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Abstract

Parasite communities on islands are assembled through multiple immigrations and/or
in-situ diversification. In this study, we used a phylogenetic approach to investigate the
role of such processes in shaping current patterns of diversity in Leucocytozoon, a group
of haemosporidian blood parasites infecting whites eyes (Zosterops) endemic to the
Mascarene archipelago (south-western Indian Ocean). We found that this parasite
community arose through a combination of multiple immigrations and in-situ diversi-
fication, highlighting the importance of both processes in explaining island diversity.
Specifically, two highly diverse parasite clades appear to have been present in the
Mascarenes for most of their evolutionary history and have diversified within the
archipelago, while another lineage apparently immigrated more recently, probably with
human-introduced birds. Interestingly, the evolutionary histories of one clade of
parasites and Indian Ocean Zosterops seem tightly associated with a significant signal
for phylogenetic congruence, suggesting that host—parasite co-divergence may have
occurred in this system.

Keywords: avian malaria, in-situ diversification, Leucocytozoon, Mascarene Zosterops, multiple
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Introduction

The need to understand the processes that determine
the emergence of novel diseases has never been greater
(Peterson 2008). Yet despite many hypotheses and a
considerable amount of literature, we still know rela-
tively little about what causes movements of parasites
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across hosts and geographic areas through time. While
phylogenetic analyses of the present-day distribution of
parasites across hosts and through space provide a
powerful framework to reconstruct biogeographical his-
tory (Ronquist 1998), this performance relies upon the
ability to estimate divergence times, usually from fossil
data (e.g. Vilhelmsen 2004; Murphy et al. 2008). For
most parasites and micro-organisms, fossil data are
insufficient (Martin-Gonzalez et al. 2009) and the com-
mon practice has been to use the time frame of hosts
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instead, provided that the evolutionary histories of
hosts and parasites can be linked through the identifica-
tion of co-divergence events (e.g. Hafner & Page 1995;
Etherington et al. 2006; Storfer et al. 2007; Light et al.
2010; Shah et al. 2010). There are at least two caveats
associated with this approach. First, synchronous
co-divergence between hosts and parasites depends on
strong host specificity of the parasites (Brooks 1988;
Reed & Hafner 1997; Clayton et al. 2004; Nieberding &
Olivieri 2007). Second, processes other than co-div-
ergence can explain topological congruence between
parasites and hosts, such as a series of host-switches
mirroring the hosts” phylogeny (Charleston & Robertson
2002; de Vienne et al. 2007). In this context, haemos-
poridian blood parasites (Order: Haemosporida) of ver-
tebrates are particularly problematic because they show
little specificity, are highly vagile and are prone to host
switching (Ricklefs ef al. 2004; Szymanski & Lovette
2005; Garamszegi 2009). In addition, their fossil record
is extremely scarce (Poinar 2005; Poinar & Telford
2005), making it difficult to estimate absolute diver-
gence times using fossil calibration. As a consequence,
the origin and evolution of these parasites, including
how and when they radiated and spread to novel hosts,
remains largely unknown and subject to debate. This is
even the case for well-studied human parasites (e.g.
Holmes 2010; Liu et al. 2010; Prugnolle et al. 2010 and
Valkitunas et al. 2011 illustrate recent debate over the
assumed origin of Plasmodium falciparum).

It has been suggested that in Haemosporida of the
genera Haemoproteus and Leucocytozoon, host and geo-
graphic fidelity (i.e. phylogenetic association) can per-
sist over evolutionary timescales (Ricklefs & Fallon
2002; Hellgren et al. 2007). However, host fidelity is still
expected to decrease as the time frame under consider-
ation lengthens, with host specificity being mostly
restricted to the tips of the parasite phylogeny (Ricklefs
& Fallon 2002). Thus, phylogeographical studies of such
haemosporidian blood parasites are especially valuable
for examining the processes shaping contemporary
diversity.

In this paper, we examine the evolutionary dynamics
surrounding contemporary host and geographic distri-
butions of Leucocytozoon parasites of Mascarene
white-eyes (Genus: Zosterops). Leucocytozoon is the most
host-specific and least vagile haemosporidian genus
(Hellgren et al. 2007), with a complex life cycle involv-
ing one intermediate avian host where asexual multipli-
cation occurs, and one final dipteran host (black flies,
Genus: Simulium) in which it sexually reproduces
(Valkiunas 2005; Martinsen et al. 2008). As such, it pro-
vides an ideal system in which to examine the relative
importance of processes such as multiple colonizations,
in-situ diversification and co-radiation in explaining the
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diversity of parasite assemblages. Furthermore, Masca-
rene white-eyes represent an excellent host system for
studying parasite evolutionary dynamics, in large part
because they have undergone a relatively recent
(<2 Ma, Warren et al. 2006) evolutionary radiation in an
archipelago where contemporary infections by Leucocy-
tozoon have been reported to be frequent (Peirce et al.
1977).

