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Darwin’s vision of a “Tree of Life” showing evolutionary relationships among all extant species seems an
increasingly feasible goal, at least for vertebrate animals. However, virtually all published molecular phy-
logenies for closely related animals are based on a single locus - maternally inherited mitochondrial DNA.
New approaches using multiple nuclear loci are needed to test published trees and better resolve the
twigs of the entire tree of life. Here we use New World orioles (Icterus) to test an approach based on com-
bined analysis of six independent Z chromosome introns. Combined analysis of multiple introns using

;(}ely ‘;Zored;;tics traditional phylogenetic methods resolved a well-supported species phylogeny of New World orioles.
Coflcagtenation In fact, all major lineages of orioles and several sub-clades that are well-supported by previously pub-

lished mtDNA data are also strongly supported by the combined nuclear Z-intron tree. The male-biased
Z-intron tree presented here is overwhelmingly congruent with the female-exclusive mtDNA tree. A slow
rate of mutation relative to mtDNA resulted in generally poorly resolved gene trees when intron loci were
analyzed separately. However, strong phylogenetic signal for all but the most recent divergences
emerged once multiple loci were concatenated and analyzed in combination. Although there clearly
are conditions under which concatenation analysis of nuclear DNA can be misleading, the congruence
between mitochondrial and nuclear estimates of the Icterus phylogeny suggests that concatenation
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remains a powerful tool for inferring phylogenetic relationships for all but very recent divergences.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Mitochondrial DNA has long been the locus of preference for
determining phylogenetic relationships between closely related
animal species. The great utility of mitochondrial DNA (mtDNA)
comes from its rapid mutation rate and short coalescence time rel-
ative to autosomal nuclear DNA, making it particularly well suited
for addressing lower-level taxonomic questions. However, infer-
ring evolutionary relationships solely based on evidence from
one gene tree is inadequate, as it provides only one independent
estimate of the species tree (Moore, 1995). Despite its favorable
attributes, mtDNA is not exempt from confounding genealogical
processes such as incomplete lineage sorting of retained ancestral
polymorphisms, introgression, and different maternal lineages
(Funk and Omland, 2003; Ballard and Rand, 2005). A general lack
of recombination (Rokas et al., 2003a; Berlin et al., 2004; but see
Tsaousis et al., 2005) also means that sampling more mitochondrial
loci will not help overcome these challenges.
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Nuclear genes are currently utilized extensively to test mtDNA
derived phylogenies of a wide range of organisms (e.g., Sota and
Sasabe, 2006; Benavides et al., 2007; Hackett et al., 2008). A single
nuclear gene tree might provide a reliable estimate of higher-level
phylogenies, where population sizes typically have been small rel-
ative to the branch lengths and tend to generate gene trees that
overall are congruent with mtDNA trees at deeper phylogenetic
levels. However, in order to accurately infer recent nodes in the
“Tree of Life” it is necessary to combine data from multiple inde-
pendent loci such as nuclear introns, non-coding portions of pro-
tein-coding genes generally assumed to be selectively neutral
(Irimia and Roy, 2008).

However, it remains uncertain how well nuclear introns work at
the species-level (but see Allen and Omland, 2003; Peters et al.,
2005; Barker et al., 2008; Carling and Brumfield, 2008b). Their
much slower mutation rate relative to mtDNA limits the amount
of information available for phylogenetic inference and the level
of resolution that can be obtained along short internodes and ter-
minal branches. Moreover, their generally much larger effective
population size (N,) relative to mtDNA extends the coalescence
process (sometimes even by several million years) before reaching
reciprocal monophyly (Hudson and Turelli, 2003). Random reten-
tion and extinction of ancestral alleles and incomplete lineage sort-
ing (deep coalescence) causes large variance in the coalescent
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process that could lead to incongruent gene trees and incongru-
ence between gene trees and the underlying species tree at early
stages of divergence (Pamilo and Nei, 1988; Takahata, 1989; Car-
stens and Knowles, 2007; Knowles, 2009).

So how can we infer phylogenies of recently diverged taxa given
the challenges of nuclear introns? Other rapidly mutating nuclear
markers such as microsatellites and AFLPs have provided robust
phylogenies of closely related taxa (e.g., Petren et al., 1999; Sulli-
van et al., 2004; Mendelson and Shaw, 2005; Mendelson and Si-
mons, 2006), but are generally less favored for phylogenetic
inference due to more questionable homology and homoplasy
compared to sequence data (Jarne and Lagoda, 1996; Meudt and
Clarke, 2007). Furthermore, these hyper variable markers suffer
from the same slow rate of coalescence experienced by any autoso-
mal nuclear locus evolving by neutral genetic drift (Zink and Bar-
rowclough, 2008).

