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Free-living organisms are often host to multiple lineages of closely related parasites. Different lineages of obligate
parasites living on the same hosts might potentially be expected to display similar cophylogenetic patterns.
However, there are also reasons why these lineages might have different evolutionary histories (e.g. host
switching, host geography). In the present study, we use mitochondrial and nuclear DNA sequence data to
evaluate the cophylogenetic patterns between doves and their wing and body lice. Previous studies have found
that the wing and body lice of doves have different levels of congruence between their phylogenetic histories.
However, these studies are limited in scope, either taxonomically or geographically. We used both new and
existing data to generate a worldwide and taxonomically diverse data set for doves and two independent groups
of lice: wing and body lice. Using event and topology-based methods, we found that cophylogenetic patterns were
not correlated between wing and body lice, even though both groups showed evidence of cospeciation with their
hosts. These results indicate that external factors vary in their impact on different groups of parasites and also
that broad sampling is critical for identifying patterns in cophylogenetic analyses. © 2016 The Linnean Society of

London, Biological Journal of the Linnean Society, 2016, 00, 000-000.
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INTRODUCTION

Parasitic organisms are among the most abundant
and diverse group of organisms on earth (Windsor,
1998; Poulin & Morand, 2000, 2004; Dobson et al.,
2008; Mora et al., 2011). One of the mechanisms con-
tributing to this diversity is cospeciation, the parallel
speciation of two organisms with dependent life his-
tories (Hafner & Nadler, 1990; Hafner et al., 1994;
Hafner & Page, 1995; Page, 2003; de Vienne et al.,
2013). Parasites that cospeciate with their hosts
should exhibit congruent diversification patterns
(Fahrenholz, 1913; Eichler, 1948). Although this con-
gruence has been found in some instances (Hafner &
Nadler, 1988; Page et al., 2004; Hughes et al., 2007),
many host-parasite systems show discordant pat-
terns. This indicates evolutionary processes that pro-
mote diversification in parasites independently of
their hosts (Paterson et al., 2000; Johnson et al.,
2002; Bruyndonckx et al., 2009). For example, host
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switching and parasite duplication (speciation within
a host) may result in incongruent diversification pat-
terns between hosts and their parasites (Page, 2003).
Additionally, geography (Weckstein, 2004; Johnson
et al., 2007), host preference (Johnson, Bush & Clay-
ton, 2005; Gorrell & Schulte-Hostedde, 2008), host-
imposed selective pressures (Clayton et al., 1999;
Clayton & Walther, 2001; Waite, Henry & Clayton,
2012), competition between parasites (Bush & Mal-
enke, 2008; Poulin, 2007; Johnson, Malenke & Clay-
ton, 2009), and opportunities for host switching may
influence the parasite diversification. In the present
study, we generally refer to the patterns of diversifi-
cation between hosts and their parasites, either con-
gruent or incongruent, as ‘cophylogenetic patterns’.
Free-living organisms often host many lineages of
closely related parasites (Poulin, 1997). Comparisons
of phylogenies of multiple parasite lineages with
those of their hosts can address fundamental ques-
tions in host—parasite coevolution. For example, it is
important to understand how different parasite lin-
eages respond to host speciation events. Additionally,
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host ecology may shape cophylogenetic patterns in
different ways for different parasite lineages (Page,
1994; Johnson & Clayton, 2003). The ectoparasitic
lice (Insecta: Phthiraptera) parasitizing pigeons and
doves (Aves: Columbidae) are ideal subjects for
addressing such questions. Pigeons and doves are
parasitized by two groups of feather lice: wing and
body lice (Johnson & Clayton, 2003; Johnson, Shreve
& Smith, 2012). Although both feed on abdominal
downy feathers, members of these two groups have
different mechanisms for escaping host preening
(Rothschild & Clay, 1952; Nelson & Murray, 1971;
Clayton et al., 2005, 2010). To escape preening, the
elongate wing lice insert themselves between the
barbs of the wing feathers, whereas the rounder
body lice burrow into feather down (Clayton, 1991;
Clayton et al., 1999) (Fig. 1). Although both of these
groups of lice are in the same family (Philopteridae),
wing and body lice parasitized doves independently,
being relatively distantly related to each other
(Cruickshank et al., 2001). These two lineages can be
treated as ‘ecological replicates’ that have different
environmental limitations (Johnson & Clayton,
2003). Additionally, pigeons and doves are dis-
tributed worldwide and occupy a variety of ecological
niches. Some groups, such as ground doves, exhibit
terrestrial lifestyles and primarily feed on seeds.
Other groups, such as the fruit doves, are primarily
arboreal and feed on fruits (Goodwin, 1983; Gibbs,
Cox & Cox, 2001). Because both groups of dove lice
are found on most host species (Price et al., 2003), it
is possible to obtain a geographically extensive sam-
ple across the range of host niches for both groups of
lice.

Despite both wing and body lice being distributed
worldwide on many species of doves, wing lice are
more likely than body lice to switch between host
species as a result of ecological differences in disper-
sal capability. Although both are obligate parasites,
wing lice are more mobile than the more host-specific
body lice (Johnson et al., 2002; Price et al., 2003).
Wing lice have been shown to ‘hitchhike’ on hippo-
boscid flies, which are generalist ectoparasites that
often target doves (Harbison et al., 2008; Harbison &
Clayton, 2011). This hitchhiking behaviour, known
as phoresy, may allow wing lice to rapidly move
between hosts that may not normally interact. Body
lice do not appear to utilize phoresy, and so they are
unlikely to disperse between host individuals in this
way (Harbison, Jacobsen & Clayton, 2009). However,
body lice do show some evidence of host switching,
which appears to be facilitated by host behaviours.
For example, gregarious roosting and foraging bring
different species of doves into contact and may facili-
tate the exchange of both wing and body lice (Har-
bison et al., 2008; Johnson et al., 2011a). Given this
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Figure 1. Photographs of (A) a body louse (Physconel-
loides emersoni) and (B) a wing louse (Columbicola
drowni) from a black-winged ground dove (Metriopelia
melanoptera). Scale indicated at the bottom right of each
photograph.

knowledge, we expect that wing lice will be more
likely to show phylogenetic patterns incongruent
with their hosts. Previous taxonomically or geo-
graphically limited cophylogenetic studies have
shown this to be the case (Clayton & Johnson, 2003;
Johnson & Clayton, 2004). A study with broader
sampling is needed to evaluate these patterns more
thoroughly.