We use molecular methods to describe Leucocytozoon
diversity in Mascarene Zosterops and perform phyloge-
netic analyses to infer how contemporary diversity in
blood parasites has arisen. We included in our analyses
data obtained from other local birds as well as all pub-
licly available Leucocytozoon DNA sequences, to provide
the basis for comparisons in a broad phylogeographical
context. We first estimate the number of independent
colonizations that may account for contemporary diver-
sity by determining the number of monophyletic groups
of parasites harboured by Mascarene Zosterops. Parasite
colonizations may have occurred either in evolutionary
times, mediated by black flies or avian hosts as they
immigrated to the archipelago, or more recently with
massive human-associated introductions of nonindige-
nous birds (Cheke & Hume 2008). Our second objective
is thus to estimate the likelihood of parasite diversifica-
tion within the archipelago after nonindigenous birds
were introduced by humans, ie. within the Ilast
413 years (Cheke & Hume 2008). Patterns of parasite
distribution across host species can also provide infor-
mation about which hosts may have brought parasites
into the archipelago. Finally, we examine whether some
parasites could have co-radiated with Zosterops hosts
over the Indian Ocean. Such a process, be it associated
with strict co-divergence or not, is expected to result in
relatively concordant host and parasite geographic dis-
tributions and phylogenies.

Methods

Samples and sites

Twelve Zosterops species are currently present in the
south-western Indian Ocean, four of which occur in the
Mascarenes: Z. borbonicus, Z. mauritianus, Z. chlorono-
thos and Z. olivaceus (Warren et al. 2006). One of us
(BHW) obtained blood samples from the eight
non-Mascarene species and Z. chloronothos during a
previous study (see Warren et al. 2006 for permits and
procedures). We obtained blood samples from the three
other Mascarene Zosterops species and twelve other bird
species from Réunion by mist-netting in 2007-2010 dur-
ing the austral summer (capture dates ranged from
October 28th to May 17th). In total, our sample
consisted of 55 non-Mascarene Zosterops, 852 Mascarene
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Zosterops and 89 Réunion non-Zosterops birds. Blood
samples were collected by gently puncturing the sub-
brachial vein and were then stored in lysis buffer until
freezing at —20 °C. Birds were ringed, measured and
released unharmed. All manipulations were conducted
under a ringing permit issued by the CRBPO Museum
d’Histoire Naturelle (Paris, France) and a collection per-
mit from the Government of Mauritius. Per-species
sample sizes are indicated in Table 1, and the location
of Zosterops species in Fig. 1.

DNA extraction, PCR screening and sequencing

DNA was extracted from blood samples using Qiagen
DNeasy kits (Qiagen, Courtaboeuf, France), according
to the manufacturer’s protocol. Parasites were screened
by amplifying a 476-bp fragment of the cytochrome b
(cyt-b) gene, following the nested-PCR protocol
described in Hellgren ef al. (2004), with the Leucocytozo-
on-specific primer pair (HaemFL/HaemR2L) in the sec-
ond round. To detect false positives, a negative control
(distilled water) was included with every five samples.
When false positives were observed, the entire PCR
plate was re-run. Bi-directional sequencing was per-
formed on an AB1 PRISM 3130 using the same primers
as for the second round of PCR. Sequences from both
strands were aligned using Sequencher v.4.9, and the
chromatograms were visually screened for double peaks
(multiple infections). Most of the sequences we obtained
were of sufficiently good quality to allow accurate iden-
tification of double peaks, which were recorded with
ambiguous base codes. We did not attempt to record
double peaks for sequences with background noise.
Once the local pool of haplotypes was known from the
single infections, we searched for matches between
ambiguous sequences (multiple infections) and pairs of
haplotypes. A double infection was considered solved
only when it yielded a match with a single pair of pre-
viously identified haplotypes and no double peaks were
left unexplained. All unsolved multiple infections were
withdrawn from the data set. In this study, we refer to
haplotypes for unique cyt-b sequences and to lineages
for phylogenetically distinct groups (either single haplo-
types or clades of haplotypes).

