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Abstract

We studied phylogenetic relationships of the New World Jays (NWIJs) based on DNA sequences from three mitochondrial and two
nuclear loci. Sampling included at least two individuals from each of the seven NW1J genera and four outgroups of closely related corvids,
as well as six of the 16 Cyanocorax species (including two representatives of the previously recognized “Cissilopha’). Phylogenetic analy-
ses were conducted using maximum parsimony, maximum likelihood, and Bayesian analyses for individual genes and a combined dataset.
The combined phylogenetic analysis supports the basal position of Cyanolyca to all other NWls, a (Cyanocorax (Calocitta, Psilorhinus))
clade, and a ((Cyanocitta, Aphelocoma) Gymnorhinus) clade that agrees with a novel morphological synapomorphy uniting Cyanocitta
and Aphelocoma. Within Cyanocorax, C. yncas (former “ Xanthoura™) is basal to a split among former “Cyssilopha” species and the rest of
the Cyanocorax species. To explore implications for the historical biogeography of the NJWs, we used Dispersal-Vicariance Analysis,
which indicated that NW1Js originated either in Mesoamerica or North America + Mesoamerica, with South American NWJs dispersing

three times independently from Mesoamerica.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The New World jays (NWJs) are an assemblage of 34
species in seven genera of corvids—Aphelocoma, Cya-
nocitta, Gymnorhinus, Cyanolyca, Calocitta, Psilorhinus,
and Cyanocorax—endemic to the Americas. Monophyly of
this assemblage is not in serious doubt, given unique shared
morphological characters (Zusi, 1987). NWlJs have radiated
successfully in tropical, subtropical, and temperate habitats,
and show a mix of narrow endemism (e.g., Cyanolyca mira-
bilis) and broad distributions (e.g., Cyanocitta cristata),
including species of particular conservation concern (Bird-
Life International, 2000). Furthermore, they have served as
a model system for numerous analyses of the evolution of
avian social systems (e.g., Brown, 1963; Fitzpatrick and
Woolfenden, 1985; Edwards and Naeem, 1993; Saunders
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and Edwards, 2000). As such, understanding the historical
underpinnings of current NWJ diversity is critical on a
number of fronts.

Although a broad older literature attempted to treat
NWIJ history and evolution (Amadon, 1944; Hardy, 1961),
the first steps towards an understanding of NWJ phylogeny
began with a study based on cytochrome b sequences
(Espinosa de los Monteros and Cracraft, 1997), which pro-
vided a basic framework, but little detail of specific rela-
tionships. Later studies (Ericson et al., 2005; Saunders and
Edwards, 2000) added detail, and considered additional
genes in making the NWJ tree more robust.

However, two of the previous studies (Ericson et al.,
2005; Espinosa de los Monteros and Cracraft, 1997) con-
sidered only single representatives of each genus, providing
little detail useful for understanding the historical biogeog-
raphy of the clade and no test of monophyly of genera. The
more detailed study (Saunders and Edwards, 2000), how-
ever, considered but a single gene (the mitochondrial con-
trol region) and included only two South American NWJ
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representatives. As such, considerable room remains for
clarifying the details of NWJ phylogeny.

The present paper offers a multigene view of the ‘deep’
nodes in the NWJ phylogeny. We have assembled much
improved sampling of key species from each genus, particu-
larly as relates to the older phylogeny and biogeography of
the group, as well as sequence data from additional mito-
chondrial and nuclear loci. This study offers a key under-
structure to understanding the broader picture of NWIJ
history and evolution.

2. Methods
2.1. Sampling

We included at least two individuals from each of the
seven NWIJ genera—Aphelocoma, Cyanocitta, Calocitta,
Psilorhinus, Cyanocorax (including Cissilopha) and Gymno-
rhinus—and four individuals representing closely related
corvid genera: Dendrocitta, Pica, Perisoreus, and Corvus.
Also, in a first attempt to elucidate relationships among
Cyanocorax jays, we analyzed six of the 16 currently recog-
nized species of Cyanocorax, including two representatives
of the previously recognized “Cissilopha” assemblage, as
well as Mesoamerican and South American species. Tissue
samples were obtained via our own fieldwork in Mexico, El
Salvador, and Paraguay, as well as from ornithological col-
lections in the US and Mexico (Appendix A).