In the present study, we combined new and exist-
ing data from multiple studies to compare cophyloge-
netic patterns of wing and body lice on a worldwide
scale. From this data set, we estimated phylogenetic
trees for the doves and their associated wing and
body lice. We used the resulting trees in cophyloge-
netic analyses, under both topology-based and event-
based approaches.

MATERIAL AND METHODS
TAXON AND MARKER SELECTION

We obtained sequence data from NCBI-GenBank as
deposited in previous studies. This includes pigeon
and dove data from Johnson & Clayton (2000), John-
son (2004), Johnson & Weckstein (2011), Pereira
et al. (2007), Sweet & Johnson (2015), and Johnson
et al. (2001b); wing louse data from Johnson et al.
(2007) and Johnson & Clayton (2004); and body louse
data from Johnson et al. (2011a, b), Johnson & Clay-
ton (2004), and Johnson et al. (2001a) (see Support-
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ing information, Table S1). In instances where no
GenBank data were available, we sequenced samples
according to methods outlined in Johnson & Clayton
(2000), Johnson et al. (2007, 2011b). Wing lice in this
study belong to the genus Columbicola, whereas
body lice are spread across the genera Auricotes,
Coloceras, Campanulotes, and Physconelloides. We
used Aerodramus salangana (swiflet) as the out-
group for the doves in accordance with the rooting of
Johnson & Clayton (2000), Oxylipeurus chiniri
(chachalaca louse) for wing lice in accordance with
the rooting of Johnson et al. (2007), and Strongly-
ocotes orbicularis (tinamou louse), Goniocotes talegal-
lae (brushturkey louse), and Goniodes assimilis
(partridge louse) for body lice in accordance with the
rooting of Johnson et al. (2011b).

For the doves, we used the mitochondrial loci cyto-
chrome ¢ oxidase subunit I (COI), ATP synthase FO
subunit 8 (ATP8), NADH dehydrogenase subunit 2
(ND2), and cytochrome b (Cytb), and nuclear locus
beta-fibrinogen intron 7 (FIB7). For wing lice, we
used mitochondrial loci COI and 12S ribosomal RNA
(12S), and nuclear locus elongation factor 1o (EF-1a).
For body lice, we used mitochondrial loci COI and
16S ribosomal RNA (16S), and nuclear locus EF-1oa.
These markers were chosen because the majority of
our targeted taxa have this sequence information,
therefore minimizing missing sequences in our final
data matrix. We also excluded lice for which we did
not have host DNA sequence data and vice versa.
Thus, each host taxon had data for at least one asso-
ciated wing and body louse.

Based on our criterion of only including host sam-
ples with both associated wing and body louse data,
we had a finalized matrix of 52 different dove spe-
cies, along with 43 associated wing and 49 body louse
taxa (see Supporting information, Table S1). NCBI
data yielded a complete or almost complete sampling
of loci in the host, wing louse, and body louse data
sets. For the loci Cytb, COI, ND2, and FIB7 in the
birds, there were seven instances of missing data for
a gene (4% of entire matrix). However, for the ATP8
locus, there were eighteen instances of missing data
(37%). There were four instances of missing data for
the three loci in the wing louse data (approximately
2%), and nine instances of missing data for the three
loci in the body louse data (5%).

PHYLOGENETIC ANALYSIS

We aligned sequences for each locus and in each tax-
onomic group (doves, wing lice, and body lice) inde-
pendently. All alignments were performed using
MUSCLE (Edgar, 2004) and visualized using SEA-
VIEW, version 4 (Gouy, Guindon & Gascuel, 2010).
After inspecting the alignments, we concatenated the

locus-based alignments into a single alignment for
each group (doves, wing lice, and body lice) in SEA-
VIEW. Using the concatenated data sets for each
group, we estimated maximum likelihood trees in
RAXML, version 7.0.4 (Stamatakis, 2006) using the
GTR+I+T model of sequence evolution and 500 boot-
strap replicates. We also estimated ultrametric Baye-
sian trees using BEAST, version 1.7.5 (Drummond
et al., 2012). For the BEAST analyses, we partitioned
each concatenated alignment by locus and used
JMODELTEST2 (Darriba et al., 2012) to estimate
the best-fitting substitution models for each locus
according to the corrected Akaike information crite-
rion (Sugiura, 1978). We treated all mitochondrial
loci as a single locus in all three alignments. For
wing lice and body lice, we applied a GTR+I+I" model
to the mitochondrial data, and a K80+I+I' model to
EF-1o. For the doves, we applied separate GTR+I+T"
models to the mitochondrial data and FIB7. In
BEAST, we used a log-normal relaxed clock and a
Yule speciation tree prior for all three partitioned
data sets, and ran analyses for 20 million Markov
chain Monte Carlo generations with sampling every
1000. We checked the resulting .log files in TRACER,
version 1.4 (Rambaut & Drummond, 2007) and, from
the trace plots, found that each analysis reached sta-
tionarity and had effective sample size values > 200.
Based on the trace files, we discarded the first 2000
trees (10%) as burn-in.

COPHYLOGENETIC ANALYSIS

Preparing trees for analysis

For phylogenetic analysis, we included multiple louse
samples that were of the same species but were asso-
ciated with different host species. However, because,
in some cases, there was no evidence that these mul-
ti-host parasites were genetically distinct (see Sup-
porting information, Fig. S1), we collapsed these
down to a single terminal taxon for cophylogenetic
analysis using MESQUITE, version 2.75 (Maddison
& Maddison, 2011). We did this to avoid bias as a
result of taxon duplication in our data set. We also
removed outgroup taxa because their inclusion was
for rooting the phylogenetic trees and not for cophy-
logenetic analysis. We used these trimmed trees for
all subsequent analyses. In particular, we analyzed
our data with both topology-based and event-based
methods (de Vienne et al., 2013).

