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Social behaviour and gut microbiota in red-bellied lemurs
(Eulemur rubriventer): In search of the role of immunity in the
evolution of sociality
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between an individual and the ecosystem. Microbiota might play a role in social
systems as well, because microbes are transmitted during social contact and can
affect host behaviour.

. Combining methods from behavioural and molecular research, we describe the re-

lationship between social dynamics and gut microbiota of a group-living coopera-
tive species of primate, the red-bellied lemur (Eulemur rubriventer). Specifically, we
ask whether patterns of social contact (group membership, group size, position in
social network, individual sociality) are associated with patterns of gut microbial

composition (diversity and similarity) between individuals and across time.

. Red-bellied lemurs were found to have gut microbiota with slight temporal fluctua-

tions and strong social group-specific composition. Contrary to expectations, indi-
vidual sociality was negatively associated with gut microbial diversity. However,

position within the social network predicted gut microbial composition.

. These results emphasize the role of the social environment in determining the mi-

crobiota of adult animals. Since social transmission of gut microbiota has the poten-
tial to enhance immunity, microbiota might have played an escalating role in the

evolution of sociality.
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1 | INTRODUCTION

The vertebrate gut microbiota is of growing scientific interest, because
of the emerging understanding of its role as a functional link between
the host physiology and the surrounding ecosystem. As such, an ani-
mal’s gut microbiome is increasingly seen as an important and plastic
part of its phenotype, in that it is crucial for immune system devel-
opment (Hooper, Littman, & Macpherson, 2012; Kato, Kawamoto,
Maruya, & Fagarasan, 2014), digestion (Flint & Bayer, 2008; Mackie,
2000; Turnbaugh et al., 2006), behaviour (Archie & Theis, 2011; Bravo
et al., 2011; Cryan & Dinan, 2012; Ezenwa, Gerardo, Inouye, Medina,
& Xavier, 2012; Montiel-Castro, Gonzalez-Cervantes, Bravo-Ruiseco,
& Pacheco-Lépez, 2013; Sharon et al., 2010) and fitness (Rosengaus,
Zecher, Schultheis, Brucker, & Bordenstein, 2011; Ruokolainen,
Ikonen, Makkonen, & Hanski, 2016; Shin et al., 2011). The association
between social behaviour and a host’s microbiota is of particular in-
terest, since this relationship is most likely bidirectional: social contact
transmits microbes that can in turn modify social behaviour (Dinan &
Cryan, 2012; Sharon et al., 2010). For instance, social grooming re-
sulted in greater similarity of gut microbiota in baboons (Tung et al.,
2015). On the other hand, through the vagus nerve of the microbiota-
gut-brain axis (Bravo et al., 2011; Montiel-Castro et al., 2013), the mi-
crobiota is known to affect the hormonal stress response system with
downstream effects on behaviour (Crumeyrolle-Arias et al., 2014;
Sudo et al., 2004).

Recently, these ideas of interaction between gut microbiota and
behaviour have evoked novel research on the proximate patterns of
microbial transmission due to social contact (Amato et al., 2017; Kort
et al., 2014; Moeller et al., 2016; Tung et al., 2015). Many social be-
haviours, such as grooming, huddling or mating include physical con-
tact and can function as potential pathways for microbial transmission.
For example, Kulkarni and Heeb (2007) showed that experimentally
induced bacteria were transmitted across a group of zebra finches
(Taeniopygia guttata) via preening and sexual behaviours in less than
a day. Accordingly, patterns of parasite transmission can reflect the
structure of the host social network (Drewe, 2009; Godfrey, Moore,
Nelson, & Bull, 2010; Griffin & Nunn, 2012; Maclntosh et al., 2012;
Rimbach et al., 2015; Zohdy, Kemp, Durden, Wright, & Jernvall, 2012).
However, while most work to date has focused on the relationships
between social contact and immunologically challenging pathogen
transmission (Alexander, 1974; Altizer et al., 2003; Moller, Dufva, &
Allander, 1993; Turnbull et al., 2011), social contact can also enhance
transmission of microbes that benefit immunity (Archie & Theis, 2011;
Gilbert, 2015; Lombardo, 2008; Troyer, 1984). Many authors have
even suggested that pro-social and affiliative contact behaviours such
as grooming, licking or kissing might have partly evolved to serve this
beneficial microbial transmission (Ezenwa et al., 2012; Lombardo,
2008; Montiel-Castro et al., 2013; Troyer, 1984).