Phylogenetic and divergence time analyses

To analyse our findings in a global phylogeographic
context, all sequences obtained from Indian Ocean Leuc-
ocytozoon were aligned with the totality of sequences of
sufficient length available in GenBank and Malavi
(Bensch et al. 2009) databases. Phylogenetic analyses
were performed from this alignment that consisted of
257 cyt-b haplotypes once redundant sequences were

removed (see Table S1, Supporting information, for
details of these sequences). The scarcity of nuclear and
plastid DNA fragments from Leucocytozoon organisms
in GenBank (ten entries altogether) prevents the use of
markers other than cyt-b for global studies like this one.
Thus, our analyses rely upon the assumption that phy-
logenetic hypotheses obtained using cyt-b are reason-
able estimates of organism (i.e. multi-genome)
phylogeny in Leucocytozoon, as was strongly suggested
by previous studies (Rathore et al. 2001; Beadell et al.
2006; Perkins et al. 2007). After aligning all sequences
with BioEdit v.7.0.5.3, we used MODELTEST v.2.3
(Posada & Crandall 1998) to determine which substitu-
tion model best described the data (minimum AIC).
MRBAYES v.3.0.1 (Ronquist & Huelsenbeck 2003) was
used for Bayesian phylogenetic inference with different
substitution models for each codon position. This analy-
sis consisted of two runs of 30 million generations with
sampling every 1000 generations, each with one cold
and three heated chains. Burn-in trees were discarded,
and the consensus phylogeny and associated branch
support values were determined from the remaining
trees. PhyML-aLRT (Anisimova & Gascuel 2006) was
used for maximum likelihood (ML) phylogenetic analy-
sis, without partitioning into codon positions. Bootstrap
support values were calculated as the minimum of SH-
like and y*based statistics. A consensus of the maxi-
mum sum of clade credibilities from the Bayesian and
ML trees was obtained with TreeAnnotator v.1.5.3. This
procedure firstly permitted us to test whether all para-
site haplotypes recovered from Zosterops hosts represent
a monophyletic entity or if they have multiple origins
(polyphyly). Secondly, it allowed us to identify lineages
of endemic parasites represented by single colonization
events followed by within-island diversification.
Lineages having diversified in-situ (i.e. forming
clades) may have colonized the archipelago with
recently introduced birds, or earlier, through natural
immigration. To test the origin of such clades, we
assumed that recent anthropogenic introduction can be
ruled out for a particular parasite clade if it can be
shown with confidence that it is older than first human
arrival (413 years ago). Therefore, we sought to provide
a lower bound for each clade’s age through dating anal-
yses. Given that no substitution rate and no fossil cali-
brations are known for Leucocytozoon parasites, we used
a conservative substitution rate for phylogeny dating.
As we were interested in minimum ages of clades, we
used the highest substitution rate proposed for some
avian Haemosporida, i.e. 1.2% sequence divergence per
million years (as estimated by Ricklefs & Outlaw 2010).
Node age estimates were obtained with BEAST v.1.5.3
(Drummond & Rambaut 2007) under a strict molecular
clock and from a subtree comprising all the lineages of
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Fig. 1 Distribution of sampled species
of Zosterops in the south-western Indian
Ocean. Indian Ocean Zosterops species
are in black, locations in grey. Zosterops
species found infected are underlined.
Black arrows were redrawn from War-
ren et al. 2006 and indicate the most
likely colonization routes of Zosterops in
the Indian Ocean. It is noted that
Z. mouroniensis, unlike all other Zoster-
ops species from the Comoros, colonized
the Indian Ocean anciently. However, it
is unconfirmed whether this species is a
product of the same ancestral Indian
Ocean colonist as the Mascarene clade,
or whether its ancestor colonized the
Indian Ocean independently.

Z. modestus

From Asia

1.B Ma

Z chloronothos

£ alivaceus

interest. The analysis consisted of two independent runs
of 10 million generations with sampling every 1000 gen-
erations. After discarding burn-in generations (first
10%), the results of the two runs were combined and
examined with TRACER v.1.5. Convergence was con-
firmed by ESSs exceeding 200 for all parameters. A con-
sensus chronogram of the maximum sum of clade
credibilities was obtained with TreeAnotator v.1.5.3.

Distribution across hosts

We investigated the distribution of each parasite lineage
across hosts by testing for differences in prevalence
between three host reservoirs: Zosterops, indigenous and
nonindigenous birds (see Table 1). However, the detec-
tion of a haemosporidian lineage through amplification
from a particular host’s blood does not necessarily
reflect host competence for transmission of this lineage,
as uninfective parasite stages can occur in blood sam-
ples (Valkitunas et al. 2009). Although microscopy can
be used to confirm the presence of infective gameto-
cytes in the host blood, this technique does not permit
the identification of haplotypes (Valkiunas et al. 2009;
Palinauskas et al. 2010). Thus, the reasonable assump-
tion that the parasite stages amplified from blood are in
most cases infective gametocytes must be made when
examining patterns of distribution across hosts.

