003). In this context, 
the intestinal microflora of the commensal species may play a sub-
stantial role in physiological adaptation by aiding digestive plas-
ticity. Thus, a comparison between the intestinal microbiomes of 
commensal and noncommensal species could reveal interesting 
patterns associated with this shift from the natural environment 
to an anthropic habitat.

Rodents are often regarded as the “global commensals” as their 
small body size, nocturnal behavior, omnivory, and high reproductive 
abilities make them some of the most successful invaders of the an-
thropic habitat (O’Connor, 2013). Among rodents, the species Rattus 
rattus (black rat, described as Lineage I in Aplin et al., 2011) is one of 
the most ubiquitous commensals on almost all continents (Musser 
& Carleton, 2005). The global lineage of R. rattus originated in south 
India and probably spreads westwards with the growing maritime 
trade, leading to the familiar name of “ship rats” (Aplin et al., 2011). 
In its native range of south India, R. rattus is the most commonly cap-
tured commensal (Srinivasulu & Srinivasulu, 2012). In this same geo-
graphic region, Rattus satarae (white-bellied wood rat) is endemic to 
the Western Ghats mountain range (Molur & Singh, 2009). As noted 
in previous studies, this species is restricted to the undisturbed for-
est fragments of the Western Ghats (Molur & Nameer, 2008). In ad-
dition, an earlier capture-based study indicated that R. satarae and 
R. rattus, though distributed sympatrically in the Western Ghats, 
occupy different habitats: R. rattus is mostly captured in villages 

as a commensal, and R. satarae is predominantly found in forests 
(Varudkar & Ramakrishnan, 2015).

While very few studies have documented the intestinal micro-
flora of wild rats (Firth et al., 2014), none have examined the gut mi-
croflora of mammals in the context of commensalism. In this study, 
we used a comparative approach to characterize and describe the 
gut microflora of commensal R. rattus and noncommensal R. satarae. 
In addition, we will address the following questions: (1) Is the gut 
microflora of the two species also significantly different? Which bac-
terial species are differentially abundant? (2) How does geographic 
distance influence the similarity of gut microflora in the two species? 
(3) What is the effect of host genetics in shaping the gut microflora 
communities? (4) How do different habitat characteristics shape di-
versity of gut microflora: forest type and seasonality in noncommen-
sal habitat and town size and seasonality in commensal habitat?

2  | METHODS

2.1 | Sampling and DNA extraction

We sampled rats from 10 locations in the Western Ghats (Figure 1) 
following a paired sampling approach in villages and forests as de-
scribed in Varudkar and Ramakrishnan (2015). We collected fresh 
pellets as identified by their wet appearance and soft consistency 
from the traps. In addition, in some sampling sites, we dissected 

F I G U R E   1 Sampling map. Locations in white circles. Sampling 
localities include ten villages sampled in this study (name of the 
forest locale in brackets): ST, Satara (Kaas plateau); AM, Amboli 
(Amboli reserve forest); AN, Joida (Anshi National Park); AG, 
Agumbe (Agumbe Rainforest); BG, Kutta (Brahmagiri Wildlife 
Sanctuary); OT, Ooty (Ooty Reserve Forest); KT, Kotagiri 
(Longwood shola); TH, Thiashola tea plantation (Thiashola); KD, 
Kodaikanal (Vattakanal shola) and VA, Valparai (Valparai reserve 
forest)
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euthanized individuals in field (euthanization with overexposure 
to halothane, protocol approved by the Institutional Animal Ethics 
committee) and collected the entire lower gastrointestinal tract 
(hereafter referred to as “intestinal contents”). We collected both 
types of samples using instruments sterilized with 70% ethanol 
and flamed prior to each dissection/pellet collection. We stored 
all biopsies as well as fecal material in 100% ethanol until trans-
portation to the laboratory, after which, they were refrigerated 
at −20°C. Immediate storage in absolute ethanol prevented post-
collection microbial proliferation and consequent changes in the 
community.

Prior to DNA extraction, we suspended the intestinal contents 
in 50 ml TE buffer and, after vortexing thoroughly, used 200 μl 
of this suspension in the next steps. We extracted DNA using 
QIAamp stool minikit (Qiagen, India) following the manufactur-
er’s protocol for pathogen detection which included an additional 
step of heating at 95°C for 10 min during the lysis step to improve 
bacterial DNA concentration in the elute. We pooled, in equim-
olar proportions (measured spectrophotometrically), DNA elutes 
of gut microflora of different individuals captured from the same 
habitat (i.e., same species) of each location. This step assured that 
the gut microflora for each location was represented as a commu-
nity for that location, rather than as the characteristic of an indi-
vidual, minimizing noise in the data, which is most often caused 
by interindividual variation (Boutin, Sauvage, Bernatchez, Audet, 
& Derome, 2014; Hildebrand et al., 2013). Thus, there were ten 
pooled samples from each location for each species. Therefore, 
we submitted 20 pooled DNA samples to the sequencing service 
provider (Genotypic technologies, Bangalore) for 16s rDNA ampli-
fication and sequencing.

2.2 | Amplicon sequencing: Illumina MiSeq

All amplicon sequencing steps were conducted by Genotypic tech-
nologies (Bangalore). Each sample was amplified with primers (S-
D-Bact-0341-b-S-17 and S-D-Bact-0785-a-A-21 covering 460 bp 
of the V3-V4 region, primer sequences in Klindworth et al., 2013) 
following the 16s Library Preparation Workflow for the Illumina 
MiSeq system (https://support.illumina.com/), using a high-fidelity 
polymerase. Five samples were randomly selected from the 20 
and were amplified again as internal library control. Each primer 
sequence was added at the 3′ end of an Illumina overhang adapter 
sequence and used to amplify ~500 bp of the targeted region of the 
template DNA (95°C for 3 min, 25 cycles of 95°C for 30 s, 55°C for 
30 s, 72°C for 30 s, and final elongation at 72°C for 5 min). After 
visualization of the amplified product on an agarose gel, a second 
round of PCR was performed to attach indexing barcodes (same 
PCR conditions with eight cycles of amplification). The amplified 
product was quantified with an Agilent Bioanalyzer Chip (Agilent 
Technologies Inc., located at the sequencing service center). 
After the products were pooled in equimolar concentrations, 
SPRI (Agencourt AMPure XP®, Beckman-Coulter) beads were 
used for purification and the library was validated on the Agilent 

Bioanalyzer. Finally, the library was sequenced on an Illumina 
MiSeq 300PE platform.

