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Abstract

In social animals, affiliative behaviours bring many benefits, but also costs such as disease risk. 

The ways in which affiliation may affect the risk of infectious agent transmission remain unclear. 

Moreover, studies linking variation in affiliative interactions to infectious agent incidence/diversity 

have speculated that disease transmission may have occurred, rather than revealing that 

transmission did occur. We address these gaps using the phylogenetics of commensal gut 

Escherichia coli to determine whether affiliative grooming and huddling social networks mediated 

microbial transmission among rhesus macaques. We collected behavioural and microbial data 

from adult macaques across a 12-week period that was split into two 6-week phases to better 

detect dyadic transmission. We reconstructed undirected social networks from affiliative 

interactions and reconstructed microbial transmission networks from the pairwise phylogenetic 

similarity of E. coli pulsotypes from macaques within and across adjacent sampling events. 

Macaque E. coli pulsotypes were more phylogenetically similar to each other than to 

environmental isolates, which established a premise for socially mediated transmission. Dyadic 

grooming and huddling frequencies strongly influenced the likelihood of E. coli transmission 

during the second data collection phase, but not the first. Macaques that were more central/well 

connected in both their grooming and huddling networks were also more central in the E. coli 
transmission networks. Our results confirmed that affiliative grooming and huddling behaviours 

mediate the transmission of gut microbes among rhesus macaques, particularly among females and 

high-ranking individuals. The detectability of socially mediated E. coli transmission maybe 

partially masked by environmental acquisition in males, or by high frequencies of interactions in 

captivity. Predicting the potential transmission pathways of gastrointestinal parasites and 

pathogens, our findings add to current knowledge of the coevolutionary relationships between 
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affiliative behaviour and health and may be used to identify ‘superspreader’ individuals as 

potential targets for disease control strategies.

Keywords

affiliative behavior; commensal E. coli; infectious disease; rhesus macaque; social network; 
superspreader; transmission

In group-living animals, affiliative social behaviours are important for establishment and 

maintenance of group cohesion and social structure (Clutton-Brock, 2016; Hinde, 1976; 

Kappeler & Van Schaik, 2002). Unsurprisingly, social affiliation is widespread in the animal 

kingdom, and varies broadly in distribution, form and function (Hinde, 1976; Kappeler & 

Van Schaik, 2002). From an evolutionary perspective, affiliation brings many health- and 

fitness-related benefits, such as (1) lowered stress levels (Cobb, 1976; Cohen, Janicki-

Deverts, Turner, & Doyle, 2015; Young, Majolo, Heistermann, Schulke, & Ostner, 2014), (2) 

enhanced immune function (Kaplan et al., 1991; Segerstrom & Miller, 2004) and (3) the 

establishment and maintenance of long-term social bonds (Silk, 2014; Silk et al., 2003, 

2010). On the other hand, a major cost of affiliation may be infectious disease risk 

(Alexander, 1974; Altizer et al., 2003; Kappeler, Cremer, & Nunn, 2015; Nunn, Thrall, 

Leendertz, & Boesch, 2011). Critical gaps remain in our understanding of whether and how 

affiliative social behaviours may mediate the acquisition and transmission of infectious 

agents (Kappeler et al., 2015). For example, empirical studies linking animal social 

behaviour and either infectious agent incidence or the sharing of genotypically similar gut 

microbes have only been able to speculate that socially mediated microbial transmission 

may have occurred, but fall short of establishing that transmission did occur. While 

behaviourally mediated sharing may be inferred based on genotypic similarity of microbes at 

single time points, the detection of socially mediated transmission requires comparing host 

attributes and social behavioural contact patterns with the genotypic similarity of microbes 

at longitudinal, overlapping time intervals (VanderWaal & Ezenwa, 2016). Here we exploit 

the phylogenetics of commensally living gut bacterium Escherichia coli and use 

comparisons of animals’ social and microbial transmission networks to assess whether 

affiliative social grooming and huddling behaviours may mediate longitudinal infectious 

agent transmission among rhesus macaques, Macaca mulatta.

Understanding the coevolutionary underpinnings of social life and infectious disease risk is a 

major challenge for researchers. For instance, affiliative behaviours may have unexpected 

opposing effects on health outcomes such as infectious disease risk. Although higher rates of 

affiliation may socially buffer individuals and lower their susceptibility to acquiring 

infectious agents by providing physiological or health-related benefits (Balasubramaniam, 

Beisner, Vandeleest, Atwill, & McCowan, 2016; Bartolomucci, 2007; Cohen, 2004; Cohen, 

Janicki-Deverts, & Miller, 2007; Klein, 2000a,b), some forms of affiliation often involve 

prolonged physical contact with conspecifics, which may increase the likelihood of 

acquiring infectious agents from previously infected individuals (Freeland, 1976; Kappeler 

et al., 2015; MacIntosh & Frias, 2017; Nunn et al., 2011). A typical behaviour that exhibits 

these trade-offs is social or allogrooming, i.e. cleaning or manipulating the fur or skin of 
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another individual, which is a common form of affiliation in animal societies (e.g. social 

insects: Moore, Angel, Cheeseman, Robinson, & Fahrbach, 1995; bovids: Hart & Hart, 

1992; bats: Carter & Leffer, 2015; nonhuman primates: Henzi & Barrett, 1999). In 

nonhuman primates, for instance, grooming may lower infectious disease risk by reducing 

ectoparasite load in recipients (Duboscq, Romano, Sueur, & MacIntosh, 2016; Tanaka & 

Takefushi, 1993) and by mitigating stress levels to socially buffer both givers and receivers 

from acquiring infectious agents (e.g. Balasubramaniam et al., 2016; Smutt, MacLarnon, 

Heistermann, & Semple, 2007; Young et al., 2014). Yet the prolonged periods of direct host-

to-host contact during grooming may also increase the risk of acquiring and transmitting 

gastrointestinal parasites via faecale–oral contact routes (e.g. MacIntosh et al., 2012; 

Rimbach et al., 2015). Such contrasting mechanisms make unravelling the links between 

affiliative interactions and infectious agent risk highly complex.

