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Abstract

Accumulating evidence indicates that biodiversity has an important impact on parasite evolution
and emergence. The vast majority of studies in this area have only considered the diversity of spe-
cies within an environment as an overall measure of biodiversity, overlooking the role of genetic
diversity within a particular host species. Although theoretical models propose that host genetic
diversity in part shapes that of the infecting parasite population, and hence modulates the risk of
parasite emergence, this effect has seldom been tested empirically. Using Rabies virus (RABV) as
a model parasite, we provide evidence that greater host genetic diversity increases both parasite
genetic diversity and the likelihood of a host being a donor in RABV cross-species transmission
events. We conclude that host genetic diversity may be an important determinant of parasite evo-

lution and emergence.
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INTRODUCTION

Increasing evidence indicates that changes in ecosystem biodi-
versity may be a key determinant of parasite evolution and
emergence (Ostfeld & Keesing 2012; Pagan et al. 2016). The
vast majority of these studies have used species diversity as
the sole measure of host biodiversity. However, biodiversity
not only includes the diversity of species, but also the diversity
of genotypes within species (Wilson 1992). This intraspecies
component of biodiversity may have different effects on para-
site evolution and emergence than the interspecies component
(Keesing et al. 2010; Pepin et al. 2010; Ostfeld & Keesing
2012). Hence, to fully understand the determinants of these
processes, it is of fundamental importance to determine how
they are affected by different levels of host genetic diversity.
Theoretical models of the relationship between host popula-
tion genetic diversity and parasite evolution and emergence
assume that host-parasite interactions are characterised by
genotype-specific resistance and infectivity, usually with no
single host or parasite genotype having the highest fitness
among its conspecifics (Haldane 1949; Hamilton 1980; Agra-
wal & Lively 2010). Under this assumption, a genetically
heterogeneous host population would possess more polymor-
phisms for resistance than a genetically homogeneous one.
This, in turn, would result in more polymorphisms in parasite
traits that counter such resistance, thereby selecting for
greater genetic diversity in the parasite population. Thus,
theory predicts a positive association between the genetic
diversity of hosts and their parasites populations.

Genotype-specific resistance and infectivity have been widely
documented in plant- and animal-parasite interactions (Altizer
& Pedersen 2008; Pagdn er al. 2016). To date, however,
whether this translates into a positive association between
host and parasite population genetic diversity has been only
tested indirectly, and with contradictory results: parasite pop-
ulation genetic diversity tends to be higher in genetically
diverse wild hosts compared to the same parasites sampled in
domestic hosts with lower genetic diversity (Dugan et al.
2008; Lima et al. 2013), although the absence of such effect
has been reported (Rodelo-Urrego et al. 2015). Also, analyses
of host-parasite co-evolution have revealed a positive associa-
tion between host and parasite genetic diversity (Paterson
et al. 2010; Schulte et al. 2010), but not always (Lively et al.
2004; Rodelo-Urrego et al. 2013).

A possible explanation for the contradictory evidence is that
the association between hosts and parasite population genetic
diversity is time-dependent. If a parasite has only recently
emerged in a host population it may not have had sufficient
time to generate all the polymorphisms needed for host adap-
tation. Hence, parasite genetic diversity may be a function of
time rather than of host genetic diversity (Streicker et al.
2012a), and it seems reasonable to assume that adaptation to
more diverse host populations would require a larger number
of positively selected substitutions. Finally, parasite genetic
diversity might not be directly driven by host population
genetic diversity, but by other host population traits that
eventually cross-correlate with host genetic diversity. For
instance, the population genetic diversity of an organism has
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been shown to be associated with population size/density,
adult body size, and home range (Ellegren & Galtier 2016); all
traits that may have significant impact in parasite genetic
diversity (Barrett ez al. 2008; Huang et al. 2015). However,
the relative importance of these host traits in determining par-
asite evolution has not yet been analysed.