Social transmission of mutualistic microbes affects two import-
ant aspects of the host’s microbiota: (1) within-host microbial di-
versity (alpha diversity), and (2) between-host similarity of microbial
communities. First, within-host gut microbial diversity (alpha diver-

sity) can be enhanced by frequent social transmission of microbes

among multiple hosts. For example, frequent social interactions
enhanced gut microbial richness in chimpanzees (Pan troglodytes)
relative to time periods when they were less sociable (Moeller et al.,
2016). Diverse microbiota has been long suggested to be a requisite
for a resilient immunity (Blaser & Falkow, 2009; Hooper et al., 2012;
Keeney & Finlay, 2011; Lozupone, Stombaugh, Gordon, Jansson,
& Khnight, 2012), in the same way biodiversity makes macro-
ecosystems more resilient to change (Gunderson, 2000; Levine &
D’Antonio, 1999). For example, gut microbial diversity was found
to protect desert locusts against pathogen invasion (Schistocerca
gregaria, Dillon, Vennard, Buckling, & Charnley, 2005). Secondly,
when microbes are transmitted through affiliative behaviours in a
social network, individuals most closely socially linked can be ex-
pected to share more similar microbial communities. Recent work
has found that frequent intimate kissing enhances mutual transmis-
sion of mouth microbiota in humans (Kort et al., 2014), and social
proximity can predict gut microbial composition in howler monkeys
(Alouatta pigra, Amato et al., 2017) and in baboons (Papio cynoceph-
alus) regardless of shared environment, diet or relatedness (Tung
etal., 2015).

Although host stress physiology (Bailey et al., 2011; Stothart
et al., 2016), diet (Doré & Blottiere, 2015; Turnbaugh et al., 2009)
and other environmental aspects (Benson et al., 2010; Friswell et al.,
2010) are known to affect gut microbial composition, the role of
social transmission cannot be ignored. Here, we explore the trans-
mission dynamics of gut microbiota within a host social network of
red-bellied lemurs. In addition to exploring these interactions on
this population, our aim is to propose new avenues and testable hy-
potheses for future research on interactions of social dynamics and
microbiota in wild populations.

The red-bellied lemur (Eulemur rubriventer) is native to Madagascar
and lives in groups comprising an adult male, adult female and their
offspring of different ages (Overdorff, 1996; Overdorff & Tecot, 2006;
Tecot, 2008; Tecot, Baden, Romine, & Kamilar, 2013; Tecot, Singletary,
& Eadie, 2016). They are a good species for studying the social trans-
mission of microbiota because (1) groups are relatively stable; (2) they
have fixed territories (consistent space use throughout the year, see
Tecot, Singletary, & Eadie 2016) with little overlap and almost no con-
tact with other groups (Overdorff & Tecot, 2006); (3) all group mem-
bers participate in social interactions, such as grooming, caring for
young or huddling, but vary in how much they socialize and with whom
(Tecot, Singletary, & Eadie 2016); and (4) they exhibit strong seasonal-
ity in reproduction, diet and behaviour (Tecot, 2008, 2010), making it
possible to determine seasonal effects on gut microbiota.

By using social network analysis, we examine inter-individual dif-
ferences in host social behaviour and how these relate to gut microbial
composition. Our overall hypothesis is that patterns of social contact
are associated with patterns of gut microbial composition between in-
dividuals and across time. Specifically, we ask (1) whether the nature
of this social association (indicated by group membership and position
in social network) is positively correlated with gut microbial similar-
ity, and (2) whether the amount of close social interaction (indicated

by group size and individual sociality) is positively correlated with gut
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microbial alpha diversity. To gain a more comprehensive view of the
role of social lifestyle in shaping the gut microbiota, we explore the
temporal dynamics of the host microbiota and social behaviour, and

further identify what taxa best describe major trends.