Genewise, based in our own sampling effort and taking
advantage of that of previous studies, we incorporated rela-
tively fast evolving mitochondrial loci for resolution of
branching patterns at the tips of the NWJ tree, as well as
more slowly evolving nuclear loci to illuminate ambiguities
in phylogenetic position of some genera in the group. We
obtained complete sequences for the NADH Dehydroge-
nase Subunit 2 (ND2), the Adenylate Kinase gene, intron 5
(AKS5) and the B-Fibrinogen intron 7 (Bfib7), and partial
sequences for cytochrome b (cyth). Finally, we concate-
nated our results with published sequences of the mito-
chondrial control region (CR) from Saunders and Edwards
(2000), ND2 from Cicero and Johnson (2001), cyth from
Espinosa de los Monteros and Cracraft (1997), and Bfib7
from Ericson et al. (2005).

2.2. DNA amplification and sequencing

Genomic DNA was extracted from frozen tissue with
the DNeasyTissue extraction kit (Qiagen). PCR amplifica-
tion was conducted using published primers (Appendix B).
Amplification of mitochondrial genes followed a standard
protocol (94 °C/5 min; 35 cycles of 93 °C/1 min, 52 °C/1 min,
72°C/2min; and 72 °C/10 min); amplification of Bfib7 fol-
lowed Prychitko and Moore (1997). For amplifying AKS,
we applied a modified protocol based on that of Shapiro
and Dumbacher (2001), where annealing temperature was
raised to 64 °C, increasing specificity of primer annealing to
obtain single PCR products.

PCR products were visualized in agarose gel, and unin-
corporated primers and DNTPs were removed from PCR
products using ExoSap purification (ExoSap-it, GE Health
Care). Cycle sequencing reactions were completed using the
corresponding PCR primers and BigDye Terminator 3.1
chemistry (Applied Biosciences). For mitochondrial genes
and most nuclear samples, we used a standard cycle
sequencing profile (96°C/3min; 35 cycles of 96°C/10s,
50°C/15s, 60°C/3min; and 72 °C/7 min); for difficult sam-
ples, we lowered extension temperature to 52 °C to increase
the length of the sequence reading.

Reaction products were purified with CleanSEQ mag-
netic beads (Agencourt) and run in an ABI Prism 3100
Genetic Analyzer (Applied Biosciences). Data from heavy
and light strand were spliced together to arrive at a consen-
sus sequence for each taxon, using Sequencher 4.1 (Gene
Codes Corporation, 2000). Precautions against potential
nuclear pseudogenes of mitochondrial origin (Sorensen and
Quinn, 1998) included sequencing both DNA strands and
checking that amino acid translation was possible.
Sequencing of Cyanocorax dickeyi was performed at Uni-
versidad Nacional Autonéma de México (UNAM).

2.3. Alignment and phylogenetic analyses

Sequences were aligned in CLUSTAL_X (Thompson
etal, 1997) and corrected by eye in MacClade ver. 4.0
(Maddison et al., 2000). The nuclear introns showed a num-
ber of indels of variable size, but could be aligned with
minor adjustments. Following Saunders and Edwards
(2000), we excluded a small fragment of CR (17-43 bp) that
could not be aligned unambiguously.

Evolutionary rate heterogeneity across lineages was
tested by using the likelihood ratio (LR) test (Felsenstein,
1988). Significance was assessed by comparing A= —2log
LR, where LR is the difference between the —In likelithood
of the tree with and without enforcing a molecular clock,
with a y? distribution (n — 2 degrees of freedom, where 7 is
the number of taxa; Soltis et al., 2002). Departure from
homogeneity in base frequencies among lincages was
assessed with a »? test. Both tests were conducted using
PAUP ver 4.0b (Swofford, 2000). To evaluate possible satu-
ration of cyth and ND?2 at high levels of sequence diver-
gence, we plotted uncorrected and ML distances of these
two genes against Bfib7 distances.

Phylogenetic analyses were conducted using Maximum
Parsimony (MP), Maximum Likelihood (ML), and Bayes-
ian analyses (BA) for individual genes, as well as for a com-
bined nuclear and mitochondrial dataset. Parsimony
analyses of the mitochondrial genes and the combined
analysis were performed in PAUP as heuristic searches
(10,000 stepwise random additions with TBR branch-swap-
ping) and clade support was estimated via 1000 bootstrap
pseudo-replicates with 100 random additions (Felsenstein,
1985). Analysis of nuclear genes followed similar methods,
but trees and clade support were obtained using branch-
and-bound searches. For nuclear genes, multiple base indels
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were coded as missing data, and new binary characters for
each unique gap (0 =absent; 1 = present) were added to the
end of the data matrix. To see whether such indels sup-
ported the same branches as did the single-nucleotide varia-
tion, phylogenetic trees were also constructed from
sequence matrices in which alignment gaps were coded as
missing data. Double picks in nuclear gene sequences,
reflecting heterozygous positions, were coded with [TUPAC
degeneracy codes and treated as polymorphisms.