Concatenation has long been the leading method for inference of
multilocus data sets (e.g., Delsuc et al., 2003; Rokas et al., 2003b;
Steppan et al., 2005; Pages et al., 2008; Wiens et al., 2008; Parra
etal., 2009). However, recent studies have shown that for simulated
data, the most probable tree is sometimes not identical to the true
species tree and that concatenation of highly incongruent genealo-
gies can produce inconsistent results (Degnan and Rosenberg,
2006; Kubatko and Degnan, 2007; Liu and Edwards, 2009).

What is truly needed, regardless of method of inference, are fas-
ter sorting nuclear loci that may provide resolution near the tips of
a species tree. For animal taxa with chromosomal sex determina-
tion, loci linked to the sex chromosomes may offer just that (Ezaz
et al., 2006). Like several other animal taxa (e.g., Mank et al., 2006;
Traut et al., 2007; Nakamura, 2009), birds display reversed hetero-
gamety wherein females are the heterogametic sex (ZW) and
males are the homogametic sex (ZZ) (Fridolfsson et al., 1998). Loci
linked to the avian Z chromosome are therefore expected to have a
slightly smaller (34) N, than autosomal loci and are thus also likely
to sort slightly faster. Furthermore, Z-linked loci are expected to
recombine less frequently than autosomal loci since females carry
a single copy of the Z chromosome. While maternally inherited W-
linked genes should trace the history of mitochondrial genes, Z-
linked genes that spend 2/3 of their evolutionary time in the male
genome may offer a more robust way to test mtDNA derived phy-
logenies. In addition, thanks to the fully sequenced chicken (Gallus
gallus) genome, partially assembled zebra finch (Taeniopygia gutta-
ta) genome and the recently completed linkage mapping of the col-
lared flycatcher (Ficedula albicollis) genome (Backstrom et al., 2006,
2008), we now know that there is extensive synteny and gene order
conservation across deep avian lineages. This knowledge is invalu-
able to the study of non-model organisms, as we now have a huge
number of conserved loci “known” to be linked to the Z chromosome
to pick from. Several Z-linked loci have been utilized in comparative
studies and population genetic studies (e.g., Setre et al., 2002; Borge
et al.,, 2005; Carling and Brumfield, 2008b), but the potential power
of these loci for testing phylogenies has yet to be demonstrated.
Their smaller N, and thus expected faster sorting rate may render
them much better suited at resolving species-level relationships of
organisms with similar sex determination.

This study seeks to test the robustness of a well-resolved
mtDNA phylogeny of New World orioles (Omland et al., 1999;
Sturge et al., 2009) using multiple Z-linked introns. The genus Ic-
terus constitutes a monophyletic group within the New World
blackbirds (family Icteridae: Lanyon and Omland, 1999), and con-
sists of roughly 30 species with more than 60 sub-species de-
scribed to date (Clements, 2007). The genus contains three well-
supported lineages of orioles, labeled clades A, B, and C by Omland
et al. (1999). Our lab has relied on the mitochondrial phylogeny of
Icterus for many years, as the New World orioles have been the
focus of extensive research on reconstructing the evolution of

behaviors such as migration and song (Kondo, 2006; Price et al.,
2007) as well as plumage traits such as pigmentation and sexual
dichromatism (Hofmann et al., 2006, 2007a, 2007b, 2008a,b; Fried-
man et al., 2009). Due to the potential pitfalls of over-reliance on
mtDNA evidence, it has been a long-standing goal to rigorously test
the phylogenetic relationships within Icterus using a multilocus ap-
proach. Previous intron work on Icterus demonstrated that nuclear
introns can provide some support for deeper relationships (clades
A, B, and C) within the genus (Allen and Omland, 2003), but it re-
mains to be demonstrated to what degree the challenges presented
by slow mutation, (incomplete) lineage sorting and potential intro-
gressive hybridization can be overcome. Here, we show that tradi-
tional combined analysis of multiple sex-linked intron loci can
resolve all but the most recent divergences and produce a robust,
concordant estimate of the Icterus phylogeny.

2. Materials and methods
2.1. Taxon sampling

The study included a total of 32 individuals. Single representa-
tives were selected for each of 29/30 recognized species of Icterus
orioles (Clements, 2007). The only missing species, the monotypic
South American Campo troupial (Icterus jamacaii), was excluded
due to a lack of fresh voucher tissue. For the same reason, this tax-
on was not included in the previously published mitochondrial
phylogeny (Omland et al., 1999). To root the nuclear Icterus trees,
the study also included single representatives of genera from the
other major clades within the family Icteridae (Agelaius, Cacicus,
and Sturnella) (Lanyon and Omland, 1999). Voucher sample details
are listed in Appendix A.