Social network analysis is well suited for modelling such heterogeneous patterns in animals’ 

space use overlap and social interaction due to the consideration of both direct interactions 

and indirect secondary links among group members (Brent, Lehmann, & Ramos-Fernandez, 

2011; Lusseau, Whitehead, & Gero, 2008; McCowan, Anderson, Heagarty, & Cameron, 

2008; Sade, 1972a,b; Sueur, Jacobs, Amblard, Petit, & King, 2011). For this reason, 

networks have proven highly useful tools for modelling infectious agent acquisition and 

transmission (Craft, 2015; Craft & Caillaud, 2011; Drewe & Perkins, 2015; Godfrey, 2013; 

VanderWaal & Ezenwa, 2016). Indeed, recent efforts have revealed that, across a wide range 

of animal taxa, individuals that are well connected or highly central in their social networks 

are also more likely to be infected by gastrointestinal parasites and pathogens such as (1) 

protozoans (e.g. Crithidia sp. in bumblebees, Bombus impatiens: Otterstatter & Thomson, 

2007; Entamoeba sp. in brown spider monkeys, Ateles hybridus: Rimbach et al., 2015; 

Cryptosporidium sp. in Belding’s ground squirrels, Urocitellus beldingi: VanderWaal, 

Atwill, Hooper, Buckle, & McCowan, 2013), (2) nematodes (e.g. Strongyloides sp. in 

Japanese macaques, Macaca fuscata: MacIntosh et al., 2012) and (3) pathogenic bacteria 

(e.g. Salmonella sp. and E. coli O157:H7 in African ungulates: VanderWaal, Atwill, Isbell, 

& McCowan, 2014; Shigella sp. in rhesus macaques: Balasubramaniam et al., 2016).

One aspect that remains unaddressed by the above studies is related to the detectability of 

socially mediated microbial transmission; these studies have been useful to speculate 

whether transmission may have occurred but cannot conclude that transmission did occur. 

One way to address this would be by assessing and comparing the phylogenetic relationships 

of commensal gut microbes to model the socially mediated transmission of microbes at high 

resolutions (reviewed in VanderWaal & Ezenwa, 2016). Commensal E. coli are ideal 

microbes for these purposes because two individuals with genotypically similar or identical 

E. coli likely acquired the strain either via faecale–oral contact-mediated transmission or 

from a common environmental source (Chiyo et al., 2014; Springer, Mellmann, Fichtel, & 

Kappeler, 2016; VanderWaal, Atwill, Isbell, & McCowan, 2013; VanderWaal & Ezenwa, 

2016). Escherichia coli are facultative anaerobic bacteria that, by virtue of being highly 

prevalent in vertebrates, are potentially isolatable from the gastro-intestinal tracts of every 

individual in a group (Goldberg, Gillespie, & Singer, 2006; Sears, Janes, Saloum, Brownlee, 

& Lamoreaux, 1950, 1956; Tenaillon, Skurnik, Picard, & Denamur, 2010). They exhibit a 

clonal population structure that remains relatively unaffected by phenomena like horizontal 
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gene transfer, mutation events within epidemiologically short time frames and/or host 

immune function (Goldberg et al., 2006; Tenaillon et al., 2010). In addition, although E. coli 
share close evolutionary histories and microecological niche space with gastrointestinal 

pathogens, commensal or nonpathogenic strains generally do not alter the behaviour of the 

host (Goldberg et al., 2006; VanderWaal & Ezenwa, 2016), nor is their acquisition likely to 

be influenced by stress-induced social buffering (Balasubramaniam et al., 2018).

A second gap in our understanding of the behavioural bases of disease risk is related to 

distinguishing between microbial acquisition from social contact (i.e. social transmission) 

versus from shared space use overlap (i.e. environmental acquisition). In reticulated giraffes, 

Giraffa camelopardalis, E. coli sharing was more strongly predicted by networks of social 

contact associations than by networks of shared space use overlap (VanderWaal, Atwill, 

Isbell et al., 2013). In contrast, shared habitat use and cohort membership, but not social 

contact interactions, seemed to influence E. coli genotypic diversity among African 

elephants, Loxodonta Africana (Chiyo et al., 2014). In brush-tailed possums, Trichosurus 
vulpecula, E. coli sharing seemed to depend more on social contact than space use, but 

specifically on more cryptic forms of contact rather than on long-term relationships (Blyton, 

Banks, Peakall, Lindenmayer, & Gordon, 2014). In Verreaux’s sifakas, Propithecus 
verreauxi, individuals’ group membership and rates of intergroup encounters both predicted 

the genotypic sharing of E. coli, suggesting indirect evidence for socially mediated bacterial 

transmission (Springer et al., 2016). In summary, these studies provide mixed evidence for 

whether animals’ shared use of space or their social contact behaviours is more likely to 

influence the genotypic diversity and sharing of E. coli.

Here we address the aforementioned gaps by examining whether affiliative social behaviours 

may facilitate the longitudinal transmission of gut E. coli among captive rhesus macaques. 

Rhesus macaques are a good study species for examining socially mediated microbial 

transmission. They show a high degree of heterogeneity in social interactions that arise from 

a nepotistic, despotic social structure, in which dominance rank, sex differences and kinship 

ties may all strongly influence affiliative interactions like social grooming 

(Balasubramaniam et al., 2012; Berman, 2011; Berman & Kapsalis, 2009; Berman & 

Thierry, 2010; Thierry, 2007). Moreover, the observed heterogeneity in affiliation is likely to 

influence socially mediated faecale–oral transmission of gut E. coli because our previous 

work has shown that genotypic diversity of E. coli is strongly linked to social network 

community membership across multiple rhesus groups (Balasubramaniam et al., 2018). Here 

we extend this work, and the work of others reviewed above, by adopting a longitudinal 

sampling approach that caters to detecting microbial transmission (see Methods).

Aim 1: Premise for Contact-mediated Microbial Transmission

Within a single group of captive rhesus macaques, we first establish a premise to expect 

socially mediated transmission of E. coli. Gastrointestinal microbes may be acquired by 

social contact or directly from contaminated substrates in the environment (Fenner, Godfrey, 

& Bull, 2011; Godfrey, Moore, Nelson, & Bull, 2010; Huffman et al., 2013; Hussain, Ram, 

Kumar, Shivaji, & Umapathy, 2013; VanderWaal, Atwill et al., 2014). As a premise for 

expecting social transmission despite potential environmental acquisition, we examined 
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whether macaques’ gut E. coli were more phylogenetically similar to each other than to E. 
coli isolated from the environment. Furthermore, since dispersing males from female 

philopatric societies are often more exploratory in their environmental space use (Cords, 

2013; Kappeler, 2000; Pusey & Packer, 1987; VanderWaal, Wang, McCowan, Fushing, & 

Isbell, 2014), we also examined whether E. coli genotypic similarity was stronger for 

females compared to males.