Previous to ML and BA analyses, the best-fit models of
evolution for each gene and the combined dataset (ML)
were selected using Modeltest ver 3.7 (Posada and Crand-
all, 1998) under the Akaike information criterium (AIC),
following recent recommendations (Posada and Buckley,
2004). Then, ML analyses were run in PAUP under the
appropriate model and model parameter values with 100
random additions. Node support was assessed via 100
bootstrap replicates, with an initial tree generated by neigh-
bor joining.

Bayesian analyses were performed in Mr. Bayes 3.1
(Ronquist and Huelsenbeck, 2003). We analyzed mitochon-
drial genes individually, partitioning by codon position in
the case of cyth and ND2, and by domain (domain I, cen-
tral domain, and domain II; Saunders and Edwards, 2000)
for CR. Each analysis consisted of 2 x 10° generations and
four Markov chains with default heating values. Parameter
values for the model were estimated from the data and initi-
ated with flat priors. Trees were sampled every 1000 genera-
tions, resulting in 2000 saved trees per analysis, of which
500 were discarded as “burn-in.” Stationarity was con-
firmed by plotting the —In L per generation. We also made
sure that the potential scale reduction factor (PSRF) was
around 1.00 for all parameters and that the average stan-
dard deviation of split frequencies approached zero.

The BA for the combined mitochondrial-nuclear dataset
followed a similar scheme with 12 partitions: cyth and ND2
by codon, CR by domain, AKS5, and Bfib7. Each partition
was assigned its best-fit model of evolution with all parame-
ters unlinked except for topology and branch lengths (i.e.,
model parameters estimated separately for each partition).
To reduce the chance of converging on local optima, four
independent analyses of 2 x 10° generations were per-
formed. After confirming that the four analyses reached
stationarity at a similar likelihood scores and that the
topologies were similar, the resulting 6000 trees were used
to calculate posterior probabilities (PP) in a 50% majority-
rule consensus tree.

For combined analysis, our sequences of Perisoreus
canadensis were concatenated with the published CR
sequence of Perisoreus infaustus, and our sequences of Pica
hudsonia were concatenated with that of Pica nuttallii.
Although both the Perisoreus and Pica combined sequence
data are technically chimeric, their appropriateness to root
the tree is justified because the two pairs of the chimera are
in all probability much more closely related to one another
than to those of other species in the dataset (Saunders and
Edwards, 2000).

2.4. Topological congruence and combinability

Each dataset produced a different topology regarding
the position of Aphelocoma, Cyanocitta, and Gymnorhinus
(hereafter the “ACG” clade). To assess potential causes of
these differences, we compared the support (bootstrap and/
or posterior probabilities) of conflicting topologies
obtained from analysis of individual genes, and evaluated
the consistency of characters relative to trees of different
topologies via consistency indices (CI) and rescaled consis-
tency indices (RC).

We also performed Shimodaira—Hasegawa tests of
hypothesis (Shimodaira and Hasegawa, 1999) to assess
whether each individual dataset rejected a particular topol-
ogy for the ACG clade, when compared with the ML topol-
ogy generated by that dataset. For each dataset, we
obtained the ML tree using the best-fit model of evolution
and estimated parameter values, and used the same data to
obtain a ML tree under the constrained topology generated
by a different dataset as the null hypothesis. Then, likeli-
hood values of both trees were compared using the Shimo-
daira-Hasegawa test, as implemented in PAUP (full
optimization, 1000 bootstrap replicates). Clade support and
significance of likelihood differences using the Shimodaira—
Hasegawa test were taken as measurements of potential
combinability of datasets. We avoided using the incongru-
ence length difference test (IDL test; Farris et al., 1994), as
test of combinability given recent criticisms (e.g., Cunning-
ham, 1997; Barker and Lutzoni, 2002).

2.5. Historical biogeography of the NWJs

To explore the implications of our results for the histori-
cal biogeography of the NJWs, we optimized the known
distribution of each species onto our combined tree using
Dispersal-Vicariance Analysis in DIVA 1.1 (Ronquist,
1996, 1997). This analysis uses a three-dimensional step
matrix based on a simple biogeographic model to recon-
struct ancestral distributions in a given phylogeny. Each
species was coded as preset/absent on each of three regions:
North America, Mesoamerica, and South America.

