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Pathogens have been hypothesized to play a major role in host
diversity and speciation. Susceptibility of hybrid hosts to pathogens is thought to be a common phenomenon that could promote
host population divergence and subsequently speciation. However, few studies have tested for pathogen infection across animal
hybrid zones while testing for codivergence of the pathogens in
the hybridizing host complex. Over 8 y, we studied natural infection
by a rapidly evolving single-strand DNA virus, beak and feather
diseases virus (BFDV), which infects parrots, exploiting a host-ring
species complex (Platycercus elegans) in Australia. We found that
host subspecies and their hybrids varied strikingly in both BFDV
prevalence and load: both hybrid and phenotypically intermediate
subspecies had lower prevalence and load compared with parental
subspecies, while controlling for host age, sex, longitude and latitude, as well as temporal effects. We sequenced viral isolates
throughout the range, which revealed patterns of genomic variation analogous to Mayr’s ring-species hypothesis, to our knowledge
for the first time in any host–pathogen system. Viral phylogeny,
geographic location, intraspecific host density, and parrot community diversity and composition did not explain the differences in
BFDV prevalence or load between subpopulations. Overall, our
analyses suggest that functional host responses to infection, or
force of infection, differ between subspecies and hybrids. Our findings highlight the role of host hybridization and clines in altering
host–pathogen interactions, dynamics that can have important implications for models of speciation with gene flow, and offer insights
into how pathogens may adapt to diverging host populations.
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examine variation in both hosts and parasites over sufficient
spatial or temporal scales, or in hybridizing communities (8, 9).
To date, studies of host–parasite interactions in hybridizing
species have been overwhelmingly focused on plants (8–10).
Moulia and Joly (9) identified only eight animal hybridization
models where parasitism has been studied under natural conditions. Overall, both plant and animal studies suggest that higher
parasite loads in hybrids compared with parental forms is the
norm (8, 9), suggesting that hybrids are typically more susceptible
to parasites compared with their parental species, and may
therefore restrict gene flow between parental populations. For
example, a hybrid population between two subspecies of house
mice (Mus domesticus) were found to have higher helminth loads
(6, 9, 11), suggesting that parasites could be selecting against hybridization. A similar but more complex pattern was found in
hybridogenetic water frogs (Rana lessonae and Rana esculenta).
Joly et al. (12) reported a higher load of lung flukes in hybrids, but
this pattern varied depending on the particular parasite being
tested, as this study also demonstrated that parental frogs had
higher loads of lung roundworms. A separate study supporting this
claim on the same system reported no differences in prevalence in
loads of a nematode or two trematode species between hybrid and
parental frogs (13). Baird et al. (14) recently found, in the same
house mouse system mentioned above, that hybrids between two
subspecies have lower helminth loads, the opposite pattern to
what was previously found. This finding questions whether parasitic selection against hybrids in this system is consistent enough to
prevent gene flow between the parental subspecies. Furthermore,
doubt has been raised over whether helminth parasites have a
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A

long-standing puzzle in evolutionary ecology concerns the
processes that promote speciation, and particularly the
factors that favor or constrain genetic divergence in the absence
of physical barriers to gene flow (1, 2). Coevolution between
pathogens and their hosts is considered a fundamental interaction
that influences microevolutionary changes in both the host and
pathogen, and could potentially mediate gene flow between
populations and consequently speciation (3, 4). Parasites have the
potential to influence incipient speciation of their hosts by differentially influencing the fitness of diverging or intermediate host
lineages, and thus the genetic exchange between host populations
(4–6). Conversely, differing selection pressures exerted by host
populations may lead to specialization and subsequent speciation
of their parasites, especially if transmission between host populations is limited (4). Excellent opportunities to study such
phenomena are provided by clinal and hybridizing populations,
which offer natural laboratories in which to investigate population
divergence and the early stages of speciation (2, 7). Parasitism may
either promote or penalize hybridization, depending on a range
of host, parasite, or environmental factors (8). Currently, our
understanding of how host–parasite coevolution proceeds in diverging or hybridizing populations and its role in speciation is
limited, in large part because of the small number of studies that
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The roles of disease and species hybridization in maintaining
biodiversity are of wide interest, yet are rarely studied simultaneously in wild populations. Using genomic analysis of beak
and feather disease virus in an avian ring-species complex, Platycercus elegans, to our knowledge we find viral phylogenetic
structure analogous to Mayr’s ring-species hypothesis for the
first time in any pathogen. Across 8 y, the host’s viral prevalence
and infection load was lower in hybrid birds and in phenotypically intermediate subspecies. Viral genetic variation did not
explain host prevalence or infection load, supporting conclusions
that the evolved host response is more important. We show how
host–species complexes and viral genomic analyses can provide
insight into maintenance of biodiversity.