Aim 2: Social Contact Frequencies and the Dyadic Transmission of E. coli

Next, we asked whether macaques’ contact affiliation mediated the transmission of gut E. 
coli between animals, resulting in higher levels of phylogenetic similarity between their E. 
coli strains. We predicted that the frequency of dyadic social grooming and/or huddling 

interactions would be positively related to the likelihood of detecting high phylogenetic 

similarity (labelled here as a link) in their corresponding E. coli transmission network.

Aim 3: Social Network Connectedness and Superspreading of E. coli

Finally, we examined whether some macaques, due to being central both in the affiliation 

and microbial transmission networks, may also function as potential ‘superspreaders’ of 

infectious agents (Lloyd-Smith, Schreiber, Kopp, & Getz, 2005). We predicted that the most 

well-connected individuals in the grooming and/or huddling networks would also be central 

in the E. coli transmission network. Given that patterns of macaque affiliation are influenced 

by sex and dominance rank, we also examined whether these attributes interacted with 

individuals’ affiliation network positions to influence E. coli transmission.

METHODS

Study Location and Subjects

The study was conducted at the California National Primate Research Center (CNPRC) and 

the School of Veterinary Medicine (SVM), University of California at Davis, U.S.A. We 

collected behavioural and microbial data on a single group of rhesus macaques housed in a 

0.2 ha outdoor enclosure. Subjects were 97 macaques >3 years of age (31 males, 66 

females). Animals were fed a standard diet of monkey chow twice per day at approximately 

0700 hours and between 1430 hours and 1530 hours. This diet was supplemented by fresh 

fruit or vegetables once a week, with seed mixture being provided daily. Water was available 

ad libitum from water spigots as well as sporadically from natural puddles. The protocols 

used for this research were approved by the University of California (UC) Davis Institutional 

Animal Care and Use Committee (protocol no. 18525) and were in accordance with the legal 

requirements of the jurisdictions in which the research was conducted.

Behavioural Data Collection

Three observers collected behavioural data for a total duration of 3 months of a single dry 

season (May–July), for 6 h per day (0900–1200 hours and 1300–1600 hours) and 4 days per 

week. The data collection period was split into two 6-week phases; this duration has been 

previously shown to yield adequate behavioural data to construct reliable social networks in 

this population (Balasubramaniam et al., 2018). Observers used an instantaneous scan 
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sampling approach to record affiliative grooming and huddling interactions (Altmann, 1974). 

Social grooming or allogrooming was defined as an instance where an individual was 

observed cleaning or manipulating the fur of another individual. Huddling was recorded 

when an individual was observed in any kind of direct body contact, including (but not 

restricted to) ventral contact or an embrace, with another individual that did not involve an 

alternative social interaction such as grooming or contact aggression. Observers conducted 

scans once every 20 min during a 6 h duration of sampling per day, generating a total of 432 

scans per 6-week phase, or 864 scans across the 3-month period. In addition, they used an 

event sampling approach to record dyadic aggressive interactions (Altmann, 1974), in order 

to determine dominance ranks of individuals using the Percolation-and-Conductance method 

available in the ‘Perc’ R package (Fujii et al., 2016; Fushing, McAssey, Beisner, & 

McCowan, 2011; for descriptions, see ; Balasubramaniam et al., 2016; Vandeleest et al., 

2016).

Microbial Sampling, Isolation and DNA Fingerprinting

We used a longitudinal sampling approach to collect fresh faecal swabs from all individuals 

in the group during each of three sampling events. The first was just prior to the 

commencement of behavioural data collection (Fig. 1: sampling event T0). The second at the 

end of phase I, or after the first 6 weeks of behavioural data collection (Fig. 1: T1). The third 

was at the end of phase II, or after the second 6-week behavioural data collection period 

(Fig. 1: T2). This approach was aimed at reconstructing bacterial transmission networks 

from phylogenetic similarity of E. coli inferred both from within the same sampling event 

that followed a behavioural sampling period and from across adjacent sampling events that 

flanked a behavioural sampling period (Fig. 1; see details below regarding the construction 

of E. coli transmission networks). Since commensal E. coli typically survive in the 

mammalian gut for 8–25 weeks (Habteselassie et al., 2008; Sinton, Hall, & Braithwaite, 

2007; Van Elsas, Semenov, Costa, & Trevors, 2011), we believed that collecting and 

processing microbial samples at the end of 6 weeks would be useful to detect at least some 

(if not all) dyadic transmission that may have occurred during this period. So we expected 

that our sampling approach would facilitate the establishment of dyadic transmission within 

shorter (6-week) time frames, and that ‘superspreader’ macaques from a more complete or 

well-connected transmission network could be inferred from across the entire duration of 

data collection (12 weeks).

On the day of a sampling event, we immobilized each animal and collected fresh faecal 

swabs using previously published methods (Good, May, & Kawatomari, 1969). To rule out 

E. coli acquisition from environmental faeces and substrates, we also collected 18 samples 

by swabbing faecal-contaminated environmental features of the enclosure, three samples 

from within each of six equally divided sections of the enclosure. We immersed the swabs 

into prelabelled tubes (macaque samples) or small bags (environmental samples) containing 

Tryptic Soy Broth (TSB; BD Franklin Lakes, NJ, U.S.A.). We then isolated a single strain 

and biochemically confirmed this to be commensal E. coli from these TSB tubes in the 

majority of individuals, using previously standardized epidemiological procedures in the 

Atwill-McCowan laboratory in the UC Davis School of Veterinary Medicine (see 

Balasubramaniam et al., 2016, 2018, for more detailed explanations). The minority of 
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individuals that tested negative during a sampling event were deemed ‘untypable’ but were 

included in the analyses if they tested positive for E. coli in at least one of the three sampling 

events. Confirmed E. coli isolates were banked and frozen within a −80 °C freezer. From 

these, we generated bacterial DNA fingerprint profiles, or pulsotypes, from each E. coli 
isolate using PulseNet Pulsed Field Gel Electrophoresis (PFGE: using the CDC protocol). 