Since the closest relative of the NWJ has not been deter-
mined, we excluded outgroups, and optimized areas on the
ingroup tree, using default settings and up to two possible
ancestral areas (max-areas command=2). To improve
optimization of ancestral areas, we expanded taxon repre-
sentation on our tree based on previous analyses of the
phylogeny of Aphelocoma (Rice et al., 2003) and prelimi-
nary ND2 sequence data on Cyanolyca (Bonaccorso,
unpublished data).

3. Results
3.1. Sequence attributes

DNA sequence lengths and general characteristics for
each gene are summarized in Table 1. As expected,
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Table 1

Number of aligned and informative positions, base frequencies, best-fit models, —In likelihood with and without enforcing a molecular clock, and test of

heterogeneity among lineages for all loci analyzed

Gene Alignment positions Base frequency

Best-fit model (AIC)

—In likelihood —2log LR crit df P

Total Inform. A C G T no molecular clock molecular clock
ND2 1041 367 033 035 009 023 Trn+I+T 7331.8 7348.0 324 3141 20 <0.05
cyth 999 301 030 036 013 021 GTR+1+T 6358.6 6385.8 54.4 4532 20 <0.001
CR 1299 425 029 025 014 031 GTR+1+T 8184.6 8226.5 83.8 4532 20 <0.001
AK5 602 23 022 029 031 017 HKY+T 1466.5 1476.7 204 2887 18 >0.05
BFb7 871 40 032 0.18 019 032 GTR+T 1995.9 2007.7 23.6 30.14 19 >0.05

sequence variation was comparable among the mitochon-
drial genes, and substantially higher than in the nuclear
introns, with Bfib7 evolving faster than AKS. Pairwise dis-
tances among the 18 species of jays and 4 outgroups for
ND2, cyth, and Bfib7, are summarized in Fig. 1. Among
interesting features of divergence is that when plotting
uncorrected distances, ND2 and cyth saturate early com-
pared to Bfib7; saturation is corrected using ML distances.
Giving the saturation observed, parsimony analyses for
ND2 and cyth were performed including only the out-
groups most closely related to the NWIs (i.e., Perisoreus
and Dendrocitta, see below). Tests of homogeneity of base
frequencies across taxa were not significant for any gene
(P>0.90), and rate heterogeneity was detected marginally
in the case of ND2 (P <0.05), and more dramatically in cyth
and CR (P<0.001; Table 1).

Both introns showed a number of indels, the most inter-
esting being a synapomorphic indel of 1-bp in Cyanolyca

A 0.7~
0.6 1
0.5 1
0.4 1
0.3 1
0.2

ND2 Distance

0 0.01 0.02 0.03 0.04 0.05 0.06
bF7 Distance

Cytb Distance

0 0.01 0.02 0.03 0.04 0.05 0.06
bF7 Distance

Fig. 1. Nuclear versus mitochondrial sequence divergence among species
studied. Bfib distances are plotted on the x-axis and cyth and ND2 dis-
tances on the y-axis. (A) Uncorrected proportional distances. (B) Maxi-
mum likelihood distances determined using models chosen by Modeltest
under the AIC.

for Bfib7, a long 78-bp indel in Dendrocitta formosae
(among other 8 indels, length 2-5), and a 5-bp indel in all
species of Cyanocorax, Calocitta, and Psilorhinus for AKS.
Three samples/genes could not be sequenced—Cyanocorax
yncas for Bfib7, and Calocitta coillei, and Cyanocitta stelleri
for AKS. In the case of Dendrocitta formosae, we obtained a
partial sequence for ND2 (999 bp).

3.2. Phylogenetic analyses

In all analyses, we recovered the monophyly of NWJs
with relatively high support. For ND2 (Fig. 2), ML and BA
trees confirmed the basal position of Cyanolyca to all other
NWIs, as well of a strongly supported clade that includes
Cyanocorax, Calocitta, and Psilorhinus, of which the later
two are reciprocally monophyletic and sister to Cyanoco-
rax. Inside Cyanocorax, C. yncas appears as basal to a clade
in which C. melanocyaneus and C. yucatanicus (two of the
four “Cissilophas”) are monophyletic and sister to the rest
of the Cyanocorax. The MP tree differed only in placing
Cyanocitta basal to Aphelocoma+ Gymnorhinus (as
opposed to Gymnorhinus basal as in the ML and BA trees).