2.2. Data collection

Genomic DNA was extracted from muscle tissue using Qiagen
DNeasy extraction kits (Qiagen). The six Z-linked loci included in
the study are ADAMTS6 metallopeptidase with thrombospondin
type 1, motif 6 intron 5 (ADAM-5), aldolase-B fructose-biphosphate
intron 5 (ALDO-5), Brahma protein intron 15 (BRM-15), chromo-
helicase-DNA binding protein intron 18 (also known as locus
CHD1Zb; CHD-18), muscle skeleton receptor tyrosine kinase intron
4 (MUSK-4), and solute carrier family 30 (zinc transporter), mem-
ber 5 intron 9 (SLC-9). With the exception of ALDO-5, all six tar-
geted intronic regions were amplified using exon-primed intron-
crossing (EPIC) primer combinations available in the literature (Ta-
ble 1). Amplification of ALDO-5 was achieved using modified prim-
ers designed specifically for Icterus (Table 1). In order to enhance
the quality of the sequence reads, all locus-specific primers were
end-tagged with flanking oligos corresponding to universal M13
sequencing primers. All 15 pL PCR mixes included 10x Taq buffer
w/KCl, 0.25 mM MgCl,, 0.26 uM of each primer, 0.2 mM of each
dNTP, and 0.75 U Taq DNA polymerase. All loci were amplified on
a PTC200 (M] Research) thermal cycler under the following profile:
initial denaturing at 95 °C for 5 min, followed by 30 cycles of 95 °C
for 30 s, primer-specific annealing temperature (T,; see Table 1) for
30s, 72°C for 45s, followed by a final extension at 72 °C for
10 min. Three microliters of PCR products was electrophoresed in
1% agarose TAE gels to confirm amplification success and the ab-
sence of contamination (i.e., no amplification of negative control).
PCR products were purified by digesting unincorporated nucleo-
tides and primers using a diluted (1:9) mixture of exonuclease
and shrimp alkaline phosphatase (ExoSAP-IT; USB). Five microli-
ters of ExoSAP-IT mixture was added to each remaining 12 pL of
PCR product and incubated for 30 min at 37 °C, followed by
15 min at 80 °C. Purified reactions for all loci were then sequenced
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Table 1

Loci included in study, primer sequences and sources, locus-specific annealing temperatures (T,), locus length, best-fitted substitution models, and number of parsimony-

informative sites (PI) for ingroup taxa.

Gene region Primer sequence (5’ — 3') Primer source T.(°C) Length (bp) Substitution model PI

ADAM-5 F: GGAGAGAATGGATTTCTGCC Backstrom et al. (2006) 55 596-599 HKY +1 10
R: TGATTCCAGTCTAGGAAACG

ALDO-5 F: ATCCAGGAGAATGCCAACAC Friesen et al. (1999) and Kondo et al. (2008) 60 249-258 K80 6
R: CTCCACAATGGGTACCAAGC

BRM-15 F: AGCACCTTTGAACAGTGGTT Borge et al. (2005) 51 357-364 HKY 10
R: TACTTTATGGAGACGACGGA

CHD-18 F: ACATACAGGCTCTACTCCT Ellegren and Fridolfsson (1997) 55 320-330 GTR+I" 11
R: CCCCTTCAGGTTCTTTAAAA

MUSK-3 F: CTTCCATGCACTACAATGGGAAA  Designed by F. K. Barker (see Clark and Witt, 2006) 50 556-565 GTR+I 16
R: CTCTGAACATTGTGGATCCTCAA

SLC-9 F: TCTGGAGGAGGGGTAGTGAG (Backstrom et al., 2006) 56 406-416 HKY +1+1 13
R: AGGAGAATAGCCAATAAGGG

zDNA combined 2540 GTR+I’ 66

mtDNA combined 2005 GTR+1+1I 475

using the universal primers M13F-29/M13R and BigDye 3.1 cycle
sequencing chemistry (Applied Biosystems) following the manu-
facturer’s recommended protocol and cycling conditions. Cycle
sequencing products were purified using the manufacturers’ rec-
ommended ethanol + EDTA precipitation protocol and analyzed
on an Applied Biosystems 3100 automated capillary sequencer.
Resulting DNA chromatograms and base calls were checked and
edited in Sequencher 4.2 (Gene Codes). Heterozygous sites con-
firmed by the presence of double peaks in both complementary
DNA strands were coded as polymorphisms using the appropriate
[UPAC standard ambiguity codes, gaps were coded as (-), and miss-
ing data were coded as (?). All sequences are deposited in GenBank
(Accession Nos. GU972812-GU973001).