Topology-based approach to test for cophylogenetic
signal

For a topology-based comparison, we used PAR-
AFIT (Legendre, Desdevises & Bazin, 2002) in the
‘ape’ package of R (Paradis, Claude & Strimmer,
2004). PARAFIT takes the host phylogeny, parasite
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phylogeny, and association matrix as input and
tests for a random association between the two
groups of taxa by randomizing the association
matrix. PARAFIT also tests for the contribution of
each host-parasite association to the global statistic
through two individual link statistics: ParaFitLink1
(F1’) and ParaFitLink2 (‘F2’). F1 is a more conser-
vative test and is generally preferred; however, F2
has greater power in some cases (Legendre, Desde-
vises & Bazin, 2002). We ran PARAFIT comparing
the wing louse tree with the host tree and compar-
ing the body louse tree with the host tree, and also
for both the maximum likelihood trees from
RAXML and the ultrametric trees from BEAST.
We first converted our trees to patristic distance
matrices using ‘ape’, and ran PARAFIT for 100 000
random permutations using the ‘lingoes’ correction
for negative eigenvalues. We also used the alterna-
tive correction, ‘calliez’, although the results were
almost identical. Therefore, we wused ‘lingoes’
results in all subsequent analyses. In all PARAFIT
analyses, we computed the F1 and F2 statistics for
individual links.

To test whether cophylogenetic patterns may be
correlated between the wing lice and body lice, we
used contingency tables to partition the results of the
individual link (i.e. host-parasite association) tests
for each PARAFIT analysis. The contingency tables
were 2 x 2 matrices, with wing lice results on the
rows and body lice results on the columns. Each cell
indicated whether a particular host had a significant
linkage with its parasite species (indicating that this
association contributes to topological similarity
between the trees). In instances when the links for
both the wing and body lice of a particular host were
significant, we counted those associations as a single
decision in the appropriate cell. If, on the other hand,
the body louse had a significant linkage but the wing
louse did not, we counted the associations as a single
decision in a different cell. For instances where a host
had multiple links for one louse type but did not have
multiple links for the other louse type (e.g. one host
species has multiple wing louse species but only one
body louse species associated with it), we counted the
single species host—parasite link to match the number
of links in the corresponding louse type link. If a host
species had one wing louse species but two body louse
species associated with it (or vice versa), we counted
the wing louse link twice to correspond to each of the
body louse links.

PARAFIT produces P-values for each individual
link test to provide a level of support for the contri-
bution of that host—parasite association to the global
statistic testing for random association between a
group of hosts and their parasites. To correct for
false discovery with multiple tests, we used the

Benjamini-Hochberg control of false discovery rate
(Benjamini & Hochberg, 1995). We performed correc-
tions in R assuming o = 0.05. Using the corrected P-
values, we tallied the individual test links in the
cells of our contingency tables and used a Pearson’s
chi-squared test for independence for each contin-
gency table to test for potentially correlated cophylo-
genetic patterns between the wing and body lice. A
significant chi-squared result would indicate that
cophylogenetic patterns in wing and body lice are
correlated. That is, we tested the null hypothesis of
whether the significant linkages of wing lice were
independent of those for body lice over the same
group of hosts. Because PARAFIT produces two indi-
vidual link test statistics, we tallied the results and
used a chi-squared test for both statistics. We also
used a Fisher’s exact test for each contingency table
to test whether small sample sizes may affect the
results of the chi-squared analysis. We performed
the chi-squared tests and Fisher’s exact tests in R.

Event-based approach to test for cophylogenetic
signal

For an event-based approach, we used JANE, ver-
sion 4.01 (Conow et al., 2010). JANE uses a priori
event costs to reconcile host and parasite phyloge-
nies by minimizing the overall cost. We used this
method for both the wing and body louse data sets,
using the ultrametric trees that we generated from
BEAST. We ran JANE with the genetic algorithm
parameters set at 100 generations and with a popu-
lation size of 100, and set the costs as default: 0 for
cospeciation, 1 for duplication, 2 for duplication and
host switch, 1 for loss, and 1 for failure to diverge.
To test whether the resulting reconstruction cost is
significantly lower than by chance, we randomized
the tip associations 999 times. A significant result
from this statistical test would indicate some level of
phylogenetic congruence between host and parasite.
Finally, we tested for the correlation of recovered
cospeciation events from their placement on the host
tree using a contingency table (sensu Johnson &
Clayton, 2003).

Testing for taxonomic bias

Because our sample has a high proportion (10/15 rep-
resentatives) of small New World ground doves
(Columbina, Claravis, Uropelia, and Metriopelia) rel-
ative to other clades, our cophylogenetic analyses
could potentially be affected by a taxonomic/clade
representative bias. To test this idea, we removed
the small New World ground dove links in ‘ape’.
Using this reduced data set, we ran PARAFIT for
100 000 iterations for both the phylogram and ultra-
metric trees, and applied both the F1 and F2 individ-
ual link tests. From the results of the individual link
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tests, we checked for correlated cophylogenetic pat-
terns between wing and body lice using contingency
tables and Pearson’s chi-squared tests as described
above.

RESULTS

Maximum likelihood and Bayesian phylogenetic
analyses with RAXML and BEAST produced trees
largely in agreement with previous studies using
these data. However, several of the basal nodes for
all dove and louse trees were not well supported.
The global PARAFIT statistics were significant for
both the wing and body lice data sets (P < 0.001)
(Table 1). This was true for patristic distances from
both the phylogram and ultrametric trees. Although
each dataset indicated strong support for a global
nonrandom association between host and parasite
trees, a subset of individual host-parasite links (i.e.
host-parasite associations) contribute to this signal.
Because PARAFIT can also test each link by recalcu-
lating the global PARAFIT statistic with the link
removed, we can obtain a better understanding of

Table 1. Summary of the results from PARAFIT for the
full wing and body louse data set and the partial (exclud-
ing small New World ground doves) data set