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fitness cost on hybrid mice (15). These studies are indicative of
a dynamic interaction between hosts and parasites. Most studies
have attempted to explain differences in infection levels across
diverging host populations in terms of host genes or environmental variation (8). However, in general exogenous selection
from environmental variation and differences in host architecture
arising from hybridization have not provided satisfactory explanations for the infection scenarios observed (8). Recent explanations for discrepancies between studies have invoked the
possibility of Red Queen dynamics leading to dynamic infection
scenarios in hybridizing communities over space or time (8, 13,
15), although the empirical data required to fully test this has been
inadequate both in spatial and temporal terms (8). Notably, few
field or laboratory studies of hybrid parasitism have examined
genetic variation in the parasite (8, 15; but see ref. 16). Experimental infections using different house mouse strains have demonstrated that host genotype affects host–protozoa interactions,
but these experiments only used a single parasite strain. This is
potentially a significant shortcoming, because parasites can evolve
faster than their hosts (17) and host populations may be subject
to specific parasite variants early in the process of divergence,
potentially leading to variation in virulence when transmitted to
a different population. Thus, parasite divergence may play a crucial role in host divergence and incipient speciation of their hosts.
We studied geographic variation in the prevalence, infection
load, and genetic variation of a virus (beak and feather disease
virus, BFDV) infecting a parrot species complex (crimson rosella, Platycercus elegans). The P. elegans complex is a long-postulated example of a “circular overlap” or “ring species,” of which
only about 25 have been proposed worldwide (2, 18–20), because
it features clinally diverging populations with ongoing gene flow
(21, 22) in an approximate horse shoe-shaped distribution, which
culminate in a zone of overlap between the most divergent taxa
(terminal forms). Such species complexes offer powerful and
unique insights into coevolution of traits, population divergence,
and speciation (e.g., refs. 20, 23, and 24), but surprisingly, the
opportunity presented by such systems has not yet been used
to understand host–parasite interactions (20). BFDV occurs in
many wild and captive parrot populations worldwide, with the
potential to cause high mortality (25, 26). Accordingly, it is
considered a significant conservation threat and has been implicated in parrot declines in Australia and globally (27–30). BFDV
possesses a single-stranded DNA genome of ∼2,000 nucleotides
(31). Like most small single-stranded DNA and RNA viruses,
BFDV shows high levels of genetic variation and recombination
(27, 32, 33), and evolves rapidly in novel conditions (34), with
multiple variant infections present in individual animals (29). This
parrot–virus system is thus an excellent candidate to study how
pathogens interact with diverging and hybridizing hosts.
We investigated the prevalence and infection load of BFDV
over 8 y across a 1,200-km-wide study area, which included the
three main host subspecies (Platycercus elegans elegans, Platycercus
elegans flaveoulus, Platycercus elegans adelaidae), and a zone of
hybridization (Western Slopes or WS hybrid) where the most
phenotypically distinct host subspecies overlap (Fig. 1). In this way
we could determine the role of host factors (subspecies, sex, age)
and ecology (host population density, host community diversity,
and composition, temporal, and spatial location) on both viral
prevalence and viral load. We also sequenced the virus throughout
the host range to determine how it differs in response to host divergence and hybridization, and how it may differ phylogenetically