The relationship between host and parasite population
genetic diversities may also affect parasite emergence. Emer-
gence may be achieved through different processes, including
spatial spread, increasing prevalence and cross-species trans-
mission. Emergence through cross-species transmission (host
jumping) underpins numerous cases of parasite emergence and
is associated with many infectious disease pandemics. This
complex process involves multiple steps including the initial
infection in a new host, the production of propagules within
the new host population, and the establishment of sustainable
transmission networks (Hudson et al. 2008; Holmes 2009).
Ecological factors, such as the frequency of contacts between
reservoir and novel hosts, are of fundamental importance in
determining the frequency with which host jumping occurs
(Anderson et al. 2004; Keesing et al. 2010). However, many
parasites often replicate poorly in new hosts and hence are
inefficiently transmitted, such that genetic factors also need to
be invoked to explain successful emergence (Pepin ez al. 2010;
Elena et al. 2014). For rapidly evolving parasites with large
population sizes such as RNA viruses, genetic variants that
increase fitness in the recipient host species and are present in
the donor host species prior to transmission increase the prob-
ability of a successful jump (Holmes 2009), and might be
detected, using genomic analyses of selection pressures (Stre-
icker et al. 2012a). The frequency of these advantageous vari-
ants will be directly linked to the extent of genetic diversity in
the virus population from the donor host (Cleaveland ez al.
2001; Holmes 2009). Thus, if host and parasite population
genetic diversities were positively associated then, all other
things being equal, hosts with greater genetic diversity would
more commonly act as donors in successful cross-species
transmission events. Despite its relevance to understand para-
site emergence, this hypothesis is yet to be tested.

To address these central questions in parasite emergence, we
utilised Rabies virus (RABV) as model. RABV maintains suc-
cessful transmission cycles within some host species of the
mammalian orders Carnivora and Chiroptera (Jackson 2013).
However, RABYV infects a wider range of mammals, and exam-
ples of transient ‘spill-over’ infections from reservoir to novel
host species are commonplace (Mollentze et al. 2014). For
instance, RABV has been reported to infect humans, causing
up to 60 000 deaths every year (Fooks et al. 2014), but with
no onward human-to-human transmission. The determinants
of RABYV evolution and emergence are only partially under-
stood, although the preponderance of spill-over infections
compared to the far smaller number of successful host jumps
indicates that ecological factors alone are insufficient to
explain cross-species transmission (Mollentze et al. 2014).

Herein, we analyse the association between host and RABV
population genetic diversity and the frequency of host jumps,
utilising sequences collected from 34 species including both
reservoir and spill-over hosts. Specifically, we analysed
whether RABV genetic diversity, the number of synonymous
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and non-synonymous substitutions and selection pressures in
the viral N and G genes, and the frequency of host jumps
reconstructed from the RABV phylogeny, were associated
with the population genetic diversity of the hosts they infect.
Using multiple regression models, we also analysed the rela-
tive importance of co-evolutionary time-scale, host population
size and density, body size, and host geographical and home
range in shaping the relationship between host genetic diver-
sity and RABV evolution and emergence.

METHODS
RABY sequences and host traits

Rabies virus nucleotide sequences of the viral nucleoprotein (N
gene, 1353 nt) and glycoprotein (G gene, 1575 nt) were com-
piled from GenBank (www.ncbi.nlm.nih.gov/genbank/). The
host and sampling location of each RABV sequence were
obtained either from GenBank, from the associated publica-
tions, or were kindly provided by the relevant authors. Recom-
binant sequences as detected by at least four methods
implemented in RDP4 (Martin et al. 2015), sequences from
extensively passaged isolates, and from hosts associated with
less than 10 (N) or 5 (G) RABYV sequences, were excluded. This
resulted in a data set of 1060 and 623 RABYV sequences for the
N and G genes respectively (Data S1). Sequence alignments
were obtained using MUSCLE 3.7 (Edgar 2004). RABV sample
size (number RABV sequences/host) and sample width (number
of RABV populations sampled/host) were also calculated.
Genetic diversity values of the 34 (N) and 26 (G) hosts, for
which RABV sequences were compiled, were measured as
expected heterozygosity (H,) and taken from the literature
(Data S1). Measurements were directly extracted from relevant
publications such that: (1) only microsatellite-based H, values
were considered; (2) at least three measures per host were
obtained; and (3) measures for each host were from popula-
tions of the same biogeographical province [i.e. areas sharing
similar biome and climatic conditions (Ladle & Whittaker
2011)], and time interval as the corresponding RABV
sequences. Values of genetic diversity for each host were calcu-
lated as: (1) averaged H, by averaging all the values obtained
for a given host, and (2) weighted H, by accounting for the
different number of RABV sequences from each location, as:
Y[(H. x Si)/S]; where H, is the expected heterozygosity in
the host population of the kth location, S is the total number
of RABV sequences for a given host, and Sj is the number of
RABYV sequences in that host from the kth location. Data on
host population size (n), density (individuals/km?), geographic
and home ranges (km?), and adult body size (g) were extracted
from the PanTHERIA database (Jones etf al. 2009) or the
IUCN Red List (http://www.iucnredlist.org/). Values of host
traits for viral monophyletic groups including multiple host
species were calculated as described above for weighted H,,
substituting H, by each host trait and k being host species.