2 | MATERIALS AND METHODS

2.1 | Behavioural data collection

Data were collected from family groups of red-bellied lemurs on the
Vatoharanana trail system in Ranomafana National Park, Madagascar,
between August 2013 and February 2014. This time of the year is
when infants were born (this study; Tecot, 2010) and fruit availability
was generally low (Tecot, 2008). Behavioural data were collected from
28 individually identifiable adult and subadult focal individuals in eight
groups on a rotating basis: each group was followed during full-day
observation periods, rotating between the groups daily (mean interval
10.7 days, + SD 8.5 days). During each follow we noted group demog-
raphy, including group size (see Data S1) and composition (age, sex,
identity). Age was classified as “adult” or “juvenile” based on appear-
ance (body size), and known family composition and births. We used
scan sampling and instantaneous recording (Altmann, 1974) to collect
data on behavioural states at 5-min intervals. When recording social
behaviours (mutual grooming, huddling), the partner’s identity was
also recorded. Inter-observer reliability among the field team (N = 4)
was tested repeatedly until all observers were within 95% agreement
(Gwet, 2008). Only the groups with more than two individuals and
more than 40 hr of behavioural data were used to investigate ques-
tions related to social behaviour (total 19 individuals from 5 groups).

2.2 | Faecal sample collection

During behavioural observations, faecal samples were collected from
all focal individuals within the group and ad libitum from additional
identified groups when encountered (N = 36 individuals). Faecal sam-
ples were collected immediately upon defecation (N = 110) follow-
ing (Amato et al., 2013), and placed into Eppendorf tubes filled with
RNAlater. At least one sample per individual was collected during
Season 1 (September-October). We later sampled 13 of the same in-
dividuals in Season 2 (November-January) to allow for seasonal com-
parisons. To increase sample size and analyse demographic correlates
such as age, sex, temporal trends and group size, additional samples
were opportunistically collected whenever encountering individuals

from non-focal groups (in total, three extra groups were sampled).

2.3 | Indices of social interaction and social
network analysis

Because most social contact in this species comprises social grooming
and huddling (resting or sleeping in close physical contact; S. Tecot,
unpubl.), two different indices for individual sociality (SI) were con-
structed: (1) Slg,qom

engaged in social grooming behaviours relative to its total observation

calculated as the proportion of time an individual

time; and (2) Sl uadie Calculated as the proportion of time an individual
spent huddling with others relative to its total time spent resting.

In addition, pairwise association indices were constructed from
the behavioural data using a Simple Ratio Index method for social net-
work analyses (Cairns & Schwager, 1987; Ginsberg & Young, 1992;
Whitehead, 2008). Simple Ratio Index is defined as:

X
T X+yu+YA+yBl

where X = the number of sampling periods in which individuals A and
B were observed associated, y, is the number of sampling periods in
which A and B were observed but not associated, y, = the number of
sampling periods in which only A was observed, and y, = the number of
sampling periods in which only B was observed. Paralleling the social-
ity indices described above, we constructed two association indices to
characterize how social contact was distributed between individuals:
(1) Al
ative to the total observed grooming time in the group, and (2) Al,; e

Groome INdicating the time each pair spent grooming each other rel-
indicating the time each pair spent huddling together relative to the
total time these individuals were observed huddling with someone.
Because infants were born into groups during the study period,
likely affecting the physiological states and patterns of social be-
haviour within groups (Tecot, 2008, 2013; Tecot & Baden, in press),
both indices were constructed separately for two time periods: (1)
Season 1: before infants were born (September-October in 2013),
and (2) Season 2: after infants were born (November 2013-January
2014). Infant birth was the most evident change between seasons,
although weather and environmental parameters were also chang-
ing gradually across the study period, making season 2 also higher in

overall rainfall and temperature.

2.4 | Gut microbial DNA analysis

Samples were stored in RNAlater for 1-6 months at =20°C until they
could be transported (at ambient temperature) to the United States for
further storage (6 months at ambient temperature, to avoid re-freezing
that can degenerate DNA) and processing. RNAlater is known to be
a powerful preserving medium for DNA, even in room temperature
(Song et al., 2016), and in any case, all samples were stored in room
temperature for the same length of time. DNA analyses were done in
the Knight Laboratory at the University of Colorado according to the
Earth Microbiome Project protocols (EMP; see http://www.earthmi
crobiome.org/emp-standard-protocols/16s/). DNA extraction was
done using MO Bio PowerSoil kits. PCR was run with primers targeted
at the V4 region of the 16S rRNA gene (EMP amplification primers
515F/806R, according to Caporaso et al., 2012). The resulting ampli-
cons were sequenced using lllumina MiSeq V2 platform (150 bp length,
using EMP Sequencing primers, according to Caporaso et al., 2012).
Due to short read length, we were unable to join many of the
forward and backward reads. Thus, only forward reads were used in
Operational Taxonomic Unit (OTU) clustering, according to widely
used methods (see, for example, Amato et al., 2016). It is import-