from BFDV virus in other host species. We used these data to test
whether BFDV phylogeography supports the hypothesis that
P. elegans is a ring species.
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Results
BFDV Prevalence, Infection Load, and Seroprevalence. Although we
detected BFDV in all subspecies of P. elegans, both prevalence
(χ2 = 63.1, df = 3, P < 0.001) and load (Kruskal–Wallis: H =
28.13, df = 3, P < 0.001) varied significantly between the different
host subspecies. The phenotypically most distinct subspecies,
14154 | www.pnas.org/cgi/doi/10.1073/pnas.1403255111

Fig. 1. Map of Platycercus elegans geographic distribution in south eastern
Australia. Colors indicate the approximate range of each subspecies
based on observational data from The New Atlas of Australian Birds (53);
P. e. melanoptera was not used in this study.

P. e. elegans (crimson rosella) and P. e. flaveolus (yellow rosella),
had the highest BFDV prevalence and load, whereas the phenotypically and geographically intermediate forms (P. e. adelaidae
and WS hybrids) had a lower prevalence and load (Fig. 2).
Model selection revealed a single best model (wi > 0.9, where
wi is weight) predicting prevalence [k = 17, corrected Akaike
Information Criterion (AICc) = 1890.205, wi = 0.999], which
comprised the terms subspecies, date, host sex, and an interaction between subspecies and date. The null model, containing
DNA source (fixed effect), year (random effect), longitude and
latitude (fixed effects) received much less support (ΔAICc =
107.73, wi = < 0.0001, evidence ratio = 2.48 × 1023) than the most
plausible model, and was ranked 12 of 64 models compared.
We identified a single best model that predicts BFDV load
(k = 27, AICc = 579.077, wi = 0.970). This model included the
predictors subspecies, host age, host sex, and an interaction between subspecies × age. In line with the results for prevalence, P. e. elegans and P. e. flaveolus had higher BFDV load
than P. e. adelaidae and WS hybrids (Fig. 2B). Subadults (1–2 y of
age) showed a higher BFDV load than adults (young adults 2–5 y
and old adults >5 y) in both P. e. elegans and P. e. flaveolus (Fig.
2B). Females had lower BFDV load than males. The null model
for BFDV load (as above) was less likely than the most plausible
models (ΔAICc = 109.16, wi = <0.0001, evidence ratio = 5.06 ×
1023). When considering BFDV load of blood and tissue samples
separately, we found no difference in the overall results (most
plausible model: subspecies + host age + host sex + subspecies ×
host age) (SI Results and Table S1).
Difference in BFDV prevalence and load at sampling locations was not correlated with the geographic distance between
sampling locations (prevalence: Mantel R = −0.125, P = 0.301,
load: Mantel R = −0.177, P = 0.211). To further exclude the
possibility that BFDV varies according to sampling location, we
partitioned our data to include only a 90-km transect encompassing two separate WS hybrid populations (Moyhu/Edi and
Bonegilla/Tangambalanga) and two nearby P. e. elegans sampling
sites (Stanley, 35 km from Bonegilla/Tangambalanga, and Myrrhee, 15 km from Moyhu/Edi). WS hybrids had a significantly
lower prevalence (χ2 = 35.82, df = 3, P < 0.001) and load
(Kruskal–Wallis: H = 15.57, df = 3, P = 0.001) despite the close
proximity of the subpopulations in these areas. BFDV infection
was also not correlated with community diversity (prevalence:
Spearman’s r = −0.449, P = 0.264, load: Spearman’s r = −0.289,
P = 0.485), or two measures of community composition: Sørensen’s
Eastwood et al.

Fig. 2. (A) Model-predicted prevalence (%) of BFDV infection between the
two terminal subspecies, P. e. elegans (crimson rosella) and P. e. flaveolus
(yellow rosella), and the significantly less infected, P. e. adelaidae and WS
hybrid. (B) Model-predicted mean BFDV infection load (log10 gene expression) of infected subspecies and age classes (solid: subadult; shaded: young
adult; dotted: old adult). Bars represent 1 SE. Sample sizes of each subspecies
(n) in both A and B are included above the bars.