2.3 | Data analysis: Quality filtering and 
read assembly

Upon receipt of the raw sequences, we used the FastX toolkit to 
visualize the data quality, specifically the quality scores, read length, 
per bp quality, and per read quality (Pearson, Wood, Zhang, & 
Miller, 1997). We merged the raw paired-end reads with the soft-
ware PEAR v 0.9.6 (Zhang, Kobert, Flouri, & Stamatakis, 2014) using 
a quality threshold (Phred score) of 10 for trimming the reads and 
detected sequence chimeras de novo using default parameters of 
the UCHIME algorithm (Edgar, Haas, Clemente, Quince, & Knight, 
2011). Lastly, we performed a final quality filtering using a threshold 
of 20 (indicating an error of 1 in 100 bp) and allowing at most one “N” 
character in the sequence.

2.4 | Operational taxonomic units picking, 
taxonomy assignment, and phylogeny

For all the procedures described in this section, we used the Quantitative 
Insights Into Microbial Ecology (QIIME, Caporaso, Kuczynski et al., 
2010) pipeline v1.9.1. We clustered operational taxonomic units (OTUs) 
using the uclust algorithm (Edgar, 2010) at a 97% similarity threshold 
and other parameters set to default. For each OTU, we chose the long-
est read as the representative sequence and, using the RDP classifier 
v2.2 (Wang, Garrity, Tiedje, & Cole, 2007) on the Greengenes data-
base v13.8 (DeSantis et al., 2006; McDonald et al., 2012), assigned 
taxonomy to all representative sequences with the following param-
eters: minimum 75% sequence match with confidence threshold of 
0.85. We constructed rarefaction plots to determine adequacy of the 
16s sequencing procedure. We aligned all representative sequences 
using the PyNAST algorithm (Caporaso, Bittinger et al., 2010), filtered 
the alignment using a lane mask file, and constructed phylogeny with 
FastTree (Price, Dehal, & Arkin, 2010), which was then visualized using 
the Topiary Explorer (Pirrung et al., 2011). Finally, we filtered reads that 
were unclassified, unalignable, and singletons from the OTU table.

2.5 | Diversity indices

We performed all statistical analyses with the phyloseq package 
v 1.12.2 (McMurdie & Holmes, 2013) for R v 3.2.1 (R Core Team, 
2015). As the total read counts were different for each sample, nor-
malization of the library sizes was essential for comparing samples. 
The widely used normalization approach of resampling OTUs at the 
lowest read depth (Hughes & Hellmann, 2005) has been widely criti-
cized, as through this process much informative data are discarded 
(McMurdie & Holmes, 2014). Instead, we used the variance stabiliza-
tion method as described in Anders and Huber (2010) to transform 
the read counts.

To summarize alpha diversity, we calculated the following species 
richness estimators: phylogenetic diversity (based on phylogenetic 

https://support.illumina.com/
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distances between the OTUs) and Chao1 (based on number of OTUs). 
As these indices are highly sensitive to the presence of singletons 
(Hughes, Hellmann, Ricketts, & Bohannan, 2001; Lozupone & Knight, 
2008), this calculation was performed before filtering the dataset for 
singletons, but after removing the unclassified reads. We calculated 
beta diversity indices, namely Jaccard (presence/absence data), Bray–
Curtis (abundance data), unweighted UniFrac (phylogenetic distance 
between taxa), and weighted UniFrac (phylogenetic distance weighted 
by abundance of taxa). Further, we performed principal coordinate 
analysis (PCoA) and conducted an analysis of dissimilarity (“adonis” 
function in the R package “vegan”; Oksanen et al., 2015) on each of 
the aforementioned indices to compare the community composition of 
the two host species. We also performed a differential abundance test 
based on the negative binomial model as implemented in the DESeq2 
package (Anders & Huber, 2010).

2.6 | Statistical analysis: effect of 
geography and genetics

To investigate the effect of geographic distance on the divergence 
of bacterial communities, we performed multiple regression on the 
pairwise geographic distance matrix for all ten localities and each of 
the four beta diversity matrices (calculated separately for each Rattus 
host). In order to assess the effect of host genetic distance, we fo-
cused on a subset of seven locations (AN, AG, BG, OT, KT, TH, and 
KD, Figure 1, Table 1) that were genetically characterized in an earlier 
study (Varudkar & Ramakrishnan, 2015). From that study, we used 
the dataset for 17 microsatellite loci and calculated the Cavalli-Sforza 
chord genetic distance using Microsatellite Analyzer v 4.05 (Dieringer 
& Schlötterer, 2003).

2.7 | Statistical analysis: effect of habitat

To assess effect of habitat-related features and seasonality on the 
diversity of gut microflora, we performed generalized linear mixed 

effects (GLMM) modeling on the richness estimators Chao1 and 
Faith’s phylogenetic diversity metric (PD). The predictor variables 
were as follows: forest type for R. satarae (evergreen or woody sa-
vanna) and town size (size of human population: source, Government 
of India Census 2011, http://www.census2011.co.in) for R. rattus. 
Season of sampling (premonsoon or postmonsoon) was also included 
in the linear models for both Rattus species. The type of sample (in-
testinal contents or pellets) and the number of pooled individuals 
were modeled as random effects.

3  | RESULTS

From 10 locations in the Western Ghats, we captured 112 individu-
als of the two species Rattus rattus and Rattus satarae (Figure 1 and 
Table 1). After sequencing 16S rDNA amplicons using the Illumina 
MiSeq platform and assembling the paired ends, quality filtering, and 
removing chimeras, we obtained 3,873,269 reads. From these, we 
detected 170,095 OTUs at the 97% similarity threshold. Although 
our sequencing effort was uniform across all samples and repeats, 
majority of the reads had very low abundance (Figure S1). Our rar-
efaction plots also indicated a preponderance of low-frequency 
OTUs (Figure S2). Finally, after filtering the singletons, unclassified, 
and unalignable reads, we obtained 42,054 OTUs with an average 
read length of 358 bp. Of these, 12,446 OTUs were unique to R. rat-
tus and 9,897 were found only in R. satarae.

