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Host–symbiont relationships are ubiquitous in nature, yet evolutionary and ecological 
processes that shape these intricate associations are often poorly understood. All orders 
of birds engage in symbioses with feather mites, which are ectosymbiotic arthropods 
that spend their entire life on hosts. Due to their permanent obligatory association 
with hosts, limited dispersal and primarily vertical transmission, we hypothesized that 
the cospeciation between feather mites and hosts within one avian family (Parulidae) 
would be perfect (strict cospeciation). We assessed cophylogenetic patterns and tested 
for congruence between species in two confamiliar feather mite genera (Proctophyl-
lodidae: Proctophyllodes, Amerodectes) found on 13 species of migratory warblers (and 
one other closely related migratory species) in the eastern United States. Based on COI 
sequence data, we found three Proctophyllodes lineages and six Amerodectes lineages. 
Distance- and event-based cophylogenetic analyses suggested different cophylogenetic 
trajectories of the two mite genera, and although some associations were significant, 
there was little overall evidence supporting strict cospeciation. Host switching is likely 
responsible for incongruent phylogenies. In one case, we documented prairie warblers 
Setophaga discolor harboring two mite species of the same genus. Most interestingly, we 
found strong evidence that host ecology may influence the likelihood of host switch-
ing occurring. For example, we documented relatively distantly related ground-nesting 
hosts (ovenbird Seiurus aurocapilla and Kentucky warbler Geothlypis formosa) sharing 
a single mite species, while other birds are shrub/canopy or cavity nesters. Overall, 
our results suggest that cospeciation is not the case for feather mites and parulid hosts 
at this fine phylogenetic scale, and raise the question if cospeciation applies for other 
symbiotic systems involving hosts that have complex life histories. We also provide 
preliminary evidence that incorporating host ecological traits into cophylogenetic 
analyses may be useful for understanding how symbiotic systems have evolved. 

Keywords: Acari, birds, coevolution, cophylogenetic analysis, cospeciation, host–
symbiont, symbiosis
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The dynamic associations between hosts and their symbi-
onts have intrigued evolutionary ecologists for over a century 
(Klassen 1992). Over this time, research has made it clear that 
hosts and symbionts may evolve and diverge in concert, when 
disruption of gene flow between formerly reproductively con-
nected host populations leads to corresponding disruption of 
gene flow between symbiont populations. Reproductive iso-
lation of symbionts is expected to be greatest if a symbiont is 
completely dependent on its host (i.e. obligate) and does not 
have a dispersal and/or free-living stage (i.e. permanent). Thus, 
hosts and their permanent obligate symbionts are often con-
sidered to be classic examples of cospeciation (Clayton et al. 
2004, 2016. Morelli and Spicer 2007). Reciprocal adaptive 
selection that eventually leads to changes in allele frequencies 
over time, or “strict” coevolution (de Vienne et al. 2013), 
may also be expected between hosts and permanent obligate 
symbionts. Cases where divergence of hosts and symbionts is 
concurrent and interdependent, or symbionts are “tracking” 
host divergence without influencing host evolution, this is 
considered cospeciation (de Vienne et al. 2013). To test for 
the process of cospeciation, one can construct and compare 
phylogenies of hosts and symbionts (cophylogenetic analyses; 
Martínez-Aquino 2016). Cophylogenetic analyses that result 
in perfect topological congruence between host and symbiont 
phylogenies provide evidence for strict cospeciation, which 
is also reflected in ‘Fahrenholz’s rule’ (symbiont phylogenies 
mirror host phylogenies; Fahrenholz 1913, Eichler 1948). 

Although cospeciation between symbionts and their hosts 
has been inferred in some systems (Hafner and Nadler 1988, 
Clayton and Johnson 2003, Light and Hafner 2007), the 
evolutionary processes related to host–symbiont associations 
may also be nuanced and quite complex (Paterson and Banks 
2001, Marussich and Machado 2007, Hendricks et al. 2013, 
Fraija-Fernández et al. 2016, Doña et al. 2017c, Klimov et al. 
2017). In addition to cospeciation, various other events and 
processes may occur over evolutionary time, including specia-
tion within a host species (i.e. intra-host speciation) or ‘dupli-
cation’ (Page 1994), symbiont extinction or ‘loss’ (Paterson 
and Gray 1997), failure of symbionts to diverge (resulting in 
the presence of the same symbiont on related species of hosts; 
Johnson et al. 2003), and host switching (a symbiont suc-
cessfully colonizing a new host species, resulting in unrelated 
hosts sharing the same symbiont species; Page 2003). In most 
cases of permanent obligate symbiont–host systems, despite 
the simple expectation of cospeciation, the processes that 
have led to current associations remain virtually unknown 
(de Vienne et al. 2013).

One common symbiotic system is that of feather mites 
(Acariformes: Astigmata: Analgoidea, Pterolichoidea) and 
their avian hosts. Feather mites are obligate, ectosymbiotic 
arthropods that spend their entire life cycle on their host, 
where they appear to feed mainly on oils, waxes, and fatty 
acids secreted by the bird’s uropygial gland together with 
the particulate material trapped in the secretions (Proctor 
2003). Although our understanding of the life history of 
feather mites is minimal, they differ from most free-living 
Astigmata by lacking a dedicated nymphal dispersal stage. 

Females of some feather mite lineages inhabiting the skin 
engage in phoresy on more vagile bird-associates, such as 
hippoboscid flies (Philips and Fain 1991, Proctor and Jones 
2004). Vane-dwelling feather mites are thought to be trans-
mitted between host individuals only by direct contact, typi-
cally vertically from parent to offspring at the nest (Proctor 
2003, Doña et al. 2017a). Rare cases of feather mite hori-
zontal transmission have been documented (Hernandes et al. 
2014), and experiments have shown that individual feather 
mites have the ability to move to heterospecifics when given 
the opportunity (Dubinin 1951, Bridge 2002). Despite these 
uncommon events, their permanent obligate nature, limited 
dispersal abilities, and vertical mode of transmission all con-
tribute to the remarkably specific associations feather mites 
have with their hosts (Peterson 1975, Atyeo and Gaud 1979, 
Dabert and Mironov 1999, Doña et al. 2017b), suggesting 
they should follow strict cospeciation. 