2.3. Data analysis

Edited sequence contigs for all six loci were aligned in ClustalX
(Thompson et al., 1997) using gap opening and gap extension pen-
alties of 10 and 5, respectively. The resulting near-optimal align-
ments were subsequently refined by eye. An ambiguously
aligned region (17 bp) of single nucleotide repeats was excluded
from locus SLC-9 prior to analysis.

The intron partitions were analyzed both separately and com-
bined (by concatenation) using maximum parsimony (MP), maxi-
mum likelihood (ML), and Bayesian approaches (BA). Alignment
gaps were initially treated as missing data. To provide a better
comparison of phylogenetic estimates, a subset of the original
mtDNA data set from Omland et al. (1999) and recently added se-
quence data (Sturge et al., 2009) corresponding to the focal 32 taxa
was re-analyzed using MP, ML, and BA. Equally-weighted maxi-
mum parsimony heuristic searches were conducted in PAUP
(Swofford, 2002), with ten random addition sequence replicates
and tree bisection-reconnection (TBR) branch-swapping. Separate
MP analyses were performed with the exclusion and inclusion of
indel characters. Potentially informative indel (insertion-deletion)
characters identified by alignment gaps were coded as binary char-
acters according to the method of modified complex indel coding
(Miiller, 2006) implemented in the software SeqState 1.4 (Miiller,
2005). Nodal support for MP trees was assessed via heuristic
bootstrap searches (Felsenstein, 1985) with ten random addition
sequence replicates per 1000 bootstrap replicates. Due to indeter-
minate search lengths for some of the intron partitions, we re-
stricted each search to a maximum of 1,000,000 rearrangements
per replicate for the separate analyses.

Maximum likelihood searches were conducted in GARLI 0.96b7
(Zwickl, 2006) by implementing the best fitting substitution mod-

els identified for individual intron partitions, the combined nuclear
data set, and the mtDNA data set (Omland et al., 1999; Sturge et al.,
2009) using MrModelTest (Nylander et al., 2004) under the Akaike
information criterion (see Table 1). Two independent searches
were performed for each intron partition and the combined data
set using different random starting seeds. Alignment gaps (indels)
were treated as missing data for these analyses. As for MP analyses,
nodal support was evaluated using non-parametric bootstrap
searches with 1000 pseudo-replicates. ML majority-rule bootstrap
consensus trees were assembled by importing the GARLI tree files
into PAUP . MP and ML bootstrap proportions of >70% were con-
sidered to provide strong nodal support.

Bayesian tree searches were conducted in MrBayes 3.1 (Huel-
senbeck and Ronquist, 2001; Ronquist and Huelsenbeck, 2003).
Here, individual intron partitions were allowed to evolve indepen-
dently by specifying separate substitution models (as determined
by MrModeltest: see Table 1) for all partitions and unlinking the
parameter estimates across partitions. Since MrBayes only allows
designation of a single outgroup taxon in its current implementa-
tion, Sturnella was selected as outgroup for the Bayesian analysis.
The mtDNA data was treated as a single partition in both ML and
Bayesian analyses. The Markov chain Monte Carlo (MCMC) algo-
rithm was run for 1 x 108 generations for both Z-intron DNA and
mtDNA data sets, sampling trees every 1 x 10% generations, using
four Markov chains with default heating values. Stationarity of
the MCMC and the posterior probability estimates obtained from
two independent runs from random starting points was assessed
by examination of trace plots of log likelihoods (In L) using TRACER
1.3 (Rambaut and Drummond, 2004). Trees sampled before reach-
ing stationarity were discarded as burnin, and a majority-rule con-
sensus tree (excluding burnin trees) was assembled using MrBayes
(Ronquist and Huelsenbeck, 2003). Nodes receiving a posterior
probability (PP) >0.95 by Bayesian inference were considered sta-
tistically robust.