PFGE is a well-established method for typing bacteria and has been shown to perform well 

for comparing large numbers of isolates of commensal gut E. coli (Cesaris et al., 2007; 

Kilonzo, Atwill, Mandrell, Garrick, & Villanueva, 2011; Kondo, Hoar, & Mandrell, 2010; 

Ribot et al., 2006; VanderWaal, Atwill et al., 2014). While we acknowledge that more novel 

techniques like whole genome sequencing (WGS) and metagenomic processing would add 

additional discriminatory power to our analyses, the prohibitory increase in cost would 

significantly reduce sample size and therefore prevent a network analysis. So we used PGFE 

given that this method (1) struck a balance between adequate sample size and molecular 

accuracy, (2) has a long history of success in past studies relying on molecular inference, (3) 

is sufficient to assess genus-typical bacterial diversity and (4) is adequate for our focus on a 

specific inhabitant of the gut microbiome (enteric E. coli). Upon generating E. coli 
genotypic profiles from the banked isolates, we determined the similarity of each genotype 

to all others, by comparing their standardized densitometric curves generated from the 

pulsotype images using the Bionumerics software (version 6.6, Applied Maths, Inc., Austin, 

TX, U.S.A.). These curves reveal both the locations of DNA fragments, as indicated peaks in 

the curve that correspond to the presence of bands on the pulsotype image, and the quantity 

of DNA in each fragment, as indicated by the peak dimensions that correspond to band 

intensity. Two genotypes were considered ‘identical’ if their densitometric curves ≥90% 

similar (cophenetic correlation coefficient). Reproducibility analyses conducted in a 

previous study revealed that this cutoff criterion minimizes both type I errors in matching to 

1%, and limits type II error rates to <5% (VanderWaal, Atwill, Isbell et al., 2013).

Social and Microbial Transmission Networks

From the scan data of contact affiliative interactions, we reconstructed contact grooming and 

huddling social networks. All networks had the same number of individuals (N = 97) and 

were represented as square matrices. Networks were undirected but weighted based on the 

total number of interactions recorded between each pair of individuals. For each behaviour, 

we constructed three such networks, one each from the interactions recorded in phase I and 

phase II, respectively, and a third ‘overall’ network that combined behavioural interactions 

from both phases. From the latter, we computed grooming and huddling degree and 

betweenness for each individual. While being epidemiologically relevant to detecting 

microbial transmission, degree and betweenness capture slightly different aspects of 

individuals’ social positions. Weighted degree is an individuals’ total number of connections 

or partners, times the number of interactions with each partner (Opsahl, Agneessens, & 

Skvoretz, 2010). Being a measure of an individuals’ direct connections, degree has been 

useful in previous studies that have linked contact behavioural patterns to the likelihood of 

infectious agent acquisition (Balasubramaniam et al., 2016; Drewe, 2010; MacIntosh et al., 

2012). In contrast, betweenness considers both direct interactions and indirect pathways of 

connections; it was calculated as the relative number of shortest paths that pass through a 

focal individual that connects other individuals in the network (Freeman, 1977; Newman, 
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2005; Wasserman & Faust, 1994). Its usefulness to identify ‘hubs’ that link key components 

of networks has led to its identification as being a key measure for the detection of potential 

‘superspreaders’ of microbes (Drewe & Perkins, 2015; Friant, Ziegler, & Goldberg, 2016; 

Rushmore, Bisanzio, & Gillespie, 2017; VanderWaal, Atwill, Isbell et al., 2013; VanderWaal 

& Ezenwa, 2016).

From the data on pairwise similarity in E. coli, we constructed three microbial transmission 

networks using criteria that made them temporally overlap with the three social behavioural 

networks. These were undirected and unweighted, with links assigned based on whether 

pairs of macaques shared identical pulsotypes of E. coli (≥90% similarity), either across 

adjacent sampling events that flanked behavioural data collection phases, or within the same 

sampling event at the end of a behavioural data collection phase. Specifically, the 

transmission network of phase I was constructed by assigning links of E. coli similarity both 

(1) across sampling events To and T1 (arrow A in Fig. 1) and (2) within T1 (arrow B in Fig. 

1). Likewise, shared E. coli similarity between sampling events T1 and T2 and within T2 

were considered to construct the transmission network of phase II (arrows C and D in Fig. 

1). As with the behavioural networks, we also constructed an ‘overall’ transmission network 

that included links based on E. coli similarity within and across all sampling events (arrows 

A to E in Fig. 1). As with the overall grooming and huddling networks, we estimated each 

individual’s degree and betweenness centrality in their overall E. coli transmission network.

Statistical Analyses

To establish a premise for expecting social contact-mediated bacterial transmission (Aim 1), 

we used a series of Wilcoxon signed-rank tests. Within a given sampling event, these 

compared the mean dyadic macaque–macaque E. coli similarity coefficients with macaque–

environmental E. coli similarity coefficients. We favoured a nonparametric test given (1) the 

interdependency of dyadic similarity coefficients and (2) the error distribution for dyadic 

macaque–macaque E. coli similarity coefficients deviating significantly from normality (e.g. 

at sampling event T0: Shapiro–Wilk test: W = 0.95, P < 0.01). To examine whether there 

were sex-based differences in this premise, we also ran separate Wilcoxon signed-rank tests 

for male–male and female–female dyads to compare the mean E. coli similarity of dyads to 

each other and to male–environmental or female–environmental dyads within each sampling 

event.

To examine whether the frequencies of dyadic behaviours in the social networks predicted 

the likelihood of E. coli sharing in the transmission networks (Aim 2), we ran logistic 

multiple regression quadratic assignment procedure (or MR-QAP) tests (Dekker, 

Krackhardt, & Snijders, 2007; Hubert, 1987; Krackhardt, 1987) using the ‘netlogit’ function 

in the ‘SNA’ R package (Butts, 2008). MR-QAP accounts for the interdependency of dyadic 

data sets by implementing a double Dekker semipartialling approach (Dekker et al., 2007; 

Hanneman & Riddle, 2005). In each model, the outcome variable was an E. coli 
transmission network (from phase I or phase II), represented as a binary matrix with the 

presence (1) or absence (0) of a shared link between each pair of macaques. Since grooming 

and huddling matrices were strongly correlated to each other (e.g. in phase I: r = 0.70, P < 

0.01), we only ran univariate models, three for each phase. In the first two, the predictors 
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were social grooming and huddling networks, respectively, with cells in the symmetrized 

matrices containing the frequencies of interactions between each dyad. To examine any 

potential effects of vertical microbial transmission from parents to offspring (Ley, Lozupone, 

Hamady, Knight, & Gordon, 2008; McCord et al., 2014), we ran a third model to examine 

the influence of kinship. This was a binary matrix of ‘close-kin dyads’ assigned based on 

whether (1) or not (0) they belonged to the same matriline. Kinship strongly influenced 

grooming and huddling frequencies, with related dyads affiliating with each other more than 

unrelated dyads (e.g. phase I: huddling among kin versus nonkin: Wilcoxon signed-rank test: 

Z = 19.4, P < 0.01; phase II: grooming among kin versus nonkin: Z = 12.2, P < 0.01). 