ant to note that, because there is very little overlap between reads,
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base calls would have been made from a single read even if all read
pairs could have been joined. We determined that there was no sys-
tematic bias in OTU clustering between the forward and backward
read sequences. Forward reads were used because there is more
variation in this part of the gene region. Clustering sequences into
OTUs was done de novo with UPARSE pipeline (with 97% similarity
threshold), with a quality filtering using maximum expected error <2.
Further preprocessing was done with R, using the pHyLOSEQ package
(McMurdie & Holmes, 2013). Preprocessing of data included simul-
taneously removing non-bacterial taxa (chloroplasts and mitochon-
dria) and bacteria that were likely not part of the gut community
(Cyanobacteria and phytopathogenic Xanthomonadales, for a table of
removed OTUs, see Data S2). Also, samples with fewer than 5,100
reads were excluded from further analysis. This threshold was chosen
because library size had no effect on Shannon diversity estimates for
samples above this threshold (see Data S3). Subsequently, sequence
data (OTU table) were not rarefied because rarefying discards us-
able data (see McMurdie & Holmes, 2014) and is not necessary if
weighted metrics are used (see Haegeman et al., 2013). Accordingly,
sequence data were used only as relative abundances of each taxon
per sample. Samples in the processed data had a mean library size of
11,742 reads (standard deviation 3,758, range 5,626-22,617). The
bacterial content in faecal material is so high that soil contamina-
tion is likely to play a minimal role in analysed microbial community
composition. To ensure that taxa were not contaminants from faecal
contact with the soil, the distribution of abundances was examined,
and rare taxa with a maximum relative abundance below 107* in any
of the samples were dropped. This was done after removing the non-
gut microbial taxa.

2.5 | Statistical analyses

Statistical analyses and plots were done using r (R Core Team 2014;
packages: pHYLOsEQ, McMurdie & Holmes, 2013; veGan, Oksanen et al.,
2014; GUNIFRrAC, Chen, 2012; LaBDsv, Roberts, 2013; copLoT2; Wickham
2009; ranDOMFOREST, Liaw & Wiener, 2002). Microbial communities
in samples were described with Shannon diversity indices and the
Bray-Curtis dissimilarity index (Legendre & Legendre, 2012). All indi-
ces were based on relative abundance, as indices based on presence/
absence are suspected to bias the impact of rare species (Haegeman
et al., 2013). Because monthly change in microbiota was found to be
small (R? = .04, p < .01), data from roughly 2 months before and after
infants were born in focal groups were treated as temporally uncon-
trolled time points (Season 1 and Season 2). Under this assumption,
since the data were unbalanced, the data were divided into three
different subsets (see Data S4): S, = total data (n=98; 6 months,
Sep-Feb) used to explore the effects of demographic variables (group
identity, group size, sex, age, pregnancy) on microbial diversity, and to
compare overall spatial vs. temporal variation in microbial composition
(similarity); S, (n = 28): one sample per individual, all collected dur-
ing Season 1, used to explore the effects of demographic factors on
overall composition of microbiota (similarity); S, (n = 22): two samples
per individual, Seasons 1 and 2, both with corresponding behavioural

data, used to explore the effects of time, sociality and position in so-
cial network on microbiota.

To test for associations between group membership or other demo-
graphic factors (age, sex, month, reproductive state) and gut microbial
similarity, we used permutational multivariate regression on microbial
distance matrices (PERMANOVA,; adonis function in the vecan package
inr) created from Spand S, datasets. In addition, S; microbial data were
clustered using K-means partitioning (Legendre & Legendre, 2012). The
optimal number of K-means clusters was found using the ‘cascadeKM’
function in vecan package (Oksanen et al., 2014), using default options.
PERMANOVA was used to test whether clusters differed significantly
from each other. While the optimal number of clusters was found to be
three, the data were also partitioned into eight clusters, motivated by
the clustering of eight family groups in PCoA ordination (using Bray-
Curtis dissimilarity of S, data). Correlations between gut microbial sim-
ilarity (Bray-Curtis dissimilarity) and social association within group
(matrix of association indices, S, data) were tested with Mantel tests of
matrix correlation (Legendre & Legendre, 2012).