Phylogram Ultrametric
PARAFIT full
Wing ParaFitGlobal = 1.947 ParaFitGlobal = 6.043
P =0.00001 P =0.00001
F1 links 40 0
F2 links 43 19
Body ParaFitGlobal = 0.276 ParaFitGlobal = 6.138
P =0.00001 P =0.00007
F1 links 33 0
F2 links 55 0
PARAFIT partial
Wing ParaFitGlobal = 471.8 ParaFitGlobal = 4.219
P = 0.00002 P =0.00003
F1 links 12 12
F2 links 12 12
Body ParaFitGlobal = 0.132 ParaFitGlobal = 5.134
P =0.00001 P =0.00001
F1 links 27 30
F2 links 33 31

The global PARAFIT statistics and associated P-values
are indicated for the results from PARAFIT. F1 and F2
links refer to the number of significant ParaFitLink1 and
ParaFitLink2 statistics, respectively, after correcting for
false discovery rate with the Benjamini—-Hochberg correc-
tion.

how certain links contribute to the global statistic. A
significant individual link statistic means that the
global PARAFIT statistic decreased in value when
that particular link was removed, and therefore indi-
cates that the link represents an important compo-
nent of the overall host-parasite relationship
(Legendre et al., 2002). PARAFIT also produces two
different individual link statistics (F1 and F2). Here,
we report the results from both tests. The F1 phylo-
gram results included 40 significant wing louse-host
links and 33 significant body louse-host links after
correcting for multiple comparisons, whereas the F2
phylogram results indicated 43 significant wing
louse-host links and 55 significant body louse-host
links after correction (Table 1). The F1 ultrametric
results did not have any significant body or wing
louse links after correction, whereas the F2 ultra-
metric results indicated 19 significant wing louse—
host links after correction and no significant body
louse-host links after correction (Table 1). Several
links were significant before correction (o = 0.05) but
not significant after correction. The specific host—par-
asite links and associated P-values of both individual
link statistics for the phylogram and ultrametric
trees are provided in Table 2.

Most of the chi-squared tests of independence of
significant linkages between wing and body lice per-
formed on the contingency tables were not significant
or were not applicable (Table 3). The only significant
test was from the PARAFIT phylogram F1 results
(P = 0.002). The P-values from the other chi-squared
tests were all > 0.3. Fisher’s exact tests yielded simi-
lar P-values.

Our JANE analyses recovered 15 nodes of cospeci-
ation among the wing lice and their hosts, and 22
nodes of cospeciation among the body lice and their
hosts (Table 4). The specific nodes recovered as
cospeciation events in both data sets are indicated in
Figs 2 and 3. The placement of these events on the
host tree is not correlated between wing and body
lice (Table 3), suggesting that these two parasite lin-
eages diversify independently in response to host
diversification. The total reconstruction cost was 84
for the wing lice and 79 for the body lice. In both
analyses, none of the costs from 999 random tip asso-
ciations were equal to or lower than these original
reconstruction costs (P = 0.0).

In our PARAFIT analyses with the small New
World ground dove tips and links removed, our glo-
bal statistics were significant in all cases
(P < 0.0001). However, the corrected individual link
statistics differed from the full data set results
(Table 1). For the phylogram trees, wing lice had 12
significant links for both the F1 and F2 statistics,
whereas the body lice had 27 and 33, respectively.
The ultrametric trees also had 12 significant wing

© 2016 The Linnean Society of London, Biological Journal of the Linnean Society, 2016, oo eo—ee