Very little is currently known about the evolutionary his-
tory of feather mites, including what processes have resulted 
in current associations between feather mites and their hosts. 
The few studies that have investigated the cophylogenetic pat-
terns of feather mites and hosts provide support for cospecia-
tion on a broad scale (bird orders and mite families; Dabert 
and Mironov 1999, Dabert 2005). Although, these previous 
studies have mainly used cladograms based on morphologi-
cal characters; rigorous cophylogenetic tests using molecular 
data have only recently been implemented. At least one study 
has found similar patterns of cospeciation between feather 
mites and hosts (Štefka et al. 2011), but these hosts (Galápa-
gos mockingbirds; Mimidae: Mimus) were geographically iso-
lated. However, a recent study (Doña et al. 2017c) explored 
feather mites on European passerines using mitochondrial 
molecular data and rigorous cophylogenetic tests. They 
found high incongruence between feather mite and host phy-
logenies, which strongly supports host-shift speciation, rather 
than strict cospeciation, as an explanation for the evolution-
ary relationships between feather mites and hosts (Doña et al. 
2017c). Furthermore, another recent, nearly global analysis 
(Klimov et al. 2017) found that even though feather mite 
and host (Passeriformes) phylogenies were incongruent (in 
some cases due to host switches), several ancient synchro-
nous codispersals of mites and birds (for example, from the 
Old World to the New World) could still be inferred using 
a double dating approach, where divergence times on both 
host and mite phylogenies are compared. Nevertheless, stud-
ies of feather mites and one fine-scale group (family) of hosts 
are much rarer, limiting conclusions that can be drawn about 
cospeciation at different scales. 

New World warblers (family Parulidae) are an ideal host 
group for assessing the level of cospeciation between feather 
mites and birds for a number of reasons. First, New World 
warblers went through a recent (compared to the evolutionary 
history of all extant passerines; Barker et al. 2004) and exten-
sive radiation (Lovette and Bermingham 1999). The resulting 
assemblage consists of > 100 species with diverse distributions 
and ecologies (Lovette et al. 2010). This relatively rapid diver-
sification and resulting species assemblage would lead us to 
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expect that the associated feather mites also became rapidly 
reproductively isolated (again due to their obligate nature and 
limited dispersal capabilities), but nothing is known in this 
regard. Secondly, recent genetic studies of warblers have pro-
duced a robust reconstructed phylogeny (Lovette et al. 2010) 
that provides a useful comparison to feather mite phyloge-
nies. Finally, although extensive databases regarding feather 
mites and their hosts exist (PBK, HCP, Doña et al. 2016), 
virtually nothing is currently known about feather mites that 
inhabit many of these host species, from their identities, to 
the evolutionary relationships between these two groups, to 
the processes that may have led to the current associations 
between warblers and their feather mites. 

In this study, we collected feather mites from New World 
warblers, used molecular techniques, and conducted cophy-
logenetic analyses to explore the evolutionary relationships 
between these mites and hosts. The specific objectives of this 
study were to: 1) build phylogenies for two feather mite lin-
eages that inhabit 13 members of the host family Parulidae 
(and one other closely related migratory species) using mito-
chondrial DNA (mtDNA); 2) assess the cophylogenetic sig-
nals between warbler hosts and their feather mite symbionts 
using both distance-based and event-based cophylogenetic 
analyses; and 3) infer evolutionary and ecological processes 
that may have led to the current mite–warbler associations 
that we document. Our null hypothesis is that there is strict 
cospeciation between the highly specialized, obligate, verti-
cally-transmitted feather mites and their warbler hosts. 

Material and methods

Taxonomic and gene sampling

We sampled a total of 60 feather mites from 14 host species. 
All sampled host species are Neotropical–Nearctic migrants 
that breed in eastern North America and overwinter across 
Central and South America. However, they vary widely in 
their specific geographic distributions and ecological niches, 
which are life history traits that may affect the ability of mites 
to inhabit host species, as well as the likelihood of host switch-
ing. Live hosts were captured through mist netting in a variety 
of study locations during the breeding and migratory periods 
in Arkansas, Missouri, Pennsylvania and Tennessee, USA. Car-
casses came mostly from migrating individuals that died from 
window-collisions in Arkansas or Illinois, USA. From each live 
bird, we inspected individual feathers of the primary wing tract 
(nine feathers on each wing) and the rectrix feather tract (12 
feathers total) for mites and collected up to one feather from 
each tract that harbored mites; from each carcass, we inspected 
both feather tracts and collected all feathers that had mites. 
After collection, each feather (or feather tract from carcasses) 
was kept in an individually labeled envelope to prevent cross-
contamination. Individual mites were later removed and pre-
served in 95% ethyl alcohol at –20°C until DNA extraction. 
Detailed information of specimens used in this study is listed 
in Supplementary material Appendix 1 Table A1. 

We obtained genetic data for host species from the 
Open Tree of Life (Hinchliff et al. 2015) as deposited by 
Lovette et al. (2010) using package rotl ver. 3.0.1 (Michon-
neau et al. 2016) in R ver. 3.3.1 (www.r-project.org). 
The yellow-breasted chat Icteria virens, a previously ‘non-core’ 
parulid (Lovette et al. 2010), but now in its own family, Icte-
riidae (Barker et al. 2013, 2015, Chesser et al. 2017), was 
used as the host outgroup to root the tree. We focused our 
sampling of feather mites to two genera from the superfamily 
Analgoidea: Amerodectes and Proctophyllodes (both in family 
Proctophyllodidae). Sequences for feather mites came from 
the mtDNA cytochrome c oxidase subunit I (COI); this gene 
is useful for distinguishing and identifying feather mite spe-
cies (Doña et al. 2015). Gabucinia sp. (Pterolichoidea: Gabu-
ciniidae) from the San Blas jay, Cyanocorax sanblasianus, was 
used as a distant outgroup for initial exploratory analyses of 
feather mites (GenBank accession no.: KU203072). 

DNA extraction, amplification and sequencing

Mitochondrial DNA was isolated from individual mite speci-
mens using the QIAamp DNA Micro Kit (Qiagen) follow-
ing the manufacturer’s protocol for tissue samples with several 
modifications: 1) while in a drop of buffer ATL, a small hole 
was pierced into the mite using a sterile mounting needle 
before transferring to 180 µl of buffer ATL; 2) proteinase K 
was added but not pulse-vortexed as mites can easily get stuck 
on the tube wall and cannot be dislodged by centrifugation; 3) 
samples were incubated (lysed) for 24 h; 4) after adding buffer 
AL, samples were inverted instead of pulse-vortexed and were 
placed on a heat block (70°C) for 5 min; 5) no carrier RNA 
was added; 6) chilled ethanol was used; 7) DNA bound to the 
membrane was eluted to 22 µl of buffer AE and incubated at 
room temperature for 5 min; 8) the final centrifugation step 
was extended to 2 min at 14 000 rpm. After extraction, DNA 
was stored at –20°C. Cuticles of mite specimens were mounted 
on slides in PVA as primary vouchers after DNA extraction. 
Feather mite specimens and DNA vouchers are deposited at 
Arkansas State Univ. in Jonesboro, AR, USA. 