Isolation-by-Distance and Selection. We found evidence for weak
but significant isolation-by-distance (IBD) in all coding regions
of BFDV (Fig. S4). Using the shortest geographic distance between virus sampling locations within the host range, the capsid
ORF showed a clear pattern of IBD (Mantel R = 0.407, P = 0.001).
Similarly, the partial genome (Mantel R = 0.267, P = 0.001) and
replication-associated protein ORF (Mantel R = 0.099, P = 0.001)
both showed significant IBD as well, although the effect sizes were
smaller. When using the geographic distances corrected to assume
no viral gene flow across the WS hybrid zone, these patterns were
the same for the capsid ORF (Mantel R = 0.394, P = 0.001), the
partial genome sequences (Mantel R = 0.247, P = 0.001), and the
replication-associated protein ORF (Mantel R = 0.088, P = 0.001),
with similar effect sizes.
Tajima’s neutrality test supported neutral selection in the capsid
ORF (Tajima’s D = −0.87, P = 0.2). Splitting subspecies into
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similarity index (prevalence: Mantel R = −0.027, P = 0.188,
load: Mantel R = −0.027, P = 0.372) and β-diversity (prevalence:
Spearman’s r = 0.449, P = 0.264, load: Spearman’s r = 0.289, P =
0.488). Prevalence at sampling locations was not correlated with
P. elegans density (Spearman’s r = −0.419, P = 0.301) but was
negatively correlated with load (Spearman’s r = −0.714, P =
0.047). However, this was not significant when using a measure
of density that took account of subspecies limits (Spearman’s
r = −0.488, P = 0.153).
One individual from P. e. elegans had antibodies for BFDV,
although it was a weak signal (antibody titer 1:20). This individual
was a subadult and was PCR-positive for BFDV. All other individuals were negative for antibodies or had levels below the detection limit of this test (antibody titer <1:20).
Phylogenetic Inference and Recombination. Bayesian phylogenetic
inference of all known endemic BFDV sequences shows clear
structuring consistent with both host species and host subfamily
[association index and (AI) and parsimony score (PS) statistics;
see Table S2, and for Bayesian phylogenetic tree see Fig. S1].
Fig. S1 shows that P. elegans BFDV isolates branch out from all
other Australian endemic species and that they show a common
ancestor with BFDV isolates from Platycercus eximius that were
introduced into New Zealand (35). One exception is the presence of a BFDV isolated from Calyptorhynchus lathami, an endangered species that was in captivity. Significant association of
subspecies was also found when analyzing BFDV sequences
isolated from P. elegans (Table S2). Phylogenetic inference of the
1,629-nt partial BFDV region showed five groups (Fig. 3), with
the largest representing all P. e. elegans, some P. e. adelaidae,
P. e. flaveolus, and WS populations, and two representing different
Eastwood et al.

Fig. 3. Maximum-likelihood phylogenetic tree based on an ∼1,629-nt region of the BFDV genome (support values represent a percentage from
1,000 bootstrap replicates). Colors indicate P. elegans subspecies (see Fig. 1),
and shapes indicate evidence of recombination (square = recombination
detected, circle = no recombination detected).

PNAS | September 30, 2014 | vol. 111 | no. 39 | 14155

ECOLOGY

populations of P. e. flaveolus with some isolates from P. e. adelaidae in each. Within the first and larger group there exists some
structure, with hybrids generally clustering together within the
distal group. P. e. adelaidae and Platycercus elegans nigrescens
formed minor groups within the phylogeny. The capsid ORF
(Fig. S2A) was similar to the partial BFDV tree, with only minor
changes in topology. There is little support for phylogenetic
separation within the partial replication-associated protein ORF
sequence, although some topological structure exists, depicting
four main groups (Fig. S2B). Noncoding region sequences again
show clustering of subspecies, but weaker support for phylogenetic separation (Fig. S2C).