Although different numbers of host individuals had been 
pooled from each location, it did not significantly affect either the 
number of OTUs (Figure S3a, Spearman’s rank correlation coef-
ficient ρ = 0.15, p-value = .5; Mann–Whitney U test for effect of 
pooling more than seven individuals against pooling less than four 
individuals W = 56.5, p-value = .08, tested using unfiltered data) 
or the compositional differences between the samples (PCoA con-
structed on Bray–Curtis dissimilarity matrix, Figure S3b). On the 
other hand, the type of the sample used (intestinal contents or 

TABLE  1 Sample information

Location Rattus rattus Rattus satarae Sample type Forest type
Town size 
(Census 2011)

ST 2 3 Intestinal contents Woody savanna 1,830

AM 1 3 Intestinal contents Woody savanna 4,004

AGa 10 10 Intestinal contents Evergreen broadleaf 500

ANa 2 8 Intestinal contents Woody savanna 4,043

BGa 1 10 Intestinal contents Evergreen broadleaf 1,724

OTa 5 6 Pellets Evergreen broadleaf 88,430

KTa 10 2 Pellets Evergreen broadleaf 28,207

THa 10 4 Pellets Evergreen broadleaf 2,106

KDa 10 7 Pellets Woody savanna 36,501

VA 2 6 Pellets Woody savanna 70,859

Total 53 59

aSampling locations from Varudkar & Ramakrishnan, 2015.

http://www.census2011.co.in
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pellets) had a significant effect on the number of OTUs, as pellet 
samples had higher mean number of observed OTUs than intes-
tinal contents (Welch’s two sample t test, t = −3.88, df = 22.34, 
p-value < .01).

3.1 | Is gut microflora of two Rattus species 
significantly different?

Taxonomic assignment of the OTUs revealed the presence of 25 known 
bacterial and two archaeal phyla. The 25 bacterial phyla were further 
classified into 65 classes, 104 orders, 164 families, and 263 genera. 
The most common phyla in both host species were Bacteroidetes and 
Firmicutes, followed by Proteobacteria (Figure 2). While the three 
phyla accounted for almost all the bacterial diversity in R. rattus, other 
bacterial phyla such as Verrucomicrobia were also common in R. satarae.

A principal coordinate analysis on the variance-stabilized data 
indicated that the two species had distinct gut microflora compo-
sitions (Figure 3) (except for one outlier: the R. rattus from the KT 
population). Similarly, the adonis test indicated that the community 
composition was significantly different between the hosts (Jaccard 
r2: .09, p < .001; Bray–Curtis r2: .11, p < .001; unweighted UniFrac 
r2: .08, p < .001; and weighted UniFrac r2: .09, p < .05). However, 
the total variance explained by host species identity was low, indi-
cating that other variables may be also influencing the community 
composition.

3.2 | Which bacterial species are differently abundant?

One hundred and twenty nine OTUs were highly abundant in R. sata-
rae, and 215 OTUs were highly abundant in R. rattus (False Discovery 

F I G U R E   2 Five most common 
bacterial phyla in (a) Rattus rattus and (b) 
Rattus satarae. Abundance is the relative 
proportion of total operational taxonomic 
units s assigned to the respective phyla. 
Gut microflora for either Rattus hosts are 
dominated by common bacterial phyla 
such as Bacteroidetes, Firmicutes, and 
Proteobacteria

F I G U R E   3 Principal coordinate analysis plot for variance-
stabilized data. Each point represents a single sample and is 
colored according to the host Rattus species. Distance between 
the points indicates how different their gut microflora community 
composition is. Plot has been constructed using first two axes of 
the principal coordinate analysis on the Bray–Curtis dissimilarity 
index (percentage values are % variation in the dissimilarity matrix 
explained by each axis). The plot indicates clear distinction between 
gut microflora communities of R. rattus and R. satarae
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Rate < 0.01). Of these, Bacteroidetes and Firmicutes such as lactoba-
cilli, Collinsella, Helicobacter, and Bacteroides were at least 100 times 
more abundant in R. rattus, while Proteobacteria and Actinobacteria 
such as Desulfovibrio and Adlercruetzia were highly abundant in R. sa-
tarae (Figure 4).

3.3 | What is the effect of geographic distance and 
host genetics on gut microflora composition?

Mantel test results for 10 sampling locations indicated that there 
was no significant effect of geographic distance on the gut micro-
flora composition for R. rattus for any similarity index. However, 
there was a significant effect of geographic distance on the gut mi-
croflora of R. satarae for the taxon-based Bray–Curtis and Jaccard 
indices (Table 2), though not for the phylogenetic distance-based 
UniFrac indices. There was no significant effect of host genetic dis-
tance on the gut microflora community in either species as indicated 
by both the Mantel and partial Mantel tests.

3.4 | What is the effect of habitat characteristics on 
gut microflora diversity?

We did not find a significant effect of habitat-related features or the 
sampling season on the diversity estimates of either Rattus species. 

Neither the abundance-based estimator “Chao1” (R. satarae χ2 = 3.59, 
2 df; R. rattus χ2 = 4.33, 3 df compared with a null model considering 
only random effects: p > .05) nor Faith’s PD (R. satarae χ2 = 2.12, 3 df; 
R. rattus χ2 = 1.98, 3 df compared with a null model considering only 
random effects: p > .05) displayed any significant correlation.

4  | DISCUSSION

In this study, we examined the gut microflora of two Rattus species 
that occupy different habitats: namely the commensal R. rattus and 
the noncommensal R. satarae. In our previous study (Varudkar & 
Ramakrishnan, 2015), we demonstrated how this ecological differenti-
ation resulted in dramatically different gene flow patterns for the two 
species across the same landscape. In this study, we report a similar di-
vergence in the intestinal microflora communities for the two species.