 A portion of the COI gene (1190 bp) was amplified using 
a nested PCR, which is useful for low concentrations of tem-
plate DNA, as is the case when using a single mite specimen. 
For the first reaction, the 20 µl PCR mix contained 2.0 µl of 
10 PCR buffer (1.0X), 1.4 µl of 50 mM MgSO4 (3.5 mM), 
1.4 µl of dNTPs (10 mM each; 0.7 mM), 0.8 µl of each 
10 µM forward and reverse primer, 0.12 µl (0.6 U) of Plati-
num Taq Polymerase, and typically 1 µl of DNA template 
(this was increased to 3 µl when bands were absent or faint 
during gel electrophoresis) per sample. Distilled water was 
used to make up the remaining volume. For the first reaction, 
COX1_16F (TGANTWTTTTCHACWAAYCAYAA) and 
COX1_1324R (CDGWRTAHCGDCGDGGTAT) degen-
erate primers were used. The following thermocycling profile 
was used: initial denaturation of 2 min at 94°C, followed by 
10 cycles of 30 s at 94°C, 1 min at 40°C, 1 min 40 s at 72°C, 
then 25 cycles of 30 s at 94°C, 35 s at 48°C, 2 min at 72°C, 
with a final extension of 7 min at 72°C. 

http://www.r-project.org
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For the second (nested) reaction, the 20 µl PCR mix 
was the same as above except it contained 0.08 µl (0.4 U) 
of Platinum Taq Polymerase, and typically 0.4 µl or rarely 
0.55 µl of PCR product from the first reaction per sample. 
For the nested reaction, COX1_25Fshort_T (TCHAC-
WAAYCAYAARRAYA) and COX1_1282R_T (CCWVY-
TARDCCTARRAARTGTTG) degenerate primers were 
used. In these primers, M13 forward (M13FORW; TGTA-
AAACGACGGCCAGT) and reverse (M13REV; CAG-
GAAACAGCTATGACC) tails were included for uniform 
downstream sequencing. The following thermocycling profile 
was used: initial denaturation of 2 min at 94°C, followed by 
20 cycles of 30 s at 94°C, 35 s at 49°C, 2 min at 72°C, then 
18 cycles of 30 s at 94°C, 35 s at 52°C, 2 min at 72°C, with 
a final extension of 7 min at 72°C. This protocol is similar to 
that described in Klimov and OConnor (2008). All reagents 
were from Invitrogen Corporation (USA). PCR products 
from the nested reaction were visualized on 1.5% agarose 
gels, purified using QIAquick Gel Extraction Kit (Qiagen), 
and sequenced in both directions by the Univ. of Michigan 
DNA Sequencing Core on an Applied Biosystems 3730 XL 
DNA Analyzer. Forward and reverse sequences were assem-
bled in MacVector 15.1.4 (Int. Biotechnologies, New Haven, 
CT, USA). 

Phylogenetic and morphological analyses

Sequences were aligned and viewed using Mesquite ver. 3.2 
(Maddison and Maddison 2017). All sequences were checked 
for potential contaminants using the NCBI BLAST database 
(Altschul et al. 1997). Sequences are deposited in GenBank 
under accession no. KY491577-KY491636 (Supplementary 
material Appendix 1 Table A1). 

We first conducted an exploratory analysis using RAxML 
ver. 8.2.9 (Stamatakis 2014) under a GTR+I+Γ model of 
nucleotide evolution to identify taxonomic placement for our 
feather mite lineages using 137 feather mite COI sequences 
obtained from GenBank. We then separated our sequences 
(and all further analyses) based on feather mite genus: 

Amerodectes and Proctophyllodes. Genetic distances were cal-
culated using the Kimura 2-Parameter (K2P) model (Kimura 
1980) in ‘ape’ ver. 4.0 (Paradis et al. 2004) to conduct an 
exploratory, threshold-based species delimitation with a cut-
off value of 4.0% (Smith et al. 2007), which is more conserva-
tive than standard species thresholds using COI (Hebert et al. 
2003). An even more conservative cut-off value of 3.4% has 
been found to be best in delimiting feather mites specifi-
cally (Doña et al. 2015), which we also followed. Additional 
genetic distances were calculated in ‘ape’ and RAxML under 
the best-ranked model of nucleotide evolution, which was 
selected based on the lowest corrected Akaike information 
criterion (AICc) value using jModelTest ver. 2.1.10 (Guindon 
and Gascuel 2003, Darriba et al. 2015). We used a GTR+I+Γ 
model of nucleotide evolution for Amerodectes, and we used 
TrN (TN93)+Γ for Proctophyllodes. Interspecific and intra-
specific genetic distances for Amerodectes and Proctophyllodes 
are in Table 1 and 2, respectively. 

Maximum likelihood (ML) trees were created in R using 
the packages ‘ape’ and ‘phangorn’ ver. 2.1.1 (Schliep 2011) 
under the best-ranked model for each genus. Support values 
for ML trees were estimated with 100 bootstrap replicates. 
Bayesian trees were created in *BEAST ver. 2.4.4 (Bouck-
aert et al. 2014) using a relaxed lognormal molecular clock 
and Yule speciation priors under the best-ranked model for 
each genus. Although *BEAST typically uses multilocus data 
to infer a species tree, we used a single locus because infer-
ence is still possible using one gene (Heled and Drummond 
2010, McCormack et al. 2011) and experimental simulations 
have shown *BEAST to be comparable to other methods to 
infer species trees, even when using a single locus (Ogilvie  
et al. 2016). Amerodectes Bayesian trees were estimated from 
multiple separate Markov chain Monte Carlo (MCMC) analy-
ses, which were run for over 1.7 billion generations with 
parameters sampled every 5000 steps, for a total of over  
356 000 post-burn-in generations. Burn-in percentages 
(between 10–60%) were selected individually for each 
independent run in Tracer ver. 1.6.0 (Rambaut et al. 2014). 
Species and gene trees produced by *BEAST had similar, but 

Table 1. Genetic distances for Amerodectes. The values in the bold diagonal are the intraspecific K2P distances. Below this bold diagonal 
are the interspecific K2P distances, and above the diagonal are the genetic distances under the best model (GTR+I+Γ).

Amerodectes 
sp1

Amerodectes 
sp2

Amerodectes 
sp3

Amerodectes 
sp4

Amerodectes 
hribari

Amerodectes 
seiurus

Amerodectes sp1 Min 0.004 0.249 0.147 0.145 0.167 0.136
Max 0.023 0.293 0.167 0.156 0.190 0.167

Amerodectes sp2 Min 0.170 0.002 0.259 0.240 0.246 0.205
Max 0.184 0.018 0.280 0.255 0.261 0.243

Amerodectes sp3 Min 0.128 0.166 0.004 0.082 0.089 0.086
Max 0.139 0.175 0.016 0.088 0.096 0.098

Amerodectes sp4 Min 0.129 0.162 0.092 0.000 0.092 0.066
Max 0.134 0.169 0.097 0.000 0.096 0.074

Amerodectes hribari Min 0.136 0.163 0.093 0.094 0.008 0.091
Max 0.148 0.171 0.099 0.098 0.008 0.098

Amerodectes seiurus Min 0.121 0.148 0.092 0.077 0.093 0.002
Max 0.138 0.164 0.104 0.084 0.101 0.012
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slightly different topologies. Proctophyllodes Bayesian trees 
were also estimated from multiple separate MCMC analyses, 
which were run for over 840 million generations with param-
eters sampled every 5000 steps, totaling over 168 000 post-
burn-in (all 10%) generations. LogCombiner ver. 2.1.3 (part 
of BEAST 2.1.3 package) was used to combine indepen-
dent runs, and Tracer was used to assess chain convergence. 
Effective sample size values of each parameter exceeded 200. 
Maximum clade credibility trees with median node heights 
were calculated in TreeAnnotator ver. 2.1.2 (part of BEAST 
2.1.3 package) and visualized in FigTree ver. 1.4.3 (Rambaut 
2016). 