Because of this, we again refrained from running multivariate models. Given the limitations 

of MR-QAP with regards to providing meaningful R2 values, or accurate goodness-of-fit 

statistics (Ferrin, Dirks, & Shah, 2006; Gibbons, 2004; Zagenczyk, Gibney, Few, & Purvis, 

2013), we interpreted each model based on the P values from the permutation tests.

To examine whether macaques that were well connected or central in their social networks 

also functioned as superspreaders of E. coli in their transmission network, we ran a series of 

GLMs using the ‘lme4’ package in R (Bates et al., 2016). We ran two model sets of seven 

models each, or 14 models in total. In the first model set, the outcome variable was a count 

of each individual’s degree in the E. coli transmission network. We therefore used a Poisson 

link function. We first ran two univariate models, one each for grooming and huddling 

degree centrality as predictors. We then ran four multivariate models in which we tested the 

interaction of each social network measure first with sex (two models) and then with 

dominance rank (two models). Finally, we ran one model that examined the interaction of 

grooming and huddling degree on the outcome of E. coli degree. To determine model fit, we 

calculated corrected Akaike information criteria (or AICc) scores and interpreted only those 

models that showed a significantly better fit (i.e. had a dAICc < 8) than a null or intercept-

only model (Burnham, Anderson, & Huyvaert, 2011; Richards, Whittingham, & Stephens, 

2011). In case of models with interaction terms, we interpreted these in the place of a 

simpler model with just a main effect if the interaction model was a significantly better fit 

(dAICc < 8) than the simpler model. In the second model set, the outcome variable was 

individuals’ betweenness centrality in the E. coli transmission network. This followed a 

negative binomial distribution, so we used the ‘glm.nb’ function with a log link function in 

the ‘lme4’ R package (Bates et al., 2016). As with the models for degree measures, we 

examined the effects of grooming and huddling betweenness, their interactions with sex and 

rank, and their interaction with each other. However, given interdependency concerns over 

the betweenness measure, we determined P values for each predictor in each model by using 

a post-network randomization, or a ‘node-swapping’ permutation approach, based on 1000 

permutations of the outcome variable (Farine, 2017; Farine & Whitehead, 2015). Rather than 

using AIC, we interpreted all models in which predictors showed a significant P value from 

these randomization tests. All statistical analyses were performed using R (v.3.1.3), and the 

value of α was set as 0.05.

RESULTS

From 97 individual macaques and across the three sampling events, we collected and DNA 

fingerprinted a total of 254 bacterial isolates, 86 in the first sampling event (T0), 79 in the 
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second sampling event (T1) and 89 in the third sampling event (T2). Across the three 

sampling events, we isolated and DNA fingerprinted one to three E. coli isolates for all 97 

individuals. Individual consistency in E. coli isolate type was low – most of the 97 macaques 

(91 individuals, or 94%) had a different E. coli isolate at each of their sampling points. 

However, we found many cases where different individuals had identical isolates (>90% 

similarity) both across time points (T0 → T1; T1 → T2) and within the same time point that 

followed a behavioural data collection period (T1, T2). Out of the 54 environmental isolates 

that we processed (18 in each of three sampling events), 45 tested positive and were 

genotyped for E. coli, 17 in the first sampling event, 16 in the second event and 12 in the 

third sampling event.

Aim 1: Premise for Contact-mediated Microbial Transmission

Our comparisons of macaque and environmental isolates established a strong premise for 

expecting social contact-based microbial transmission (Aim 1). Wilcoxon signed-rank tests 

revealed that, at all three sampling events, E. coli isolates from macaques were more similar 

to each other than they were to environmental isolates (Table 1). Similar analyses for 

different sexes revealed that this finding was more strongly sustained and consistent across 

sampling events for female macaques compared to males (Table 1, Fig. A1). At sampling 

event T1, the DNA similarity of E. coli isolates among males (1) did not differ significantly 

from E. coli from males compared to environmental isolates (Table 1, Fig. A1). 

Furthermore, (2) isolates among males were consistently less similar to each other than were 

isolates among females (Wilcoxon signed-rank test: Z = 3.8, P < 0.01).

Aim 2: Social Contact Frequencies and the Dyadic Transmission of E. coli

A comparison of the characteristics of the two phase-specific E. coli transmission networks 

revealed more microbial transmission links in phase II (between sampling periods T1 and 

T2) compared to phase I (between periods T0 and T1) (Table 2). The transmission network of 

phase I consisted of 244 transmission links yielding 48 network fragments, and 56 of 97 

macaques shared E. coli isolates with at least one other group member (links assigned based 

on ≥90% DNA similarity). Mean E. coli degree was 6.8 links per individual. In comparison, 

the transmission network of phase II was more well connected. It contained more 

transmission links (348) yielding fewer fragments (27), and 78 of 97 macaques shared a 

strain with at least one other group member. Furthermore, the mean degree (11.2) was 

significantly greater for the phase II network than the phase I network (Wilcoxon signed-

rank test: W = 3363, P < 0.01). Our criteria also yielded a fully connected overall 

transmission network across the three sampling events (Table 2).

At the dyadic level, we found strong but somewhat inconsistent evidence for the frequencies 

of contact affiliative interactions to predict the likelihood of E. coli transmission (Aim 2) 

(Table 3). At phase II, the MR-QAP tests revealed a significant positive relationship between 

dyadic social grooming and huddling frequencies in the social networks and the likelihood 

of sharing a link in the E. coli transmission network (Table 3). In contrast, similar tests at 

phase I revealed no significant associations between dyadic grooming and huddling 

frequencies and the likelihood of detecting a link in the transmission network. However, the 

coefficients were positive in both univariate models, suggesting a possible tendency for 
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dyadic contact-based transmission. We found no association between dyadic kinship (or 

matrilineal relatedness) and the likelihood of a link in the E. coli transmission network in 

either phase, in spite of kin dyads grooming and huddling more than nonkin dyads.