For cyth, the MP tree had the same topology and similar
bootstrap supports as the ND2 MP tree. The ML and BA
trees showed Aphelocoma and Gymnorhinus as sisters, but
failed to recover the ACG clade, creating a polytomy
among Cyanocitta and the clades formed by
Aphelocoma+ Gymnorhinus, and Cyanocorax+ Calocitta +
Psilorhinus.

The two nuclear genes provided a less resolved picture.
For Bfib7, we obtained an identical topology with or with-
out indels included (Fig.3A). However, for AKS, the
Cyanocorax + Calocitta+ Psilorhinus clade was not sup-
ported by nucleotide variation, but was by the 5-bp indel
described before (Fig. 3B). Both nuclear genes recon-
structed a monophyletic Calocitta+ Psilorhinus, but were
unable to provide more resolution within the assemblage
Cyanocorax + Calocitta+ Psilorhinus. The basal position of
Cyanolyca among NWJs was recovered by AKS, but not by
Bfib7, and the clade ACG appeared in the Bfib7 but not in
the AKS tree.

Regarding levels of homoplasy among datasets, all mito-
chondrial genes showed similar levels of character consis-
tency as measured by CI and RC (Table 2). Both nuclear
genes had similar levels of consistency, and were about half
homoplasious than mitochondrial genes.
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Pica hudsonia

97/1.00 Cyanocitta stelleri
64/081 _L Cyanocitta cristata

Aphelocoma californica

100/1.00
L Aphelocoma coerulescens

82/0.99

Gymnorhinus cyanocephalus
Gymnorhinus cyanocephalus
Cyanocorax yncas
93/1.00
it 91/0.99 ’ .
100/1.00 Cyanocorax dickeyi
- 86/0.98
Cyanocorax chrysops
Cyanocorax cayanus
93/0.99
100/1.00 Cyanocorax melanocyaneus
97/1.00 Cyanocorax yucatanicus
83/1.00 99/1.00 Psilorhinus morio
100/1.00 I: Psilorhinus morio

71/94 .
Calocitta formosa

Calocitta colliei

99/1.00 Cyanolyca mirabilis
| Cyanolyca viridicyana

Corvus brachyrhynchos

56/-

_| 58/0.83

0.1

Perisoreus canadensis

Dendrocitta formosae

Fig. 2. Maximum likelihood tree obtained from ND2 sequences. Numbers
over nodes indicate ML bootstrap support and posterior probabilities
obtained for the Bayesian analysis (BA) 50% majority rule consensus tree;
“-“ indicates nodes not supported by BA.

3.3. Topological congruence and combined analysis

Most conflict in our results centered on the arrangement
of ACG (Table 2). Whereas data from ND2, cyth, and Bfib7
generated an ACG clade with variable degrees of support,
CR placed Gymnnorhinus as sister to
Cyanocorax + Calocitta + Psilorhinus with relatively high
support; however, this dataset did not reject the ACG
grouping (Shimodaira—Hasegawa test, P =0.08), so we are
confortable with exploring the implications of an ACG
clade further. Variation existed on how the ACG taxa
themselves grouped: whereas ND2, AKS5, and CR sup-
ported Aphelocoma+ Cyanocitta (AC), cytb supported
Aphelocoma + Gymonorhinus (AG), and Bfib7 supported
Cyanocitta + Gymnorhinus (CG). Topological congruence
was rejected only when CR was constrained to the arrange-
ments (AG) and (GC) indicating that CR data only support
an (AC) arrangement (P <0.05).

Table 3 shows synapomorphic characters supporting
each of the possible arrangements within ACG. Among
mitochondrial genes, CR has the higher average CI, with
synapomorphic characters uniformly distributed across
the fast-evolving domain I, and II, and the more con-
served central domain. In ND2 and cytb, all but changes
but one are in third positions, and at least half are transi-
tions, which is congruent with their lower Cls. In ND2,

81
Cyacorax melanocyaneus

A Calocitta colliei
4E Calocitta formosa
Psilorhinus morio
L Cyanocorax yucatanicus

Cyanocorax chrysops
Cyanocorax dickeyi
Cyanocorax cayanus

Cyanocitta cristata

88
82
85
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2 Gymnorhinus cyanocephalus
7 Gymnorhinus cyanocephalus
96 [
78
L

Aphelocoma californica
Aphelocoma coerulescens

Cyanolyca viridicyana

Cyanolyca mirabilis

Dendrocita formosae

Perisoreus canadensis

Corvus brachyrhynchos

Pica hudsonia

B 81 [— Cyanolyca viridicyana

L Cyanolyca mirabilis

55 — Gymnorhinus cyanocephalus

L Gymnorhinus cyanocephalus

— — Cyanocitta cristata
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Aphelocoma coerulescens
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50 [— Cyacorax melanocyaneus
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| E Psilorhinus morio
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Psilorhinus morio

86 [ Perisoreus canadensis

L Dpendrocita formosae

58 [~ Pica hudsonia
L corvus brachyrhynchos

Fig. 3. Maximum parsimony (MP) trees obtained from Bfib7 (strict con-
sensus; A) and AKS5 (50% majority rule consensus; B). Numbers indicate
MP bootstrap support.