For morphological identification and to confirm phylo-
genetic species delimitation, we chose representative indi-
vidual mites from each host species from each clade on 
the trees produced. In addition to the primary voucher 
specimen, we slide mounted additional mites (in general, 
males) from the corresponding host feather samples for 
further morphological identification. Morphological iden-
tification was conducted by Drs. Sergey Mironov (Zoo-
logical Inst., Russian Academy of Sciences) and HCP. 
Samples that could not be morphologically identified to 
an already known species group (for example, due to lack 
of males, which are diagnostically important) were desig-
nated a unique lineage name (in Arabic numerals), based 
both on morphology and phylogenetic placement. Because 
species separation was straightforward (i.e. clusters with 
morphological differences separated by long branches), we 
did not use more complicated species delimitation analy-
ses or methodologies (Zhang et al. 2013, Yang 2015).

Investigating cophylogenetic signal 

We used both morphological and molecular evidence to 
identify unique feather mite lineages in order to avoid includ-
ing duplicate taxa in cophylogenetic analyses, and haplotypes 
were grouped within parents. For Amerodectes cophylogenetic 
analyses, we used both the Bayesian species tree and gene 
tree to compare inferences because topologies were slightly 
different; the ML gene tree was topologically identical to 
the Bayesian species tree. For Proctophyllodes, we used only 
the Bayesian gene tree, as there were only two species groups 
and we could not perform cophylogenetic analyses with only 
the two species. We pruned mite gene trees so that no two 
sister tips were from the same host species. We excluded 

outgroups in these analyses. We performed various tests to 
assess cophylogenetic signal in our system. Distance-based 
methods included ParaFit (Legendre et al. 2002) and PACo 
(Balbuena et al. 2013) in R using the packages ‘ape’ and 
‘vegan’ ver. 2.4.1 (Oksanen et al. 2016). TreeFitter ver. 1.0 
(Ronquist 2002) and Jane ver. 4 (Conow et al. 2010) were 
used as event-based approaches. 

ParaFit takes the host phylogeny, symbiont phylogeny, a 
host–symbiont association matrix, and then transposes these 
all into a fourth-corner matrix (Legendre et al. 1997) to derive 
a global host–symbiont statistic (Legendre et al. 2002). Each 
phylogeny is described by a pairwise patristic distance matrix, 
which is then transformed into a matrix of principal coordi-
nates (PCo). ParaFit tests a null hypothesis that the two taxa 
are randomly associated and that their evolution has been 
independent of one another (α = 0.05). To assess how indi-
vidual links contribute to the overall fit (congruence) of the 
phylogenies and associations, ParaFit also produces two sta-
tistics for individual links (ParaFitLink1 and 2: ‘F1’ and ‘F2’); 
F1 is more commonly used and more appropriate for multi-
host symbionts (Legendre et al. 2002). Significant links indi-
cate that if the link is removed, the overall congruence of the 
system decreases. We ran ParaFit 100 times with 999 permu-
tations within each run with a ‘cailliez’ correction (the alter-
native ‘lingoes’ correction produced comparable results) for 
negative eigenvalues. The permutations within each ParaFit 
run randomize each host–symbiont association (therefore 
testing the null hypothesis of random host–symbiont associa-
tions). We corrected the 100 F1 individual link p-values using 
the Benjamini–Hochberg correction for false discovery rate 
(Benjamini and Hochberg 1995), as suggested by Sweet and 
Johnson (2016). 

PACo has a similar conceptual framework as ParaFit, using 
both phylogenies (also as pairwise patristic distances trans-
formed into PCo matrices) and a host–symbiont association 
matrix (Balbuena et al. 2013). Then the symbiont phylogeny 
is transformed by a Procrustean superimposition upon the 
host phylogeny, which scales it to fit the host phylogeny (by 
minimizing the differences with the host PCo matrix). The 
Procrustean superimposition yields a residual sum of squares 
(m2

XY), which is inversely proportional to the topological 
congruence of the host and symbiont. In order to obtain a 
null distribution to compare m2

XY with, hosts are randomly 
assigned to symbionts by permutation (100 000 with a ‘cail-
liez’ correction for negative eigenvalues) in the host–symbi-
ont association matrix. The statistic represents whether host 
speciation drives speciation of the symbionts (as opposed to 
ParaFit which tests whether the host and parasite associations 
are random), which is an appropriate expectation for obligate, 
vertically transmitted symbionts that may track their hosts’ 
speciation processes (α = 0.05). PACo also applies a jackknife 
procedure that estimates m2

XY (and 95% confidence intervals) 
for each individual association that contributes to the overall 
congruence between the phylogenies. Lower individual m2

XY 
values indicate a smaller contribution to the overall m2

XY, thus 
a stronger cophylogenetic link.

Table 2. Genetic distances for Proctophyllodes. The values in the 
bold diagonal are the intraspecific K2P distances. Below this bold 
diagonal are the interspecific K2P distances, and above the diagonal 
are the genetic distances under the best model (TrN+Γ).

Proctophyllodes 
quadratus

Proctophyllodes  
“basal quadratus”

Proctophyllodes 
quadratus

Min 0.014 0.113
Max 0.029 0.130

Proctophyllodes 
“basal quadratus”

Min 0.101 0.007
Max 0.115 0.011
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Both ParaFit and PACo illustrate the overall congruence 
between host and symbiont topologies, as well as the contri-
bution of each individual host–symbiont link to the overall 
congruence. However, these distance-based methods do not 
infer evolutionary events that may have occurred. Therefore, 
event-based methods are also informative for reconstructing 
the evolutionary history between taxa.

TreeFitter is a parsimony-based method that explores dif-
ferent evolutionary event (i.e. cospeciation, intra-host specia-
tion, extinction, and host switching) cost combinations, and 
attempts to minimize the overall (global) cost of the coevo-
lutionary history between the host and symbiont. For each 
combination of cost structures, TreeFitter produces a p value 
that indicates whether the fit of those cost combinations is 
greater or less than expected by chance. To determine the 
cost structures that best describe our feather mite data, we 
ran exploratory analyses of all cost combinations for every 
0.5 increment between 0 and 10. We then tuned our cost 
structures separately based on these exploratory results for all 
trees. However, TreeFitter does not appropriately account for 
multihost symbionts.