To test whether gut microbial alpha diversity differed among levels of
sociality (via sociality indices), group sizes or time points, we used general-
ized estimation equation (GEE), controlling for other between-individual
variation. Lastly, identity of taxa that best characterize any given trend
was determined with random forest analysis (Breiman, 2001), using
Mean Decrease Accuracy corrected with standard deviation.

3 | RESULTS
3.1 | Species-specific trends in composition and
diversity of gut microbiota

The gut microbiota of red-bellied lemurs was dominated by the phyla

Bacterioidetes, Proteobacteria and Firmicutes (Figure 1). Unknown taxa

o _
- 77?7%%7% 7 Bacteroidetes
_ﬁ B Firmicutes
@© O Other
o S Proteobacteria
g Actinobacteria
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§ ©| M Euryarchaeota
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Family group

FIGURE 1 Gut microbial composition of the eight study groups,
represented by relative abundances of different Phyla. White area
covers unknown taxa
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represent a large part of gut microbiota (Figure 1). Individual-level
variation was an order of magnitude greater than temporal variation:
looking at the total data (S,), differences between individuals explained
44% of variation, while monthly change accounted for 4% of the re-
maining variation (R = .44 and R? = .04, respectively, p < .01; for tabled
bioinformatics results for all PERMANOVA tests and GEE models, see
Data S5). Sex had no significant effect on gut microbiota, but pregnant
female microbiota differed significantly from others (R? = .1, p = .03, S,
data). Individual age had no detectable effect on overall gut microbial
composition in the total data but was a significant predictor of gut mi-
crobial alpha diversity in a GEE model of a smaller subset of data (S,).

3.2 | Effects of group membership and social
association on gut microbial similarity

Group identity was the most important measured factor explaining
variation in gut microbial profiles. Using PERMANOVA on similarity
matrices on the whole S, data, none of the individual variation was
independent from the Family Group effect on microbial composi-
tion (p = .43 after controlling for Month and Family Group). Using S,
data (one sample per individual) and controlling for time, age and sex,
up to 28% of the variation could be explained by group membership
(R? = .28, p < .01). As a further validation of the importance of social
groups, K-means partitioning of the S, data into eight groups (the num-
ber of family groups in the dataset) corresponded closely with actual
group membership (X2 =130, p = 3.38¢*?). Figure 2 shows PCoA ordi-
nation of samples, clustering together according to family group mem-
bership and further forming three superclusters for unknown reason.
The pronounced effect of family group identity on the similar-
ity of gut microbiota was not due to differences in alpha diversity

005 010 0.15
1 1 |

PCoA-2 (11%)
-0.05 0.00
I

-0.15 -0.10

-0.20
|

-0.2 -0.1 0.0 0.1 0.2 03
PCoA-1 (27%)

FIGURE 2 Lemur family groups have distinct gut microbiota.
PCoA orientation shows how S1 data cluster according to eight family
groups represented by colour and connected with lines (clusters differ
from each other, R? = .08, p = .014 and match family groups p < .01)
and form three bigger clusters for unknown reason (R? = .24, p = .001)

between groups (So,’ GEE model, controlling for time, sex, age, preg-
nancy, p = .13). Rather, between-group differences in microbiota were
best characterized by differential relative abundances (indicated by
10 OTUs with the highest random forest Mean Decrease Accuracy,
Data S6) of microbial taxa belonging to classes Bacteroidia, Clostridia
and Betaproteobacteria.

Pairwise association indices (Al and AIHuddle) were both nega-

Groom
tively correlated with microbiota dissimilarity (and thus positively cor-
related with similarity) during Season 2 (both, R?=7, p < .01), but not
during Season 1 (Al g P = 45 Algroom P = -6). In both behaviours,
individuals showed clear patterns of social preference (aggregation

of partners was non-random): Al values ranged from 0.1 to 0.6,

Groom
Al qqie Values ranged from 0.1 to 0.5.

3.3 | Effects of group size and individual sociality on
gut microbial alpha diversity

Group size was not correlated with gut microbial alpha diversity.
Individual sociality was negatively associated with microbial diversity:
Sl

between individuals (S2 data, controlling for time, p < .01), and a simi-

Groom Was negatively correlated with gut microbial alpha diversity
lar correlation was apparent between time points (population-wide
decrease in diversity was associated with simultaneous increase in
Slgroom) (Figure 3a). The individual-level correlation between alpha
diversity and sociality was strongest during Season 1 (Figure 3b).
Sl uddle Nad a similar time-dependent association with alpha diversity

as Sl although it was not significant (Figure 3c).