6 A.D.SWEETET AL.

16500°0 TTL000 0%7000°0 ¥9¢90°0 puDIUOW U0FL4702D) %*609T0°0 T98T0°0 T1G€80°0 L5660°0 1Xnva.Lpa v]1j0da]
00¥8¢°0 Lv$636°0 x¥1€00°0 €0992°0 170014 sndourpnd €0G€T°0 IPIYT 0 *LTTTO0°0 +*6LGT0°0 1XnDa.L12a v]130dT
329820 8¥L¥20 %00200°0 ¥49eve0 “£o9s0SYnL LININ G1860°0 €280T°0 %600T0°0 #*6T¥10°0 stsudowWn v]1303doT
L2991°0 GELLT'O +*610%70°0 671290 §N212DJUD SNWIDjoYdo] +V9G10°0 GEBTO0 9€6L0°0 6365600 suaos1qunyd nj103da
T0€2E°0 0E¥€€°0 609500 SOPIV O DIpODA1 UOLIL], G8¥01°0 GLSITO x*1E6GT0°0 %LOLTO0 suaos1qunyd pjr303doT
I¥S8T°0 0€96T°0 98¥00°0 88ELT0 §1900M2] U0.L2.131dDY ] GT1910°0 €6810°0 T¥20T°0 96110 puDIUOUL UOFA.1102)
960€€°0 cveve0 +00€00°0 L60VT0 1unydags sdoydoony) 80686°0 €€L86°0 T9TL0°0 TvL80°0 1j0aL sndouryyd
T0G6T°0 L13603°0 x91000°0 ¥¢850°0 1uoydags sdoydodpnyy 619€0°0 €¢a10°0 L9GL0O0 GL880°0 1218051 nt vpNONC
GEGee0 LLIVE 0 %60200°0 TTIveT°0 pa1pu1 sdnydodpy) ¥19€0°0 866700 ¥000T°0 6¥8TT0 §N91240PUD SNUWID]OYdOT
€1861°0 88L0¢°0 %60000°0 ¢9670°0 pa1pu1 sdnydodpnyy) T90L¥°0 8008¥°0 L628€°0 89L3¥V°0 DIIODAT UOLIL],
¥65eS0 87€€5°0 x06€00°0 CIVET0 LowWYa4q AMJITL], 066L0°0 T1€680°0 %80G€0°0 00870°0 §1709M9] UOL2471ADYJ
¥evse 0 L0992°0 +0L¥00°0 L88LT0 DLYSIUDAWAY dNJAN, ], GI102°0 GILICO GL2S0°0 9%990°0 1uoydaps sdoydoojvyy
0TO6T°0 G0603°0 +10000°0 %69000°0 stuuadyn. nssoydoujoq YLI6T0 8GL0Z0 cLI9V0°0 L€090°0 po1pu1 sdpydoopnyy)
¢e01c0 861320 %x10000°0 %02¢000°0 stuuadiqqo vssoydodjod GIyve 0 ¥¥85€°0 %76620°0 05¢70°0 1LoWYa.4q LT]ITL],
§6629°0 §TLG9°0 +8TT00°0 67210 nup7d00DYd SADYJ 6¥3¢Lc 0 TEL8T 0 ¥5860°0 T68TT 0 DLYSIUDAWAY dNJAN],
T97L0°0 ¥vI80°0 %10000°0 %I1LL00°0 0.407d02]0Yyd sADYJ 6GLSV°0 98TLY 0 %10000°0 %€0000°0 stuuadyn.a vssoydo.jog
6165980 8414980 %x966¢0°0 T€€9€°0 Do1U0LL0ISTY SADYJ 60980°0 GIL60°0 x10000°0 x10000°0 stuuadiqqo wssoydo.jog
68L8E°0 676660 %60000°0 ¥E¥€0°0 sunsapo sdnyd %66600°0 660T0°0 %80000°0 %61000°0 n.p3d0oYd sdvyq
00TLE0 GvEe8G0 %10000°0 LGYE00 Dpd118 sdviydoan %69700°0 99600°0 +*V1T00°0 %90600°0 021U0LL0751Y SAVY
L88LG 0 8166460 %10000°0 %960T0°0 myprus sdoydoan x09700°0 695000 %60000°0 %x€0000°0 sungapa sdvyd
€4€€0°0 8L9€0°0 %10000°0 6661070 nyprws sdoydoap %99¢00°0 ¥¢€00°0 +G1000°0 %86000°0 vyd140s sdydoap)
166€0°0 099€0°0 %10000°0 %LT1020°0 vupfrunyd sdoydoap +6L100°0 1€600°0 %£0000°0 %66000°0 1ygwus sdoydoap)
06L89°0 L0069°0 YGILT 0 G6195°0 sagoydo] sdpydfoQ +x0LT00°0 €¢3600°0 x06€000°0 %99000°0 v.pfrunyd sdoydoat
gEVLE0 €0¥78¢°0 %90000°0 L28¢0°0 Dpw2UND D1]2d0dH %66600°0 60500°0 %€9000°0 %80T00°0 sagoydoy sdpyd£oQ
668550 109950 %8¢000°0 16890°0 spypLawny v172doay) ¢8986°0 GG¥86°0 x900T0°0 *GLV10°0 DIDIUND D1]2d02Y)
Yes140 T0€25°0 %80000°0 05690°0 spypL2wny v172doaD) ¢S890°0 96LL0°0 *L8LTO0 %x996¢0°0 s1ypL2wny 012doay)
356050 LEITS 0 %80000°0 8¢€€0°0 opov]d v1jadoan) §82¢90°0 003GL0°0 #*16¥10°0 %99610°0 pp1onjd 1jadodn)
8LT20°0 18€20°0 %10000°0 %*10000°0 1£23onq vUIQUINIOY ¢05L0°0 TI¥80°0 %10000°0 %10000°0 1£23onq vUIQUINIOY
T0€€0°0 €69€0°0 %10000°0 +10000°0 DnuIuL DUIQUINIOY #81600°0 ¥L0TO00 %10000°0 %10000°0 DInuIw DUIQUIN]0Y
901200 a¥€a0°0 %10000°0 1000070 puLpsspd DUIQUUIN]O)) %89600°0 O0TTTO00 %10000°0 %10000°0 pugLessnd DUIQWN]O))
669500 86690°0 %10000°0 %*10000°0 DUl DUIQUIN]O]) %L8600°0 GSTTI0°0 %10000°0 %10000°0 DoUl DUIQUUN]O
LL2g00 18%360°0 %10000°0 +10000°0 mard puIqwnoy #*IT0T0°0 68TT0°0 %10000°0 %10000°0 mard puIQUN]0)
€0€2¢0°0 ¥¢520°0 %10000°0 1000070 DUDIZN.LO DUIQUTIIOT) L90¥%0°0 G9970°0 %10000°0 %10000°0 DUDIZNL) DUIQUUN]O])
G6¥10°0 YILTO00 %10000°0 %*10000°0 vupdoun)pwt L1j2doLIII 12¥20°0 T¥820°0 %60000°0 %60000°0 v.pdoun)aw D1]2doLIII
669100 €¥610°0 %10000°0 1000070 aD11229 1jadoLIII] T9%60°0 ¥98¢0°0 %60000°0 %60000°0 an17220 w1j2do1GIP
L2ST10°0 €2LI0°0 %10000°0 1000070 s14psadwnd v112do.4) +86ET0°0 6LST0°0 %10000°0 %10000°0 stusadwnd v172do.)
3653600 96820°0 %10000°0 +*L1000°0 psorpa.Ld $1aD4D]) 061200 0L520°0 %£0000°0 %80000°0 psorga.Ld s10041]7)

ed T ed T o011 Apog cd T4 cd T4 oo1] SuIp

JLIjoWRI ) weISo[Ayg JLIjeWRI ) weI3o[Ayg

308 BIEP [[1J 9Y3 JO SO1S1EIS (3d) gUrTILIeIed pue (14) TUrTiJered oyl yjoq 10} SoN[eA-J d13S13e)Is JUI| [enpIApUl [TIVIVd ‘G 2Iqel

© 2016 The Linnean Society of London, Biological Journal of the Linnean Society, 2016, oo ee—ee



COPHYLOGENETIC PATTERNS OF DOVE LICE 7

“3soy xenoryred jey) yjim pajeroosse
901 JO somads oA NUW 9JBITPUL SIUO UL} SIOUL PIIST] SISOF] 'SON[RA-J U3 JO 1JO[ PIISI[ oa€ SISO (GO'Q = ©) 98t AIOA0ISIP 9s[e] 10J SUIPIALIOD I8 JURIYTUIIS,,