Jane ver. 4 uses heuristics to map the biological events that 
could possibly contribute to the phylogenetic congruence of 
the two taxa (i.e. cospeciation, intra-host speciation with and 
without host switching, extinction, and failure to diverge) of 
the symbiont phylogeny onto the host phylogeny, and aims 
to minimize the overall cost with given a priori event costs. 
The number of ‘generations’ (iterations) was set to 100, with 
a ‘population size’ (number of different solutions in each iter-
ation) of 100. We initially set event costs to the defaults: 0 
for cospeciation, 1 for intra-host speciation, 1 for extinction, 
and 1 for failure to diverge and 2 for intra-host speciation 
with host switch. The event costs chosen strongly influence 
the outcome of the analysis (Merkle et al. 2010), but choos-
ing biologically meaningful costs can be difficult a priori (de 
Vienne et al. 2013). Therefore, in further runs, we increased 
the cost of cospeciation from 0 to 10 in increments of 1 in 
order to manually prohibit the program from falsely maxi-
mizing cospeciation in our system, while leaving the other 
event costs unchanged. We chose to change the cost of cospe-
ciation because it may erroneously be assigned in the most 
parsimonious reconciliation due to its zero cost in the default 
cost structure. We randomized the mite tree 999 times to 
generate a null distribution, and compared these resulting 
costs to our original costs; significance indicates some level 
of congruence between the two trees. However, multihost 
symbionts are also problematic for Jane ver. 4, as once the 
program assigns a tip as a failure to diverge, the tip is not 
allowed to switch hosts (Charleston and Libeskind-Hadas 
2014), which may not be the most likely scenario for feather 
mite diversification on hosts.

Statistical analyses

Based on the mite–host associations we uncovered, we ran 
Pearson’s χ2-test on contingency tables including host nest-
ing ecology (ground nesters, cavity nesters, or shrub/canopy 

nesters) and associated Amerodectes feather mite species to test 
for a preliminary relationship. These analyses were conducted 
in R. 

Data deposition

The data are deposited under GenBank accession numbers 
KY491577-KY491636.

Results

Feather mite phylogenetics

Both morphological and molecular data from the mtDNA 
COI gene indicated the presence of two genera of feather 
mites across 14 hosts: Proctophyllodes and Amerodectes  
(Fig. 1). Within Amerodectes, we found six feather mite lin-
eages on 12 host species. Two have been described before: 
Amerodectes hribari and A. seiurus Mironov and Chandler 
2017. The other four are undescribed and are herein called 
Amerodectes sp1, sp2, sp3 and sp4 (Fig. 2). We found three 
Proctophyllodes lineages, two of which (P. quadratus Atyeo et 
Braasch, 1966, and P. “basal quadratus”) were associated with 
six species of the unambiguous (core) Parulidae (Fig. 3). The 
third, P. aff. trisetosus, was found on the yellow-breasted chat 
(now in Icteriidae; Chesser et al. 2017). Our morphologi-
cal analyses provided similar results, except for one potential 
additional species (P. breviquadratus Atyeo et Braasch, 1966) 
nested within the P. quadratus COI lineage (S. V. Mironov 
pers. comm. and H. C. Proctor unpubl.), which are denoted 
with an asterisk (*) in Fig. 3. However, this inconsistency 
does not affect our overall inferences.

Feather mite and parulid cophylogenetic signal

Our cophylogenetic analyses between feather mites and their 
parulid hosts indicated varying degrees of phylogenetic con-
gruence. For species-based Amerodectes trees, ParaFit indicated 
nonrandom associations between feather mites and hosts 
(ParaFit global = 9000.73; p = 0.004). ParaFit’s corrected F1 
statistic detected eight individual host-mite links that signifi-
cantly contributed to the global statistic, and one additional 
link that fluctuated between significant and non-significant 
(Fig. 4). However, results from PACo indicated that host spe-
ciation is not driving feather mite speciation in this system 
(PACo global p = 0.08). TreeFitter found no combinations of 
event costs that described the associations between Amerodec-
tes species and hosts as different from random (all p  0.18). 
Similarly, Jane ver. 4 did not recover significant phyloge-
netic congruence between our species trees (p = 0.07) under 
default event costs (Table 3). However, under a tuned analysis 
with a cospeciation cost of 9 (rendering it a rare event), and 
the remaining costs left at the default, the overall cost of 28 
was less than expected by chance (p = 0.05); Jane ver. 4 recov-
ered no cospeciation events with this tuned cost structure  
(Table 3, Supplementary material Appendix 2 Fig. A1).
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For the Amerodectes gene tree, the ParaFit global sta-
tistic also suggested nonrandom associations (ParaFit 
global = 106821.2; p = 0.001) with 31 out of 33 individual 
links being significant (Fig. 5). PACo also uncovered a global 
p  0.001, but all of the individual links had broad 95% 
confidence intervals, which makes evaluating their true con-
tribution to the overall global fit challenging. Similar to the 
Amerodectes species tree, TreeFitter found no combinations of 
event costs that described the Amerodectes gene tree associa-
tion as different from random (all p  0.14). Jane ver. 4 also 
did not recover significant phylogenetic congruence under 
default costs (p = 0.29; Table 3). However, under a tuned 
analysis with a cospeciation cost of 10 (rendering it a rare 
event), and the remaining costs left at the default, the overall 
cost of 53 was less than expected by chance (p = 0.02); again, 
Jane ver. 4 recovered no cospeciation events with this tuned 
cost structure (Table 3, Supplementary material Appendix 2 
Fig. A2). 

For the Proctophyllodes gene tree, both ParaFit and 
PACo suggested random associations with hosts (ParaFit 
global = 821.05; p = 0.11; PACo global p = 0.29). All links 
between hosts and Proctophyllodes mites were non-significant 
based on individual ParaFit F1 statistics (Fig. 6; all corrected 
p  0.12). Neither the default event costs nor any tuned 
costs recovered significant phylogenetic congruence between 
the host and Proctophyllodes gene trees according to TreeFitter 
or Jane ver. 4 (all p  0.18; Table 3; the lowest p-value was 
with a tuned analysis with a cospeciation cost of 9 and the 
remaining costs left at default). 

Statistical analyses

Amerodectes mite diversification was strongly associated with 
host nesting ecology (Fig. 7; χ2

10 = 22.286, p = 0.014; after 
10 000 bootstraps, p = 0.008).

Discussion

Our assessment of the coevolutionary history of this system 
refutes the null hypothesis of strict cospeciation between 
feather mite and warbler phylogenies, with distance- and 
event-based cophylogenetic analyses supporting, at most, 
low levels of cospeciation. The structure of the current mite-
warbler associations suggests host switching has been rela-
tively common, and we infer the evolutionary and ecological 
implications of these results below.