Groom’

3.4 | Temporal trends in microbiota

Microbial composition itself was also subject to a small seasonal
change (S, data, monthly change R? = .04, p < .01), driven by a sharp
population-wide change in diversity during the time when infants
were born (Figure 4a). This seasonal change was associated with de-
creasing diversity (R? = -.2, p = .01), which was in turn associated with
increasing relative abundance of Gammaproteobacteria, paralleled
by a reduction in the relative abundance of Clostridia. Furthermore,
individual variation in gut microbial composition was higher during
Season 2 both within groups and at the population level (Figure 4b,
see also Data S7). While the gut microbiota of pregnant females dif-
fered slightly from that of other group members, all individuals expe-
rienced similar changes in microbial composition across seasons and
after infant birth.

4 | DISCUSSION

4.1 | Species-specific trends in gut microbiota

This study shows that social environment is an important modula-
tor of microbiota in red-bellied lemurs. Our findings add to the
increasing evidence of group-specific microbiota in highly social spe-
cies (Bennett et al., 2016; Degnan et al., 2012; Gomez et al., 2015;
Leclaire, Nielsen, & Drea, 2014; Song et al., 2013; Theis, Schmidt,
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& Holekamp, 2012; Tung et al., 2015) and support the view that
individual-level social relationships are associated with microbial
similarity (Amato et al., 2017; Kort et al., 2014; Moeller et al., 2016;
Tung et al., 2015). Interestingly, we found no correlations between
age or sex and overall gut microbial composition. This is remarkable,
because individual endocrinology, which varies with age and sex,
is commonly thought to be associated with gut microbiota (Markle
et al., 2013; Stothart et al., 2016). However, our measures of age
were categories of juvenile or adult and more refined estimates of

age may yield different results.

4.2 | Social association and gut microbial similarity

While genetic factors and diet are likely to strongly affect the com-
position of microbiota (Benson et al., 2010; Doré & Blottiere, 2015;
Goodrich et al., 2014; Khachatryan et al., 2008; Lanyon et al., 2007;
Turnbaugh et al., 2009), it is unlikely that these factors explain the
majority of observed differences in microbial profiles between fam-
ily groups. Firstly, as frugivores with a temporally changing diet
(Overdorff, 1993; Tecot, 2008), one would expect temporal changes

Huddle index

in gut microbiota to be apparent. However, during the course of this
study, gradual seasonal changes in the environment and diet were
observed (A. Raulo, personal communication), but temporal variation
in gut microbial composition remained small compared to the differ-
ences observed across groups. This finding suggests that environmen-
tal fluctuations had only a relatively small effect on the gut microbiota.
However, diet likely does play a role of some kind in both the ob-
served temporal changes as well as group differences, and this is cur-
rently being analysed with data from the same population. Secondly,
groups had some territory overlap and were observed feeding in the
same trees on different occasions, but clustering patterns of micro-
biota did not follow their general geographical distribution (A. Raulo,
personal communication). Finally, within each red-bellied lemur family
group, the gut microbial composition of the breeding pair (presum-
ably not closely related) differed from each other as much as from
their presumed offspring (closely related), suggesting that genetic re-
latedness may have little effect on microbial similarity within groups,
although this needs to be formally tested. We are currently explor-
ing this relationship with genetic kinship data on the population level
(Diakiw, 2017; L.O. Diakiw, T. Tecot & A. Baden, in prep.). Thus, it is
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most likely that group-specific gut microbiota in red-bellied lemurs is
largely due to shared social contact, reflecting the social life of this
species, with high within-group cohesion and extremely low interac-
tion between members of different groups (Overdorff & Tecot, 2006;
Tecot, Singletary, & Eadie 2016).