We found evidence of recombination in 12 sequences (30%)
in our dataset. These recombination events occurred in all subspecies except the WS hybrid (Fig. 3 and Fig. S2); see Table S3
for recombination breakpoints and detection methods. Recombination events did not qualitatively alter phylogenetic inference. This observation was based on comparing trees with and
without sequences containing evidence of recombination (Fig. 3
and Fig. S3, respectively).

separate populations supported the same conclusion (Table S4).
The dn/ds ratio for the capsid ORF within P. e. adelaidae and
P. e. elegans had evidence for positive selection dn/ds > 1 (Table
S4). In contrast, the dn/ds ratio for the capsid ORF in all subspecies, P. e. flaveolus, and WS hybrid populations separately
was <1, indicating negative selection. Neutrality was rejected
for replication-associated protein ORF (Tajima’s D = −1.5, P =
0.05), implying positive selection. Splitting subspecies into separate populations supported neutrality (Table S4). The dn/ds
ratios for the replication-associated protein ORF indicated slight
purifying selection in all subspecies, except the P. e. elegans
population, where dn/ds was >1, indicating positive selection
(Table S4).
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Discussion
We tested the role of host factors in viral prevalence and load
in a hypothesized ring-species host. Our data showed that subspecies was the most important predictor of prevalence and load,
with WS hybrids and the phenotypically intermediate subspecies
P. e. adelaidae having much lower prevalence and load than the
terminal subspecies (P. e. elegans and P. e. flaveolus). Phylogenetic analyses of the virus, geographic location, intraspecific host
density, or host community diversity and composition did not
explain these striking differences. Our results therefore provide
support for differences in susceptibility, mortality, or force of infection between subpopulations. Host–parasite associations are
considered responsible for much of the genetic diversity present
in wild populations (36), and we propose that BFDV may contribute to the maintenance of diversity in the P. elegans species
complex, which has been a long-standing puzzle (1, 2).
Why Is Hybridization Associated with Lower Infection? Perhaps the
most parsimonious hypothesis explaining low BFDV prevalence
and load in WS hybrids is that they are more resistant to BFDV
infection. Our data suggest that subadult birds have a significantly higher BFDV load than the two adult classes, but this
occurs to a lesser degree in WS hybrids and P. e. adelaidae.
Higher resistance in the latter two populations could explain the
reduced load and faster rate to baseline load levels that appear
consistent across all subspecies in the old adult age class. Reduced pathogen infection among hybrid populations compared
with parental species has rarely been identified in both plant and
animal systems, but is particularly rare in animal models (8–10).
Investigations of animal hybrid systems that have found hybrid
resistance patterns (reduced parasite prevalence and load) (9,
12, 14) have typically been contradicted in subsequent studies
where hybrids were found to have a higher prevalence than the
parental species (8). This inconsistency has been hypothesized to
result from frequency-dependant selection (8, 14). However, our
data suggest that the lower BFDV prevalence and load in WS
hybrids and the subspecies P. e. adelaidae are temporally consistent, at least over the 8 y of this study. This hybrid-resistance
scenario is dependent on the assumption that lower prevalence
and load represents higher resistance; however, other explanations are possible. The lower prevalence and load in WS hybrid
and P. e. adelaidae could alternatively be explained by a lower
susceptibility, which does not necessarily depend on factors that
influence resistance. The host community diversity or composition, or the density of P. elegans populations, can be hypothesized to contribute to variation in exposure and the force of
infection. However, analyses of these factors indicated that they
did not account for our findings concerning prevalence and load.
Our assessment of BFDV seroprevalence, using the most sensitive assay available, to determine if there was variation in BFDV
exposure (i.e., higher seroprevalence would suggest higher exposure) revealed surprisingly that all except one individual were
negative for antibodies. However, this result is consistent with
equal exposure among all subspecies and hybrid populations.