Feather mite phylogenetics

Based on both mtDNA from the COI gene and morpho-
logical evidence, we documented six lineages of Amero-
dectes and three lineages of Proctophyllodes on 13 species 
of Parulidae and one species of Icteriidae. Previously, only 
three Amerodectes species and seven Proctophyllodes species, 
including Proctophyllodes quadratus, have been recorded 
from this host family (Doña et al. 2016). These previ-
ous records included 29 parulid species, six of which we 
also sampled for this study. With the additional species 

Figure 1. Network analysis of all host–mite relationships in our system. Tan circles with blue text are hosts; squares with black text are 
feather mites (blue = Proctophyllodes, green = Amerodectes). The thickness of the arrows indicates the number of associations between the 
host and the feather mite lineage in our dataset.
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we examined, 36 host species in Parulidae have now been 
sampled for feather mites to some extent. Combining these 
previous efforts with our results, and assuming the lineages 
we uncovered are true species, this family harbors at least 
nine Amerodectes species and eight Proctophyllodes species. 
Because we only sampled 14 species (and a subset of each 
species), the diversity of these mite genera on parulids is still 
an underestimate and will increase with increased sampling 
effort. Despite these limitations related to sampling, when 
comparing the diversity of these two mite genera on paru-
lids to those from the closely related Icteridae (from which 
32 host species have been sampled to some extent), Proc-
tophyllodes diversity is slightly greater in icterids (12 mite 
species; Atyeo and Braasch 1966, Doña et al. 2016) while 
Amerodectes diversity is greater in parulids (with only three 
species described in icterids; Valim and Hernandes 2010, 
Doña et al. 2016). 

Feather mite and parulid cophylogenetic signal

We observed varying degrees of cophylogenetic signal between 
Amerodectes and Proctophyllodes feather mites and their associ-
ated parulid hosts using a variety of methods. Contrary to 
our null hypothesis, none of these methods provided sup-
port for perfectly congruent phylogenies (strict cospeciation) 
and also contradict some previous feather mite–host stud-
ies (Dabert and Mironov 1999, Dabert 2005, Štefka et al. 
2011), but corroborate with others somewhat (Dabert 2014, 
Dabert et al. 2015, Doña et al. 2017c, Klimov et al. 2017). 
There are a number of potential explanations for these differ-
ing inferences related to the life history and evolution of the 
host species, and the taxonomic scale at which cospeciation 
was tested.

Host life history and evolutionary processes may play a 
role in the variation of results across studies. For example, 

Figure 2. Phylogenetic relationships of Amerodectes feather mites from parulid hosts inferred from the mitochondrial COI sequences. Bayes-
ian posterior probabilities and maximum likelihood bootstrap support values for major clades (with names on right) are indicated above 
and below each node, respectively. Scale bar indicates nucleotide substitutions per site.
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although Štefka et al. (2011) found evidence for cospeciation 
between four species of Galápagos mockingbirds and their 
feather mites, these hosts are completely isolated on various 
Galápagos islands, which greatly reduces the opportunities 
for dispersal across host species. Here geography alone can be 
responsible for both bird and mite divergences. This is a very 
different scenario than is seen with the Neotropical-Nearctic 
migratory parulids we studied. These species have varying 
degrees of overlapping distributions and ecologies on both 
the wintering and breeding grounds. Similarly, two migratory 
skua sister species (Stercorariidae: Stercorarius) shared some 
of the same feather mites, due to geographic overlap and 
potential physical contact during some part of their annual 
cycle (Dabert et al. 2015). Thus, our system represents a more 
complex, and possibly more common, arena for cospeciation 
(or lack thereof ) between feather mites and their hosts. 

Not only is our system more complex, but we also assessed 
cospeciation at a taxonomically finer scale (one host family 
at the species-level) than have most other studies. With one 

exception (Štefka et al. 2011), the scale at which most other 
studies have explicitly tested for cospeciation in feather mite 
systems has been quite broad (i.e. the order- or family-level 
of birds or mites). For example, Dabert and Mironov (1999) 
inferred cospeciation between species of feather mites in a 
single genus (Zachvatkinia) and two orders of hosts (Procel-
lariiformes and Charadriiformes). Ehrnsberger et al. (2001) 
also found that at the family-level, the evolution of the 
feather mite family Freyanidae was a result of cospeciation 
with their avian hosts. Klimov et al. (2017) and Doña et al. 
(2017c) both investigated feather mite coevolution at the 
species-level across many host species. Despite both stud-
ies finding no evidence for strict cospeciation, they almost 
exclusively uncovered one-to-one host–mite associations, 
which differs from our results (multiple host species sharing 
the same mite and multiple mites sharing the same host). 
These differing results may again be explained by differences 
in taxonomic scale; our study was finely-focused on closely 
related species within one host family, while the other stud-

Figure 3. Phylogenetic relationships of Proctophyllodes feather mites from parulid (i.e. excluding Icteria virens) hosts inferred from the mito-
chondrial COI sequences. Bayesian posterior probabilities and maximum likelihood bootstrap support values for major clades (with names 
on right) are indicated above and below each node, respectively. Tip labels followed by an asterisk (*) denote that the morphology of that 
individual mite is more consistent with Proctophyllodes breviquadratus. Scale bar indicates nucleotide substitutions per site.
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ies rarely included more than two or three species within the 
same genus (many of our hosts were strongly phylogeneti-
cally clustered; Doña et al. 2017b), so the chance of finding 
symbionts that share host species was reduced in these other 
cases. In total, it is now clear that congruent (or incongru-
ent) phylogenies at broader taxonomic levels does not imply 
the same pattern at finer scales or vice versa (Demastes and 
Hafner 1993, Johnson et al. 2011), so our study contributes 

to a better understanding of cospeciation between feather 
mites and their hosts at a finely-focused taxonomic scale. 

Influence of host ecology on feather mite diversification

Despite variability in the inferred evolutionary processes that 
have led to current host–mite associations, it seems qualita-
tively clear that host switching is more prevalent than has 

Seiurus aurocapilla

Parkesia noveboracensis

Protonotaria citrea

Vermivora chrysoptera

Geothlypis formosa

Geothlypis trichas

Setophaga ruticilla

Setophaga cerulea

Setophaga pensylvanica

Setophaga caerulescens

Setophaga discolor

Setophaga dominica

Amerodectes sp4

Amerodectes seiurus

Amerodectes sp3

Amerodectes hribari

Amerodectes sp1

Amerodectes sp2

Figure 4. Tanglegram of Amerodectes feather mites (on right; species tree) and their parulid hosts (on left). Line styles and colors indicate 
level of significance of each host–mite link estimated by the ParaFitLink1 (F1) after 100 ParaFit runs and correcting each p-value using the 
Benjamini–Hochberg correction for false discovery rate: solid green lines indicate a significant host–mite link, dot-dashed red lines indicate 
a mix of significant and non-significant results over the 100 ParaFit runs, and long-dashed gray lines indicate non-significant links.

Table 3. Summary of results from Jane ver. 4 for all analyses of feather mites and their parulid hosts, including both the default costs and the 
tuned costs. Solutions that were significant (α = 0.05) are in bold.

