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Tinamous host the highest generic diversity of lice of any group of birds, as
well as hosting representatives of all four avian feather louse ecomorphs.
Although the generic diversity of tinamou feather lice is well documented,
few attempts have been made to reconstruct the phylogenetic relationships
among these lice. To test whether tinamou feather lice form a monophyletic
group as a whole, we used whole-genome sequencing to estimate a higher-
level phylogeny of tinamou feather lice, together with a broad diversity of
other avian feather louse groups. In total, we analysed sequences from
over 1000 genes for 48 genera of avian lice using both concatenated and
coalescent approaches to estimate the phylogeny of this diverse group of
avian feather lice. Although the body louse ecomorph of tinamou feather
lice formed a monophyletic group, they did not strictly form a monophyletic
group together with the other three ecomorphs of tinamou feather lice.
In particular, a clade comprised of several feather louse genera, mainly
from South America, is nested phylogenetically within tinamou lice,
which also have their main centre of diversity in South America. These
results suggest in situ radiation of these parasites in South America.
1. Introduction
Parasites make up a large portion of life on earth [1,2]. However, this diversity is
not evenly distributed across biogeographic regions nor across host lineages.
Just as in free-living organisms, diversity of most parasites is higher in the
tropics [3,4]. In this case, parasite diversity may be directly tied to host diversity
[5], because parasites depend on their hosts for survival and reproduction.
Diversity of parasites also varies across different host lineages [6]. While aspects
of host biology and host ecology likely play important roles in dictating this
variation [6], it is also important to understand the evolutionary processes
and patterns generating this diversity.

One group of parasites in which diversity varies substantially across different
groups of hosts are feather lice (Phthiraptera: Ischnocera: Philopteridae), with
some host species harbouring a single genus and others harbouring up to
10 genera [7]. These insects are permanent ectoparasites of birds and complete
their entire life cycle on the host [7], where they feed primarily on the downy
portions of host feathers [8]. This group of lice is generally incapable of
locomotion off of feathers, and is so specialized to life in the feathers, that
they will stay on the host body even when the host dies [8].

Avian feather lice have also diverged into multiple ‘ecomorphs,’ which are
characterized by drastic differences in morphology that have evolved to escape
host preening defences [9,10]. Feather lice of the ‘wing’ ecomorph have a long
and slender body form, and escape from host preening by inserting between
the barbs of the wing feathers [11]. Feather lice of the ‘body’ ecomorph, by
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contrast, have a rounded body formwith rounded headmargin
and escape from host preening by burrowing into their host’s
body feathers [12]. Feather lice of the ‘head’ ecomorph have a
rounded body form with a triangular head margin and live
on the head to escape host preening in a region of the host’s
body that the bird cannot reach with its bill. However, head
lice must resist scratching, the principle method that birds use
to preen their head. To do so, head lice grip tightly with their
mandibles to the barbs of feathers on the host’s head [13].
Some groups of feather lice have an intermediate body form,
and this ecomorph has been termed ‘generalist’, because they
can be found over many host body regions and likely escape
host preening by running through the feathers [9,10].

Most avian lineages harbour one to three feather louse
ecomorphs, but a single tinamou species can harbour all
four ecomorphs (wing, body, head, and generalist). Further-
more, the diversity of louse species on a single tinamou
species, or even individual tinamou host, is remarkable,
with sometimes more than 10 species or genera are found
on an individual bird. Thus, the evolutionary pattern of this
remarkable diversity of parasites on tinamous is of
considerable interest [9]. Tinamous are ground-dwelling par-
tridge-like birds endemic to the Neotropics from Mexico to
Patagonia [14], are the only living lineage of flighted palaeog-
naths (which also includes ostriches, rheas, emus, and kiwis),
and are the most diverse order of palaeognaths with nine
genera and 47 species [14]. Phylogenetically, tinamous are
embedded within the ratites and are one of the oldest extant
avian lineages [15–17].

Although there has been considerable work on the taxon-
omy and morphology of tinamou lice [9,13,18–26], there has
been very little focus on their phylogenetic relationships (but
see [27] for a morphological study). The majority of tinamou
lice are feather lice in the chewing louse suborder Ischnocera,
which is the focus of this study. Tinamous host single feather
louse genera of wing, head, and generalist ecomorphs and
15 genera of the body ecomorph. In several cases, a single
tinamou species can host up to eight genera of body lice, in
addition to a single genera from the other three ecomorphs
[7]. Based on distinct morphological features, tinamou feather
lice of the body louse ecomorph, currently recognized as
members of the louse family Philopteridae (Ischnocera),
have often been placed into a separate family, Heptapsogaster-
idae [20,27,28]. A morphological phylogenetic study focused
on Heptapsogasteridae assumed this clade was ‘basal’ in
Ischnocera [27] following the concept that it is a family separ-
ate from Philopteridae within the suborder Ischnocera.
However, a broader morphological study of Ischnocera [29]
and subsequent molecular datasets [10,29,30] suggested that
Heptapsogasteridae might be considerably more derived
among avian feather lice. Furthermore, the monophyly of
Heptapsogasteridae has never been tested using a molecular
dataset with sufficient taxon sampling.

The phylogenetic placement of the wing (Pseudolipeurus),
head (Pseudophilopterus), and generalist (Tinamotaecola) eco-
morphs of tinamou feather lice, which are all currently placed
in Philopteridae and have never been suggested to be related
to Heptapsogasteridae based on morphology, is also not well
understood. These genera were not included in the morpho-
logical phylogenetic study of Smith [29]. Furthermore, no
molecular study has included samples of all of these genera
along with the Heptapsogasteridae. However, Johnson et al.
[10,31] included two or three tinamou louse representatives
and found a sister relationship between tinamou wing (Pseudo-
lipeurus) and head (Pseudophilopterus) lice, but their sampling of
Heptapsogasteridae was poor and this family was not recov-
ered as monophyletic. Furthermore, no phylogenetic study
has included a sample of the generalist ecomorph, Tinamotae-
cola. Johnson et al. [32] analysed a phylogenomic dataset that
included two samples of tinamou body lice (Heptapsogasteri-
dae) and recovered these lice in a relatively derived position
within avian feather lice, similar to the results of the previous
studies based only on a few genes.