969000  L¥L000  %100000 0000 07021dDd D1j2doYda.L3S
887000 995000  %100000 8980070 paonu1a Dijadoyda.nng
87000  6%¥5000  %100000  %I¥900°0 0700129p D172d03daL1G
PI66L°0  8986L°0 863€8°0 6IL¥8°0 0100m22p D172d03d2.43S 18700  66%¥S0°0 686100  =G89T0°0 D7001dDd D1jadoIda.3G
LI86T'0 188020 300000  +ITI6TI0°0 nypnb.aojrwas vijadoyda.ng 6L870°0  ¥9G50°0  %L9€T00 098100 DaoDuU10 DIjadoyda.sg
0T8T00  &¥020°0  %3S000°0 1€€L0°0 DUINS DQUINGO)) 8%82T°0  060¥T°0  %I88000  «¥83TI0°0 0700129p D172d03da11G
99ZLT°0  9%28T°0 GIF0T°0 9889790 D101] DQUINGO)) I#€€0°0  L8SE0'0 980300  =GT0S00 pponb.iogrwas vijadoida.ng
€0SLT°0  OTIS8T0 ¥%€0T°0 G¥€09°0 snqunynd DQuinjoy) 9%EST°0  TTL9T0  +E0ET00 9081070 DoUINE DQUIN]O))
8€096'0  T13896°0  %100000  %L33I0°0 paqunyd soua01SLIng  4+gFS00°0 8TLO00  %E8800°0  %9L3T0°0 D201] DQUINTO))
826G6°0  99996'0  %100000  x69%10°0 DIIDUIAGNS SDUITVIDS  +H8G00°0  TLLO00 063100  %0SLTI00 snqunynd QN0
69268°0  69¥68°0  %30000°0 6%.20°0 psoroads spus01SLIDg  +39Z10°0  6IST00  +6SST0°0  +G3T30°0 paquuinjd spU2015DIDT
G8ELZ0  LIL8Z0  %60000°0 006%0°0 DSV SDUIITVIDT %9880  00ISE0 960300  %E¥L.30°0 D2IDUINGNS SDUI0LTDIV]
98%%0°0 T¥L%0°0 +*11G20°0 P¥19€°0 sdaoyfn.t v13Ldoovyy L IFE10°0 82S10°0 %66820°0 8G9€0°0 Ds0102ds SDUA0LTDIDT
762700  FILP00  «F1€30°0 632680  1IpLDMUIAL DUIOIPIDMUIY €1060°0  06001°0 19950°0 L5690°0 DIVIISD SDU0ISDIDT
$€LL0°0 6%£80°0 100000 %16000°0 s15u2030dD0S DPIOUY 921960  90LS6°0 628370 T$915°0 sdaor/n. v15LdoLov
GLG90'0 088900 100000 80000 DIDINILIND DPIDUY G9LG6'0  98€96°0 903£9°0 €9189°0  MIPLDMUIIL DUIOIPIDMULIY
€06%0°0  6LES0°0 100000 880000 DUNOLIDUL DPIDUIY, O0TTLO0  LI8LO0 00380°0 G6L60°0 $15U205DANIDS DPIVULY
0STS0°0 689500  %100000  %LLTITO0 DO1DISD DPIDUIY €86ST°0  ¥6BLT'0  %,3030°0  «TEL30°0 DIVINILIND DPIDUIZ
GG800'0 996000 100000  x80TT00 1XNDa.LL20 D]1707dDT $$8L0°0  G9980°0 €6160°0 L980T°0 DUNOLIDUL DPIDUIY,
687000 085000  %100000 0860070 s1sudorownl vj1301doT $8G%%°0  1869%°0  %86€30°0 0%1€0°0 DUNOLIDUL DPIDUIY,
6L700°0 95000  %100000  %GL600°0 suaos1quinyd vj1303doT 567700 691500 G99L0°0 80160°0 DOYDISD DPIDUIZ
ol Td ol T4 901] Apog ol T4 ol 14 901] SuIp\
oLIjeWRI () weISo[Ayg JLIjoWRII ) weISo[Ayg

panu1puo) *g SIqeL

© 2016 The Linnean Society of London, Biological Journal of the Linnean Society, 2016, oo eo—ee



8 A.D.SWEET ET AL.

Table 3. Summary of the contingency table results from PARAFIT individual link statistics and cospeciation events
recovered in JANE for the full data set and from PARAFIT statistics for the partial (excluding small New World ground

doves) data set

Wing/body No/No No/Yes Yes/No Yes/Yes Chi-squared P-value
Full
Phylogram F1 14 5 12 28 0.002
Phylogram F2 1 16 4 39 1
Ultrametric F1 61 0 0 0 NA
Ultrametric F2 42 0 19 0 NA
JANE 23 14 6 8 0.3547
Partial
Phylogram F1 20 19 4 8 0.4481
Phylogram F2 14 25 4 8 1
Ultrametric F1 17 22 4 8 0.767
Ultrametric F2 16 23 4 8 0.8893

Both ParaFitLink1 (F1) and ParaFitLink2 (F2) individual link statistics are reported for PARAFIT. Values indicate total
tallies for a particular cell of the contingency table. PARAFIT values indicate the number of individual link statistics in
that category after correcting for false discovery rate. JANE values indicate the number of cospeciation and/or noncospe-
ciation events as recovered on the host phylogeny. Results from Pearson’s chi-squared tests for each contingency table

are listed to the right. NA, not available.

Table 4. Summary of the results from JANE for the wing and body louse data sets

Cospeciations Duplications Duplications and host switches Losses Failures to diverge
Wing 15 4 23 22 12
Body 22 1 25 19 9

Data are the number of events that resulted in the lowest reconstruction cost, based on the default cost parameters.

Specific events are listed in the top row.

louse links for both the F1 and F2 statistics, whereas
body lice had 30 and 31, respectively. Pearson’s chi-
squared tests on the contingency tables were not sig-
nificant (P > 0.45 in all cases) (Table 3). The specific
links and associated P-values from cophylogenetic
analyses on the reduced data set are provided in
Table 5.

DISCUSSION

The present study aimed to determine whether wing
and body lice (either or both) have phylogenetic his-
tories congruent with their dove hosts or with each
other. If both types of lice are affected similarly by
host speciation events, we might expect their cophy-
logenetic patterns to be similar. However, we failed
to identify significant evidence indicating that wing
and body lice have similar phylogenetic histories.
Despite a lack of correlated patterns between wing
and body lice of specific host-parasite links, both the
wing and body louse data sets individually showed
evidence of cospeciation with their hosts.