Genetic diversity and selection pressures in RABV populations

Virus genetic diversity (mw) was estimated as average pairwise
nucleotide  difference  between sequences, using the


http://www.ncbi.nlm.nih.gov/genbank/
http://www.iucnredlist.org/

Letter

Host genetic diversity and virus evolution 255

Tamura-Nei, the Kimura-2-parameter and the composite like-
lihood nucleotide substitution models implemented in MEGA
6 (Tamura et al. 2011). Since all models led to the same con-
clusions, only values obtained using the Tamura-Nei model
are presented. Standard errors of each measure were based on
1000 bootstrap replicates. Selection pressures, depicted as the
ratio between the mean number of non-synonymous (dy) and
synonymous (ds) nucleotide substitutions per site (dy/ds), and
the number of positively selected sites were estimated using
the fast unbiased Bayesian approximation (FUBAR), the fixed
effect likelihood (FEL), and the random effects likelihood
(REL) methods implemented in HyPhy (Kosakovsky-Pond &
Frost 2005). Because all methods led to the same conclusions,
only the FUBAR results are shown. We also obtained individ-
ual dy and dg values.

Phylogenetic analyses

Phylogenetic trees for RABV sequences were estimated using
both the N and G genes. Bayesian trees were inferred using
the Bayesian Markov chain Monte Carlo (MCMC) method
implemented in MrBayes v3.1.2 (Huelsenbeck & Ronquist
2001), utilising the general time-reversible substitution model
with invariant sites and a gamma distribution of among-site
rate variation (GTR + I + T'y). All analyses were run until rele-
vant parameters converged, with 10% of the MCMC chains
discarded as burn-in. Maximum clade credibility (MCC) trees,
with Bayesian posterior probability values providing a measure
of the robustness of each node, were summarised from the Mr
Bayes tree samples. For each RABV monophyletic group,
times to the most recent common ancestor (TMRCA) were
estimated using the MCMC method available in BEAST
v.1.8.2 (Drummond & Rambaut 2007). RABV sequence data
sets were run as above and incorporating a relaxed (uncorre-
lated lognormal) molecular clock. Statistical confidence in the
TMRCA estimates was represented by values for the 95%
highest posterior density (HPD) intervals. The lower 95%HPD
value was considered as the conservative TMRCA. TMRCAs
were estimated using an empirical prior distribution on the
nucleotide substitution rate based on substitution rates esti-
mated by Streicker et al. 2012b for clades of bat viruses, and
Troupin et al. 2016 for clades of terrestrial mammal hosts.

Analyses of genetic structure in RABV populations

We calculated the percentage of the total RABV genetic diversity
explained by the between-host genetic diversity using the N7
and the Fg7 coefficients. Ng7 was calculated as implemented in
MEGA 6 following the expression: Ngp = %5 where (dg7) is the
between-host genetic diversity and nyis the total genetic diversity
Nei & Kumar 2000). The Fg7 fixation index was calculated by
analysis of molecular variance (AMova), as implemented in Arle-
quin v.3.11 (Excoffier ez al. 2005). Statistical significance of these
differences was obtained by performing 10 000 permutations.

Reconstruction of host jumps

We modelled RABV host jumps as a stochastic diffusion pro-
cess among a set of discrete states (here, monophyletic

groups) in a Bayesian framework. Following Faria et al.
(2013), the phylogenetic diffusion model included different
transition processes on external and internal branches in order
to discriminate between recent jumps, likely to result in
dead-end infections, and host shifts deeper in the evolutionary
history that reflect successful jumps. Discrete phylogenetic dif-
fusion analyses were performed under an asymmetric diffusion
model (Edwards ez al. 2011) as implemented in BEAST, using
the settings described above. Bayesian stochastic search vari-
able selection (BSSVS) procedures were used to identify signif-
icant pathways of host diffusion, which deliver a Bayes
Factor (BF) as measure of statistical support for host jumps.
We considered as statistically supported host jumps those with
BF > 3 (Lemey et al. 2009). A robust counting procedure was
used to estimate the posterior expectations of the number of
host jumps along tree branches (O’Brien et al. 2009).