Given the major limitations of these prior studies, we
wanted to investigate whether the myriad of feather louse
genera parasitizing tinamous evolved via a single diversifica-
tion event, in which tinamou lice form a monophyletic group,
or multiple independent diversification events, in which tina-
mou lice form distinct, distantly related lineages within avian
feather lice. Thus, to reconstruct the higher-level phylogeny
of tinamou lice, we sequenced the genomes of single repre-
sentatives of 12 different genera of tinamou lice and 32
additional louse samples of 28 additional genera, for a total
of 44 samples. We targeted greater than 1100 genes and con-
ducted phylogenomic analyses of these gene sequences using
both concatenated and coalescent approaches.
2. Methods
(a) Taxon sampling and genome sequencing
For this study, we sequenced samples of all four of the tinamou
louse ecomorphs (electronic supplementary material, table S1)
including the single generic representatives of wing (Pseudo-
lipeurus), head (Pseudophilopterus), and generalist (Tinamotaecola)
tinamou louse ecomorphs, and nine genera of tinamou body
lice (Heptapsogasteridae). Based on previous studies [10,32],
lice from other genera and host groups were sequenced to include
all genera with previously documented close phylogenetic affinities
with tinamou lice, as well as a diversity of other avian feather louse
genera known to be closely related to these groups (electronic sup-
plementary material, table S1). We used a representative of the
genus Chelopistes as the outgroup to root the tree. Genomes for
11 samples were already available from Johnson et al. [32] and
we combined these data with data from 33 newly sequenced gen-
omes for this study (electronic supplementary material, table S1).

Louse sampleswere collected from their hosts in the field using
ethyl acetate fumigation or pyrethrin powder dusting methods
[33]. The lice were immediately placed in 95% ethanol and were
later stored at −80°C. Prior to DNA extraction, each specimen
was photographed as a voucher. Whole lice were ground up indi-
vidually in 1.5 ml tubes and genomic DNA was isolated using
standard protocols and reagents from the Qiagen QIAamp DNA
Micro Kit (Qiagen, Valencia, CA, USA). The standard protocol
was modified by (i) incubating the specimens in buffer ATL (for
tissue lysis) and proteinase K at 55°C for 48 h rather than the rec-
ommended 1–3 h and (ii) substituting buffer AE with buffer EB
(elution buffer) to ensure maximal yield (greater than 5 ng) of
DNA from the louse tissue. Following DNA extractions, we quan-
tified each extraction with a Qubit 2.0 Fluorometer (Invitrogen,
Carlsbad, CA, USA) using the manufacturer’s recommended
protocols and reagents.

Libraries were prepared from these extracts with Hyper
Library construction kits (Kapa Biosystems) and sequenced
with 100–160 bp paired-end reads on an Illumina HiSeq2000,
2500, or 4000. Fastq files from sequence data were generated
and demultiplexed with bcl2fastq v. 2.17.1.14. All library prep-
aration, sequencing, and fastq file generation was carried out at
the W.M. Keck Center (University of Illinois, Urbana, IL, USA).
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Raw reads were subsequently deposited in the National Center
for Biotechnology Information (NCBI) GenBank SRA database
(electronic supplementary material, table S1).

(b) Phylogenomic analyses
To obtain gene sequence data from raw genome sequencing reads
for phylogenetic analysis, we used automated Target Restricted
Assembly Method (aTRAM) v. 1.0 [34], which is a method that
uses short read datasets to target and assemble genes across diver-
gent taxonomic datasets [34]. Before assembly, quality metrics for
each dataset were assessed using FastQC v. 0.10.1 (Babraham
Bioinformatics) to screen for significant irregularities. Duplicate
readswere removed using fastqSplitDups.py script in themcscript
DNA processing repository on Github (https://github.com/
McIntyre-Lab/mcscript). Adaptors were identified and trimmed
using fastx_clipper and all sequence reads were quality trimmed
from the 30 end to remove bases with a Phred score less than 28
using fastq_quality_trimmer – (FASTX Toolkit v. 0.0.14).

Quality trimmed fastq files were converted to aTRAM blast
libraries. We then targeted 1107 single-copy 1 : 1 orthologue
genes [35,36] for assembly, using tblastn searches of amino acid
gene sequences from Pediculus humanus [37] with three aTRAM
iterations. The resulting best contigs were processed and com-
piled into final gene sequences using an Exonerate v. 2.2.0 [38]
pipeline to identify exon/intron boundaries, along with custom
scripts to stitch together the exon regions of each locus assembled
in aTRAM [36].

We aligned sequence-based nucleotides for each gene separ-
ately using PASTAv. 1.8.2 [39]. Using a custom Python script, we
removed genes that contained less than five of the ingroup taxa
and one outgroup taxon. We then masked sites containing
greater than 40% gaps using trimAL v. 1.4 [40]. With the aligned
data, we performed both concatenated and coalescent gene tree-
species tree estimation methods. The aligned data matrices are
deposited in Dryad. For the concatenated method, we first
combined all the gene files into a single matrix using Sequence
Matrix [41]. We took the data matrix and calculated guanine-cyto-
sine (GC) content by species per codon using a custom Perl script.
We performed an initial unpartitioned analysis in RAxML v. 8.1.3
[42], using a GTR +GAMMA model and 100 rapid bootstrap
replicates. Bootstrap support was then summarized on a best
tree. We also completed a partitioned concatenated DNA analysis
using PartitionFinder v. 2.1.1 [43] to evaluate the best partitioning
scheme under the corrected Akaike information criterion (AICc)
[44]. RAxML was once again used to estimate the best likelihood
tree from the partitioned concatenated alignment, using a GTR+
GAMMA model for each partition and 100 rapid bootstrap repli-
cates, which were then summarized on a best tree file. We
completed an additional maximum-likelihood analysis using IQ-
Tree v. 1.6.5 [45] using a mixed model analysis and 100 bootstrap
replicates. We also ran a maximum-likelihood analysis, in which
we accounted for codon degeneracy by recoding relevant bases
with International Union of Pure and Applied Chemistry
(IUPAC) ambiguity codes using Dengen v. 1.4 [46] to account
for potential variation in GC base composition. For this analysis,
we used a GTR +GAMMA model on the unpartitioned data
matrix and 100 rapid bootstrap replicates in RAxML. For the
coalescent analysis, we estimated gene trees for each gene align-
ment separately, also conducting 100 rapid bootstrap replicates
in RAxML using a GTR+GAMMA model for each gene. The
gene trees were summarized using ASTRAL v. 4.10.6 [47] with
quartet-based [48] local posterior probability support for branches.