ML and BA produced the (AC) topology probably
because of correction of saturation at high levels of
sequence divergence. In contrast, AKS and Bfib7 support
their topologies with 1 and 3 unreversed changes, respec-
tively. Given that topological incongruence was restricted
to AGC, we were confident of the appropriateness of
combining all datasets in a single analysis. The combined
analysis produced the same topology as the ND2 ML and
BA trees (Fig. 4).
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Table 2

Consistency indexes and nodal support for groupings among Aphelocoma
(A), Cyanocitta (C), Gymnorhinus (G) and Cyanocorax (Cx), obtained
when analyzing individual genes using MP, ML, and BA

Table 3

Synapomorphic character state changes among the genera Aphelocoma
(A), Cyanocitta (C), and Gymnorhinus (G) supporting the three possible
branching patterns

Dataset CI RC Analysis (G,A,C) (G,Cx) (A,C) (A,G) (G, A) Topology  Locus  Position  Change  Type CI
ND2 045 0.24 MP 33 — — 48 — AG ND2 42 T—>C 3rd pos. T1 0.333
ML 82 — 64 — — 210 G->C 3rd pos. TV 0429
BA 0.99 — 0.81 — — 327 A—T 3rd pos. TV 0.333
cyth 049 027 MP 54 — — 54 — 355 T—>C Ist pos. T1 1.000
ML — — — 41 — 426 A—C 3rd pos. TV 0.600
BA — — — 0.65 — 453 C—>T 3rd pos. T1 0.200
CR 0.50 026 MP — 78 60 — — 627 T—>C 3rd pos. T1 0.400
ML — 87 62 — — 855 G- A 3rd pos. T1 0.333
BA — 091 086 — — 882 T— A 3rd pos. TV 0.500
BFb7 0.87 0.73 MP 77 — — — 86 915 C—>T 3rd pos. T1 0.500
AKS 091 0.74 MP 30 — 65 — — 993 C—A 3rd pos. TV 0.750
1020 C—>T 3rd pos. TI 0.333
Mean £ SD 048 +£0.22
3.4. Historical biogeography of the NWJs cyth 57 A—-T 3rdpos. TV 0375
60 C—>T 3rd pos. T1 0.250
Optimization of ancestral areas using DIVA produced 81 A—>G  3rdpos.TI ~ 0250
an exact solution that required 6 dispersal events. Accord- 120 C—>A  Srdpos. TV 0.500
: ; q 1spersal : 135 CoT  3rdpos.TI 0333
ing to the analysis, the ancestral distributional area of the 255 C—T 3rdpos.TI 0250
NWIJs is restricted either to Mesoamerica or 261 C—>A 3rdpos. TV  0.600
Mesoamerica + North America (Fig. 5). The Cyanocorax + 273 A—G  3rdpos.TI ~ 0200
Calocitta+ Psilorhinus clade originated in Mesoamerica 431?411 g” ¥ ;rg pos. E 8;88
. . .. — rd pos. .
and dispersed into South America in the al}cestor of Cyang- 477 CoT  3rdpos Tl 0.200
corax cayanus+ C. chrysops, as well as independently in 597 C—>T 3rdpos.TI 0250
C. yncas. Finally, the origin of ACG was reconstructed as 759 C—>T  3rdpos.TI  0.500
ambiguous between North America and Mesoamerica. 804 T—C  3rdpos.TI ~ 0333
921 C—>T 3rd pos. T1 1.000
4. Discussion 939 T—C 3rd pos. TI 0.333
. 964 A—G Ist pos. T1 0.333
981 G—>A 3rd pos. T1 0.200
4.1. Phylogenetic analyses Mean+SD  0.37+0.20
. . . o AC CR 78 C->A DLTV 0.333
Our combined phylogenetic tree (Fig. 5) depicts interge- 161 A>T CD,TV 0.500
neric relationships among NWJs. Relatively weak nodes of 166 C>A CD,TV 1.000
the tree are restricted to one clade—that including Aphelo- 358 C-A CDTV 1.000
coma, Cyanocitta, and Gymnorhinus (the “ACG” clade). >34 T->A  DILTV 0400
The 1 ¢ for th hvl fACG i 1037 G- A D II, TI 0.250
e low support for the monophyly o is a conse- 1040 T-C DILTI 0.667
quence of CR, which supports a topology that differs from 1081 A—>G DILTI 1.000
those of the Bfib7, ND2, and cytb trees. Since CR is physi- 1140 T—-C DILTI 0.250
cally linked to the other mitochondrial loci, its different 1165 A—-T DILTV 0333
topology should not be the result of independent phyloge- g;; 1_’% Bii’ E 8;23
. N . — s .
n;tlc history, and does not seem attributable to homoplasy, 1279 Co»T DILTI 0333
given that characters supporting the CR topology have Mean +SD 051 +0.30
similar levels of homoplasy .(average . CI=041, AKS 198 CoG TV 1,000
range =0.167-1.000) as those supporting ACG in ND2 and
cythb (average Cls=046 and 042, respectively, CG Bib7 2‘1‘8 i_’ S ;IV iggg
. — R
ranges =0.2-1.000 and 0.167-0.667, respectively). One pos- 602 AsG  TI 1000