Antibody levels that are absent or below the detection limit may
also arise from high tolerance to BFDV in P. elegans. Higher
resistance, and subsequently lower susceptibility in hybrids that is
14156 | www.pnas.org/cgi/doi/10.1073/pnas.1403255111

constant, could indicate a lower selective pressure and could
favor hybridization between P. e. elegans and P. e. flaveolus. This
hybrid advantage could potentially explain the maintenance of the
WS hybrid population and therefore the maintenance of a genetic
bridge, preventing complete speciation between P. e. elegans and
P. e. flaveolus.
An alternate hypothesis to explain our results is that WS
hybrids and P. e. adelaidae are more susceptible to BFDV. Many
studies conclude that a hybrid susceptibility model is appropriate
based on the observation that hybrids have a higher parasite
prevalence and load (reviewed in ref. 8). However, lower parasite prevalence and load within a population may also indicate
susceptibility by representing a higher mortality of infected
individuals in that population. Therefore, it is possible that lower
BFDV prevalence/load indicates higher mortality in WS hybrids
and P. e. adelaidae and that a higher BFDV prevalence/load
represents tolerance in P. e. elegans and P. e. flaveolus. In this
scenario, BFDV could potentially be promoting speciation between P. e. elegans and P. e. flaveolus. One mechanism that could
explain hybrid susceptibility is through genetic admixture between P. e. elegans and P. e. flaveolus, which could lead to a
breakdown of coadapted gene complexes. This situation arises
when parental populations diverge sufficiently enough that,
during secondary contact, alleles that have evolved with one
genome are less functional with another (9, 14). Alternatively,
genetic admixture between P. e. elegans and P. e. flaveolus is
likely to produce rare host variants that are less susceptible to
pathogens, which are adapted to common host genotypes, as a
Red Queen model might predict (8). This situation could also
result in more genetically diverse populations with a greater number of heterozygous individuals. It is generally accepted that more
genetically diverse individuals and populations have a lower prevalence and load than more inbred populations (reviewed in ref. 4).
This genetic mechanism could explain a hybrid-resistant model, as
suggested above and in studies that have measured intermediate or
higher immunity in avian hybrid systems (37, 38).
Viral Phylogenetic Structure. Hosts exert selective pressure on
their pathogens and in some cases this can lead to pathogen
specialization and perhaps even speciation of the pathogen (4).
There is substantial evidence in our data to suggest that BFDV is
genotypically associated with host species and that BFDV
sequences isolated within P. elegans are specific to this species,
although there does appear to be evidence for isolate spill-over.
The most notable example is C. lathami, a captive endangered
cockatoo species that was likely exposed to wild P. elegans.
Similar BFDV spill-over and host-switch events have been shown
recently for the endangered orange-bellied parrot (Neophema
chrysogaster) (28, 29). Our results showed that the partial BFDV
genome had phylogenetic structure consistent with the host from
which it was sampled with five groups, two of which represent
different P. e. flaveolus sampling locations (Fig. 3). The larger
group in Fig. 3 contains all BFDV sequences from P. e. elegans
but also BFDV samples from the WS hybrids. This finding was
surprising, as we might expect that BFDV in a host hybrid zone
would be intermediate between P. e. elegans and P. e. flaveolus,
particularly as the host mitochondrial data suggest that WS
hybrids cluster with both parental species (21). However, this
finding is consistent with the host microsatellite data, which
show phenotypic WS hybrids clustering with P. e. elegans (21).
P. e. adelaidae subspecies were found to have BFDV sequences
that occurred in all groups in Fig. 3. This pattern is consistent with
an intermediate population separating the terminal host subspecies,
but is also consistent with the host’s mitochondrial data (21).
However, the host’s microsatellite data indicate that there is a
genetic discontinuity between P. e. adelaidae and P. e. flaveolus
birds. Therefore, the microsatellite data are inconsistent with
P. e. adelaidae BFDV data that suggest gene flow between
P. e. flaveolus and P. e. adelaidae BFDV sequences. The nucleotide region that encodes the capsid protein had a similar phylogeography as the partial genome mentioned above (Fig. S2A).
Eastwood et al.