3. Results
After data filtering, the final dataset included sequences of
1068 genes from 44 genera of avian lice, including 12 from
tinamous. The concatenated data matrix consisted of 1.6
million aligned base positions. The GC content across species
and codons ranged from 0.379 to 0.456. The mean and
median values for each codon were 0.422 and 0.424 for the
first codon, 0.426 and 0.427 for the second codon, and 0.412
and 0.412 for the third codon position. From this data
matrix, the unpartitioned concatenated maximum-likelihood
analysis in RAxML produced a completely resolved and
well-supported tree, with 37 of 41 nodes (greater than 90%)
receiving 100% bootstrap support (figure 1). Our partitioned
analysis produced a tree (electronic supplementary material,
figure S1) with nearly identical topology to the non-parti-
tioned concatenated analysis tree, and with similar support
values. The ASTRAL tree was also very highly supported
with 35 of 41 ingroup nodes supported by a local posterior
probability of 1.0 (electronic supplementary material, figure
S2). Overall, the coalescent tree produced using ASTRAL,
from individual gene trees, is very similar in topology to
the maximum-likelihood tree, with only two branch
rearrangements: one among species of Rallicola and another
at the base of the Philopterus-complex (the clade containing
Cuculoecus through Ardeiphagus), both of which were sup-
ported by less than 1.0 local posterior probability. The
maximum-likelihood analysis in IQ-Tree recovered GTR +
F+I + G4 (general time reversible model with unequal rates
and unequal base frequency, empirical base frequencies,
allowing for a proportion of invariable sites plus a discrete
gamma model) as the best-fit model for our dataset, and
the final consensus tree was identical in topology to our
unpartitioned and partitioned analysis in RAxML. Bootstrap
support was also very similar between these two trees (elec-
tronic supplementary material, figure S3). After degeneracy
recoding, the tree produced was strongly supported with 37
of 41 nodes receiving 100% bootstrap support and was iden-
tical in topology to the unpartitioned analysis, except for
one branch rearrangement in the Rallicola clade (electronic
supplementary material, figure S4).

All tinamou body louse genera that we sampled were
recovered together in a single monophyletic clade. The lice
that make up this clade are representatives of the group pre-
viously described as Heptapsogasteridae. Until recently [10],
the non-body ecomorphs of tinamou lice were considered
distantly related to other tinamou lice [27,29]. However, we
recovered the genera Pseudolipeurus (wing) as sister to Pseudo-
philopterus (head) and together these were sister to
Tinamotaecola (generalist). These three tinamou louse genera
were recovered as sister to lice from non-tinamou avian
hosts; however, together with tinamou body lice, these
lineages comprised a larger monophyletic group primarily
distributed in South America. In particular, the genera Oscu-
lotes and Pessoaiella (both parasitizing hoatzin, Opisthocomus
hoatzin) and Palmaellus and Psophiicola (both parasitizing
trumpeters, Psophia spp.) have exclusively South American
distributions. Several of the species of Rallicola that we
included also have hosts with distributions in South America,
including woodcreepers (Dendrocolaptidae), some rails
(Rallidae), some jacanas (Jacanidae), and a few Rallicola
associated with woodpeckers (Picidae) (figure 1). Thus, tina-
mou lice as a whole are paraphyletic, although they only fall
into two distinct, albeit closely related, groups (figure 1).

We also tested the phylogenetic placement of a group of
body louse genera (sometimes termed the louse family
‘Goniodidae’) from landfowl (Galliformes) and pigeons and

https://github.com/McIntyre-Lab/mcscript
https://github.com/McIntyre-Lab/mcscript
https://github.com/McIntyre-Lab/mcscript


Jacanas (Pan-tropical)

Rails (WW)

Woodpeckers (SA)

Kiwis (NZ)

Woodcreepers (SA)

Trumpeters (SA)

Hoatzin (SA)

Tinamous (SA)

Nightjars (WW)

Frogmouths (AUS)

Caracaras (SA)

Doves and Pigeons (WW)

Landfowl (WW)

Cuckoos (WW)

Hawks (WW)

Songbirds (WW)

Kingfishers (OW)

Woodpeckers (WW)

Buttonquails (OW)

Gulls (WW)

Kingfishers (WW)
Herons (NW)
Songbirds (WW)

Ostrich (Africa - UK sample)

Landfowl (NW)

Ral. ex lrediparra
Ral. ex Fulica

Ral. ex Campephilus
Ral. ex Apteryx
Ral. ex Xiphorhynchus

Psophiicola
Palmaellus

Osculates
Pessoaiella
Pseudolipeurus

Pseudophilopterus
Tinamotaecola
Pectenosoma

Megapeostus
Heptapsogaster

Megaginus
Discocorpus

Physconella
Rhopaloceras

Kelloggia
Strongylocotes
Mulcticola

Podargoecus
Caracaricola
Coloceras

Campanulotes
Auricotes
Kodocephalon

Goniocotes
Goniodes
Passonomedea
Cuculoecus
Craspedorrhynchus
Philopterus

Alcedoecus

Chelopistes

Penenirmus
Turnicola

Saemundssonia
Quadraceps

 Alcedoffula
Ardeiphagus

Brueelia
Struthiolipeurus

100

100

100

100

100

100
100

100

100

100

100100

100

100
100

100
100

100

100
100

100

100

100

100

100

100

100
100

100

100

100

100
100

100

100

0.05

100

100

62

97

65

65

wing louse

head louse

generalist

body lice
‘Heptapsogasteridae’