The chi-squared tests based on the contingency
tables failed to reject the null hypothesis of indepen-
dence of cophylogenetic patterns in wing and body
lice in all but one case. These results indicate that
dove wings and body lice have unique and indepen-
dent evolutionary histories. This is consistent with
previous smaller scale studies of both louse groups
and can potentially be explained by differences in life
history between wing and body lice (Clayton & John-
son, 2003; Johnson & Clayton, 2003, 2004; Johnson
et al., 2003).

The global PARAFIT statistic testing for random
host-parasite association was significant for both
wing and body louse phylogenies individually. Addi-
tionally, the JANE event reconstruction costs were
significantly lower than by chance. This indicates
that, at some level, both body and wing lice show
congruent phylogenetic patterns with their hosts.
Congruence between body lice and their dove hosts
was expected. Previous studies based on event-based
methods showed strong patterns of cospeciation
between body lice and their hosts (Clayton & John-
son, 2003). However, the wing lice sampled in the

© 2016 The Linnean Society of London, Biological Journal of the Linnean Society, 2016, oo ee—ee
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Figure 2. Tanglegram showing the associations between dove wing lice (right) and their hosts (left). Phylogenies were
generated using BEAST, version 1.7.5 (Drummond et al., 2012). Asterisks (*) indicate posterior probabilities (PP) > 0.95.
Circles at nodes indicate cospeciation events as recovered by JANE, version 4 (Conow et al., 2010). Cospeciation events
are numbered starting from the top of the host phylogeny, with matching numbers on corresponding speciation events
indicated on the wing louse phylogeny. Open circles indicate recovered cospeciation events shared by wing and body lice.
Bold lines between host and parasite indicate a significant link as recovered by the PARAFIT (Legendre et al., 2002) F1

statistic using the phylogram topology.

present study also showed evidence for cospeciation
with their hosts. Although previous event-based
results have recovered some cospeciation events
within this group, the overall patterns indictate a
lack of cospeciation over larger time scales (Johnson
et al., 2003). However, when taking into account a
broad geographical and taxonomic sample, both wing
and body lice appear to have undergone some level
of cospeciation with their hosts. Having a more
extensive sample and therefore more branches on
phylogenetic trees provides greater statistical power.
This probably allowed us to detect a cophylogenetic
signal that was obscured in studies with limited
samples, an issue also discussed by Hughes et al.
(2007). This could be the case particularly if the

smaller samples are biased towards a particular geo-
graphical region or host group (Jackson et al., 2008).

By contrast to the global PARAFIT statistics,
which indicated overall host-parasite congruence in
all cases, the individual link statistics of the lice dif-
fered among tree type (phylogram vs. ultrametric)
and link statistic (F1 vs. F2). Neither wing, nor body
lice showed consistency in the number of significant
links among the different analyses. For example,
more wing louse links were significant in the phylo-
gram F1 analysis, whereas more body louse links
were significant in the phylogram F2 analysis. In the
ultrametric F1 statistic, none of the links showed sig-
nificance. Several links in this analysis initially
showed significant P-values, although these became

© 2016 The Linnean Society of London, Biological Journal of the Linnean Society, 2016, oo, eo—ce
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Figure 3. Tanglegram showing the associations between dove body lice (right) and their hosts (left). Phylogenies were

generated using BEAST, version 1.7.5 (Drummond et al., 2012

). Asterisks (*) indicate posterior probabilities (PP) > 0.95.

Circles at nodes indicate cospeciation events as recovered by JANE, version 4 (Conow et al., 2010). Cospeciation events
are numbered starting from the top of the host phylogeny, with matching numbers on corresponding speciation events
indicated on the body louse phylogeny. Open circles indicate recovered cospeciation events shared by wing and body lice.
Bold lines between host and parasite indicate a significant link as recovered by the PARAFIT (Legendre et al., 2002) F1

statistic using the phylogram topology.

nonsignificant after we corrected for multiple tests
(Table 2). The instances of more significant wing
louse links than body louse links are somewhat sur-
prising. As discussed above, previous work has indi-
cated that body lice have stronger phylogenetic
congruence with their hosts, and so we might expect
them to have more significant individual links than
wing lice.

Poorly resolved backbones of the phylogenies (see
Supporting information, Fig. S1) could be a possible
explanation for the varying individual link statistic
results. This could be a primary cause of the dis-
agreement between the phylogram and ultrametric
results. Because PARAFIT takes topology and branch
lengths (patristic distances) into consideration, differ-
ences between ultrametric and non-ultrametric trees

© 2016 The Linnean Society of Lon

in relative patristic distances could account for these
differences.

Alternatively, clade representation biases could be
driving cophylogenetic signals. Our data set includes
10 of 15 representatives of the small New World
ground dove clade and their lice, which represents
the most thorough sampling representation of a
clade in our data set. The hosts, their wing lice, and
their body lice have all been shown to be mono-
phyletic (Cruickshank et al., 2001; Johnson et al.,
2007, 2011b; Pereira et al., 2007). In both the F1 and
F2 PARAFIT analysis, every link from this clade
contributed to the overall pattern of nonrandom
associations. Because the hosts and their lice are in
monophyletic clades, and we were able to include
strong taxon sample representation of these groups,

don, Biological Journal of the Linnean Society, 2016, oo, ee—ee
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the results are perhaps a result of congruence
between whole clades rather than between specific
links within each clade. If the relationships between
the clades contribute significantly to the global
statistic, removing a single host-parasite link from a
clade would alter the global statistic. Because this is
how PARAFIT calculates the individual link statis-
tics, each link in the small New World ground dove
clade could potentially be significant.

Our PARAFIT analyses with the small New World
ground doves removed indicate that some level of
taxonomic bias may be a reality in our data set.
Although our global PARAFIT statistics were once
again significant in the reduced data set, the results
from the individual link tests were more consistent
with previous studies. Body lice had at least twice as
many significant links as wing lice in all scenarios
(Table 1). Additionally, the results were fairly consis-
tent among tree types (phylogram and ultrametric)
and test statistics (F1 and F2) (Table 5). In general,
the full data sets were not nearly as consistent,
which indicates the small New World ground doves
and associated lice were driving the results, possibly
because of a clade representation bias.