sible explanation is that CR shows high rate heterogeneity
across lineages, which may obscure phylogenetic signal
(Wendel and Doyle, 1998).

The second weak node appears to be an example of
loci with different phylogenetic histories. Whereas com-
bined analysis of the mitochondrial dataset (not shown)
and AKS recovered Aphelocoma+ Cyanocitta, PBfib7
recoverered Cyanocitta+ Gymnorhinus. Differences in
underlying phylogenetic histories between these two sets

TI, transitions; TV, transversions; DI, domain I; DII, domain II; CD,
central domain.

of characters may be the result of deviation of the gene
tree from the species tree, which may be caused by a vari-
ety of processes (e.g., paralogy, lineage sorting of ances-
tral polymorphisms; de Queiroz, 1993; Wendel and
Doyle, 1998).
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Fig. 4. Maximum likelihood tree that resulted from the combined analysis of mitochondrial (ND2, cyth, and CR) and nuclear (Bfib7 and AKS) genes.
Numbers over nodes indicate maximum parsimony (MP) bootstrap support of the 50% majority rule consensus tree/maximum likelihood (ML) bootstrap

support/and posterior probability values obtained for the Bayesian analysis 50% majority rule consensus tree; “-

and ML.

Interestingly, the (Aphelocoma, Cyanocitta) arrangement
coincides with a novel morphological trait. Curtis and
Miller (1938) described a unique bar lateral to the sclerotic
ring in Cyanocitta. This feature was present in >200 Cya-
nocitta and >600 Aphelocoma dissected, but absent in all
other NWJs (N>100) examined (A.T. Peterson, unpubl.
data). Therefore, this morphological novelty unique among
birds serves as a synapomorphy uniting Aphelocoma and
Cyanocitta, to the exclusion of Gymnorhinus.

Most other NWJ relationships reconstructed are well-
supported, and confirm results of previous phylogenetic
studies based on individual genes. Cyanolyca is basal on the
NWIJ tree, and Cyanocorax and Calocitta + Psilorhinus are
reciprocally monophyletic. As in previous analyses based
on CR sequences (Saunders and Edwards, 2000), ND2 and
cyth data support Psilorhinus as a valid taxon. Consistent

o«

indicates nodes not supported by MP

with these results, Sutton and Gilbert (1947) described a
unique morphological character in Psilorhinus: the “furcu-
lar pouch,” a structure formed by the hyperthrophy of the
cleido-traquialis muscles that creates a median, non-paired
extra interclavicular diverticulum. This structure is not
present in any other corvid, and constitutes a clear, discrete
morphological character that coincides with the molecular
results, diagnosing the genus Psilorhinus (Sutton and Gil-
bert, 1947). For these reasons, Psilorhinus should be consis-
tently recognized as a valid genus, rather than submerged in
Cyanocorax (as suggested by A.O.U., 1983).