Our sample for Zosterops species was much larger
than for the rest of the local avifauna and compara-
tively more parasite haplotypes could have been unde-

tected in non-Zosterops hosts. To quantify the potential
bias caused by incomplete haplotype sampling, we gen-
erated rarefaction curves for the three host reservoirs
on Réunion by sampling without replacement (Gotelli
& Colwell 2001) and estimated true haplotype richness
with a Chao (1987) estimate as well as the first order
jackknife and bootstrap estimates (Smith & van Belle
1984). Curves are the average of 9999 trials. These anal-
yses were carried out using vegan 1.15 (function spec-
pool) in the R statistical framework (R Development
Core Team 2008). Uneven sample sizes among species
prevented us from constructing rarefaction curves for
each species independently. Consequently, individual
birds were grouped together within the three host res-
ervoirs cited earlier.

To test for differences in prevalence between host res-
ervoirs, we used GLMMs with binomial error with host
reservoir as a fixed effect and month of capture and
year as random effects. Random effects were incorpo-
rated in the models to account for temporal variation in
prevalence, as such variation was previously reported
in haemosporidian parasites, both within- (e.g. Barnard
& Bair 1986; Cosgrove et al. 2008; Norte et al. 2009) and
between-years (e.g. Bensch et al. 2007; Knowles et al.
2011). The binary dependant variable was lineage iden-
tity: each cyt-b sequence was attributed the value of 1 if
it corresponded to the lineage of interest, and the value
of 0 for any other lineage. This approach tests whether
one lineage’s relative prevalence (i.e. the proportion of
infections corresponding to this lineage) differs among

© 2012 Blackwell Publishing Ltd
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host reservoirs. We could not test for differences in
absolute prevalence per lineage (i.e. the proportion of birds
in the sample that is infected by a particular lineage) as
this measure is unknown when sequences are not
obtained from every infected individual. However, abso-
lute and relative prevalences are proportional when the
total absolute prevalence (i.e. the proportion of birds
infected by any lineage) does not differ among the
groups compared, as is the case for our sample (Zoster-
ops vs. Indigenous, P = 0.87; Zosterops vs. Nonindige-
nous, P =0.086; Indigenous vs. Nonindigenous,
P = 0.27; uncorrected P-values from Fisher exact tests).
Following recommendations of Bolker et al. (2009), sig-
nificance of the fixed effect was evaluated with Wald >
tests. We subsequently carried out pair-wise tests fol-
lowing the same procedure to obtain pair-wise signifi-
cance for the effect of host reservoir, and P-values were
adjusted with Bonferroni correction. Analyses were
restricted to Réunion birds because non-Zosterops birds
were not screened elsewhere. The geographic areas
where Zosterops and non-Zosterops birds were sampled
greatly overlap (Fig. S1, Supporting information).
Therefore, differences in parasite assemblages of these
two reservoirs cannot be explained by small scale spa-
tial transmission patterns (as documented by Wood
et al. 2007). Statistical analyses were carried out using
the Ime4 package (Bates & Sarkar 2007) in the R statisti-
cal framework (R Development Core Team 2008).

Co-divergence analysis

We tested the hypothesis that Indian Ocean clades of
parasites infecting Zosterops have co-diverged with their
hosts using the software ParaFit (Legendre ef al. 2002).
This procedure tests the null hypothesis of independent
evolution of hosts and parasites by permuting the iden-
tity of hosts associated with each parasite. Thus, it pro-
vides a test of co-divergence for the whole data set
along with tests for each host—parasite pair. It requires
a matrix of host—parasite association along with two
matrices of principal coordinates describing phyloge-
netic relationships (one for hosts and one for parasites).
These matrices were constructed from LogDet genetic
distance matrices (Lockhart ef al. 1994) using the DistP-
coa application (Legendre & Anderson 1999). The test
was conducted using 9999 permutations.

Results

Diversity and multiple colonizations

Altogether, 26 different Leucocytozoon haplotypes were
found in the Mascarenes (Tables 1 and S2, Supporting
information), 20 of which occur in Mascarene Zosterops

© 2012 Blackwell Publishing Ltd

(17 in Z. borbonicus alone). Rarefaction curves (Fig. 2)
and estimates of true haplotype richness (Table 2) show
that asymptotic richness on Réunion is almost reached
for the non-Zosterops reservoirs, despite small sample
sizes. In contrast, the estimated number of missed hapl-
otypes in Zosterops is approximately 6 (Table 2), indi-
cating that about 25% of the total haplotype richness of
Leucocytozoon infecting Réunion Zosterops remains
undiscovered.