Despite significant differences at the phyla-level, the intestinal 
microflora community of both Rattus species was dominated by 
Bacteroidetes, Firmicutes, and Proteobacteria, which is representa-
tive of a typical murine gut microbiome (Ley et al., 2005). Host phy-
logeny has long been identified as a significant feature in shaping 
microbial communities. For instance, in a strikingly illustrative study, 
Ochman et al. (2010) retraced patterns of the host phylogeny in the 

F I G U R E   4 Heatmap of operational 
taxonomic units (OTU) differentially 
abundant between R. rattus and R. satarae. 
Each OTU is represented at least 100 
times more in one species than in the 
other. “Abundance” indicates total count 
of the OUT: Darker values indicate 
higher abundance. Bacteroidetes and 
Firmicutes are highly abundant in the 
commensal R. rattus; Actinobacteria and 
Proteobacteria are highly abundant in the 
noncommensal R. satarae

TABLE  2 Mantel tests on distance matrices for gut microflora, geographic distance, and genetic distance

Host Distance index

Mantel test Partial Mantel test*

Geographic distance Genetic distance* Geographic distance* Genetic distance*

Rattus satarae Jaccard 0.39 0.39 0.29 0.40

Bray–Curtis 0.38 0.40 0.28 0.41

Unweighted UniFrac 0.26 0.30 0.26 0.30

Weighted UniFrac 0.28 0.31 0.39 0.32

Rattus rattus Jaccard 0.03 0.23 0.12 0.26

Bray–Curtis 0.03 0.23 0.11 0.25

Unweighted UniFrac 0.03 0.16 0.18 0.22

Weighted UniFrac 0.11 −0.11 0.48a 0.14

Bold values indicate values significant at 5% confidence level.
Tests for which a subset of seven populations was used are marked with “*”.
aIndicates significant at 10% confidence level.
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gut microflora communities of five species of great apes. In another 
multispecies study on bats, it was observed that bats belonging to 
the same family have similar gut microflora communities (Phillips 
et al., 2012). In order to determine to what extent host phylogeny 
might influence this pattern, in addition with habitat association, 
a wider study on different Rattus species or captivity experiments 
could be conducted.

Although the gut microflora of different individuals was pooled, 
the number of pooled individuals did not have any significant effect on 
either the microbial diversity or the community composition (but see 
Hamady & Knight, 2009). The type of the sample used, whether from 
the intestine or from the pellets, had a significant effect, with pellets 
displaying higher number of bacterial OTUs than intestinal contents. 
It is interesting to note that the aberrant R. rattus gut microflora that 
clustered with R. satarae samples was from individuals captured from 
the borders of the village and very close to the forest. Although the 
unusual gut microflora of this location is inconclusive in itself, it does 
point toward the dynamic nature of intestinal microflora.

Similarly, microbial community composition in the noncommen-
sal species was significantly influenced by the geographic distance 
between sampling locations. That this result was apparent in the 
taxon-based similarity indices (such as Bray–Curtis and Jaccard) 
and not in the phylogenetic distance-based metrics (weighted and 
unweighted UniFrac) could be reflective of the limitation of the 
taxonomic reference database (Parks & Beiko, 2013). It could also 
indicate that, although the individual taxa vary with geographic dis-
tance, their phylogenetic relationships and consequently their func-
tional composition may remain constant (Lozupone & Knight, 2008). 
There was no effect of geographic distance on the gut microflora of 
the commensal. Host genetic distance did not affect gut microflora 
in either Rattus species. This could indicate effect of other environ-
mental factors, beside host gene flow. Although we did not find a 
significant effect of habitat-related features and sampling season-
ality, we suggest that our sampling regime was limited and further 
detailed studies in this system might reveal interesting patterns.

The impact of diet in shaping gut microflora communities in 
humans and other vertebrates has been well studied (De Filippo 
et al., 2010; Muegge et al., 2011). Even in insects, gut microflora has 
been implicated in adaptation to crop rotation (Chu et al., 2013) and 
novel food sources (Otani et al., 2014). A large number of studies 
on various captive animals have revealed that perturbations in the 
diet result in significant changes in the gut microflora communities 
(e.g., parrots, Xenoulis et al., 2010; grizzly bears, Schwab et al., 2011; 
black howler monkeys, Nakamura et al., 2011; and elephant seals 
and leopard seals, Nelson, Rogers, Carlini, & Brown, 2013).

Digestive plasticity has been linked to change in biochemistry, 
physiology, as well as morphology of the digestive system (Green & 
Millar, 1987; Sabat, Novoa, Bozinovic, & Martínez del Rio, 1998). The 
results presented here indicate that gut microflora could also contrib-
ute to digestive plasticity and help the host to adapt to a novel dietary 
niche. For example, lactobacilli were abundant in the commensal spe-
cies. Such a pattern was also observed in another human-associated 
species, the domestic dog, which had higher lactobacilli counts than 

wolves (Pallin, 2012). Lactobacilli are known to increase in the pres-
ence of lactose sugar, which is an important component of milk (Daly 
et al., 2014), and thus, abundant lactobacilli may be a dietary adapta-
tion to dairy-based foods in the commensal habitat. Similarly, a high 
abundance of bifidobacteria has also been observed in other human-
associated domestic animals (Lamendella, Santo Domingo, Kelty, & 
Oerther, 2008). Bifidobacteria are implicated in enhancing digestive 
capabilities in humans (Mitsuoka & Kaneuchi, 1977) and could also 
aid commensal species in a similar manner. On the contrary, the acti-
nobacterial genus Adlercruetzia was abundant in the noncommensal. 
In a study of the desert woodrat (Neotoma lepida) gut microflora, the 
abundance of this species was observed to decrease upon captivity 
for 6 months, indicating that it was possibly correlated with some 
factor in the natural habitat (Kohl & Dearing, 2014). Thus, an exam-
ination of particular bacterial species associated with the two hosts 
could indicate how the gut microflora may aid in adaptive plasticity.

Lastly, such studies on gut microflora of commensal rats have 
important significance from the public health perspective. In this 
study, human pathogens such as Brucella, Chlamydia, Clostridium, 
Staphylococcus, and Rickettsia were observed in the commensal host 
gut microflora. Rodents are well known as reservoirs for zoonotic 
pathogens (Firth et al., 2014), and studies which assess the presence 
of potential pathogens in commensal species may be designed espe-
cially in small towns such as those found in this study area.

ACKNOWLEDG MENTS

Field sampling was performed with research permissions from the 
state forest departments of Maharashtra, Karnataka, and Tamil 
Nadu. We thank Ganesh Mane and Deepak Kamble for helping in 
field. We thank Dr. Fiona Savory, Dr Kritika Garg, and other labora-
tory members at the Ecology and Evolution group at National Centre 
for Biological Sciences for inputs in manuscript preparation. This 
work was funded by Ramanujan grant to URK and NCBS internal 
support to URK. All molecular work was performed at the National 
Centre for Biological Sciences, Bangalore.

CONFLIC T OF INTERE S T

The authors declare no conflict of interests.

AUTHOR CONTRIBUTION

This study constitutes part of the doctoral thesis of AV. Field sam-
pling, molecular work, and analysis was performed by AV. UR pro-
vided funding support, laboratory facilities, and intellectual and 
scientific guidance.