Statistical analyses

Differences in RABV genetic diversity, the number of synony-
mous and non-synonymous substitutions per site, of positively
selected sites and selection pressures between host species and
between reservoir and spill-over hosts were calculated using
parametric (general linear models, GLM) and non-parametric
(Permutation tests) methods. Since both approaches led to
similar conclusions, only the GLM analyses are shown. The
cross-correlation of host genetic diversity (as H, or H,,), pop-
ulation size and density, geographic and home ranges, adult
body size, host-virus average or conservative co-evolutionary
time-scales, and virus sample size and width was analysed
using variance inflation factor (VIF). VIF values were smaller
than 2 for all variables except host genetic diversities, co-evo-
lutionary time-scales and sample size/width, but this was due
to the high degree of correlation between H,/H,,, average/
conservative time-scales and sample size/width. Dropping one
variable from each of these three pairs resulted in VIF values
smaller than 2 in all variables, indicating minimal cross-corre-
lation. Hence, we performed model selection analyses using
H,, averaged time-scale and sample size, or H,,, conservative
time-scale and sample width in combination with the remain-
ing host traits. Because both sets of variables yielded similar
conclusions, we only present results for the former group of
variables.

Mixed effect multiple regression tests were used to analyse
the association between host traits and RABV evolutionary
parameters (Burnham & Anderson 2002). Host traits were
scaled and tested for normality using a Kolmogorov—Smirnov
test. A set of models that included a global model containing
all host traits as fixed predictors (except sample size/width
that were considered as covariates), and nested models that
contained all possible combinations of these predictors/covari-
ates, was fitted for each RABV evolutionary parameter using
general linear mixed models (R-library: asreml4). Models were
constructed using an unstructured variance-covariance matrix
for fixed and residual terms to avoid assumptions on the vari-
ance-covariance structure, and with a Gaussian linked func-
tion. Despite minimal cross-correlation, we built reduced rank
models by incorporating Principal Components and Factor
Analysis to the previously described model analyses. These
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analyses yielded similar results (available upon request). Glo-
bal and nested models were ranked according to Akaike’s
information criteria (AIC), and the model with the lowest
AIC score was selected as the best-ranked. The relative impor-
tance of the predictors included in each model was calculated
by residual maximum likelihood (R-library: asreml4). Bivari-
ate tests were used to analyse the association between evolu-
tionary parameters of the RABV populations and host genetic
diversity. GLM and bivariate analyses were performed using
spss 21 (SPSS Inc., Chicago, IL, USA).

RESULTS
Genetic differentiation of RABV according to host

We analysed whether RABV was genetically structured accord-
ing to host species by estimating N gene-based phylogenetic
trees (Fig. 1). RABV sequences from most host species formed
strongly supported monophyletic groups (Fig. 1). Exceptions
were RABV sequences from Vespertilionidae bats, coyotes and
red foxes that formed two phylogenetically distant mono-
phyletic groups each. In these three hosts, each of the two
RABYV monophyletic groups exhibited significant differences in
virus genetic diversity (F <465.57; P > 1 x 107%). Given
these differences, we considered each of these monophyletic
groups separately (Fig. 1 and Table 1). RABV sequences from

Molossidae bats, cows, dogs and humans formed several, but
closely related, monophyletic groups. As the analysis of individ-
ual monophyletic groups within these four species/families did
not result in significant differences in RABV genetic diversity
compared to when they were grouped together (F < 0.28;
P > 0.596), they were considered as a single monophyletic
group to avoid artificial over-representation of these host—virus
interactions. Overall, we identified a total of 22 host-specific
monophyletic groups (Fig. 1). Accordingly, Fsr (Fsr = 0.65;
P <1 x 107 and Ny (Ns7 = 0.60; P < 10~°) values showed
significant genetic structure according to host. Equivalent
results were obtained, using the G gene (Fig. S1).

Host traits affecting RABV genetic diversity

Since RABV populations were genetically structured accord-
ing to host, we performed more detailed analyses of the asso-
ciation between host population traits and RABV genetic
diversity. To this end, we created two data sets including virus
sequences from: (1) ‘broadly’ monophyletic groups that con-
sidered all the virus genetic diversity sampled in a given host
as long as they were monophyletic (n = 1011), and (2) ‘tight’
monophyletic groups that excluded the more divergent mem-
bers of a host-specific clade that could conceivably represent
independent cross-species transmission events (n = §20).
Because both data sets yielded similar results (Tables 1 and
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Figure 1 Bayesian Rabies virus (RABV) phylogeny based on the virus N gene. Nodes are collapsed and colored based on the host of origin. For a node to
be collapsed, at least 80% of the RABV sequences in that node had to come from the same host as indicated by pie charts. Asterisks indicate nodes with
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S1) we only describe the results for the larger data set in
detail. For the N gene, RABV population genetic diversity
(n), dy, ds and dy/ds and the number of positively selected
sites greatly varied depending on the host (Table 1). Host
population genetic diversity values also varied widely between
species for both averaged (H,) and weighted (H.,) expected
heterozygosity (Table 1).