2.4. Tests of congruence

To assess the level of phylogenetic concordance between the
nuclear (Z-intron DNA) and mitochondrial (mtDNA) data sets we
employed a suite of incongruence tests. First, a partition homoge;
neity test (ILD tests: Farris et al., 1994) was conducted in PAUP
4.0b10 (Swofford, 2002) to test for phylogenetic conflict between
the mtDNA and Z-intron DNA data sets. Only ingroup taxa and par-
simony-informative characters were considered for this test. Sec-
ond, comparisons of ML trees as inferred by GARLI were
performed in PAML (Yang, 2007) using the Kishino-Hasegawa
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(KH) test (Kishino and Hasegawa, 1989). Both the ILD test and the
KH test have limitations and problems attached to them (Planet,
2006). Yet, they provide reasonable metrics of the degree of incon-
gruence in the underlying data. Since the objective was to test the
congruence of Icterus relationships as inferred by independent
mitochondrial and nuclear data the outgroup taxa were excluded
from these tests. For completeness, we reconstructed a “total evi-
dence” tree (sensu de Queiroz et al., 1995) based on combined
analysis of mtDNA and Z-intron DNA data using the same methods
of inference as described above. This not only allowed assessment
of the effects potentially contradicting mtDNA and combined Z-in-
tron DNA signals might have a on total evidence analysis, but also
the relative fit of the total evidence tree to the two underlying
independent datai sets. Finally, we estimated branch lengths on this
tree using PAUP based on both mtDNA and Z-intron DNA data
sets. A Spearman’s ranks test was used to determine whether the
branch lengths calculated based on mtDNA correlated with branch
lengths calculated based on independent Z-intron DNA.

3. Results
3.1. Intron characters

Amplification of six Z-linked intron loci for the 32 taxa included
in the study yielded a total of 2540 nucleotide characters, of which
80 were parsimony-informative (PI) overall (66 PI for ingroup taxa;
Table 1). A total of 24 alignment gaps (indels) were present in the
data set. Of these, 22 indel characters were coded and added to the
data matrix (five PI for ingroup; Table 1). For comparison, the exist-
ing mtDNA data set (2005 bp) on the same 29 ingroup taxa con-
tained 475 PI characters (see Table 1). Only three of 192 total
amplifications failed; Icterus wagleri at ADAM-6, Icterus auratus at
CHD-18, and Icterus prosthemelas at SLC-9. While I. wagleri and I
auratus were represented as missing data in these instances, a sec-
ond individual collected at the same location was chosen to repre-
sent I. prosthemelas at locus SLC-9 (see Appendix A). All females
included in study were homozygous across all loci sequenced, sup-
porting the assumption that these six loci indeed are Z-linked. See
Table 1 for details regarding mtDNA data included in study.

3.2. Nuclear gene tree inference

Individual nuclear gene trees were generally poorly resolved
with only one or a few strongly supported nodes (receiving
>70% bootstrap proportion (BP) and >0.95 Bayesian posterior
probability (PP); see Table 2). The intron loci differed greatly in
the degree of support for Icterus relationships, as a given gene tree

typically only supported some of the deeper relationships within
the genus (i.e., clade A, B, or C with little or no resolution near
the tips). Whereas no node in the mtDNA tree was supported by
all nuclear gene trees, a majority of loci strongly supported the
monophyly of Icterus (node 14, Table 2) and the sister relationship
between Icterus graduacauda and Icterus chrysater (node 13, Table
2). Importantly, no strongly supported ingroup nodes in any nucle-
ar gene tree were incongruent with other nuclear gene trees or in
discord with the mtDNA tree. Conflicting nodes were supported by
only a single intron locus and with weak or no bootstrap support or
posterior probabilities (<50% BP and <0.70 PP; except SLC-9 sup-
porting Cacicus as nested within clade C with 61% MP BP, 79% ML
BP, and 1.0 Bayesian PP).

3.3. Combined analysis of multiple introns

Combined analysis of all six Z-linked introns yielded a well-re-
solved nuclear phylogeny of Icterus (Figs. 1 and 2). The three major
clades (A, B, and C) were all recovered with moderate to strong
support (Figs. 1 and 2, Table 2). Furthermore, most sub-clades
strongly supported by the mtDNA data (hereafter referred to as
clades A;_,, B3, and C;_,, see Fig. 2) were also strongly supported
by the combined nuclear data (Figs. 1 and 2 and Table 2). Overall,
the three methods of inference used (MP, ML, and BA) provided
similar levels of support for nodes in the combined Z-intron tree.

3.4. Topological concordance between Z-intron DNA and mtDNA

The well-supported nuclear DNA tree resolved by combined
analysis of multiple sex-linked introns is remarkably congruent
with the published mitochondrial tree of Icterus (Omland et al.,
1999, also see Figs. 1 and 2 this paper). Of 14 nodes that are
strongly supported by at least two of three methods used to ana-
lyze the concatenated Z-intron data, 12 (86%) are also strongly sup-
ported by mtDNA data (see Figs. 1, 2 and Table 2). Furthermore,
branch lengths reconstructed onto the total evidence tree (n =59)
based on nuclear and mitochondrial DNA were also highly corre-
lated (Spearman’s rank test; rs=0.69, ts57=7.18, Diwo-tailed <
0.000001, also see Fig. 2).