Phylogenetic analyses indicate that the 20 Mascarene
haplotypes represent four distinct lineages: Clades A’
and B’, Haplotypes B and H (Fig. 3), implying multiple
colonizations of the Mascarene archipelago followed by
at least two independent evolutionary radiations. Phylo-
genetic resolution is too poor to determine whether or
not Haplotype B clusters with Clade A" (Fig. 3). Masca-
rene haplotypes within Clade B’ cluster in two groups
(Mascarenes 1 and 2).

Timing of colonization

Clades A’ and B’ are highly diverse, with seven and
11 haplotypes in the Mascarenes, respectively. Molecu-
lar dating with a divergence rate of 1.2% Ma™" places
the crown age estimate of Clade A’ at 0.66 Ma (95%
CIL: 0.31-1.07; Fig. 4) and that of Clade B’ at 1.56 Ma
(95% CI: 0.97-2.24; Fig. 4). The oldest boundary for
human-mediated introductions (413 years) lies well
outside the 95% confidence intervals for both clades’
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Fig. 2 Rarefaction curves for three different host reservoirs.
Black: Zosterops reservoir, Dark grey: indigenous reservoir,
Light grey: nonindigenous reservoir. Solid lines represent the
average of 9999 randomly generated curves. Dashed lines are
mean + 2 times standard deviations. The smaller figure shows
details of the curves from 1 to 30 haplotypes.
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Table 2 Estimated haplotype richness for the three host reservoirs on Réunion

No. Average Average number
Host reservoir sequences Sobs* Chao’ Jackknife® Bootstrap® estimates of missed haplotypes
Zosterops 230 17 25.17 + 8.28 23.97 + 2.63 19.98 + 1.39 23.04 6.04
Indigenous 18 4 4+0 4+0 4.17 £ 0.38 4.06 0.06
Nonindigenous 31 4 425+ 0.73 497 + 0.97 4.61 = 0.66 4.61 0.61

*Observed haplotype richness.

*Estimated haplotype richness + standard error obtained from three methods described in Chao (1987) and Smith & van Belle (1984).

ages, indicating that both clades have initiated their
diversification before these introductions.

Distribution of lineages through hosts and space

Contrasting patterns of distribution across hosts and
space were recovered between the different lineages
infecting Mascarene Zosterops. We found that relative
prevalence significantly varied among host reservoirs
for Haplotype B (x> =57.5, P <0.001) and Clade B’
(x> = 17.8, P < 0.001), but not for Clade A’ (x> = 2.1e”%,
P =1). Haplotype H was not analysed because of the
small number of infections. Further information about
these analyses is available in Table S3, Supporting
information. Haplotype B primarily occurs in nonindig-
enous birds with an absolute prevalence of 63%, which
is much higher than the absolute prevalence observed
in indigenous (10%) or Zosterops (0.8%) reservoirs
(Fig. 5a). It appears to be a generalist lineage as it was
found in seven of nine infected species on Réunion
(Table 1) and also occurs in Africa, Europe and the
Comoros in five other passerine species (Table S4, Sup-
porting information). By contrast, Clade A’ was only
recovered from Zosterops (Table 1, Fig. 5b) and seems
to be endemic to Réunion. Haplotypes from that clade
were not recovered from any Zosterops species from
outside the Mascarenes. Clade A’ was found to be
nested within Clade A, which is composed of 24 addi-
tional haplotypes infecting 28 other avian species
(Fig. 3, Table S4, Supporting information). Hosts of
Clade A are mainly species residing in Africa and the
Middle-East or European birds that winter in Africa,
suggesting a within-Africa diversification of that clade.
Clade A also contains three haplotypes found on
Réunion: Haplotypes B, Y (found in Hypsipetes borboni-
cus only) and Z (found in Streptopelia picturata only).
Clade B’, the most diverse clade in Mascarene Zosterops
with a total of 11 haplotypes in the archipelago (seven
haplotypes endemic to Réunion, three to Mauritius, one
on both islands), seems to be restricted to Zosterops
hosts, except for one exceptional occurrence in Ploceus
cucullatus (Table 1, Fig. 5¢). It is found in the four