We considered the following host traits as predictors of
RABYV evolution: genetic diversity (H,), average host-virus
co-evolutionary time-scale (TMRCA) for each monophyletic
group, population size and density, adult body size, and geo-
graphic and home ranges. We also included RABV sample
size as a covariate to control for its influence in our estimates
of RABV genetic diversity (Tables 1 and S2). To analyse the
association between host traits and RABV genetic diversity,
we used multiple regression model selection analyses
(Data S2). The model containing H,, home range and
TMRCA gave the best prediction of RABV genetic diversity
(r=083 P<10x 10% and dy (r=0.79; P < 1.0 x 10°%;
and in both H, had the highest relative importance (84.8 and
90.6% respectively) (Table 2). The same predictors were the
components of the best-ranked model explaining RABV dyg
(r=074; P=20 x 1073, having more similar relative
importance (47.6, 24.0 and 28.4% for H,, home range and
TMRCA respectively) (Table 2). Although none of the models

accurately predicted RABV dy/ds (r < —0.44; P > 0.101), H,
was again the best predictor (relative importance = 86.8%) of
the number of positively selected sites in the corresponding
best-ranked model (r=0.73; P=1.0 x 107%), which also
included TMRCA (Table 2).

Since H, was the chief predictor of RABV evolutionary
parameters, we performed bivariate analyses to explore such
associations in greater detail. H, was positively associated
with RABV population n, dy, ds and number of positively
selected sites (r > 0.53; P <0.011) (Fig. 2a—d), but not with
dylds (r=-044; P=0.101) (Fig. 2¢). Together, these
results indicate that higher RABV genetic diversity and
number of positively selected sites, but not dy/ds, are asso-
ciated with higher host species genetic diversity. Similar
results were obtained using the G gene (Fig. S2; Tables S3
and S4).

Importantly, our bat monophyletic groups included RABV
sequences from more than one species, which could result in
overestimates of host and virus genetic diversities. To control
for this potential bias, we repeated model selection analyses
considering only bat species-specific monophyletic groups.
These analyses, for which sequences from one bat species per
monophyletic group were retained (Table S5), yielded similar
conclusions as those with multi-species monophyletic groups
(Fig. S3; Table S6; Data S3).

Table 2 Model selection analyses for Rabies virus (RABV) population genetic diversity (n), dy, ds, dy/ds, number of positively selected sites and number of
host jumps. Model structures included averaged host genetic diversity, co-evolutionary time-scale, host population size and density, and host geographic
and home ranges as predictors and RABV sample size as covariate. Best-ranked models are shown

Model structure* r"' logLik AICH A8 o
T

A: H, (84.8) + Home range (13.3) + TMRCA (1.9) 0.83* 48.38 -92.77 1 0.68
R: H, (93.8) + Home range (6.2) 0.81% 38.16 —72.31 1 0.73
S: H, (61.2) + TMRCA (38.8) 0.29 6.32 —6.64 0 1.00
dy

A: H, (90.6) + Home range (8.1) + TMRCA (1.3) 0.79* 93.65 —181.30 2 0.48
R: H, (100.0) 0.78* 71.20 —138.40 0 1.00
S: Home range (34.2) + H, (31.9) + TMRCA (26.4) + Population density (2.0) 0.98 13.61 —21.21 3 0.36
ds

A: H, (47.6) + TMRCA (28.4) + Home range (24.0) 0.74* 13.96 —-23.92 2 0.55
R: H, (94.0) + Home range (3.2) + TMRCA (2.8) 0.79* 13.66 —23.32 0 1.00
S: H, (81.8) + TMRCA (18.2) 0.32 —0.46 6.92 6 0.19
Positively selected sites

A: H, (86.8) + TMRCA (13.2) 0.73* —19.63 43.25 2 0.57
R: H, (80.4) + Home range (17.2) + TMRCA (2.4) 0.80* —15.00 34.00 0 1.00
S: Population density (100.0) 0.82 —7.31 18.63 4 0.23
dy/ds