There are some interesting points of disagreement between the
two data sets as well. One concerns the position of the deep and
species-poor lineage leading to I. maculialatus, reconstructed as sis-
ter to clade A in the mtDNA tree and sister to clade C in the Z-in-
tron tree. This conflict will be dealt with in greater detail below.
Another source of conflict involves two sister relationships within
sub-clade C; (see Fig. 2). The mtDNA tree strongly supports Icterus
abeillei as sister to Icterus galbula, whereas the Z-intron tree places

Table 2

Confidence indices based on MP and ML bootstrap proportions (BP), and Bayesian posterior probabilities (PP), respectively.
Locus/Node zDNA ZDNA" mtDNA ADAM-5 ALDO-5 BRM-15 CHD-18 MUSK-3 SLC-9
1(A) 98/100/1.0 99/NA/NA 95/97/1.0 -/54/0.74 90/90/1.0 87/94/1.0
2 (Ay) 81/75/0.99 82/NA/NA 100/100/1.0 95/95/1.0 61/60/0.56
3 88/90/1.0 90/NA/NA 100/100/1.0 65/65/0.99 67/62/0.88
4 (Ay) 51/62/0.96 61/NA/NA 70/78/0.99 63/63/0.92
5 100/100/1.0 100/NA/NA 100/100/1.0 61/62/0.92 67/68/0.99 97/96/1.0 60/67/0.96
6 (B) 85/95/1.0 85/NA/NA 54/72/0.79 65/62/0.93 -/-/0.52
7 (By) 100/100/1.0 100/NA/NA 100/100/1.0 62/78/0.97 64/66/0.97 78/88/1.0
8 (Ba) 80/86/1.0 76/NA/NA 91/97/1.0 84/88/1.0 61/69/0.98
9 (0) 96/99/1.0 94/NA/NA 99/100/1.0 -/52/0.92 -/60/0.85
10 (Cy) 97/100/1.0 99/NA/NA 100/100/1.0 64/64/0.70 -/62/0.88 -/88/0.72 61/65/0.82
11 66/79/0.99 67/NA/NA 100/100/1.0 -/50/- 59/65/0.72
12 (G) 52/75/0.92 86/92/0.89 54/68/0.84
13 100/100/1.0 100/NA/NA 100/100/1.0 62/71/0.97 54/65/0.92 97/98/1.0 91/92/1.0 84/92/1.0 -/0.52/0.77
14 (Icterus) 99/100/1.0 100/NA/NA 100/100/1.0 80/77/0.96 63/80/0.90 96/98/1.0 56/83/0.99

" MP bootstrap proportions for Z-intron tree with the inclusion of 22 indel characters.
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Fig. 1. Parsimony Z-intron DNA (left) and mtDNA (right) trees of 29 species of Icterus orioles (we randomly chose one of the 54 and one of the three most parsimonious trees,
respectively). Trees are rooted by three outgroups from family Icteridae. Shaded areas outline three major clades of orioles (A, B, and C) within genus Icterus. Nodal confidence
is indicated by MP and ML bootstrap proportions and Bayesian posterior probabilities. Support values in bold refer to nodes supported by both nuclear and mitochondrial
data. Support values highlighted by asterisks indicate nodes that are only resolved by mtDNA. Note the conflicting arrangement of I. bullockii and I. galbula as indicated by the
dotted lines. While mtDNA strongly supports a close sister relationship between I. galbula and I. abeillei, nuclear DNA instead suggests a close sister relationship between I.

bullockii and I. abeillei.

L. abeillei sister to Icterus bullockii with moderate to strong support
(see Figs. 1, 2 and Table 2).

The ILD test revealed no strong conflict between these two
independent estimates of the underlying species tree (p = 0.655).
However, maximum likelihood comparisons of mtDNA and Z-in-
tron trees (topology plus branch lengths) indicated significant
incongruence between nuclear and mitochondrial data sets (Table
3). The most obvious conflict between the mtDNA and Z-intron
trees concerns the placement of Icterus maculialatus (Figs. 1 and
2). A Z-intron tree constrained to fit this particular aspect of the
mtDNA tree topology (i.e., with I. maculialatus sister to clade A)
was a significantly worse fit to the concatenated Z-intron data
set than the unconstrained tree (KH test: diff L=-17.44;
p=0.033; see Table 3). On the other hand, a mtDNA tree con-
strained to fit the Z-intron tree topology (i.e., with I. maculialatus
as sister to clade C) was not a significantly worse fit than the
unconstrained mtDNA tree (KH test: diff L < —0.001; p = 0.495).