Aim 3: Social Network Connectedness and Superspreading of E. coli

We found strong evidence to suggest that central or more well-connected macaques in their 

social network may also function as superspreaders of E. coli in their transmission networks 

(Aim 3). When we considered just direct connections or degree, the best-fit model revealed 

that E. coli degree in the overall transmission network was most strongly predicted by the 

interaction between grooming degree and huddling degree (Table 4, model A7). This model 

was also a significantly better fit than simpler models with just the main effects of grooming 

degree (model A1) and huddling degree (model A2). Grooming degree was positively 

associated with E. coli degree only at higher values of huddling degree (Fig. 2). 

Furthermore, two other models revealed that E. coli transmission degree was also impacted 

by interactions between individuals’ degree and both sex and dominance rank. There was a 

significant interaction between huddling degree and sex (Table 4, model A4), which revealed 

that females had a stronger positive relationship between huddling degree and E. coli degree 

than males (Fig. 3). There was also a significant interaction between grooming degree and 

dominance rank (Table 4, model A5), which suggested that grooming degree was more 

positively correlated with E. coli degree conditionally among high-ranking individuals.

The inferences from our best-fit model were similar when we examined betweenness 

measures instead of degree (Table 5). Escherichia coli transmission betweenness was also 

significantly influenced by interactions between grooming and huddling betweenness (Table 

5, model B7; Fig. 4), as indicated by the significant P values from the node-swapping 

permutation tests for these interaction terms. However, results from the other models were 

not consistent; we found no significant effects of interactions with sex (Table 5, model B4) 

and dominance rank (Table 5, model B5) when we examined behavioural and E. coli 
betweenness in place of degree.

DISCUSSION

In this study, we used the phylogenetic relationships of an enteric gut microbe to examine 

whether contact affiliative behaviours may mediate infectious agent transmission among 

captive rhesus macaques. We found that gut E. coli isolated directly from macaques were 

more genotypically similar to each other than to environmental isolates, which established a 

premise for contact transmission. Through longitudinal sampling and comparison, we then 

revealed that the frequencies of dyadic social grooming and huddling interactions among 

macaques positively predicted the likelihood of E. coli transmission, within one of two 

sampling periods. Finally, we found strong evidence for the ‘superspreader’ hypotheses: 

macaques that were the most well connected or central in both their grooming and their 

huddling networks were also the most well connected or central in their E. coli transmission 

network. We discuss these findings below and their relevance for understanding the links 

between social life and disease risk from evolutionary and conservation perspectives.
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Gastrointestinal infectious agents may be transmitted through faecal–oral contact routes, by 

direct contact with a conspecific (e.g. Hamede, Bashford, McCallum, & Jones, 2009; 

MacIntosh et al., 2012; Otterstatter & Thomson, 2007), or indirectly in the environment (e.g. 

Fenner et al., 2011; Huffman et al., 2013; VanderWaal, Atwill, Isbell et al., 2014). Our 

comparisons of E. coli genotypic profiles revealed that, at all three sampling events, bacteria 

from rhesus macaque faecal swabs were more genotypically similar to each other than they 

were to bacteria from environmental faeces. Moreover, the pattern of E. coli genotypic 

diversity within and across sampling events revealed that there was a high turnover in 

macaque E. coli strains. In the majority of macaques, the same individual showed different 

E. coli strains across temporally adjacent sampling events. We also detected identical E. coli 
strains among different individuals either across sampling events or within the same 

sampling event that followed a period of behavioural observations. Linking such identical 

strains yielded a fully connected E. coli transmission network across the 12-week data 

collection period. This suggested that the overall genotypic diversity of E. coli appeared to 

be conserved within the group, with the same strains likely being transmitted among group 

members. Our previous work that showed ‘group membership’ had a strong effect on the 

population genetic structure of E. coli across three rhesus macaque groups also supports this 

argument (Balasubramaniam et al., 2018). Together, these lines of evidence established a 

premise to expect horizontal socially mediated acquisition and transmission of E. coli within 

our study group.

In one of the two study periods, we found that dyads with frequent affiliative interactions 

were the most likely to show genotypically identical E. coli. This is consistent with a 

previous study on free-living giraffes which, to our knowledge, is the only other study to 

reveal evidence for such contact-mediated microbial transmission among dyads 

(VanderWaal, Atwill, Isbell et al., 2013). In comparison to giraffes, rhesus macaques engage 

in more frequent contact affiliative interactions such as grooming and huddling, and with a 

wider range of conspecifics (Cords, 2013; Fooden, 2000; Sade, 1972a, b; Thierry, 2007); 

these may be especially more frequent in captivity where individuals come into closer 

proximity with each other (Judge & de Waal, 1997). Under such conditions, it is conceivable 

that the sharing of gut microbes is more readily discernible at higher organizational scales, 

such as among groups or communities of closely interacting individuals, rather than among 

dyads (Balasubramaniam et al., 2018). Thus, our ability to detect dyadic socially mediated 

transmission under these conditions may be somewhat unique and was likely facilitated by 

our longitudinal sampling approach that compared the phylogenetic similarity of E. coli 
across sampling time points. In free-living giraffes, VanderWaal, Atwill, Isbell et al. (2013) 

revealed that social networks were also strongly correlated to a network of shared space use, 

prompting speculation that E. coli transmission was more likely an outcome of 

spatiotemporal synchrony in animals’ environmental sources like watering-hole use patterns, 

rather than infrequently occurring tactile or other physical contact events. Our captive 

macaque group was exposed to consistent, similarly hot and dry environmental conditions, 

which are generally deemed unfavourable for the survival of E. coli (Habteselassie et al., 

2008; Sinton et al., 2007; Van Elsas et al., 2011). Furthermore, artificial water sources within 

the enclosure tested negative for E. coli (Balasubramaniam et al., 2018). For these reasons, 
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dyadic E. coli sharing in the macaques was more likely due to affiliative social contact rather 

than shared space use.