A: H, (100) —0.44 53.68 —103.37 3 0.39
R: H, (53.4) + TMRCA (46.6) 0.54 37.21 —72.07 3 0.46
S: H, (83.9) + Home range (16.1) 0.92 7.67 —11.35 1 1.00
Host jumps

R: H, (53.1) + Home range (28.8) + Range size (9.2) + TMRCA (8.9) 0.87* —89.46 202.93 0 1.00

Notes *The relative importance (%) of each predictor variable is shown in parenthesis. A: all hosts; R: reservoir hosts; S: spill-over hosts.

fCorrelation coefficient. Asterisks indicate significant correlations (P < 0.05).
*Akaike’s Information Criterion.

SNumber of models closely competing with the best-ranked (A; < 2 out of 127 models tested). A, is the difference between the AIC of a given model and
that of the best-ranked model, and quantifies how models compete (best-ranked model: A; = 0; substantial empirical support: A; = 1-2; considerable less

support: A; = 2-7; and no support; A; > 10) (Burnham & Anderson 2002).

TAIC model weight as o; = exp(—0.5A;)/Zexp(—0.5A;). The larger the o, the greater the likelihood of the model relatively to the competing models.

Maximum o; = 1.

© 2017 John Wiley & Sons Ltd/CNRS
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Figure 2 Bivariate relationships between host genetic diversity and N gene-based Rabies virus (RABV) evolution and the frequency of host jumps.
Regressions of host genetic diversity (H,, expected heterozygosity) on RABV genetic diversity, 7 (a); number of non-synonymous mutations per site, dy (b);
number of synonymous mutations per site, dg (c), number of positively selected sites (d), overall selection pressures, dy/ds (e) and frequency of each
reservoir host as donor in RABV host jumps (f) are represented. Dots indicate values for reservoir hosts, and squares indicate values for spill-over hosts.
Note the different scales on the y-axis depend on the specific parameter analysed.

Effect of sustained virus transmission on the association between
host and RABYV genetic diversity

For a host species to be considered as reservoir, RABV must
establish permanent transmission cycles between conspecifics.
Not every host considered here act as reservoir; rather, a num-
ber are spill-over hosts in which RABV results in dead-end
infections (Jackson 2013). Indeed, some of the monophyletic
clusters defined in Fig. 1 mostly represented virus sequences
from spill-over hosts, perhaps reflecting recurrent jumps from
the same reservoir. This provided an important control to test
the central hypothesis of this study: as RABV populations
don’t evolve in spill-over hosts, their genetic diversity should
not be associated with that of RABV. We therefore divided

the RABV populations into: (1) reservoir hosts (17/22 mono-
phyletic groups) and (2) spill-over hosts (5/22 monophyletic
groups) (Table 1). We then analysed host and RABV genetic
diversities in both categories, and the association between
them. N gene-based RABV , dy and dg were higher in spill-
over than in reservoir hosts (F;,; > 7.76; P < 0.011), whereas
dy/ds and the number of positively selected sites did not signif-
icantly vary among host types (Fj, <0.51; P >0.485)
(Table 1). Average H, was similar in both spill-over and reser-
voir hosts (£, = 0.26; P = 0.614) (Table 1).

Model selection analyses using data from reservoir hosts
indicated that H, had the highest relative importance in the
best-ranked models predicting RABV N gene-based =, dy, dg
and the number of positively selected sites (Table 2).

© 2017 John Wiley & Sons Ltd/CNRS
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Accordingly, in reservoir hosts there was a positive association
of H, with 1, dy, ds and the number of positively selected sites
(r>0.70; P<2 x 107% (Fig. 3a—d), but not with dy/ds
(r=-0.47; P =0.169) (Fig. 3e). In contrast, in spill-over hosts
none of the tested models accurately predicted RABV evolu-
tion (Data S2), and bivariate analyses indicated that none of
the RABV evolutionary parameters was associated with H,
(r<£0.45; P>0.443) (Fig. 3). Parallel analyses using the G
gene (Fig. S4; Tables S3 and S4) or N gene-based species-
specific monophyletic clusters (Fig. S5; Table S6 and Data S3)
led to the same conclusions. Thus, our results reveal that RABV
genetic diversity is correlated with that of reservoir hosts and
suggests that no such relationship occurs in spill-over hosts.