Cospeciation Intra-host speciation

Intra-host 
speciation and 
host-switching Extinction Failure to diverge p-value

Default costs
Amerodectes (species) 1  2  2 12 7 0.07
Amerodectes (gene) 4 10 18  2 0 0.29
Proctophyllodes (gene) 3  1  4  2 0 0.81

Tuned costs
Amerodectes (species) 0  2  3 13 7 0.05
Amerodectes (gene) 0 11 21  0 0 0.02
Proctophyllodes (gene) 0  3  5  0 0 0.18
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been previously assumed. However, much of the life history 
of feather mites is still unknown, and it may be that lon-
ger distance dispersal and/or horizontal transmission across 
species (host switching) may be more common than previ-
ously thought, as was supported in Doña et al. (2017c) with 
feather mites of European passerines, and was supported in 
some instances for Passeriformes in Klimov et al. (2017). 
An individual symbiont successfully colonizing a new host, 
which may ultimately lead to an entire symbiont species 
switching to that new host, is not simple for most symbionts 
(e.g. the Stockholm paradigm; Hoberg and Brooks 2015), 
and can only occur when there is: 1) an opportunity, 2) the 
ability to survive on a new host (compatibility), and 3) an 
ability to maintain a symbiotic relationship with the new host 
(Araujo et al. 2015). 

Our results offer a chance to consider the factors that may 
allow for a symbiont species to meet these three require-
ments for host switching. Non-mutually-exclusive factors 
could include ecological or geographic similarities during 
any stage of their annual cycle, or behavioral traits that bring 
them into contact (possibly in conjunction with evolution-
ary relatedness). Species that share ecological niche space or 

habitat affinities may be exposed to higher levels of propa-
gule pressure due to the greater likelihood and frequency of 
contact between heterospecifics (similar to invasive species; 
Lockwood et al. 2005), leading to the successful switching of 
mite species from one host species to another. 

Specifically, nesting or foraging ecology may be life his-
tory traits that promote host switching among feather mites 
on parulids. In our case, a preliminary analysis suggested 
there may be a strong association between host nesting ecol-
ogy (ground, cavity, or shrub/canopy nesters) and Amero-
dectes mite species (Fig. 7). Two specific examples of this are 
A. seiurus, which we found on both Seiurus aurocapilla and 
Geothlypis formosa, two host species that are relatively dis-
tantly related within Parulidae, but both are ground-nesting/
dwelling species (Porneluzi et al. 2011, McDonald 2013), 
and Amerodectes sp3, which was only found on Protonotaria 
citrea, the only cavity-nester that we sampled. Although shar-
ing of nesting or foraging ecology may increase the likelihood 
of two species coming into contact (and thus increasing the 
opportunity to share mites), there are other ecological and 
behavioral traits that may influence the likelihood as much, 
or more so, than this feature. These include interspecific 

Setophaga dominica

Setophaga discolor

Setophaga caerulescens

Setophaga pensylvanica

Setophaga cerulea

Setophaga ruticilla

Geothlypis trichas

Geothlypis formosa

Vermivora chrysoptera

Protonotaria citrea

Parkesia noveboracensis

Seiurus aurocapilla

AM169 Amerodectes sp2 ex Setophaga dominica YTWA100C

AM171 Amerodectes sp2 ex Setophaga dominica YTWA329A

AM149 Amerodectes sp2 ex Setophaga discolor PRAW376B

AM170 Amerodectes sp2 ex Setophaga dominica YTWA262A

AM146 Amerodectes sp2 ex Setophaga discolor PRAW375A

AM147 Amerodectes sp2 ex Setophaga discolor PRAW375C

AM151 Amerodectes sp1 ex Setophaga discolor PRAW380A

AM118 Amerodectes sp1 ex Setophaga pensylvanica CSWA367B

AM89 Amerodectes sp1 ex Setophaga caerulescens BTBW152B

AM101 Amerodectes sp1 ex Setophaga cerulea CERW075C

AM100 Amerodectes sp1 ex Setophaga cerulea CERW072C

AM73 Amerodectes sp1 ex Setophaga ruticilla AMRE139A

AM91 Amerodectes sp1 ex Setophaga caerulescens BTBW154B

AM175 Amerodectes sp1 ex Vermivora chrysoptera GWWA388A

AM90 Amerodectes sp1 ex Setophaga caerulescens BTBW153C

AM80 Amerodectes sp1 ex Setophaga ruticilla AMRE147

AM190 Amerodectes sp1 ex Setophaga cerulea CERW065A

AM192 Amerodectes sp1 haplotype 2 ex Setophaga cerulea CERW074A

AM110 Amerodectes hribari ex Geothlypis trichas COYE164C

AM126 Amerodectes seiurus ex Geothlypis formosa KEWA094B

AM123 Amerodectes seiurus ex Geothlypis formosa KEWA349A

AM124 Amerodectes seiurus ex Geothlypis formosa KEWA351A

AM128 Amerodectes seiurus ex Geothlypis formosa KEWA349B

AM139 Amerodectes seiurus ex Seiurus aurocapilla OVEN194A

AM136 Amerodectes seiurus ex Seiurus aurocapilla OVEN165A

AM129 Amerodectes seiurus ex Geothlypis formosa KEWA350B

AM143 Amerodectes seiurus ex Seiurus aurocapilla OVEN318C

AM196 Amerodectes seiurus ex Geothlypis formosa KEWA064A

AM200 Amerodectes seiurus ex Seiurus aurocapilla OVEN191A

AM140 Amerodectes seiurus ex Seiurus aurocapilla OVEN179

AM142 Amerodectes seiurus ex Seiurus aurocapilla OVEN251A

AM131 Amerodectes sp4 ex Parkesia noveboracensis NOWA305A

AM155 Amerodectes sp3 ex Protonotaria citrea PROW310A

Figure 5. Tanglegram of Amerodectes feather mites (on right; gene tree) and their parulid hosts (on left). Line styles and colors indicate level 
of significance of each host-mite link estimated by the ParaFitLink1 (F1) after 100 ParaFit runs and correcting each p-value using the Ben-
jamini–Hochberg correction for false discovery rate: solid green lines indicate a significant host–mite link and long-dashed gray lines indi-
cate non-significant links.
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aggression/territoriality, interspecific sociality (likely during 
winter or spring; Eaton 1953, Jones et al. 2000), and klep-
toparasitism of nest material (as has been documented with 
Setophaga virens and Setophaga fusca stealing nesting material 
from Setophaga cerulea; Jones et al. 2007, T. J. Boves unpubl.).