Figure 1. Maximum-likelihood tinamou louse phylogeny, based on a RAxML analysis of the concatenated sequence alignment of 1068 nuclear genes. Tinamou lice
are coloured based on ecomorphs as indicated on the left-hand side of the figure. All terminal louse genera are labelled with their avian host group and are with
their generalized biogeographic distributions including Old World (OW), New World (NW), South America (SA), Worldwide (WW), Australasia (AUS), and New Zeal-
and (NZ). Bootstrap support values are indicated above each branch, and branch lengths are scaled to nucleotide substitutions per site, as indicated by the scale bar
below the phylogeny. Ral., Rallicola. (For silhouette licences, see electronic supplementary material, table S2.) (Online version in colour.)
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doves (Columbiformes) because morphological studies by
Smith [27,29] placed these body lice (Goniodidae) close to
tinamou body lice (Heptapsogasteridae). However, we
found that the lice recovered as sister to the larger clade
containing all tinamou lice was a clade comprising the
genera Mulcticola (from nightjars—Worldwide), Podargoecus
(from frogmouths—Australasia/SE Asia), and Caracaricola
(from caracaras—Neotropics) and not the Gonididae (from
landfowl, pigeons, and doves) (figure 1).

4. Discussion
Prior phylogenetic studies that included tinamou lice were
limited by both taxonomic sampling of this group and in the
amount of molecular data available. For example, Johnson
et al. [10] included some tinamou louse samples, but the
molecular and morphological trees were conflicting, and the
molecular analyses were limited to only three genes. In our
current study, we sequenced the entire genome of lice and
assembled 1068 genes for inclusion in a large phylogenomic
dataset, which vastly increased the amount of data for this
group and increased the certainty of our phylogenetic recon-
structions. Furthermore, we substantially improved on prior
taxon sampling in our molecular dataset, including 12
genera of tinamou lice (versus at most five in any prior study).

One major goal of our study was to address whether tina-
mou feather lice form a monophyletic group, to better
understand the radiation of lice on this group of hosts and
their relationships to other feather lice. Using phylogenomic
data derived from whole-genome sequencing, we estimated
a higher-level phylogeny of tinamou feather lice and relatives
and analysed these data with both concatenated and
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coalescent methods. We found that as a whole, tinamou lice
are paraphyletic. The group of lice nested phylogenetically
within tinamou lice mostly occurs on South American birds
from a variety of avian families and orders. The body lice of
tinamous (Heptapsogasteridae), which comprises most of
the generic diversity of tinamou lice, did form a monophyletic
group. Given that we sampled a large fraction of the diversity
of tinamou body lice, and that this group has beenwell charac-
terized in the past by distinct morphological synapomorphies
[27], we fully expect that the currently unsampled members of
tinamou body lice (Heptapsogasteridae) will fall within this
clade. These tinamou body lice were sister to the remainder
of this potential in situ South American radiation, which also
included the head (Pseudophilopterus), wing (Pseudolipeurus),
and generalist (Tinamotaecola) tinamou lice.

This new genome-scale dataset has provided new insights
into the phylogeny for this group of lice and their relatives
and gives hints regarding the origins of this diversity. Tina-
mous are estimated to have diverged from within ratites
around 40 Ma [17]. While they might have inherited their
lice from a common ancestor, this also is a long timeframe
over which lice might have switched from other birds to tina-
mous or from tinamous to other birds. The phylogenetic tree
of tinamou lice suggests that both processes may have
occurred. First, tinamou feather lice as a whole, while rela-
tively closely related, are in a highly derived position
among avian feather lice ([32], figure 1), despite the relatively
ancient age of tinamous. This implies that tinamou lice were
initially derived from lice parasitizing other avian host
groups. Secondly, the in situ radiation suggests a history of
ancient host-switching events in South America from tina-
mous onto other South American avian hosts. Several
dispersal mechanisms exist by which this host-switching
might have occurred between tinamous and other avian
host groups, including hosts sharing dust baths, dispersal
of lice between host species via phoresis on hippoboscid
flies, or different species of hosts sharing nesting sites [9].

Tinamous harbour an incredibly rich louse community
and thus one major question is how that community was
assembled. A number of potential mechanisms may explain
the high generic diversity of tinamou lice. A diversifying
group of hosts can inherit parasites from their common
ancestors, but over evolutionary time new parasites are
gained, and old ones can be lost via extinction and speciation
[49]. Host and parasite species richness are highly correlated
[50]. However, tinamous have a higher than expected parasite
richness given the moderate diversity of tinamou species
[9,19]. For example, there are 20 genera of lice recorded
from 34 species of tinamous (Tinamidae) [7]. By contrast,
there are only 4 genera of lice recorded from the 69 species
of owls (Strigidae). Likewise, there are only 18 genera of
lice recorded from 167 species of land fowl (Phasianidae).
Tinamous have relatively low dispersal capabilities and,
therefore, their populations remain isolated. This isolation
may contribute to tinamou louse diversity. In fact, geographi-
cally isolated subspecies of tinamous will often host different
species of lice [7]. This isolation may provide increased
opportunities for speciation and diversification of these lice
over time on their respective host genera and species [9,20].
However, host-switching events can also lead to higher
than expected parasite species richness, if gene flow between
host species is reduced after the host-switching event, leading
to eventual parasite speciation.
The evolutionary age of tinamous [9,20] has also
been used as an explanation for why they might host a
large diversity of lice. The old age of this host lineage
would allow more opportunities for its parasites to speciate.
However, both the phylogenetic position of tinamou lice and
the fact that ratites, which are just as old as tinamous, have
a low diversity of feather lice, suggest that this explana-
tion alone cannot explain this extremely high parasite
diversity pattern.