Association between host and RABV genetic diversity and the
frequency of host jumps

On average, the probability of host-adaptive variants arising
should be positively correlated with the overall level of genetic
diversity in RABV populations (Mollentze et al. 2014). Our
results indicated that reservoir hosts with higher population
genetic diversity harbour greater virus genetic diversity. Thus,
it could be hypothesised that more genetically diverse hosts
should be better donors in RABV host jumps. To test this
possibility, we reconstructed host transitions in internal

© 2017 John Wiley & Sons Ltd/CNRS

Figure 3 Bivariate relationships between host
genetic diversity in reservoir and spill-over hosts
and N gene-based Rabies virus (RABV)
evolutionary parameters. Regressions of host
genetic diversity (H,, expected heterozygosity) on
RABYV genetic diversity, m (a); number of non-
synonymous substitutions per site, dy (b);
number of synonymous substitutions per site, dg
(c), number of positively selected sites (d) and
overall selection pressures, dy/ds (e), for
reservoir (dark blue) and spill-over (light red)
hosts are represented. Dark blue dots indicate
values for reservoir hosts, and light red squares
indicate values for spill-over hosts. Note the
different scales on the y-axis depend on the
specific parameter analysed.

branches of reservoir host-based RABV phylogeny. We used
only the N gene as previous analyses using the N and G genes
yielded equivalent results, and the N gene data set included
sequences for a larger number of hosts.

Our reconstruction identified 33 statistically supported host
jumps, 21 of them at the root of the defined monophyletic
groups (Table 1 and Data S1). We analysed the association
between the instances each host was a donor in these 21
RABV jumps and host traits by constructing multiple regres-
sion models containing as predictors the same host traits as
described above (Data S2). The best-ranked model included
host H,, home range, geographic range and TMRCA
(r=0.87; P=1 x 107°), H, being again the chief predictor
(Table 2). Accordingly, the number of jumps in which each
host acted as a donor was significantly associated with RABV
genetic diversity (r=0.63; P = 6 x 107°) (Fig. S6). If the
best donor hosts are also the most frequent recipients, the
observed associations might be the consequence of the larger
number of RABV genotypes migrating into these hosts, rather
than their capacity to act as donors. However, no significant
association was observed between the number of events as
recipient host and the corresponding values of H, or RABV
genetic diversity (r <0.31; P > 0.176). Similar results were
obtained with species-specific monophyletic groups (Figs S3,
S6 and Data S3). Hence, these results indicate that reservoir
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hosts with higher population genetic diversity tend to be more
frequent donors in RABV host jumps.

DISCUSSION

The potential impact of host population genetic diversity on
parasite evolution and emergence remains largely unexplored
(Keesing et al. 2010; Ostfeld & Keesing 2012). Using RABV
as a model parasite, we provide evidence that greater host
population genetic diversity is associated with both increased
parasite population genetic diversity and likelihood of cross-
species transmission, and may therefore be an important
determinant of parasite evolution and emergence. Impor-
tantly, the methodology used here avoids artificial correlations
and allowed us to disentangle the effects of host genetic diver-
sity in RABV evolution without the confounding effects of
potentially cross-correlating host traits.

Multiple regression analyses indicated that host population
genetic diversity was a good predictor of RABV evolution,
whereas other host traits had much poorer predictive power.
Indeed, the positive association between host and virus popu-
lation genetic diversity observed here accords with both theo-
retical models (Haldane 1949; Hamilton 1980; Agrawal &
Lively 2010), and previous studies considering narrower host
ranges (Schulte er al. 2010, 2013; Lima et al. 2013; Rocha
et al. 2013). Theory and these previous experimental analyses
proposed that the association between host and parasite popu-
lation genetic diversity was the result of host adaptation by the
parasite. Two lines of evidence suggest that this may also be
the case of RABV. First, increasing host genetic diversity was
associated with higher dy and number of positively selected
sites in the virus N and G genes, both of which have been
associated with host adaptation (Streicker et al. 2012a). Sec-
ond, the association between host and RABV genetic diversity
was only observed in reservoir hosts, where the virus is obvi-
ously likely to be better host-adapted (Jackson 2013). More-
over, RABV genetic diversity in reservoir hosts was associated
with increasing d and number of positively selected sites, and
RABYV sequences strongly clustered according to host species,
both of which are compatible with host adaptation. Indeed,
patterns suggestive of RABV adaptation have been observed
in some reservoir hosts (Srithayakumar et al. 2011; Goldsmith
et al. 2016), although not always (Talbot et al. 2013; Kyle
et al. 2014). Conversely, in spill-over hosts no such associa-
tions were observed and RABV sequence clustering was
weaker. This may in part be due to the small number of spill-
over hosts considered (n = 5), which limited statistical power.
Although enlarging this number by including RABV sequences
that did not clustered according to host (i.e. horse and sheep)
did not change our conclusions, more data are needed to reli-
ably assess these relationships. It should be noted that host
population genetic diversity was not associated with RABV
dy/ds, which could be taken to mean that dy and the number
of positively selected sites simply accumulates as a function of
time and not due to host adaptation. If so, we would expect
co-evolutionary time-scale, rather than host H,, to be the chief
predictor of RABV =, dy and the number of positively selected
sites. However, in bivariate and multiple regression models H,
always had greater predictive power than co-evolutionary