We found no effect of matriline membership on the likelihood of dyadic transmission, which 

suggests that our results were likely unaffected by potential vertical transmission of E. coli 
from mothers to their offspring. This is consistent with findings on baboons (Papio 
cynocephalus) that evidenced socially mediated sharing of gut microbiota independent of 

kinship (Tung et al., 2015), but contrasts other work on African elephants that reveals a 

strong effect of genetic relatedness on E. coli transmission (Chiyo et al., 2014). We speculate 

that in frequently interacting species like cercopithecine primates, horizontal contact 

transmission might mask the detectability of vertical transmission. Yet, since these primates, 

and in particular rhesus macaques, show strong matrilineal kin bias in affiliative contact 

patterns (Berman, 2011; Berman & Kapsalis, 2009), matriline membership might it-self 

affect the horizontal, social contact-mediated transmission of E. coli. So, our finding that 

kinship did not influence E. coli transmission is somewhat surprising but might be explained 

by the composition of the study group. Our group was composed of many small matrilines 

(26 matrilines; size range 1–8 individuals; see also Balasubramaniam et al., 2016), resulting 

in a disproportionately high percentage of nonkin dyads (4533 out of 4656, or 97.4%) 

compared to close-kin dyads (123 out of 4656, or 2.6%). We speculate that such small 

matriline sizes and the limited availability of close kin may increase individuals’ tendencies 

to seek out nonkin affiliation partners. In general, primates like macaques affiliate with 

nonkin for many reasons, such as social bond investment (Silk, 2014; Silk et al., 2003, 2010) 

and exchanging grooming for other social benefits (reviewed in Henzi & Barrett, 1999). 

Such interactions with nonkin might be even more frequent in spatially constrained 

environments like captive housing, where strong ties of affiliation might mitigate or offset 

the costs of heightened aggression (Judge & de Waal, 1997). So the lack of effect of kinship 

on the horizontal transmission of E. coli might be specific to group composition and living 

condition. Future work to confirm this should focus on animal groups with higher 

relationship coefficients.

Unlike in phase II, we detected no evidence for behaviourally mediated dyadic transmission 

in phase I. This may be due to the smaller number of total transmission links in the phase I 

network compared to the phase II network. It is also possible that greater frequency and 

diversity in macaque affiliation patterns may have masked the detectability of dyadic 

transmission in phase I, since the macaques engaged in more contact affiliative interactions 

with a wider range of partners in phase I compared to phase II (e.g. grooming: Wilcoxon 

signed-rank test: Z = 7.49, P < 0.01). This may have generated an even more frequent 

turnover of E. coli among the macaques in phase I, requiring longitudinal sampling within a 

shorter time frame to better detect transmission. More generally, our findings highlight the 

importance of possessing a priori knowledge of both microbe-specific characteristics (e.g. 

transmissibility, turnover rate) and host behaviours (e.g. the nature and frequency of 

affiliative contact) in order to formulate system-specific sampling paradigms for detecting 

dyadic transmission (see also below).

Across the 12-week data collection period, we found that macaques’ weighted degree and 

betweenness in their social networks strongly predicted their degree and betweenness in the 
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E. coli transmission network. Whereas previous studies of other animal populations report a 

single type of host behaviour that may mediate E. coli transmission (e.g. home range use 

among African elephants: Chiyo et al., 2014; intergroup encounters in Verreaux’s sifakas: 

Springer et al., 2016; tactile contact in giraffes: VanderWaal, Atwill, Isbell et al., 2013), we 

found that E. coli transmission in rhesus macaques may occur through two inter-acting types 

of affiliative contact: grooming and huddling. In primates, increased centrality or 

connectedness in grooming networks has been previously linked to the incidence or diversity 

of gastro-intestinal (GIT) endoparasites (e.g. Japanese macaques: MacIntosh et al., 2012; 

brown spider monkeys: Rimbach et al., 2015). Contact huddling has been associated with 

the increased likelihood of infection from a pathogenic gut bacterium in this macaque group 

(Balasubramaniam et al., 2016). These studies have been able to speculate whether 

transmission may have occurred, but have stopped short of establishing that transmission did 

occur. Here we extend such findings by implementing longitudinal behavioural sampling 

and genotypic comparisons to establish the socially mediated transmission of commensal gut 

E. coli, which is considered a classic model microbe for detecting the potential transmission 

route(s) for a suite of gastrointestinal pathogens (e.g. enteric bacteria) and parasites (e.g. 

protozoans and nematodes) (Chiyo et al., 2014; VanderWaal, Atwill, Isbell et al., 2014; 

VanderWaal & Ezenwa, 2016).

Our results also indicate that macaques’ sex and dominance rank may influence E. coli 
transmission patterns. With respect to sex differences, huddling degree had a stronger 

positive correlation with E. coli degree among females compared to males. This may be due 

to features of rhesus macaque social organization. Female rhesus remain in their natal 

groups their entire lives (Cords, 2013; Pusey & Packer, 1987; Sade, 1972a, b) and typically 

have more social partners and spend more time in affiliative interactions with these partners 

than do males. In contrast to females, male macaques tend to disperse from their natal 

groups (Pusey & Packer, 1987). Although captivity prevents natural dispersal, young males 

may still exhibit greater exploratory tendencies than females in captive conditions in 

anticipation of dispersal opportunities (Judge & de Waal, 1997). Thus, male dispersal and 

associated tendencies for greater environmental exploration may explain our finding that 

males were more likely to acquire E. coli from environmental faeces than were females. 

Environmental acquisition may have masked or counteracted the detectability of socially 

mediated transmission among males. In general, males in many taxa may function as 

microbial transmitters between rather than within groups, due to their tendencies to disperse 

between groups (e.g. African elephants: Chiyo et al., 2014; grey-cheeked mangabeys, 

Lophocebus albigena: Arlet et al., 2015) or between communities (e.g. juvenile Belding’s 

ground squirrels: VanderWaal, Atwill, Hooper et al., 2013), or participate in intergroup 

encounters (e.g. Verreaux’s si-fakas: Springer et al., 2016).

With respect to rank-related differences in E. coli transmission, grooming degree was more 

strongly related to E. coli degree among high-ranking individuals. In many primate societies, 

grooming is preferentially directed towards higher-ranking individuals (Schino, 2001; 

Schino & Aureli, 2008; Seyfarth, 1977), and this could increase their exposure to infectious 

agents via social contact (MacIntosh et al., 2012). However, infectious agent risk is further 

complicated by the complex relationship between rank and social stress-induced 

susceptibility to infection. Although it is well established that social and psychological stress 
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increase disease risk among mammals (Bartolomucci, 2007; Cohen, 2004; Cohen et al., 

2007; Klein, 2000a, b), rank can impact stress in nonlinear ways (Sapolsky, 2005; 

Vandeleest et al., 2016). So, although previous studies have shown that dominance rank 

influences parasite risk in primates (Hausfater & Watson, 1976; MacIntosh et al., 2012; 

Muehlenbein, 2006; Muller-Graf, Collins, & Woolhouse, 1996), they have largely been 

unable to disentangle the relative effects of contact-mediated transmission from stress-

induced acquisition (but see MacIntosh et al., 2012). Here our focus is on a commensal 

rather than a pathogenic microbe, possibly ruling out stress-induced susceptibility, which if 

true suggests that grooming promoted direct social contact-mediated microbial transmission 

more so among high-ranking compared to low-ranking macaques.