Mascarene Zosterops species and is the only lineage
occurring in Zosterops found outside Réunion. It is also
the most prevalent parasite lineage of Zosterops: 37%
absolute prevalence on Réunion, 69% on Mauritius,
100% on Madagascar, 39% on the Comoros and 100%
on Socotra. Also noteworthy in the phylogeny is the
fact that Clade B’ is nested within Clade B, which con-
tains 18 additional parasite haplotypes found mostly in
Asian and European species (Fig. 3, Table S4, Support-
ing information). Haplotype H was found to infect only
the two Réunion Zosterops species with low absolute
prevalence (4.1% Z. borbonicus; 11% Z. olivaceus) and
was not recovered from the local avifauna (Table 1,
Fig. 5d). Its closest relative was found in Europe, infect-
ing Garrulus glandarius (Haplotype GAGLAO1). No Leuc-
ocytozoon parasites were recovered from
Z. mouroniensis, Z. modestus, Z. kirki, Z. mayottensis and
Z. aldabrensis (Fig. 1, Table 1).

Co-divergence of Leucocytozoon and Zosterops

Co-divergence analyses rejected the null hypothesis of
independent evolution of Leucocytozoon and Zosterops
for Clade B’ (P =0.035), suggesting that parasite
lineages belonging to Clade B’ co-diverged with their
Zosterops hosts (Fig. 6).

Discussion

We found that Leucocytozoon contemporary diversity in
Mascarene Zosterops originated through a combination
of multiple colonizations and in-situ diversification
events. We also were able to infer that the parasite lin-
eages having undergone within-island evolutionary
radiations immigrated to the Mascarenes well before
the arrival of humans and concomitant introductions of
nonindigenous birds. Strikingly, one of these lineages is
strongly associated with Zosterops hosts across the entire
western Indian Ocean, with a clear pattern of congru-
ence between host and parasite evolutionary histories.
Thus, our results suggest that hosts on remote islands
can harbour highly diverse parasite assemblages that

© 2012 Blackwell Publishing Ltd
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have gained new lineages through either immigration
or in-situ diversification over evolutionary time. This
stands in stark contrast to the evidence for reduced
diversity of other haemosporidian parasites in several
species of birds on remote islands of the Pacific Ocean
(e.g. Beadell et al. 2006; Ishtiaq et al. 2010).

© 2012 Blackwell Publishing Ltd

A total of 17 haplotypes were discovered in a single
host (Z. borbonicus), which is, to our knowledge, the
highest number of Leucocytozoon haplotypes ever recov-
ered from a single host species. This figure may reflect
a greater sampling effort for Z. borbonicus (221
sequences), which led to the detection of rare
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haplotypes (12 of the 17 haplotypes occurred at a rela-
tive prevalence <4%). Our rarefaction analyses indicate,
however, that approximately 25% of the true haplotype
richness still remains unobserved in Réunion Zosterops,
in spite of a considerable sample size. While available
data do not allow rigorous comparisons with other spe-
cies, Leucocytozoon contemporary diversity in Mascarene
Zosterops may be considered exceptionally high for
birds living on remote islands, and perhaps stands out
among birds in general.

The inclusion in our analyses of a large sample of
parasites found in other host species enabled us to
place our results in a broad phylogeographic context
and to assess the specificity of parasite lineages to their
Zosterops hosts. Exact estimates of host specificity neces-
sitate intensive sampling and are thus hard to obtain.
However, the quasi-total absence of Clades A" and B’ in
non-Zosterops hosts (a single occurrence in this reser-
voir), combined with the fact that rarefaction analyses
indicated that our sampling is unlikely to have missed

many or any parasites in non-Zosterops, suggests that
these parasites preferentially infect Zosterops. However,
some Réunion landbird species were not included in
our sample and therefore host specificity cannot be
firmly concluded with the data at hand. It should also
be noted that analyses of absolute prevalence would
have been more suitable for determining whether each
lineage preferentially infects certain host reservoirs but
the nature of our data set compelled us to use relative
prevalence instead (see Methods section). Such specific-
ity would be compatible with the findings of previous
studies that revealed some degree of host fidelity for
certain haemosporidian lineages (Bensch et al. 2000;
Ricklefs & Fallon 2002; Krizanauskiené et al. 2006; Seh-
gal et al. 2006; Hellgren et al. 2007).