time-scale (see Data S2 and S3). In these models part of the
variation in RABV evolutionary parameters remained unex-
plained. Therefore, other host factors not considered here,
such as variation in host population structure (Goldsmith
et al. 2016), could also play a role in RABV evolution.

We also present tentative evidence that reservoir hosts with
greater population genetic diversity are more efficient donors
in RABV host jumps. Such hosts are also those with greater
RABYV genetic diversity, supporting the hypothesis that higher
virus population genetic diversity facilitates cross-species virus
transmission, likely by increasing the chance that a donor host
possesses genetic variants that are advantageous in a recipient
host (Holmes 2009). Although testing whether host-adaptive
mutations are more common in hosts with higher population
genetic diversity is beyond the scope of this work, it is compati-
ble with the observed trend towards a higher number of non-
synonymous mutations and positively selected sites in reservoir
hosts with higher population genetic diversity. Irrespective of
the underlying mechanism, our data suggest that host popula-
tion genetic diversity may play an important role in RABV
emergence. Obviously, this does not exclude that other host
factors also impact RABV emergence, particularly as there is
clearly a large behavioural component (i.e. biting) to viral
transmission among terrestrial mammals. Indeed, our bivariate
analyses indicated that host population genetic diversity
explained about a third of the variation in the number of
RABV jumps, and multiple regression models indicated that
host ecological factors such as home and geographic range also
have an impact. Moreover, some of our results suggest that
additional ecological factors, such as the extent of overlap
between the geographic distribution of the donor and recipient
hosts, might affect emergence. For instance, cattle were the
best recipients of jumps from Phyllostomidae bats, and RABV
sequences in both hosts had the same geographical origin.
Also, host jumps with dogs as donors primarily had humans as
recipients (Data S1). Indeed, previous analyses demonstrated
that geographic range overlap and genetic relatedness between
hosts are important predictors of rabies cross-species transmis-
sion (Streicker et al. 2010; Faria et al. 2013). Thus, our results
are compatible with the notion that RABV emergence is deter-
mined by a combination of genetic and ecological factors.
Interestingly, virus genetic diversity was higher in spill-over
than in reservoir hosts. This is likely the consequence of spill-
over hosts acting as recipients in host jumps from multiple
donors as observed in our phylogenetic reconstructions.
Together, these findings may be relevant to understanding the
role of biodiversity in parasite emergence through host range
expansion, particularly that intraspecies genetic diversity may
be an important determinant of cross-species transmission.

It is important to note that host and RABV population
genetic diversity were not estimated from exactly the same
locations but from the same biogeographic region, such that
our results may be biased if host-virus co-evolution occurs
only at the local population scale (Thompson 2005): we
would be comparing host and virus populations that do not
necessarily interact with each other. However, such bias
would have prevented detecting an association between host
and virus genetic diversity, which was not the case. Also,
weighting host genetic diversity according to geographical
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origin did not affect our results (both H, and H,, were
highly correlated), even though RABV sequences from some
hosts were collected from geographically distant host popula-
tions. This suggests that either: (1) host-virus co-evolution
operates at landscape scales other than the local population
(Meentemeyer et al. 2012) such that the use of biogeographi-
cal region has sufficient discriminatory power; or (2) that
our data are sufficiently representative of the interacting host
and virus populations, even if this interaction occurs only at
the local population scale. In either case our analyses seem
robust to the potential effects of the co-evolutionary land-
scape scale.

In sum, the results presented here provide evidence that
host genetic diversity plays an important role in parasite evo-
lution and emergence, and highlights the necessity of consider-
ing all the components of biodiversity to understand the
factors driving these evolutionary processes.
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