Our conclusions are unlikely to have been affected by our microbial sampling approach. One 

concern is related to the time window for microbial transmission to occur. We divided our 

12-week study period into two 6-week phases. We chose a 6-week window to both yield 

enough behavioural data to build reliable grooming and huddling networks and to detect 

longitudinal E. coli transmission (see Methods). Our detection of sparsely connected 

transmission networks at 6 weeks suggested that this was not an optimal window to detect 

all transmission events. Nevertheless, our finding that social behaviour strongly predicted 

what may have been a fraction of the transmission links detected within this 6-week window 

is significant. A second concern is related to our definition and criteria for links in the E. coli 
transmission network. Our approach of considering dyadic E. coli similarity within and 

across longitudinally adjacent time points that flanked behavioural data collection is an 

advancement over previous studies that implemented more opportunistic microbial sampling 

and comparisons (e.g. Springer et al., 2016; VanderWaal, Atwill, Isbell et al., 2013). A more 

conservative approach to define the precise pathways of transmission may be to consider just 

a subset of the links we considered in Fig. 1, which involved two macaques sharing an 

identical strain at a follow-up time point (e.g. T1) that was also present only in one of the 

two individuals at the preceding time point (T0). However, this was impossible with our data 

given the small percentage of individuals for whom we detected identical strains at adjacent 

time points (6 out of 97, or 6%). Although more frequent microbial sampling at shorter 

intervals, or sampling multiple E. coli strains from the same macaque at each time point, 

would likely solve the above concerns, both were budgetarily beyond the scope of this study. 

These approaches may have only strengthened rather than changed our results, by generating 

more well-connected transmission networks within shorter time frames. Finally, although 

our approach highlights the importance of longitudinal sampling in general, specific choices 

related to sampling time windows and frequencies should remain flexible across studies, 

since they are affected both by feasibility and by animals’ physiology, socioecology and 

behaviour (VanderWaal & Ezenwa, 2016).

Our findings expand the current understanding of how social life impacts disease risk, by 

adding to a growing body of research demonstrating the complex effects of social behaviour 

on health (Kappeler et al., 2015). The fact that animals’ betweenness centrality in both their 

grooming and huddling networks strongly influenced their betweenness centrality in the E. 
coli transmission network supports this claim. Betweenness centrality identifies hubs or 

bridges that connect otherwise fragmented parts of a social network (Freeman, 1977; 

Newman, 2005; Wasserman & Faust, 1994), and social hubs are key for the maintenance of 
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group cohesion and social stability and for the dissemination of socially acquired or learnt 

behaviours (Brent, 2015; Kanngiesser, Sueur, Riedl, Grossmann, & Call, 2011). Yet these 

same individuals, functioning as conduits of infectious agents, may be ‘superspreaders’ of 

microbial pathogens when they are infected and actively shedding the agent (Drewe & 

Perkins, 2015; Lloyd-Smith et al., 2005; VanderWaal & Ezenwa, 2016). So, from a 

conservation perspective, our findings indicate that pre-emptive control of the flow of 

infectious diseases may be possible if such superspreaders in a transmission network are 

targeted for disease control strategies like vaccination or antibiotic treatment (VanderWaal & 

Ezenwa, 2016).
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Figure A1. 
Box plots of comparisons between macaque–macaque and macaque–environmental E. coli 
isolates by sex, at sampling time points (a) T0, (b) T1 and (c) T2. Boxes indicate the 25th and 

75th percentiles. The heavy line indicates the median. Whiskers represent 1.5 times the 

interquartile range of the data. P values are from Wilcoxon two-sample tests.

*P < 0.05; **P < 0.01.
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Figure 1. 
Behavioural and microbial data collection paradigm. T0, T1 and T2 represent microbial 

sampling events. Arrows (labelled A to E) connect sampling events used to construct E. coli 
transmission networks whereby the degree of similarity of E. coli pulsotypes between pairs 

of macaques either between sampling events or within the same sampling event that 

immediately followed a behavioural data collection phase was ≥90% similarity to indicate E. 
coli sharing or transmission (Table 2). Phase I and phase II represent two 6-week periods of 

behavioural data collection.
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Figure 2. 
Plot showing the predicted value of E. coli transmission degree at various values of social 

huddling and grooming degree (model A7) (Aim 3).
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Figure 3. 
Plot showing the relationship between E. coli transmission degree and huddling degree for 

both males and females (model A4) (Aim 3). Shaded areas indicate the 95% confidence 

intervals around the two regression lines.
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Figure 4. 
A node-swapping permutation test indicating the significant relationship between E. coli 
transmission betweenness centrality and the interaction between social grooming and 

huddling betweenness (Model B7) (Aim 3). The dotted line indicates the value of the 

coefficient from the original data against a null distribution of coefficients generated from 

1000 permutations of node IDs.
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Table 1

Estimated differences in the degrees of DNA similarity between macaque–macaque and macaque–

environmental E. coli isolates at each of the three sampling events (Aim 1)

Sampling event Wilcoxon Z (similarity of macaque–macaque isolates > macaque–environmental isolates)

Overall Only females Only males

T0 6.8** 5.34** 3.03*

T1 4.45** 4.46** 0.58

T2 26.28** 19.8** 12.97**

Values indicate Z scores from Wilcoxon signed-rank tests.

*
P < 0.05;

**
P < 0.01.
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Table 3

Univariate logistic MR-QAP regression models quantifying the association between grooming and huddling 

frequency and the likelihood of E. coli transmission (Aim 2)

MR-QAP model Coefficient (log odds)

Phase I Phase II

E. coli links ~ Grooming frequency 1.01 2.57*

E. coli links ~ Huddling frequency 0.67 1.79*

E. coli links ~ Kinship −0.13 0.09

*
P < 0.05.
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