Conducting a comprehensive phylogenetic analysis
permitted us to test a multiple colonization scenario
versus in-situ diversification only. The nonmonophyly
of Leucocytozoon haplotypes infecting Mascarene Zoster-
ops indicates that the community was assembled in part

© 2012 Blackwell Publishing Ltd
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through multiple colonizations. The haplotypes recov-
ered represent at least three distinct evolutionary lin-
eages that have independently immigrated to the
Mascarene archipelago. While the diversity constituting
Clades A’ and B’ suggests that postcolonization in-situ
diversification has taken place, the absence of close
relatives to Haplotype B in Mascarene avian hosts may
indicate either a more recent origin of that particular
lineage, or different dynamics of diversification and
extinction among lineages. Although our use of small
DNA fragments (476 bp) may limit phylogenetic resolu-
tion, the nonmonophyly of Clade A’, Clade B” and Hap-
lotype H is well supported as they emanate from
highly divergent branches of the global phylogeny pre-
sented in Fig. 3, and with strong bootstrap support.
Moreover, the monophyly of Clade A” and that of Clade
B’ are strongly supported, as indicated by node support
values in Fig. 3.

Haplotype B occurs in Europe, Africa and the Indian
Ocean, and it was found in a total of 11 host species
belonging to eight genera (Table 1 and S1, Supporting
information), suggesting that it is a generalist parasite
capable of long-distance dispersal. It is also by far the
most prevalent parasite infecting nonindigenous birds
(Fig. 5a), thus representing a good example of a ‘jack-
of-all-trades but master of some’; that is, a parasite with
the capacity of maintaining both a broad host range
and high prevalence in some host species (Hellgren
et al. 2009; Jenkins & Owens 2011). Despite its general-
ism, Haplotype B does not seem able to achieve high
prevalence in Réunion’s indigenous birds (Fig. 5a).
Thus, nonindigenous birds are Haplotype B’s primary
reservoir and thereby the most likely carrier of this par-
asite to the Mascarenes. The latter conclusion favours
recent human-assisted introduction over a low net
diversification rate in explaining the absence of diver-
sity in this lineage.

We found that Clade A’ most probably diversified
within Réunion island. Parasite cyt-b haplotypes diverg-
ing by as little as 0.2% may often represent distinct,
nonrecombining lineages (Bensch et al. 2004). It is there-
fore possible that some mitochondrial haplotypes recov-
ered within Clade A’ correspond to different biological
species, although this remains to be confirmed with
information from nuclear genes obtained from the same
parasites. We estimated an older divergence time for
the ancestor of this clade than the time of the earliest
bird introductions, which suggests that the evolutionary
diversification of Clade A’ was associated with indige-
nous birds well before human arrival in the Mascarenes
at the end of the 16th century (Cheke & Hume 2008).
This result appears to be robust to possible deviations
of the cyt-b substitution rate in Leucocytozoon compared
with other Haemosporida (Outlaw & Ricklefs 2011), as

the 95% confidence interval for the age of Clade A’
would still not include 413 years, even with a much
higher rate (Fig. 4). Colonization of Réunion through
nonindigenous birds would still be possible if Clade A’
had diversified ex-situ and had subsequently been
brought in its entirety by nonindigenous hosts. How-
ever, this would leave unexplained the current absence
of Clade A’ from nonindigenous birds, their original
reservoir under this scenario. The diversification of
Clade A’ does not appear to have been promoted by co-
radiation with Zosterops hosts, because all members of
the clade only infect Réunion Zosterops. In addition, if
co-radiation had driven diversification, massive sort-
ing—that is extinction, ‘miss-the-boat” events (i.e. when
hosts migrate but leave their parasites behind, MacLeod
et al. 2010) or severe sampling failure—would be
needed to explain the absence of Clade A’ in all species
of Zosterops outside Réunion.

Conservative estimates for divergence times indicate
that Clade B’ has also diversified prior to bird introduc-
tions into the Mascarenes (Fig. 4), with this clade being
nearly absent from the nonindigenous reservoir
(Fig. 5c). As elaborated in the previous paragraph, this
situation renders unlikely a recent origin from nonin-
digenous birds. The clade is found on the islands of
Réunion, Mauritius, Madagascar, Mohéli, Anjouan and
Socotra, in eight Zosterops species (Fig. 1) and such con-
gruence between distributions of hosts and parasites
may be indicative of co-radiation where hosts have car-
ried their parasites during colonization events. The
absence of Clade B’ from Zosterops of Grande Comore,
Mayotte, Aldabra and Conception could be due to
extinctions, miss-the-boat events or failure to establish
due to vector absence or incompetence. Interestingly,
the lineages infecting Zosterops outside the Mascarenes
appear to be nested within the Mascarene lineages
(Figs 3 and 6). Three scenarios can explain this pattern:
(i) migration occurred from the Mascarenes to other
islands and Africa, (ii) the Mascarenes were colonized
twice, (iii) the divergence between groups Mascarenes 1
and 2 (Figs 3 and 6) occurred prior to colonization of
the Mascarenes, both groups being carried over when
Zosterops migrated to the archipelago. A migration from
the Mascarenes to Madagascar and Africa seems unli-
kely because this migration route does not correspond
to any known Zosterops (Fig. 1) or vector movements.
Although little is known about the biogeography of vec-
tors, Giudicelli (2008) identified four species of black fly
on Réunion that belong to the Simulium ruficorne species
group, widely distributed in Africa. This suggests that
Réunion black fly lineages colonized the Mascarenes
from Africa and not the other way around. Moreover,
the relative size of continents versus volcanic islands
makes a migration from a continent to islands seem