It is important to consider that the body of a bird com-
prises the entire habitat [50] for these parasites, because they
spend most, if not all, of their lives on the body feathers of
the bird. A major contributing factor to parasite diversity
may be host body size. Generally, larger-bodied hosts have
higher parasite diversity [49–54], because either larger birds
can support more lice on a per gram basis [49] or because
larger birds host a higher abundance of lice overall [55] leading
to a decreased extinction risk. This is analogous to the well-
established species-area relationships for islands [56]. Com-
pared to many groups of birds, tinamous are relatively large
bodied, although they range greatly in size from the 49 g
dwarf tinamou (Taoniscus nanus) to the 2080 g grey tinamou
(Tinamus tao) [57]. However, ratites and some other groups
of birds have much larger body masses and yet host a rela-
tively smaller diversity of lice. Thus, body size alone is
unlikely to explain the extraordinary diversity of tinamou lice.

Another factor that may be important in explaining why
tinamous harbour so many louse taxa is the structure of their
feathers, because these feathers provide habitat for avian lice.
Few living orders of birds have homogeneous feather cover-
ing [9], except for some ratite lineages, which lack apteria,
areas of bare skin between feathers [58]. Although tinamous
are derived from within ratites, they do not have homo-
geneous feather covering, which may explain why they
have so many genera and types of lice in comparison to
ratites [9]. It also appears that tinamous are one of the only
groups of birds that have downy feathers in the feather
tracts but not in the apteria [59,60], which could result in
an increased number of isolated niches for feather lice if it
is difficult for these parasites to move across the skin between
feather tracts.

The phylogeny presented here provides a new framework
for understanding the diversity of tinamou lice. Whatever the
explanation for the diversity of lice on tinamous, our results
indicate that this diversification happened within tinamous,
and not by repeated host switching from other bird lineages.
Specifically, this comprehensive molecular phylogeny of tina-
mou lice provides evidence that tinamou lice as a whole are
more closely related to each other than previously expected.
These data also suggest that a radiation of lice within South
America originated on tinamous. More in-depth sampling
in the future will help further expand the understanding of
the pattern of diversification in this understudied group
of parasites.

Ethics. Research on animals was conducted according to University of
Illinois IACUC protocols 10119, 13121, and 15212.
Data accessibility. Data reported in this paper are deposited in NCBI SRA
(see electronic supplementary material, table S1 for Accession Num-
bers). Concatenated data matrix, gene alignments, gene trees, and all
tree files are available from the Dryad Digital Repository: https://dx.
doi.org/10.5061/dryad.s1rn8pk4b [61].

Authors’ contributions. S.V.H., J.D.W., and K.P.J. designed and coordi-
nated the research. S.V.H., A.D.S., J.M.A., and K.K.O.W. collected

https://dx.doi.org/10.5061/dryad.s1rn8pk4b
https://dx.doi.org/10.5061/dryad.s1rn8pk4b


royalsocietypub

6
and analysed the data. K.P.J. obtained and selected specimens for the
study. J.M.A., J.D.W., and K.P.J. obtained funding and resources for
the study. S.V.H. wrote the manuscript and all authors contributed
to editing the paper.
Competing interests. We declare we have no competing interests.
Funding. This work was supported by NSF DEB-1239788 and DEB-
1342604 to K.P.J. and NSF DEB-1855812 to J.D.W. and K.P.J.
Acknowledgements. We thank T. Chesser, D.H. Clayton, R.L. Palma,
V.Q. Piacentini, V.S. Smith and M.P. Valim for assistance in obtain-
ing specimens for this work. A. Hernandez and C. Wright at the Roy
J. Carver Biotechnology Center, University of Illinois provided
assistance in sample sequencing. We thank reviewers Chris Simon
and Jan Štefka whose comments have greatly improved this
manuscript.
lishing.org/jo
References
urnal/rspb
Proc.R.Soc.B

287:20193005
1. Poulin R, Morand S. 2000 The diversity of parasites.
Q. Rev. Biol. 75, 277–293.

2. Dobson A, Lafferty KD, Kuris AM, Hechinger RF, Jetz
W. 2008 Homage to Linnaeus: how many parasites?
How many hosts? Proc. Natl Acad. Sci. USA 105,
11 482–11 489. (doi:10.1073/pnas.0803232105)

3. Møller AP, Moller AP. 1998 Evidence of larger
impact of parasites on hosts in the tropics:
investment in immune function within and outside
the tropics. Oikos 82, 265. (doi:10.2307/3546966)

4. Salkeld DJ, Trivedi M, Schwarzkopf L. 2008 Parasite
loads are higher in the tropics: temperate to tropical
variation in a single host-parasite system. Ecography
31, 538–544. (doi:10.1111/j.0906-7590.2008.
05414.x)

5. Hechinger RF, Lafferty KD. 2005 Host diversity
begets parasite diversity: bird final hosts and
trematodes in snail intermediate hosts. Proc. R. Soc.
B 272, 1059–1066. (doi:10.1098/rspb.2005.3070)

6. Kamiya T, O’Dwyer K, Nakagawa S, Poulin R. 2013
What determines species richness of parasitic
organisms? A meta-analysis across animal, plant
and fungal hosts. Biol. Rev. 89, 123–134. (doi:10.
1111/brv.12046)

7. Price RD, Hellenthal RA, Palma RL, Johnson KP,
Clayton DH. 2003 The chewing lice: world checklist
and biological overview. Champaign, IL: Illinois
Natural History Survey. See https://doi.org/10.5962/
bhl.title.154191.