DATA AVAIL ABILIT Y

Primary data including sequences and sample locations have been 
deposited in the Dryad Repository. (https://doi.org/10.5061/dryad. 
5gj7056).



6470  |     VARUDKAR and RAMAKRISHNAN

ORCID

Amruta Varudkar   http://orcid.org/0000-0003-1518-5442 

R E FE R E N C E S

Anders, S., & Huber, W. (2010). Differential expression analysis for se-
quence count data. Genome Biology, 11(R106), 1–12. https://doi.
org/10.1186/gb-2010-11-10-r106

Aplin, K. P., Suzuki, H., Chinen, A. A., Chesser, R. T., ten Have, J., 
Donnellan, S. C., … Cooper, A. (2011). Multiple geographic origins of 
commensalism and complex dispersal history of black rats. PLoS One, 
6(11), 1–20. https://doi.org/10.1371/journal.pone.0026357

Banks, J. C., Cary, S. C., & Hogg, I. D. (2009). The phylogeography of 
Adelie penguin faecal flora. Environmental Microbiology, 11, 577–588. 
https://doi.org/10.1111/j.1462-2920.2008.01816.x

Bateman, P., & Fleming, P. (2012). Big city life: Carnivores in urban 
environments. Journal of Zoology, 287(1), 1–23. https://doi.
org/10.1111/j.1469-7998.2011.00887.x

Beckmann, J. P., & Berger, J. (2003). Rapid ecological and behavioural 
changes in carnivores: The responses of black bears (Ursus ameri-
canus) to altered food. Journal of Zoology, 261(2), 207–212. https://
doi.org/10.1017/S0952836903004126

Bolnick, D. I., Snowberg, L. K., Hirsch, P. E., Lauber, C. L., Org, E., Parks, B., 
… Svanbäck, R. (2014). Individual diet has sex-dependent effects on 
vertebrate gut microbiota. Nature Communications, 5, 1–13. https://
doi.org/10.1038/ncomms5500

Boutin, S., Sauvage, C., Bernatchez, L., Audet, C., & Derome, N. (2014). 
Inter individual variations of the fish skin microbiota: Host genetics 
basis of mutualism? PLoS One, 9(7), 1–17. https://doi.org/10.1371/
journal.pone.0102649

Caporaso, J. G., Bittinger, K., Bushman, F. D., DeSantis, T. Z., Andersen, G. 
L., & Knight, R. (2010). PyNAST: A flexible tool for aligning sequences 
to a template alignment. Bioinformatics, 26(2), 266–267. https://doi.
org/10.1093/bioinformatics/btp636

Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, 
F. D., Costello, E. K., … Knight, R. (2010). QIIME allows analysis of 
high-throughput community sequencing data. Nature Methods, 7(5), 
335–336. https://doi.org/10.1038/nmeth.f.303

Chu, C.-C., Spencer, J. L., Curzi, M. J., Zavala, J. A., & Seufferheld, M. 
J. (2013). Gut bacteria facilitate adaptation to crop rotation in 
the western corn rootworm. Proceedings of the National Academy 
of Sciences, 110(29), 11917–11922. https://doi.org/10.1073/
pnas.1301886110

Daly, K., Darby, A. C., Hall, N., Nau, A., Bravo, D., & Shirazi-Beechey, S. 
P. (2014). Dietary supplementation with lactose or artificial sweet-
ener enhances swine gut Lactobacillus population abundance. British 
Journal of Nutrition, 111(S1), S30–S35. https://doi.org/10.1017/
S0007114513002274

De Filippo, C., Cavalieri, D., Di Paola, M., Ramazzotti, M., Poullet, J. B., 
Massart, S., … Lionetti, P. (2010). Impact of diet in shaping gut micro-
biota revealed by a comparative study in children from Europe and 
rural Africa. Proceedings of the National Academy of Sciences, 107(33), 
14691–14696. https://doi.org/10.1073/pnas.1005963107

DeSantis, T. Z., Hugenholtz, P., Larsen, N., Rojas, M., Brodie, E. L., Keller, 
K., … Andersen, G. L. (2006). Greengenes, a chimera-checked 16S 
rRNA gene database and workbench compatible with ARB. Applied 
and Environmental Microbiology, 72(7), 5069–5072. https://doi.
org/10.1128/AEM.03006-05

Dieringer, D., & Schlötterer, C. (2003). Microsatellite Analyser 
(MSA): A platform independent analysis tool for large microsat-
ellite data sets. Molecular Ecology Notes, 3, 167–169. https://doi.
org/10.1046/j.1471-8286

Edgar, R. C. (2010). Search and clustering orders of magnitude faster than 
BLAST. Bioinformatics, 26(19), 2460–2461. https://doi.org/10.1093/
bioinformatics/btq461

Edgar, R. C., Haas, B. J., Clemente, J. C., Quince, C., & Knight, R. 
(2011). UCHIME improves sensitivity and speed of chimera detec-
tion. Bioinformatics, 27(16), 2194–2200. https://doi.org/10.1093/
bioinformatics/btr381

Firth, C., Bhat, M., Firth, M. A., Williams, S. H., Frye, M. J., Simmonds, P., 
… Lipkin, I. W. (2014). Detection of zoonotic pathogens and charac-
terization of novel viruses carried by commensal Rattus norvegicus in 
New York city. mBio, 5(5), 1–16. http://doi.org/10.1128/mBio.01933-
14. Editor

Green, D. A., & Millar, J. S. (1987). Changes in gut dimensions and ca-
pacity of Peromyscus maniculatus relative to diet quality and energy 
needs. Canadian Journal of Zoology, 65(9), 2159–2162. https://doi.
org/10.1139/z87-329

Hamady, M., & Knight, R. (2009). Microbial community profiling for human 
microbiome projects: Tools, techniques, and challenges. Genome 
Research, 19, 1141–1152. https://doi.org/10.1101/gr.085464.108.19

Hildebrand, F., Nguyen, T. L. A., Brinkman, B., Yunta, R. G., Cauwe, B., 
Vandenabeele, P., & Raes, J. (2013). Inflammation-associated entero-
types, host genotype, cage and inter-individual effects drive gut mi-
crobiota variation in common laboratory mice. Genome Biology, 14(1), 
1–15. https://doi.org/10.1186/gb-2013-14-1-r4

Hooper, L. (2001). Commensal host-bacterial relationships in the gut. Science, 
292(5519), 1115–1118. https://doi.org/10.1126/science.1058709