Geography may also help explain the patterns of likely 
host switching that we uncovered (similar to avian lice 
studied in Weckstein 2004, Sweet and Johnson 2016, 
Catanach et al. 2017, Sweet et al. 2017). The hosts we stud-
ied vary in their geographic overlap during different stages 
of their annual cycle (breeding, migration, non-breeding; 
Stephenson and Whittle 2013). This extent of overlap, which 
may be correlated with the likelihood that two species would 
come into contact, could explain the pattern that we docu-
mented. Again, using Seiurus aurocapilla and G. formosa as 
an example, although they are minimally sympatric during 
the breeding season (mainly only in the central and southern 
Appalachian Mountains), they overlap more so during the 
winter and migration period, when they may also be less ter-
ritorial and even potentially aggregate (Porneluzi et al. 2011, 
McDonald 2013). 

Another possible factor that could help explain the patterns 
of host switching that we documented is brood parasitism. 
Many of these warblers are parasitized by the brown-headed 
cowbird, Molothrus ater (Icteridae), and although it is not 
thought that M. ater retain feather mites from foster parents 
(Atyeo and Gaud 1983), it may be possible that they act as 
a temporary carrier that could distribute symbionts to novel 
hosts (Krüger 2007). This premise is supported by the fact 
that M. ater are not only known to harbor nasal mites associ-
ated with closely related icterids, but also from other host 
families (such as Cardinalidae; Pérez 2016). 

Finally, it is possible that host switching could occur dur-
ing inter-species mating events (Willis et al. 2014). There 
are many documented cases of successful hybridization 
between parulid species (McCarthy 2006, Burrell et al. 2016, 
Toews et al. 2016) and the acts of copulation and subsequent 
brooding may provide enough direct contact across species 
for mites to transfer both horizontally and vertically. Inves-
tigation of feather mites on parulid species that are known 
to frequently hybridize (e.g. Vermivora cyanoptera and V. 
chrysoptera), and the hybrids themselves, could help elucidate 

Setophaga pensylvanica

Setophaga caerulescens

Setophaga ruticilla

Oreothlypis peregrina

Parkesia noveboracensis

Vermivora chrysoptera

AM116 Proctophyllodes quadratus ex Setophaga pensylvanica CSWA386A

AM157 Proctophyllodes quadratus ex Oreothlypis peregrina TEWA283A

AM72 Proctophyllodes quadratus ex Setophaga ruticilla AMRE138A

AM85 Proctophyllodes quadratus ex Setophaga caerulescens BTBW152A

AM64 Proctophyllodes quadratus ex Parkesia noveboracensis NOWA301B

AM132 Proctophyllodes quadratus ex Parkesia noveboracensis NOWA316A

AM159 Proctophyllodes quadratus ex Oreothlypis peregrina TEWA294A

AM160 Proctophyllodes quadratus ex Oreothlypis peregrina TEWA167C

AM177 Proctophyllodes basal quadratus ex Vermivora chrysoptera GWWA390A

Figure 6. Tanglegram of Proctophyllodes feather mites (on right; gene tree) and their parulid hosts (on left). The long-dashed gray lines indi-
cate that no host-mite links were significant according to the ParaFitLink1 (F1) estimate after 100 ParaFit runs and correcting each p-value 
using the Benjamini–Hochberg correction for false discovery rate.
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the probability of this scenario. Importantly, due to hybrid-
ization in hosts, inferences based solely on mitochondrial 
genes may be problematic due to the potential of subsequent 
introgression (Funk and Omland 2003). Thus, incorporating 
nuclear genes (for both hosts and mites) would help provide 
insight to results obtained from mitochondrial genes alone. 
In general, the next step in understanding how these sym-
bionts have been able to successfully move between, survive 
on, and maintain symbiotic relationships with multiple hosts 
would be to model the explanatory power of each of these 
factors in relation to the sharing of hosts that we have docu-
mented. 

Another especially interesting outcome of our study is that 
five host species harbored P. quadratus (three of which, all in 
the genus Setophaga, also harbored A. sp1). This could imply 
that P. quadratus has only recently jumped to new hosts, and 
incorporating a molecular clock may be useful for address-

ing this question. Alternatively, the fact that so little diversi-
fication has occurred may suggest that either there has been 
considerable gene flow within P. quadratus associated with a 
wide diversity of parulid hosts, the mite has very large popu-
lation sizes compared to its hosts, or that it has a relatively 
general ecological niche compared to Amerodectes species. 
Analyzing this hypothesis will require experimental testing, 
such as transplanting P. quadratus onto different hosts and 
assessing its ability to survive. The ability to rear feather mites 
in a laboratory setting would also be helpful for this type of 
experimental testing.

We also documented a case of synhospitality, which occurs 
when one host species simultaneously bears more than one 
symbiont species of one genus (Eichler 1966, Bochkov and 
Mironov 2008). Most feather mites of Setophaga discolor were 
A. sp2, but there was one instance of A. sp1 inhabiting S. 
discolor. This may have resulted from a more common host 
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Figure 7. Amerodectes phylogenetic tree with host nesting ecology mapped. One ground-nesting species (Vermivora chrysoptera) is found in 
a clade with shrub/canopy nesters, and is denoted with an asterisk (*), but this did not influence the overall significant pattern.
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of A. sp1 horizontally transferring mites to S. discolor (host 
switching), which was inferred from the Amerodectes gene tree 
analysis in Jane ver. 4.

A feather mite provides evidence for phylogenetic 
placement of its host

Although not directly related to our objectives, uncovering 
P. aff. trisetosus on Icteria virens is notable because: 1) feather 
mites from this host species have not been investigated before, 
and 2) placement of I. virens within Parulidae has been long-
debated, with arguments of better placement within Icteri-
dae (Sibley and Ahlquist 1982, Klicka et al. 2000, Lovette 
and Bermingham 2002, Lovette et al. 2010), or in its own 
family, Icteriidae (Barker et al. 2013, 2015). Recently, I. 
virens has officially been placed in its own family, Icteriidae 
(Chesser et al. 2017), which is more closely related to Icteri-
dae than Parulidae (Barker et al. 2013, 2015). If a symbiont’s 
evolution reflects the evolution of their hosts, our evidence 
supports the recent placement within Icteriidae because P. 
aff. trisetosus is more closely related to mite species found on 
hosts of Icteridae (such as P. egglestoni and P. anthi; Atyeo and 
Braasch 1966) than with any of the other parulids we stud-
ied. Of course, additional genetic data is necessary to support 
this conclusion, but it merits further investigation.

Conclusions

In conclusion, by using distance- and event-based cophy-
logenetic analyses, we found that the symbiosis between 
Amerodectes and Proctophyllodes feather mites and 13 of 
their Parulidae hosts has a faint cophylogenetic signal, but 
no evidence for strict cospeciation, contrary to what we 
hypothesized. The observed patterns are likely due to host 
switching between hosts that are closely linked evolution-
arily, ecologically, behaviorally and/or geographically. Future 
investigations that model how ecological traits may explain 
the associations between feather mites and their hosts will 
be informative in further untangling the complex evolution-
ary ecology of this host–symbiont system. Similar studies 
involving obligate symbionts are needed so that we can better 
understand how these associations may differ over time or 
space and across host–symbiont systems.
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