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Evidence for the Ring-Species Concept Within P. elegans. As highlighted in recent studies (18, 21, 24), ring species provide powerful insights into speciation because we may infer from spatial
variation in populations how divergence can proceed over time,
and because they show how divergence and reproductive isolation can occur despite gene flow. Ring species feature two
distinct and nonrecombining “terminal” populations that meet
upon secondary contact, yet are connected through a series of
intermediate populations with ongoing gene flow encircling unsuitable habitat (2, 18). As the ancestral populations expand
around the unsuitable habitat, divergence around the ring is
thought to arise, at least in part, because of IBD (24). However,
ring species are exceptionally rare and—moreover to our
knowledge—have not been studied with respect to their pathogens. The ring-species model has formerly only been applied to
animals and plants and its study has presented numerous challenges (18). P. elegans has long been held to be a possible example of a ring species, but conclusive evidence has remained
elusive (2, 19, 21). Genomic analyses of highly diverse and rapidly evolving pathogens, such as viruses, can offer unique inferences about host population history (40–42). Our findings show
how this can offer a novel perspective on the long-standing
evolutionary puzzle of ring species.
The ring species model invokes three key predictions (2, 18,
21). First, a genetic discontinuity is predicted where the terminal
forms meet. In line with this prediction, we did not find any
evidence for recombination within the BFDV sequences from
the WS host populations at the east of the ring, although the
sample size was small. This lack of recombination and the fact
that BFDV sequences from WS hybrid hosts are among the most
genetically dissimilar to P. e. flaveolus BFDV sequences (Fig. 3
and Figs. S1 and S4) suggests that there is BFDV genetic discontinuity across the host hybrid zone. Second, the model predicts that the distinct terminal forms are connected by a series of
intermediate populations, with gene flow encircling unsuitable
habitat. Our BFDV phylogenies, in conjunction with the tipassociation test, revealed that BFDV isolates from P. e. flaveolus
and P. e. elegans form separate clades. In geographically and
phenotypically intermediate P. e. adelaidae hosts in the western
end of the ring, virus variants representing all main clades were
observed (Fig. 3). Third, a pattern of IBD around the ring, from
one terminal form to the other, is predicted. We found significant IBD within the BFDV genome. However, IBD did not account for the majority of genetic divergence in BFDV, suggesting
other processes, such as selection, may also contribute substantially
to BFDV genetic variation. Although tests of selection suggested
that much of the genetic variation in BFDV is neutral, some evidence for positive selection was found in the replication-associated
coding region; this region also showed the weakest IBD (Mantel
R = 0.099). Weak patterns of IBD may be caused by recent range
expansion (24, 43), which could arise if ancestral BFDV originated
in species other than P. elegans (as supported by our phylogeny)
(Fig. S1) and crossed to P. elegans relatively recently.
Eastwood et al.

Overall, our data suggest that gradual evolutionary changes
around a large geographic barrier may have accumulated and
resulted in genetic discontinuity of BFDV at the terminal ends of
the distribution. As such, these patterns in BFDV are analogous
to the key predictions outlined under the ring-species concept,
and thus support the notion that divergence in the face of gene
flow, to the extent that recombination may be reduced or eliminated, is possible in such viruses. We suggest that our data represent a worthy first step in identifying whether quasi-species–like
variation in BFDV in P. elegans offers, to our knowledge, the first
known example of a pathogen analog of a ring species. Further
work will be required to test predictions arising from this conclusion, and could offer important advances in our understanding
of the role of host–pathogen interactions in speciation.
Conclusions
We show that a phenotypically intermediate subspecies (P. e.
adelaidae) and hybrid populations (WS) have much lower BFDV
prevalence and load than their parental subspecies (P. e. elegans
and P. e. flaveolus). We found no evidence that the results were
explained by potential geographic confounds, P. elegans population density, or host community diversity and composition.