Hooper, L., Midtvedt, T., & Gordon, J. (2002). How host-microbial inter-
actions shape the nutrient environment of the mammalian intestine. 
Annual Review of Nutrition, 22, 283–307. https://doi.org/10.1146/an-
nurev.nutr.22.011602.092259

Hughes, J. B., & Hellmann, J. J. (2005). The application of rarefac-
tion techniques to molecular inventories of microbial diversity. 
Methods in Enzymology, 397, 292–308. https://doi.org/10.1016/
S0076-6879(05)97017-1

Hughes, J. B., Hellmann, J. J., Ricketts, T. H., & Bohannan, B. J. 
(2001). Counting the uncountable: Statistical approaches 
to estimating microbial diversity. Applied and Environmental 
Microbiology, 67(10), 4399–4406. https://doi.org/10.1128/
AEM.67.10.4399-4406.2001

Hulme-Beaman, A., Dobney, K., Cucchi, T., & Searle, J. B. (2016). An eco-
logical and evolutionary framework for commensalism in anthropo-
genic environments. Trends in Ecology & Evolution, 31(8), 633–645. 
https://doi.org/10.1016/j.tree.2016.05.001

Klindworth, A., Pruesse, E., Schweer, T., Peplies, J., Quast, C., Horn, M., 
& Glöckner, F. O. (2013). Evaluation of general 16S ribosomal RNA 
gene PCR primers for classical and next-generation sequencing-
based diversity studies. Nucleic Acids Research, 41(1), 1–11. https://
doi.org/10.1093/nar/gks808

Kohl, K. D., & Dearing, M. D. (2014). Wild-caught rodents retain a ma-
jority of their natural gut microbiota upon entrance into captiv-
ity. Environmental Microbiology Reports, 6(2), 191–195. https://doi.
org/10.1111/1758-2229.12118

Kreisinger, J., Bastien, G., Hauffe, H. C., Marchesi, J., & Perkins, S. (2015). 
Interactions between multiple helminths and the gut microbiota in 
wild rodents. Philosophical Transactions of the Royal Society of London. 
Series B, Biological Sciences, 370(1675), 1–13.

Lamendella, R., Santo Domingo, J. W., Kelty, C., & Oerther, D. B. (2008). 
Bifidobacteria in feces and environmental waters. Applied and 
Environmental Microbiology, 74(3), 575–584. https://doi.org/10.1128/
AEM.01221-07

Lankau, E. W., Hong, P. Y., & Mackie, R. I. (2012). Ecological drift and 
local exposures drive enteric bacterial community differences within 
species of Galápagos iguanas. Molecular Ecology, 21(7), 1779–1788. 
https://doi.org/10.1111/j.1365-294X.2012.05502.x

http://orcid.org/0000-0003-1518-5442
http://orcid.org/0000-0003-1518-5442
https://doi.org/10.1186/gb-2010-11-10-r106
https://doi.org/10.1186/gb-2010-11-10-r106
https://doi.org/10.1371/journal.pone.0026357
https://doi.org/10.1111/j.1462-2920.2008.01816.x
https://doi.org/10.1111/j.1469-7998.2011.00887.x
https://doi.org/10.1111/j.1469-7998.2011.00887.x
https://doi.org/10.1017/S0952836903004126
https://doi.org/10.1017/S0952836903004126
https://doi.org/10.1038/ncomms5500
https://doi.org/10.1038/ncomms5500
https://doi.org/10.1371/journal.pone.0102649
https://doi.org/10.1371/journal.pone.0102649
https://doi.org/10.1093/bioinformatics/btp636
https://doi.org/10.1093/bioinformatics/btp636
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1073/pnas.1301886110
https://doi.org/10.1073/pnas.1301886110
https://doi.org/10.1017/S0007114513002274
https://doi.org/10.1017/S0007114513002274
https://doi.org/10.1073/pnas.1005963107
https://doi.org/10.1128/AEM.03006-05
https://doi.org/10.1128/AEM.03006-05
https://doi.org/10.1046/j.1471-8286
https://doi.org/10.1046/j.1471-8286
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1093/bioinformatics/btr381
https://doi.org/10.1093/bioinformatics/btr381
http://doi.org/10.1128/mBio.01933-14
http://doi.org/10.1128/mBio.01933-14
https://doi.org/10.1139/z87-329
https://doi.org/10.1139/z87-329
https://doi.org/10.1101/gr.085464.108.19
https://doi.org/10.1186/gb-2013-14-1-r4
https://doi.org/10.1126/science.1058709
https://doi.org/10.1146/annurev.nutr.22.011602.092259
https://doi.org/10.1146/annurev.nutr.22.011602.092259
https://doi.org/10.1016/S0076-6879(05)97017-1
https://doi.org/10.1016/S0076-6879(05)97017-1
https://doi.org/10.1128/AEM.67.10.4399-4406.2001
https://doi.org/10.1128/AEM.67.10.4399-4406.2001
https://doi.org/10.1016/j.tree.2016.05.001
https://doi.org/10.1093/nar/gks808
https://doi.org/10.1093/nar/gks808
https://doi.org/10.1111/1758-2229.12118
https://doi.org/10.1111/1758-2229.12118
https://doi.org/10.1128/AEM.01221-07
https://doi.org/10.1128/AEM.01221-07
https://doi.org/10.1111/j.1365-294X.2012.05502.x


     |  6471VARUDKAR and RAMAKRISHNAN

Ley, R. E., Bäckhed, F., Turnbaugh, P., Lozupone, C. A., Knight, R. 
D., & Gordon, J. I. (2005). Obesity alters gut microbial ecology. 
Proceedings of the National Academy of Sciences of the United 
States of America, 102(31), 11070–11075. https://doi.org/10.1073/
pnas.0504978102

Ley, R. E., Lozupone, C. A., Hamady, M., Knight, R., & Gordon, J. I. 
(2008). Worlds within worlds: Evolution of the vertebrate gut mi-
crobiota. Nature Reviews Microbiology, 6(10), 776–788. https://doi.
org/10.1038/nrmicro1978

Linnenbrink, M., Wang, J., Hardouin, E. A., Künzel, S., Metzler, D., & 
Baines, J. F. (2013). The role of biogeography in shaping diversity 
of the intestinal microbiota in house mice. Molecular Ecology, 22(7), 
1904–1916. https://doi.org/10.1111/mec.12206