8. Clayton DH, Bush SE, Johnson KP. 2016 Coevolution
of life on hosts: integrating ecology and history.
Chicago, IL: University of Chicago Press.

9. Clay T. 1949 Some problems in the evolution of a
group of ectoparasites. Evolution 3, 279–299.
(doi:10.1111/j.1558-5646.1949.tb00030.x)

10. Johnson KP, Shreve SM, Smith VS. 2012 Repeated
adaptive divergence of microhabitat specialization
in avian feather lice. BMC Biol. 10, 52. (doi:10.1186/
1741-7007-10-52)

11. Clayton DH, Bush SE, Goates BM, Johnson KP. 2003
Host defense reinforces host-parasite cospeciation.
Proc. Natl Acad. Sci. USA 100, 15 694–15 699.
(doi:10.1073/pnas.2533751100)

12. Clayton DH, Gregory RD, Price RD. 1992 Comparative
ecology of neotropical bird lice (Insecta: Phthiraptera).
J. Anim. Ecol. 61, 781. (doi:10.2307/5631)

13. Clay T. 1951 The Mallophaga as an aid to the
classification of birds, with special reference to the
structure of feathers. In Proc. of the 10th Int.
Ornithological Congress, Uppsala, pp. 207–215.

14. Clements et al. 2017 The eBird/Clements checklist
of the birds of the World. V.2017.
15. Hackett SJ et al. 2008 A phylogenomic study of
birds reveals their evolutionary history. Science 320,
1763–1768. (doi:10.1126/science.1157704)

16. Jarvis ED et al. 2014 Whole-genome analyses
resolve early branches in the tree of life of modern
birds. Science 346, 1320–1331. (doi:10.1126/
science.1253451)

17. Prum RO, Berv JS, Dornburg A, Field DJ, Townsend
JP, Lemmon EM, Lemmon AR. 2015 A
comprehensive phylogeny of birds (Aves) using
targeted next-generation DNA sequencing. Nature
526, 569–573. (doi:10.1038/nature15697)

18. Ward RA. 1957 Study of the host distribution and
some relationships of mallophaga parasitic on birds
of the order tinamiformes part 1. Ann. Entomol. Soc.
Am. 50, 335–353. (doi:10.1093/aesa/50.4.335)

19. Ward RA. 1957 A study of the host distribution and
some relationships of biting lice (mallophaga)
parasitic on birds of the order tinamiformes Part II.
Ann. Entomol. Soc. Am. 50, 452–459. (doi:10.1093/
aesa/50.5.452)

20. Carriker Jr MA. 1936 Studies in Neotropical
Mallophaga, XII (Part 1): lice of the tinamous. Proc.
Acad. Nat. Sci. Phila. 88, 45.

21. Carriker Jr MA. 1955 Studies in Neotropical
Mallophaga, XII (Part 3): lice of the tinamous.
Boletin de Entomologia Venezolana XI(1,2), 1–28.

22. Carriker Jr MA. 1955 Studies in Neotropical
Mallophaga, XII (Part 4): lice of the tinamous.
Boletin de Entomologia Venezolana XI(3,4), 97–131.

23. Carriker Jr MA. 1961 Studies in Neotropical
Mallophaga, XII (Part 5): lice of the tinamous.
Revista Brasileira de Biologia 21, 205–216.

24. Carriker Jr MA. 1961 Studies in Neotropical
Mallophaga, XII (Part 6): lice of the tinamous.
Revista Brasileira de Biologia 21, 325–338.

25. Carriker Jr MA. 1961 Studies in Neotropical
Mallophaga, XII (Part 7): lice of the tinamous.
Revista Brasileira de Biologia 21, 373–384.

26. Carriker Jr MA. 1962 Studies in Neotropical
Mallophaga, XII (Part 8): lice of the tinamous.
Revista Brasileira de Biologia 22, 433–448.

27. Smith VS. 2000 Basal ischnoceran louse phylogeny
(Phthiraptera: Ischnocera: Goniodidae and
Heptapsogasteridae). Systematic Entomol. 25,
73–94. (doi:10.1046/j.1365-3113.2000.00095.x)

28. Hopkins GHE, Clay T. 1952 A check-list of the genera
and species of Mallophaga. British Museum (Natural
History) 1952, 1–361. (doi:10.5962/bhl.title.
118844)

29. Smith VS. 2001 Avian louse phylogeny
(Phthiraptera: Ischnocera): a cladistic study based on
morphology. Zool. J. Linnean Soc. 132, 81–144.
(doi:10.1111/j.1096-3642.2001.tb02272.x)

30. Cruickshank RH, Johnson KP, Smith VS, Adams RJ,
Clayton DH, Page RDM. 2001 Phylogenetic analysis
of partial sequences of elongation factor 1α
identifies major groups of lice (Insecta:
Phthiraptera). Mol. Phylogenet. Evol. 19, 202–215.
(doi:10.1006/mpev.2001.0928)

31. Johnson KP, Clayton DH. 2003 Coevolutionary
history of ecological replicates: comparing
phylogenies of wing and body lice to Columbiform
hosts. In Tangled trees: phylogeny, cospeciation and
coevolution (ed. RDM Page), pp. 262–286. Chicago,
IL: University of Chicago Press.

32. Johnson KP, Nguyen N, Sweet AD, Boyd BM,
Warnow T, Allen JM. 2018 Simultaneous radiation of
bird and mammal lice following the K-Pg boundary.
Biol. Lett. 14, 20180141. (doi:10.1098/rsbl.2018.
0141)

33. Clayton DH, Clayton DM. 2001 Critical evaluation of
five methods for quantifying chewing lice (Insecta:
Phthiraptera). J. Parasitol. 87, 1291. (doi:10.1645/
0022-3395(2001)087[1291:CEOFMF]2.0.CO;2)

34. Allen JM, Huang DI, Cronk QC, Johnson KP. 2015
aTRAM - automated target restricted assembly
method: a fast method for assembling loci across
divergent taxa from next-generation sequencing
data. BMC Bioinf. 16, 98. (doi:10.1186/s12859-015-
0515-2)

35. Johnson KP, Walden KKO, Roberton HM. 2013
Next-generation phylogenomics using a target
restricted assembly method. Mol. Phylogenet. Evol.
66, 417–422.