Our phylogenetic analyses of BFDV sequence variation provides
empirical support for the ring-species concept, and thereby demonstrates a novel approach to testing ring-species predictions in
hosts and pathogens. Hybrid zones and ring-species complexes are
natural laboratories that have greatly enhanced our understanding of speciation processes. We hypothesize that BFDV
infection in P. elegans gives rise to differential selective pressures with implications for the maintenance of host diversity,
and potentially host speciation. Further study of such systems
should provide powerful new insights into how hosts and parasites
diverge and coevolve.
Materials and Methods
Study Species and Sampling. This work was approved by Deakin University Animal
Ethics Committee. We studied the crimson rosella (P. elegans) species complex,
which consists of several geographically continuous but phenotypically divergent subspecies encircling unsuitable habitat (Fig. 1). This species
complex contains three distinct subspecies (Adelaide, P. e. adelaidae; crimson,
P. e. elegans; and yellow P. e. flaveolus; the latter two subspecies culminating
in three zones of overlap, Western Slopes hybrid) (Fig. 1) (21). To sample BFDV,
we collected whole blood or muscle tissue samples between the years 2004
and 2011. Birds were caught at the nest or in walk-in traps. For detailed
sampling locations (Table S5), primers (Table S6), and techniques, see SI
Materials and Methods.
BFDV Seroprevalence, PCR Detection, and Sequencing. DNA was extracted
using a standard ammonium acetate method and birds were sexed following
ref. 44. Samples from 406 individuals were screened for BFDV using a probe
based quantitative real-time PCR (qRT-PCR) developed and tested in this
species. Seroprevalence was assayed using hemagglutination inhibition as
described in ref. 45. See SI Materials and Methods for a detailed description
of these techniques.
Phylogenetic Inference, Recombination, and Selection. Maximum-likelihood
phylogenies of each sequence subset [Capsid ORF, noncoding region, partial
replication-associated protein ORF, and all regions concatenated (partial
BFDV genome)] were inferred using MEGA (46). The program BaTS (Bayesian
Tip-association Significance testing) was used to test for a host species
association among the phylogenetic tips using all known BFDV sequences
from endemic Australian host species but also among P. elegans subspecies
in a separate analysis (47). MrBayes was used to produce a posterior set of
trees to be used in BaTS (48). Recombination was tested using RDP 4.16
(49). DnaSP v5 was used to test for selection (50). We used the Mantel test
function in the Genalex 6.5 add-in for Microsoft Excel 2007 (51) to test for
IBD (SI Materials and Methods).
Statistical Analyses. Using the statistics package SPSS 22 (IBM) we created
a series of generalized linear mixed models (all subset approach) to analyze
two response variables: (i) individual infection status (infected or not infected)
and (ii) BFDV infection load. Fixed predictors included: (i) subspecies, (ii) age,
(iii) Julian date, (iv) Julian date2, and (v) host sex. DNA source (blood/tissue),
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However, there is little support for all groups to be considered
separate clades. BFDV capsid sequences from P. e. elegans seem
to be closely related to one BFDV population from P. e. flaveolus
(Fig. S2A) (1), a result likely to be explained by evidence for
recombination in those BFDV sequences from P. e. flaveolus.
This evidence for gene flow between isolates and the relatively
conserved nature of the replication-associated protein region
may explain the lack of phylogenetic separation in this coding
region. Overall, BFDV in this system appears to have coevolved
with the terminal subspecies, but only limited specialization has
occurred, allowing the intermediate subspecies (P. e. adelaidae)
to be infected. Across hybrid zones parasite isolates have been
found to specialize on parental species, leaving F1 hybrids unaffected (16). However, our results are more consistent with one
other study that found that only one parental parasite species
was able to infect the hybrid population (39).
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longitude and latitude were controlled for in all models as fixed effects. The
corrected AIC was used to select the best-fitting models and calculate the
weights (wi) for each model and predictor (52). In separate analyses we tested
whether geographic location (0.5 × 0.5 decimal degree grid squares), P. elegans population density, or the community diversity (species richness) and
composition (β-diversity) of potential hosts (Psittaciformes species), were
predictors of prevalence and load (SI Materials and Methods).
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