4. Discussion

Combined analysis of multiple Z-linked introns resolved a well-
supported nuclear tree of the New World orioles (Icterus).

Obtaining such high resolution within a recent radiation like Ic-
terus using slowly evolving nuclear introns is quite surprising,
especially given the few informative characters present in the data
set (71 ingroup characters including indels). Although the nuclear
Z-intron characters are much fewer in number, they display little
homoplasy compared to mtDNA as indicated by the Consistency
Index and the Rescaled Consistency index (Cl=0.89 and 0.42;
RC=0.81 and 0.23 for Z-intron DNA and mtDNA, respectively).
Clearly, the Z-intron characters are highly informative once ana-
lyzed in combination. While individual gene trees generally pro-
vided poor resolution for oriole relationships within the three
major clades, combining data from multiple Z-linked introns re-
solved nearly all but the most recent divergences (2-3 million
years ago or about 5% mtDNA divergence: see Omland et al,
1999). Strikingly, almost all of the deeper nodes in this Z-intron
tree agree with mtDNA.

The New World orioles present perhaps a unique opportunity to
evaluate the utility of the concatenation approach at the species-
level, because rarely is a robust mtDNA tree of such a densely sam-
pled genus of birds available for direct comparison. Specifically, the
presence of short (in coalescent units) internal branches in the spe-
cies tree greatly increases the probability of incongruence among
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Fig. 2. ML trees of 29 Icterus species based on concatenation of six Z-linked introns (left) and two mitochondrial genes (right). Fourteen labeled nodes are strongly supported
by both data sets (see Table 2, for details). Shaded areas outline six sub-clades within the three major lineages of orioles (A1, A, By, Ba, Cy, C2) that agree between Z-intron DNA
and mtDNA. Support indices for individual intron partitions are listed in Table 2. Branch lengths were estimated using GARLI - note the similarity in internode length between

the two data sets.

Table 3

Tests of congruence between nuclear, mitochondrial, and total evidence data sets as
evaluated using maximum likelihood based Kishino-Hasegawa (KH) tests. In addition
to the overall fit of inferred tree topologies to the three data sets, the specific fit of
conflicting placements of I. maculialatus to the mtDNA and Z-intron (zDNA) data sets
was evaluated. Only ingroup taxa were considered for congruence testing. P-values
were corrected for multiple testing.

Tree mtDNA DNA Total I. maculialatus 1. maculialatus
Topology evidence sister to A sister to C
Data Set (mt +zDNA)

mtDNA Best <0.001 0.215 Best 0.495

zDNA 0.008 Best 0.039 0.033 Best
mt+ZDNA 0.173 <0.001 Best

gene trees (i.e., the “anomaly zone”: Degnan and Rosenberg, 2006)
and decreases the chances that concatenation infers the true spe-
cies tree. Hence, when strong gene tree-species tree discord is sus-
pected other non-concatenation approaches are required to
achieve a robust estimate of the phylogeny (reviewed in Degnan
and Rosenberg (2009)). Here, combined analysis of multiple Z-
linked introns resolved a tree that largely corroborates a robust
mtDNA tree, both with respect to branching order and branch
lengths.

Whether the Icterus phylogeny is simply a relatively “easy”
problem, or if our apparent success results from the use of faster
sorting and less recombining loci linked to the Z chromosome that
are perhaps more likely to reflect concordant histories is difficult to
assess at this point. But recent work suggests that sex-linked loci
(e.g., Z-introns) may indeed be more useful than autosomal loci
near the species boundary (see Carling and Brumfield, 2008a; Petit
and Excoffier, 2009; Storchova et al., 2010). Our ongoing popula-
tion genetic studies on orioles provide even more compelling

evidence. A comparison of multiple Z-linked and autosomal intron
loci sequenced across four closely related taxa revealed that
Z-linked introns seem to have a significantly higher proportion of
fixed differences between species relative to autosomal introns
(F. Jacobsen, unpublished data). While mutations likely arise at a
similar rate at Z-linked loci as expected at autosomal loci, lower
N, as well as hitchhiking and background selection could increase
the rate of fixation at Z-linked loci (Betancourt et al., 2004; Singh
and Petrov, 2007).