Lozupone, C. A., & Knight, R. (2008). Species divergence and the mea-
surement of microbial diversity. FEMS Microbiology Reviews, 32(4), 
557–578. https://doi.org/10.1111/j.1574-6976.2008.00111.x

Maurice, C. F., Knowles, S. C., Ladau, J., Pollard, K. S., Fenton, A., 
Pedersen, A. B., & Turnbaugh, P. J. (2015). Marked seasonal varia-
tion in the wild mouse gut microbiota. The ISME Journal, 9(11), 1–12. 
https://doi.org/10.1038/ismej.2015.53

McDonald, D., Price, M. N., Goodrich, J., Nawrocki, E. P., DeSantis, T. Z., 
Probst, A., … Hugenholtz, P. (2012). An improved Greengenes tax-
onomy with explicit ranks for ecological and evolutionary analyses 
of bacteria and archaea. The ISME Journal, 6(3), 610–618. https://doi.
org/10.1038/ismej.2011.139

McMurdie, P. J., & Holmes, S. (2013). Phyloseq: An R package for repro-
ducible interactive analysis and graphics of microbiome census data. 
PLoS One, 8(4), 1–11. https://doi.org/10.1371/journal.pone.0061217

McMurdie, P. J., & Holmes, S. (2014). Waste not, want not: Why rarefying 
microbiome data is inadmissible. PLoS Computational Biology, 10(4), 
1–12. https://doi.org/10.1371/journal.pcbi.1003531

Mitsuoka, T., & Kaneuchi, C. (1977). Ecology of the bifidobacteria. The 
American Journal of Clinical Nutrition, 30(11), 1799–1810. https://doi.
org/10.1093/ajcn/30.11.1799

Molur, S., & Nameer, P. O. (2008). Rattus satarae. Retrieved from www.
iucnredlist.org. July 4, 2015.

Molur, S., & Singh, M. (2009). Non-volant small mammals of the Western 
Ghats of Coorg District, southern India. Journal of Threatened Taxa, 
1(12), 589–608. https://doi.org/10.11609/JoTT

Muegge, B. D., Kuczynski, J., Knights, D., Clemente, J. C., González, A., 
Fontana, L., … Gordon, J. I. (2011). Diet drives convergence in gut 
microbiome functions across mammalian phylogeny and within 
humans. Science, 332(6032), 970–974. https://doi.org/10.1126/
science.1198719

Musser, G. G., & Carleton, M. D. (2005). Superfamily Muroidea. In D. 
E. Wilson & D. M. Reeder (Eds.), Mammal Species of the World. A 
Taxonomic and Geographic Reference (pp. 894–1531). Baltimore: The 
John Hopkins University Press. Third.

Nakamura, N., Amato, K. R., Garber, P., Estrada, A., Mackie, R. I., & 
Gaskins, H. R. (2011). Analysis of the hydrogenotrophic microbiota of 
wild and captive black howler monkeys (Alouatta pigra) in Palenque 
National Park, Mexico. American Journal of Primatology, 73(9), 909–
919. https://doi.org/10.1002/ajp.20961

Nelson, T. M., Rogers, T. L., Carlini, A. R., & Brown, M. V. (2013). Diet and 
phylogeny shape the gut microbiota of Antarctic seals: A compar-
ison of wild and captive animals. Environmental Microbiology, 15(4), 
1132–1145. https://doi.org/10.1111/1462-2920.12022

Ochman, H., Worobey, M., Kuo, C. H., Ndjango, J. B. N., Peeters, 
M., Hahn, B. H., & Hugenholtz, P. (2010). Evolutionary relation-
ships of wild hominids recapitulated by gut microbial communi-
ties. PLoS Biology, 8(11), 3–10. https://doi.org/10.1371/journal.
pbio.1000546

O’Connor, T. (2013). Animals as neighbors: The past and present of com-
mensal species. East Lansing: Michigan State University Press.

O’Hara, A. M., & Shanahan, F. (2006). The gut flora as a forgotten 
organ. EMBO Reports, 7(7), 688–693. https://doi.org/10.1038/
sj.embor.7400731

Oksanen, J., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., & 
O’Hara, R. B., … Wagner, H. (2015). Vegan: Community Ecology 
Package.

Otani, S., Mikaelyan, A., Nobre, T., Hansen, L. H., Koné, N. A., Sørensen, 
S. J., … Poulsen, M. (2014). Identifying the core microbial commu-
nity in the gut of fungus-growing termites. Molecular Ecology, 23(18), 
4631–4644. https://doi.org/10.1111/mec.12874

Pallin, A. (2012). Lactobacilli in the gastrointestinal tract of dog and wolf(-
Master’s dissertation). The faculty of natural resources and agricul-
tural sciences (Swiss University of Agricultural Sciences). Swedish 
University of Agricultural Sciences, Uppsala.

Parks, D. H., & Beiko, R. G. (2013). Measures of phylogenetic differen-
tiation provide robust and complementary insights into microbial 
communities. The ISME Journal, 7, 173–183. https://doi.org/10.1038/
ismej.2012.88

Pearson, W. R., Wood, T., Zhang, Z., & Miller, W. (1997). Comparison of 
DNA sequences with protein sequences. Genomics, 46(1), 24–36. 
https://doi.org/10.1006/geno.1997.4995

Phillips, C. D., Phelan, G., Dowd, S. E., McDonough, M. M., Ferguson, 
A. W., Delton Hanson, J., … Baker, R. J. (2012). Microbiome analysis 
among bats describes influences of host phylogeny, life history, phys-
iology and geography. Molecular Ecology, 21, 2617–2627. https://doi.
org/10.1111/j.1365-294X.2012.05568.x

Pirrung, M., Kennedy, R., Caporaso, J. G., Stombaugh, J., Wendel, D., & 
Knight, R. (2011). Topiary Explorer: Visualizing large phylogenetic 
trees with environmental metadata. Bioinformatics, 27(21), 3067–
3069. https://doi.org/10.1093/bioinformatics/btr517

Price, M. N., Dehal, P. S., & Arkin, A. P. (2010). FastTree 2–approximately 
maximum-likelihood trees for large alignments. PLoS One, 5(3), 1–10. 
https://doi.org/10.1371/journal.pone.0009490

R Core Team. (2015). R: A language and environment for statistical comput-
ing. Vienna, Austria: R Foundation for Statistical Computing. ISBN 
3-900051-07-0, http://www.R-project.org/