36. Allen JM et al. 2017 Phylogenomics from whole
genome sequences using aTRAM. Syst. Biol. 66,
786–798. (doi:10.1093/sysbio/syw105)

37. Kirkness EF et al. 2010 Genome sequences of the
human body louse and its primary endosymbiont
provide insights into the permanent parasitic
lifestyle. Proc. Natl Acad. Sci. USA 107,
12 168–12 173. (doi:10.1073/pnas.1003379107)

38. Slater G, Birney E. 2005 Automated generation of
heuristics for biological sequence comparison.
BMC Bioinf. 6, 31. (doi:10.1186/1471-2105-6-31)

39. Mirarab S, Nguyen N, Guo S, Wang L-S, Kim J,
Warnow T. 2015 PASTA: ultra-large multiple
sequence alignment for nucleotide and amino-acid
sequences. J. Comput. Biol. 22, 377–386. (doi:10.
1089/cmb.2014.0156)

40. Capella-Gutierrez S, Silla-Martinez JM, Gabaldon T.
2009 trimAl: a tool for automated alignment
trimming in large-scale phylogenetic analyses.

http://dx.doi.org/10.1073/pnas.0803232105
http://dx.doi.org/10.2307/3546966
http://dx.doi.org/10.1111/j.0906-7590.2008.05414.x
http://dx.doi.org/10.1111/j.0906-7590.2008.05414.x
http://dx.doi.org/10.1098/rspb.2005.3070
http://dx.doi.org/10.1111/brv.12046
http://dx.doi.org/10.1111/brv.12046
https://doi.org/10.5962/bhl.title.154191
https://doi.org/10.5962/bhl.title.154191
https://doi.org/10.5962/bhl.title.154191
http://dx.doi.org/10.1111/j.1558-5646.1949.tb00030.x
http://dx.doi.org/10.1186/1741-7007-10-52
http://dx.doi.org/10.1186/1741-7007-10-52
http://dx.doi.org/10.1073/pnas.2533751100
http://dx.doi.org/10.2307/5631
http://dx.doi.org/10.1126/science.1157704
http://dx.doi.org/10.1126/science.1253451
http://dx.doi.org/10.1126/science.1253451
http://dx.doi.org/10.1038/nature15697
http://dx.doi.org/10.1093/aesa/50.4.335
http://dx.doi.org/10.1093/aesa/50.5.452
http://dx.doi.org/10.1093/aesa/50.5.452
http://dx.doi.org/10.1046/j.1365-3113.2000.00095.x
http://dx.doi.org/10.5962/bhl.title.118844
http://dx.doi.org/10.5962/bhl.title.118844
http://dx.doi.org/10.1111/j.1096-3642.2001.tb02272.x
http://dx.doi.org/10.1006/mpev.2001.0928
http://dx.doi.org/10.1098/rsbl.2018.0141
http://dx.doi.org/10.1098/rsbl.2018.0141
http://dx.doi.org/10.1645/0022-3395(2001)087[1291:CEOFMF]2.0.CO;2
http://dx.doi.org/10.1645/0022-3395(2001)087[1291:CEOFMF]2.0.CO;2
http://dx.doi.org/10.1186/s12859-015-0515-2
http://dx.doi.org/10.1186/s12859-015-0515-2
http://dx.doi.org/10.1093/sysbio/syw105
http://dx.doi.org/10.1073/pnas.1003379107
http://dx.doi.org/10.1186/1471-2105-6-31
http://dx.doi.org/10.1089/cmb.2014.0156
http://dx.doi.org/10.1089/cmb.2014.0156


royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

287:20193005

7
Bioinformatics 25, 1972–1973. (doi:10.1093/
bioinformatics/btp348)

41. Vaidya G, Lohman DJ, Meier R. 2011
SequenceMatrix: concatenation software for the fast
assembly of multi-gene datasets with character set
and codon information. Cladistics 27, 171–180.
(doi:10.1111/j.1096-0031.2010.00329.x)

42. Kozlov AM, Aberer AJ, Stamatakis A. 2015 ExaML
version 3: a tool for phylogenomic analyses on
supercomputers. Bioinformatics 31, 2577–2579.
(doi:10.1093/bioinformatics/btv184)

43. Lanfear R, Frandsen PB, Wright AM, Senfeld T,
Calcott B. 2016 PartitionFinder 2: new methods for
selecting partitioned models of evolution for
molecular and morphological phylogenetic analyses.
Mol. Biol. Evol. 34, 772–773. (doi:10.1093/molbev/
msw260)

44. Sugiura N. 1978 Further analysts of the
data by Akaike’s information criterion and the finite
corrections. Commun. Stat. Theory Methods 7,
13–26. (doi:10.1080/03610927808
827599)

45. Kalyaanamoorthy S, Minh BQ, Wong TKF, von
Haeseler A, Jermiin LS. 2017 ModelFinder: fast
model selection for accurate phylogenetic estimates.
Nat. Methods 14, 587–589. (doi:10.1038/nmeth.
4285)

46. Zwick A, Regier JC, Zwickl DJ. 2012 Resolving
discrepancy between nucleotides and amino
acids in deep-level arthropod phylogenomics:
differentiating serine codons in 21-amino-acid
models. PLoS ONE 7, e47450. (doi:10.1371/journal.
pone.0047450)
47. Mirarab S, Reaz R, Bayzid MS, Zimmermann T,
Swenson MS, Warnow T. 2014 ASTRAL: genome-
scale coalescent-based species tree estimation.
Bioinformatics 30, i541–i548. (doi:10.1093/
bioinformatics/btu462)