Shared microbiota are likely to play several important roles in

the social context, for example, by affecting social recognition and

bonding through synthesizing pheromones crucial for mammalian
group-specific scent marks (Archie & Theis, 2011; Douglas & Dobson,
2013; Theis et al., 2012, 2013). More importantly, shared microbiota
can be seen as a mechanism of immunity synchronization in a small
group. Individuals become accustomed to their gut microbes and in-
deed the same gut bacteria might be mutualistic or pathogenic de-
pending on the individual or situation (Backhed et al., 2012; Barribeau,
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Villinger, & Waldman, 2012; Feng & Elson, 2011; Stilling, Bordenstein,
Dinan, & Cryan, 2014). Sharing microbiota ensures that all group mem-
bers are accustomed to similar bacterial communities and will not in-
fect each other with potential pathogens. Concurrently, following the
metapopulation theory (Levin, 1974; Wilson, 1992), distributing com-
mon microbial allies within a social network enables a more diverse
and resilient microbiota to be present within a social group, increasing
the group’s potential to adapt to changing environments. Extending
microbiota beyond an individual evokes interesting evolutionary con-
sequences, and implications for future experimental confirmation. For
example, not all socially transmittable microbes are beneficial and an
interesting future field of research lies in recognizing situations where
an individual can gain beneficial microbial transmission while avoid-
ing pathogenic transmission (Amato, 2016). However, distinguishing
pathogenic (or potentially pathogenic) microbes from beneficial ones
can be tricky, especially in an endemic species with a large portion of
gut microbes unclassified, like in this study. More detailed research,
even strain-specific analyses, are needed to separate immunologically
challenging and beneficial taxa. When we have an idea of the high-
resolution taxonomic diversity of microbiota, we can start to map the
extent to which individuals choose their social company with respect
to current immunological challenges, for example, by avoiding conspe-
cifics with dissimilar microbiota and preferring the company of those
with more similar microbiota (see Barribeau et al., 2012; Sharon et al.,
2010). Social preference for similar microbiota could lead to social
discrimination patterns between individuals with a different initial ge-
netic basis for immunity (e.g. MHC genotype). This can conflict with
adaptive mating strategies (e.g. mating with a dissimilar MHC geno-
type: Hamilton & Zuk, 1982; Apanius, Penn, Slev, Ruff, & Potts, 1997),
inducing a fluctuating trade-off between current immunological bene-
fits and the immunological quality of offspring.

Given that the family groups with offspring were very small (three
to six individuals) and generally all individuals interacted with each
other, it is remarkable that even within-group patterns of association
were related to gut microbial similarity, although only during Season 2.
Thus, some members of the group were more tightly bonded, spend-
ing more time grooming and huddling with each other, and this was
reflected in their gut microbial similarity. This result is interesting, be-
cause if social contact can function as a transmission route for mi-
crobes (Kort et al., 2014; Kulkarni & Heeb, 2007; Moeller et al., 2016;
Tung et al., 2015), these microbes can carry information of social con-
tact as well.

4.3 | Amount of social contact and gut microbial
alpha diversity

Sharing microbiota might be an underestimated force behind group-
wide immunity. However, contrary to our expectations we found gen-
erally no support for the common idea that increasing social contact
would increase gut microbial alpha diversity. Specifically, we found
no correlation between group size and alpha diversity in this species,
possibly due to small variation between group sizes (N = 2-6 individu-
als). Furthermore, although social association influenced microbial

transmission, individual sociality (i.e. Sl ) was negatively correlated

Groom
with gut microbial alpha diversity. There are several plausible expla-
nations for this. First, sharing microbiota within social groups could
lead to an enrichment of certain bacteria present in the community
resulting in decreasing diversity estimates in weighted diversity indi-
ces, such as the Shannon index. This might be especially pronounced if
high values of individual sociality indices are due to intense interaction
with just one other individual instead of many. Another likely reason
for the observed pattern is that both lower alpha diversity and intense
social behaviour are caused by a third factor, such as stress. Stress is
known to increase affiliative behaviour in primates (Aureli, Cords, &
Van Schaik, 2002; Engh et al., 2006) and reduce gut microbial diver-
sity (Bailey et al., 2011; Stothart et al., 2016). In accordance, prelimi-
nary analyses on samples from the same population have shown that
individual faecal cortisol levels are correlated with microbial composi-
tion in our study population (S. Tecot, A. Baden, unpubl.; see Data S8),
although more data are needed to explore whether cortisol levels are
associated with overall diversity or other aspects of gut microbiota.
Taken together, understanding how taxonomic subsets with differ-
ent transmission dynamics construct the composition of microbiota
calls for more research, which should take into account the effects of
both transmission (which microbes can enter the gut) as well as host
physiology, genotype and co-infection dynamics (who can establish a
population in the gut).