Signals of host—parasite cospeciation in a taxonom-
ically biased sample may be primarily attributable to
clade-limited host switching, where parasites utiliz-
ing a geographically, ecologically, and/or phylogeneti-
cally similar group of hosts preferentially switches
within that particular host group. This can produce
a false signal of host-parasite phylogenetic congru-
ence (de Vienne, Giraud & Shykoff, 2007). Similar
effects have been observed in primate viruses (Char-
leston & Robertson, 2002) and brood parasitic finches
(Sorenson, Balakrishnan & Payne, 2004). Small New
World ground doves are in a monophyletic group and
are similar in size, and most forage for small seeds
in brushy habitat (Gibbs et al., 2001; Sweet & John-
son, 2015). Because of these shared attributes, the
wing and body lice of these doves may be able to
switch within the host clade, although they are lim-
ited in switching to hosts outside of the clade as a
result of host body size or the habitat proximity of
the host species. Although these lice are switching
hosts, the switching events are limited to the small
New World ground dove clade, perhaps contributing
to host-parasite congruence in the absence of strict
cospeciation.

The results from JANE differed from the results
from PARAFIT (Figs 2, 3; Tables 3, 4). However,
JANE is an event-based method, and so the results
from PARAFIT are not completely analogous. Event-
based analyses reconcile host and parasite phyloge-
nies by reconstructing cospeciation and duplication
events at nodes and sorting and host-switching
events along branches, rather than estimating the

statistical significance of particular host-parasite
associations. The results from JANE are more consis-
tent with previous research, with more cospeciation
events being recovered in the body louse analysis
(22) than the wing louse analysis (15). The results
from JANE are also more consistent with the results
from PARAFIT with respect to the analyses without
small New World ground doves and their lice. If the
ground dove/lice clades are indeed biasing the results
from PARAFIT, then the results from JANE (.e.
event-based) might give a more accurate portrayal of
the evolutionary history within these groups. It is
likely that event-based methods such as JANE are
more resistant to clade representation biases because
JANE reconstructs events along every node and
branch of the tree, even within clades.

EXTERNAL FACTORS DRIVING COPHYLOGENETIC
PATTERNS

Although we found no evidence of significantly corre-
lated cophylogenetic patterns between dove wings
and body lice, the worldwide sampling highlights
external factors potentially associated with cophylo-
genetic patterns. For example, a stronger signal of
cospeciation in most of the body louse data sets
alludes to phoresis behaviour in wing lice, as
described previously (Harbison et al., 2008, 2009;
Harbison & Clayton, 2011). The results of the pre-
sent study show that his phenomenon could be oper-
ating at a worldwide scale.

Many of the host species consistently showing evi-
dence of cospeciation with both their wing and body
lice are phabines native to Australia and/or New Gui-
nea. The phabines are a clade that includes Geopelia
doves, Geophaps pigeons, Petrophassa rock pigeons,
Phaps (bronzewings), and Ocyphaps lophotes (crested
pigeon). Although the hosts are native to the same
region, geography alone does not explain these pat-
terns because some Australian species did not have
evidence of cospeciation with their parasites [e.g.
Lopholaimus antarcticus (topknot pigeon)]. As with
the small New World ground doves and their lice,
clade-limited host switching may play a role in gener-
ating these patterns of cospeciation. Similar to small
New World ground doves, Australian phabines are
terrestrial foraging birds that prefer open, scrubby
habitat (Gibbs et al., 2001). These habitat preferences
may limit opportunities for phabine lice to switch to
hosts outside of the clade. However, in contrast to the
small New World ground doves and their lice, phabine
body lice are not monophyletic. In addition, our event-
based analyses recovered several nodes of cospeciation
in the phabine clade, whereas only a few nodes of
cospeciation were recovered in the small New World
ground dove clade. Taken together, these two
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differences indicate that clade-limited host switching
may be less of a factor in the Australasian phabine
clade, and that any signal of cospeciation originates
from actual topological congruence between phabines
and their lice.

CONCLUSIONS

Based on our results from both topology-based and
event-based cophylogenetic analyses, there is no
strong evidence for correlated cophylogenetic patterns
between the wing and body lice of pigeons and doves.
Despite finding no overall correlation, we did identify
potentially interesting patterns within smaller
groups. Because neither the wing lice, nor body lice
showed perfect patterns of cospeciation with their
hosts, we would expect external factors to shape the
observed patterns of parasitism. As proposed in previ-
ous studies, differences in the ability to switch hosts
because of differences in the use of hippoboscid flies
for phoresis may drive differences between wing and
body lice. However, geography, host life history, and
host phylogeny are all important factors shaping the
relationship between host and parasite.

Unlike previous studies, we found that both wing
and body lice had evidence for cospeciation with
their hosts and that body lice did not have substan-
tially more associations contributing to this signal
than wing lice. However, when we removed the small
New World ground doves and their associated lice
from the PARAFIT analyses, the results are more in
line with previous studies and predictions from eco-
logical differences. The results were also more consis-
tent across analyses, which was not the case with
the ground dove data included. Such results high-
light the importance of considering phylogenetic
scale and taxa representation in cophylogenetic anal-
ysis. The results drawn from subsets of these taxa
may show varying patterns dependent on the sam-
pling level.

Host-parasite interactions are complex systems.
Understanding how different factors influence the
dynamics of host-parasite relationships may ulti-
mately depend on the scale and density of taxonomic
sampling. With a large and geographically extensive
data set of pigeons and doves and their wing and
body lice, we were able to reveal cophylogenetic pat-
terns previously hidden by less representative sam-
pling and, in doing so, further our understanding of
the possible life-history and geographical factors
driving the patterns. In addition, we highlight the
possible pitfalls of cophylogenetic analyses and
demonstrate the importance of identifying the proper
level of taxon sampling and relative clade represen-
tation in such studies.
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Figure S1. Maximum likelihood phylogeny of (A) doves, (B) dove wing lice, and (C) dove body lice.
Table S1. Sampling matrices for doves and their (A) wing lice and (B) body lice (left: hosts; right: associated

louse samples).
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