48. Sayyari E, Mirarab S. 2016 Fast coalescent-based
computation of local branch support from quartet
frequencies. Mol. Biol. Evol. 33, 1654–1668. (doi:10.
1093/molbev/msw079)

49. Korallo NP, Vinarski MV, Krasnov BR, Shenbrot GI,
Mouillot D, Poulin R. 2007 Are there general rules
governing parasite diversity? Small mammalian
hosts and gamasid mite assemblages. Diversity
Distributions 13, 353–360. (doi:10.1111/j.1472-
4642.2007.00332.x)

50. Krasnov BR, Shenbrot GI, Khokhlova IS, Degen AA.
2004 Flea species richness and parameters of host
body, host geography and host ‘milieu.’ J. Anim.
Ecol. 73, 1121–1128. (doi:10.1111/j.0021-8790.
2004.00883.x)

51. Kamiya T, O’Dwyer K, Nakagawa S, Poulin R. 2014
Host diversity drives parasite diversity: meta-
analytical insights into patterns and causal
mechanisms. Ecography 37, 689–697. (doi:10.1111/
j.1600-0587.2013.00571.x)

52. Morand S. 2015 (macro-) Evolutionary ecology of
parasite diversity: from determinants of parasite
species richness to host diversification.
Int. J. Parasitol. Parasites Wildlife 4, 80–87. (doi:10.
1016/j.ijppaw.2015.01.001)

53. Campião KM, de Ribas AC, Morais DH, da Silva RJ,
Tavares LER. 2015 How many parasites species a frog
might have? Determinants of parasite diversity in
South American anurans. PLoS ONE 10, e0140577.
(doi:10.1371/journal.pone.0140577)

54. Esser HJ, Herre EA, Blüthgen N, Loaiza JR, Bermúdez
SE, Jansen PA. 2016 Host specificity in a diverse
Neotropical tick community: an assessment using
quantitative network analysis and host phylogeny.
Parasites Vectors 9, 1–14. (doi:10.1186/s13071-016-
1655-6)

55. Clayton DH, Walther BA. 2001 Influence of host
ecology and morphology on the diversity of
Neotropical bird lice. Oikos 94, 455–467. (doi:10.
1034/j.1600-0706.2001.940308.x)

56. MacArthur RH, Wilson EO. 1963 An equilibrium
theory of insular zoogeography. Evolution 17, 373.
(doi:10.2307/2407089)

57. del Hoyo J, Sargatal J (eds). 1992 Handbook of the
birds of the world, vol. 1. Barcelona: Lynx Edicions.

58. Bertelli S. 2016 Advances on tinamou phylogeny:
an assembled cladistic study of the volant
palaeognathous birds. Cladistics 33, 351–374.
(doi:10.1111/cla.12172)

59. Chandler AC. 1916 A study of feathers, with
reference to their taxonomic significance. In
University of California Publications in Zoology, vol.
13, no. 11, pp. 243–446. Berkeley, CA: University
Press. (doi:10.5962/bhl.title.15062)

60. Bailey RE. 1955 The incubation patch in tinamous.
The Condor 57, 301–303. (doi:10.2307/1364735)

61. Virrueta Herrera S, Sweet AD, Allen JM, Walden
KKO, Weckstein JD, Johnson KP. 2020 Data from:
Extensive in situ radiation of feather lice on
tinamous. Dryad Digital Repository. (doi:10.5061/
dryad.s1rn8pk4b)

http://dx.doi.org/10.1093/bioinformatics/btp348
http://dx.doi.org/10.1093/bioinformatics/btp348
http://dx.doi.org/10.1111/j.1096-0031.2010.00329.x
http://dx.doi.org/10.1093/bioinformatics/btv184
http://dx.doi.org/10.1093/molbev/msw260
http://dx.doi.org/10.1093/molbev/msw260
http://dx.doi.org/10.1080/03610927808827599
http://dx.doi.org/10.1080/03610927808827599
http://dx.doi.org/10.1038/nmeth.4285
http://dx.doi.org/10.1038/nmeth.4285
http://dx.doi.org/10.1371/journal.pone.0047450
http://dx.doi.org/10.1371/journal.pone.0047450
http://dx.doi.org/10.1093/bioinformatics/btu462
http://dx.doi.org/10.1093/bioinformatics/btu462
http://dx.doi.org/10.1093/molbev/msw079
http://dx.doi.org/10.1093/molbev/msw079
http://dx.doi.org/10.1111/j.1472-4642.2007.00332.x
http://dx.doi.org/10.1111/j.1472-4642.2007.00332.x
http://dx.doi.org/10.1111/j.0021-8790.2004.00883.x
http://dx.doi.org/10.1111/j.0021-8790.2004.00883.x
http://dx.doi.org/10.1111/j.1600-0587.2013.00571.x
http://dx.doi.org/10.1111/j.1600-0587.2013.00571.x
http://dx.doi.org/10.1016/j.ijppaw.2015.01.001
http://dx.doi.org/10.1016/j.ijppaw.2015.01.001
http://dx.doi.org/10.1371/journal.pone.0140577
http://dx.doi.org/10.1186/s13071-016-1655-6
http://dx.doi.org/10.1186/s13071-016-1655-6
http://dx.doi.org/10.1034/j.1600-0706.2001.940308.x
http://dx.doi.org/10.1034/j.1600-0706.2001.940308.x
http://dx.doi.org/10.2307/2407089
http://dx.doi.org/10.1111/cla.12172
http://dx.doi.org/10.5962/bhl.title.15062
http://dx.doi.org/10.2307/1364735
http://dx.doi.org/10.5061/dryad.s1rn8pk4b
http://dx.doi.org/10.5061/dryad.s1rn8pk4b

	Extensive in situ radiation of feather lice on tinamous
	Introduction
	Methods
	Taxon sampling and genome sequencing
	Phylogenomic analyses

	Results
	Discussion
	Ethics
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	Acknowledgements
	References