Riyahi, S., Hammer, Ø., Arbabi, T., Sánchez, A., Roselaar, C. S., 
Aliabadian, M., & Sætre, G.-P. (2013). Beak and skull shapes of 
human commensal and non-commensal house sparrows Passer 
domesticus. BMC Evolutionary Biology, 13(200), 1–8. https://doi.
org/10.1186/1471-2148-13-200

Robosky, L. C., Wells, D. F., Egnash, L. A., Manning, M. L., Reily, M. D., 
& Robertson, D. G. (2005). Metabonomic identification of two dis-
tinct phenotypes in Sprague-Dawley rats. Toxicological Sciences: An 
Official Journal of the Society of Toxicology, 87(1), 277–284. https://
doi.org/10.1093/toxsci/kfi214

Sabat, P., Novoa, F., Bozinovic, F., & Martínez del Rio, C. (1998). 
Dietary flexibility and intestinal plasticity in birds: A field and lab-
oratory study. Physiological Zoology, 71(2), 226–236. https://doi.
org/10.1086/515905

Schwab, C., Cristescu, B., Northrup, J. M., Stenhouse, G. B., & Gänzle, M. 
(2011). Diet and environment shape fecal bacterial microbiota com-
position and enteric pathogen load of grizzly bears. PLoS One, 6(12), 
1–8. https://doi.org/10.1371/journal.pone.0027905

Srinivasulu, C., & Srinivasulu, B. (2012). South Asian mammals: Their di-
versity, distribution, and status. Berlin: Springer Science & Business 
Media. https://doi.org/10.1007/978-1-4614-3449-8

Varudkar, A., & Ramakrishnan, U. (2015). Commensalism facilitates 
gene flow in mountains: A comparison between two Rattus species. 
Heredity, 115, 253–261. https://doi.org/10.1038/hdy.2015.34

Wang, Q., Garrity, G. M., Tiedje, J. M., & Cole, J. R. (2007). Naive Bayesian 
classifier for rapid assignment of rRNA sequences into the new bac-
terial taxonomy. Applied and Environmental Microbiology, 73(16), 
5261–5267. https://doi.org/10.1128/AEM.00062-07

https://doi.org/10.1073/pnas.0504978102
https://doi.org/10.1073/pnas.0504978102
https://doi.org/10.1038/nrmicro1978
https://doi.org/10.1038/nrmicro1978
https://doi.org/10.1111/mec.12206
https://doi.org/10.1111/j.1574-6976.2008.00111.x
https://doi.org/10.1038/ismej.2015.53
https://doi.org/10.1038/ismej.2011.139
https://doi.org/10.1038/ismej.2011.139
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1371/journal.pcbi.1003531
https://doi.org/10.1093/ajcn/30.11.1799
https://doi.org/10.1093/ajcn/30.11.1799
http://www.iucnredlist.org
http://www.iucnredlist.org
https://doi.org/10.11609/JoTT
https://doi.org/10.1126/science.1198719
https://doi.org/10.1126/science.1198719
https://doi.org/10.1002/ajp.20961
https://doi.org/10.1111/1462-2920.12022
https://doi.org/10.1371/journal.pbio.1000546
https://doi.org/10.1371/journal.pbio.1000546
https://doi.org/10.1038/sj.embor.7400731
https://doi.org/10.1038/sj.embor.7400731
https://doi.org/10.1111/mec.12874
https://doi.org/10.1038/ismej.2012.88
https://doi.org/10.1038/ismej.2012.88
https://doi.org/10.1006/geno.1997.4995
https://doi.org/10.1111/j.1365-294X.2012.05568.x
https://doi.org/10.1111/j.1365-294X.2012.05568.x
https://doi.org/10.1093/bioinformatics/btr517
https://doi.org/10.1371/journal.pone.0009490
http://www.R-project.org/
https://doi.org/10.1186/1471-2148-13-200
https://doi.org/10.1186/1471-2148-13-200
https://doi.org/10.1093/toxsci/kfi214
https://doi.org/10.1093/toxsci/kfi214
https://doi.org/10.1086/515905
https://doi.org/10.1086/515905
https://doi.org/10.1371/journal.pone.0027905
https://doi.org/10.1007/978-1-4614-3449-8
https://doi.org/10.1038/hdy.2015.34
https://doi.org/10.1128/AEM.00062-07


6472  |     VARUDKAR and RAMAKRISHNAN

Xenoulis, P. G., Gray, P. L., Brightsmith, D., Palculict, B., Hoppes, S., 
Steiner, J. M., … Suchodolski, J. S. (2010). Molecular characteriza-
tion of the cloacal microbiota of wild and captive parrots. Veterinary 
Microbiology, 146(3–4), 320–325. https://doi.org/10.1016/j.
vetmic.2010.05.024

Yom-Tov, Y., Yom-Tov, S., & Baagøe, H. (2003). Increase of skull size 
in the red fox (Vulpes vulpes) and Eurasian badger (Meles meles) in 
Denmark during the twentieth century: An effect of improved diet? 
Evolutionary Ecology Research, 5(7), 1037–1048.

Zhang, J., Kobert, K., Flouri, T., & Stamatakis, A. (2014). PEAR: A fast 
and accurate Illumina Paired-End reAd mergeR. Bioinformatics, 30(5), 
614–620. https://doi.org/10.1093/bioinformatics/btt593

Zilber-Rosenberg, I., & Rosenberg, E. (2008). Role of microorganisms 
in the evolution of animals and plants: The hologenome theory of 
evolution. FEMS Microbiology Reviews, 32(5), 723–735. https://doi.
org/10.1111/j.1574-6976.2008.00123.x

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the sup-
porting information tab for this article.    

How to cite this article: Varudkar A, Ramakrishnan U. Gut 
microflora may facilitate adaptation to anthropic habitat: A 
comparative study in Rattus. Ecol Evol. 2018;8:6463–6472.  
https://doi.org/10.1002/ece3.4040

https://doi.org/10.1016/j.vetmic.2010.05.024
https://doi.org/10.1016/j.vetmic.2010.05.024
https://doi.org/10.1093/bioinformatics/btt593
https://doi.org/10.1111/j.1574-6976.2008.00123.x
https://doi.org/10.1111/j.1574-6976.2008.00123.x
https://doi.org/10.1002/ece3.4040
https://doi.org/10.1002/ece3.4040