The most obvious disagreement between the combined Z-in-
tron tree and mtDNA tree involving the position of I. maculialatus
actually only represents weak conflict in the underlying data. Dif-
ferent weighting of mtDNA data result in different placements of
this species (see Omland et al., 1999, for details), the concatenated
Z-intron DNA only weakly supports a sister relationship with clade
C, whereas the total evidence tree places it as sister to clades A and
B with moderate support. The close sister relationship inferred be-
tween I. abeillei and I. bullockii by Z-intron DNA, to the exclusion of
their respective mitochondrial sister taxa, was more unexpected
given previous studies on these taxa (e.g., Kondo et al., 2004,
2008). We are now investigating this species complex using rigor-
ous population-level studies; hybridization and mtDNA replace-
ment is one of possible hypotheses we are testing to explain
these conflicting relationships.

This study represents one of the first attempts to reconstruct a
multilocus nuclear phylogeny of a species-rich genus of closely re-
lated vertebrate species. Our nuclear Z-intron DNA tree largely cor-
roborates the published mitochondrial tree of the New World orioles
(Icterus) and resolves many important clades within the genus. The
few unresolved nodes involve very recent divergences (<2 million
years ago: see Omland et al., 1999), possible gene introgression,
and short branches associated with rapid radiations (e.g., coloniza-
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tion of the Caribbean archipelago). We are currently testing a range
of species-tree methods (e.g., Maddison and Knowles, 2006; Ané
et al.,, 2007; Liu and Pearl, 2007; Heled and Drummond, 2010) and
additional loci to resolve these challenging relationships.
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Genus/species Sub-species Museum Catalog/field No. Sampling locality

Icterus abeillei Monotypic MZFC KEO-028 Mexico, Guanajuato

Icterus auratus Monotypic UAM 7222 Mexico, Yucatan, El Coyo
Icterus auricapillus Monotypic MBM GMS-1823 Panama, Lago Bayano
Icterus bonana Monotypic STRI MA-IBO1 Martinique, Fond Baron
Icterus bullockii bullockii FMNH 341938 USA, CA, Monterey Co.
Icterus cayanensis cayanensis USNM 610174 Guyana, Berbice

Icterus chrysater chrysater UWBM DAB-1573 Nicaragua, Casitta

Icterus chrysocephalus Monotypic FMNH 339734 Venezuela, Sucre, Guanoco
Icterus croconotus croconotus USNM 632483 Guyana, Upper Takutu
Icterus cucullatus igneus MZFC KEO-011 Mexico, Campeche, Xpujil
Icterus dominicensis dominicensis AMNH NKK-1112 Dominican Republic, Peravia
Icterus fuertesi Monotypic MZFC KEO-024 Mexico, Veracruz

Icterus galbula Monotypic BMNH 42547 USA, MN

Icterus graduacauda graduacauda BMNH BMM-212 Mexico, Oaxaca

Icterus graceannae Monotypic ANSP 181810 Equador, Loja, Celica

Icterus gularis tamaulipensis MZFC KEO-003 Mexico, Veracruz, Tlacotalpan
Icterus icterus ridgewayi LSUMZ 11328 Puerto Rico, Cabo Rojo
Icterus laudabilis Monotypic STRI SL-ILA4 St. Lucia, Anse la Sorciere
Icterus leucopteryx Monotypic FMNH 331142 Jamaica, Cornwall Co.
Icterus maculialatus Monotypic INIREB SRF-387 Mexico, Chiapas, Tuxtla Gut.
Icterus mesomelas mesomelas UWBM 52153 Mexico, Chiapas, Estacion Juarez
Icterus nigrogularis nigrogularis USNM 610091 Guyana, West Berbice
Icterus oberi Monotypic STRI MO-I0B4 Monserrat, Soufriere

Icterus parisorum Monotypic FMNH 334367 USA, CA, San Bernardino Co.
Icterus pectoralis pectoralis BMNH 42544 USA, FL, Dade Co.

Icterus prosthemelas prosthemelas BMNH/MZFC 42543/KEO-018 Mexico, Campeche, Xpujil
Icterus pustulatus formosus UWBM 52129 Mexico, Chiapas, Ocozucualta
Icterus spurius Monotypic FMNH 389579 USA, IL, Cook Co.

Icterus wagleri wagleri MZFC 04 Sierra de Huatla Mexico, Morelos

Agelaius phoeniceus - USNM 626365 USA, FL, Hillsborough Co.
Cacicus solitarius - USNM 609510 Argentina, Corrientes
Sturnella neglecta - USNM 586115 USA, WA, Grant Co.
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