4.4 | Temporal dynamics in microbiota, and social
behaviour

Interestingly, individual sociality (Sl was correlated with gut

Groom)
microbial alpha diversity more strongly during Season 1 (before in-
fants were born) yet social association within the group (Alg, .
and Al 4q) Predicted gut microbial similarity only during Season 2
(after infants were born). These trends are best explained by per-
vasive larger scale temporal patterns in microbiota and behaviour.
Importantly, in the transition between Seasons 1 and 2, individuals
tended to become less similar in microbial composition (variation in
similarity and diversity increase) as well as more distant in their so-

cial relationships (mean Al was 0.4 before and 0.28 after infant

Groom
birth). Thus, the delicate trend of social association predicting micro-
bial similarity becomes visible only when individual variation is high
enough. On the other hand, the trend of individual sociality correlat-
ing with microbial diversity is lost to the overall decreasing diversity
during Season 2.

A major part of the gradual change in gut microbiota is likely
caused by a shift in diet (Doré & Blottiere, 2015; Turnbaugh et al.,
2009). However, there was a clear population level shift towards lower
microbial diversity and similarity at the time when infants were born to
groups. While coinciding dietary changes might play a role here as well,
an alternative explanation is offered by the major changes in hormonal
profiles associated with infant birth. In our study population, just be-
fore infant birth hormonal profiles are also most similar between in-
dividuals (Tecot, 2008; S. Tecot et al., in prep, see also Data S8) and
sociality indices are highest, reflecting the system of allomaternal care
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in the species (Tecot, Baden, Romine, & Kamilar, 2012; Tecot et al.,
2013; Tecot, & Baden, in press), where all group members reflect the
hormonal status of the pregnant female (in red-bellied lemurs: Tecot,
2008; Tecot, Singletary, & Eadie 2016; in other species with alloma-
ternal care: Storey, Walsh, Quinton, & Wynne-Edwards, 2000; Nunes,
Fite, Patera, & French, 2001; Ziegler, Washabaugh, & Snowdon, 2004).
Thus, synchronized microbiota prior to infant birth might be a result
of increased transmission with higher sociality indices, or alternatively,
a result of synchronized hormonal profiles. The population-level shift
in gut microbiota prior to infant birth was associated with increasing
abundance of Proteobacteria and decreasing Firmicutes. In humans,
both of these trends in gut microbial composition are linked to third
trimester changes in pregnant women's microbiota (Koren et al., 2012),
that are likely under hormonal control. This pattern has been suggested
to represent an adaptive adjustment of the microbiota to enhance ben-
eficial maternal transmission to offspring and reduce the risk of patho-
gen infection from the mother to the infant (Koren et al., 2012).

5 | CONCLUSIONS AND FUTURE
DIRECTIONS

Along with the effects of diet, physiology, environment, and genes
described elsewhere, habitual social contact seems to be important in
determining aspects of an individual's microbiota. In addition to early
maternal exposure, it appears that social environment may continue
to modify an individual’s microbial community. In turn, microbes might
modify social behaviour through their effects on the central nervous
system (microbe-gut-brain axis) and hormones. The emerging under-
standing of these reciprocal interactions between the host and the
mutualist microbiota can inspire novel perspectives on the evolution
of social systems.

However, to understand the role of microbiota in the evolution
and ecology of host social systems, one needs to consider a range of
processes occurring at scales both within and among hosts. We hope
that future research will be conducted on (1) the interplay between
individual genotype/physiology and transmission dynamics in affect-
ing the composition and function of microbiota; (2) combined effects
of dietary differences and population’s social and spatial structure on
gut microbial composition; (3) the effects of different social systems
(different patterns of connectedness) on the microbiota and immune
function of the species; and (4) the identity of the specific subset of
microbiota that relies largely on social transmission. Socially transmit-
table microbiota might be an important synchronizing force in a tightly
bonded social group. Synchronizing immunity, endocrine profiles and
subsequent behavioural responsiveness allows more cohesive social-
ity and effective cooperation. In the evolution of cooperative groups,
individuals increasingly work “as one.” Thus, when the functional unit
of the species shifts from individuals towards groups, immunological,
physiological and behavioural synchrony become more adaptive. The
evolution of vertebrate social systems has been long seen through
trading aspects of individual fitness. However, in the world of holo-
bionts (Zilber-Rosenberg & Rosenberg, 2008), units of hosts and their

microbiota, there are no simple alliances: evolving social systems are
restructuring ecosystems by affecting patterns of connectedness be-
tween hosts, and thus also microbial meta-populations. These connec-

tions in turn create whole new niches for microbial life.
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