© 2012 Blackwell Publishing Ltd
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more likely than the reverse (but see Bellemain & Rick-
lefs 2008). The second possibility, a double colonization
of the Mascarenes by Clade B’, also necessitates a trans-
port of parasites that does not correspond to proposed
Zosterops movements (i.e. from Africa or Madagascar to
the Mascarenes, Fig. 1). Vectors could have transported
one of Mascarenes 1 or 2 groups to the Mascarenes or,
despite the apparently high specificity of Clade B’ to
Zosterops, these parasites may have been brought by
another avian host. Regardless of which scenario took
place, if the group Mascarenes 2 is ignored, the topology
within Clade B’ is strikingly similar to that of the hosts,
with the divergence of Mascarene lineages from conti-
nental lineages predating the divergence between those
of Madagascar and Africa (Fig. 6). Furthermore, the sig-
nificant signal for co-divergence indicates that such
topological congruence is unexpected under indepen-
dent evolution of hosts and parasites. The divergence
between Mascarene and Africa/Madagascar Zosterops
was estimated at c. 1.82 Ma (maximum age) by Warren
et al. (2006), and here, the divergence of Mascarenes 1
and Africa/Madagascar parasites was estimated at
1.57 Ma (Fig. 4). These two estimates are relatively
close, and the Zosterops migration to the Mascarenes
might correspond to the origin of Mascarenes 1 para-
sites. However, uncertainties in the substitution rate
used for calibration and for divergence time estimates
prevent us from definitively concluding temporal con-
gruence. Also, a number of host—parasite links are not
significant for co-divergence (Fig. 6), suggesting that
while co-divergence is the predominant pattern, some
deviations (unlinked divergences) also occurred. The
inclusion of continental Zosterops and their parasites
will be needed to fully link Zosterops and Clade B’ evo-
lutionary histories.

In this study, we sampled parasites from birds only,
thus obtaining partial information on the tripartite inter-
action between Leucocytozoon, birds and black fly vec-
tors. Hellgren et al. (2008) demonstrated how patterns
of host or vector specificity and vector feeding prefer-
ence can affect transmission patterns of Leucocytozoon
parasites. In island systems, vectors can mediate para-
site colonization. This appears plausible for Clade A’
which is specific to Zosterops but whose colonization is
unlikely to have been mediated by these hosts, as non-
Mascarene Zosterops were infected by parasites phyloge-
netically unrelated to Clade A’. Clade A’ parasites or
their ancestor may have colonized the Mascarenes with
black flies and then successfully established in Zosterops
only. In this case, the colonization of Zosterops by Clade
A’ would represent a host-switch from an allochtonous,
yet unknown, avian source.

Biogeographical studies of Haemosporida parasites
are still scarce because the vagility and lack of host

© 2012 Blackwell Publishing Ltd

specificity of these parasites generally prevent accu-
rately retracing their evolutionary history. However, as
shown in Hellgren et al. (2007) and Ricklefs & Fallon
(2002), Leucocytozoon and Haemoproteus parasites exhibit
some degree of host and geographic fidelity. This host
fidelity is well illustrated by our findings, as some
Leucocytozoon parasites harboured by Zosterops were
found to be highly specific to these hosts. Also, by tak-
ing advantage of the isolation of insular systems and
placing our results in a broad phylogeographic con-
text, our study provides partial reconstruction of the
evolutionary processes accounting for the current
diversity of Leucocytozoon parasites of Mascarene
white-eyes. Notwithstanding the uncertainty in calibra-
tion of both parasite and host phylogenies, phyloge-
netic patterns and distribution of parasites across hosts
and space indicate that parasite diversity in the Masca-
renes is best explained by multiple colonizations com-
bined with in-situ radiations, illustrating the roles of
both processes in shaping regional parasite assem-
blages.
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