Several interesting phylogenetic hypotheses were recov-
ered within Cyanocorax. First, C. melanocyaneus and C.
yucatanicus were reconstructed as sister species, which is
coherent with their previous recognition as a separate
genus, Cissilopha (which may be merited once more species
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NM L Cyanocitta stelleri N
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Calocitta formosa M
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M
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Fig. 5. Optimization of ancestral areas—North America (N), Mesoamer-
ica (M), and South America (S)—using DIVA. Taxon representation over
our combined tree was expanded based on previous analyses of Aphelo-

coma (Rice et al., 2003) and ND2 sequence data on Cyanolyca (E. Bonac-
corso, unpublished data).

are added to the tree). Second, the Mesoamerican species
Cyanocorax dickeyi was placed as most closely related to
the South American C. chrysops and C. cayanus. Finally, C.
yncas was placed at the base of the Cyanocorax tree, consis-
tent with its former recognition as a monotypic genus (Xan-
thoura), which has interesting implications for
morphological evolution in the clade.

Of these relationships, only Cyanocorax dickeyi+ C.
chrysops and the C. dickeyi+ C. chrysops+ C. cayanus
were recovered by AKS and Bfib7, respectively. This
result is perhaps understandable, given the relatively
short internodal branches following speciation events in
the Cyanocorax tree. Given that the faster-evolving
mitochondrial genes have a better chance of tracking
the species tree through short internodes than nuclear
genes (Moore, 1995), this preliminary analysis may be
indeed a correct approximation of the Cyanocorax tree.
Of course, these initial hypothesis need to be confirmed in
a more comprehensive analysis, adding the remaining

two “Cissilopha” species (C. sanblasianus and C. beechei)
and the rest of the South American species, as well as
multiple individuals of all species.

4.2. Historical biogeography of the NWJs

According to the DIVA analysis, our phylogenetic
reconstruction makes biogeographic sense. The NWJs orig-
inated either in Mesoamerica or North
America + Mesoamerica, and ACG originated in North
America or North America+ Mesoamerica. The genus
Cyanolyca, and the core (Cyanocorax + Calocitta + Psilo-
rhinus) clade originated in Mesoamerica, whereas Cyanoco-
rax yncas, the South American Cyanolyca, and South
American Cyanocorax each represents independent inva-
sions of South America. Whether these radiations
occurred independently in time or resulted from the same
biogeographic event (e.g., the formation of the Panama
Isthmus) is a difficult question still in need of answer.
Nonetheless, that two radiations (Cyanocorax and Cya-
nolyca) versus some populations of a single species (Cya-
nocorax yncas) would result from the same event might
seem unlikely. Giving the rate heterogeneity known in this
group (Peterson, 1992) and demonstrated here, we
reframed from the usual exercise of assigning dates to splits
using a molecular “clock.”

Another aspect that remains unresolved regards the clos-
est corvid relative of the NWJ radiation. Although both
nuclear introns placed Perisoreus and Dendrocitta as most
closely related to the NW1Js, more corvid outgroups should
be included in the analysis. Given the levels of saturation
observed in our mitochondrial genes at high sequence
divergences, this question needs to be approached using
multiple, fast-evolving nuclear loci. In any case, it seems
that the origin of the NWJs probably looks back to an
Asian ancestor.
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Appendix A
List of samples and gene sequences included in this study
Genus/species Tissue # State, Country GenBank Accession numbers

cyth ND2 AKS BFb7 CR

Aphelocoma californica UWBM 78049 Arizona, USA AY030116°  AY030142° DQ912618 DQ912638 AF218919¢
A. coerulescens FMNH 396259 Florida, USA U77335% DQ912601 DQ912619  AY395598¢  AF218918°
Calocitta formosa KUNHM 9352 Usulutan, El Salvador U77336% DQ912602 DQ912620  DQ912639 AF218925°¢
C. colliei FMNH 343602 Sinaloa, Mexico DQ912591 DQ912603 * DQ912640 AF218926°
Cyanocitta cristata KUNHM 4390 Kansas, USA X74258¢ DQ912604 DQ912621  DQ912641 AF218921¢
C. stelleri UWBM 58631 Washington, USA AY030113°  AY030139® ° DQ912642  AF218922°
Cyanolyca viridicyana AMNH CBF 35 La Paz, Bolivia U77333% DQ912605 DQ912622 DQ912643 AF218933¢
C. mirabilis FMNH 343601 Guerrero, Mexico DQ912592 DQ912606 DQ912623  DQ912644 AF218934¢
Psilorhinus morio KUNHM B-1896  Campeche, Mexico DQ912593 DQ912607 DQ912624  DQ912645 AF218927¢
P. morio KUNHM B-2169  Campeche, Mexico DQ912594 DQ912608 DQ912625 — —
Cyanocorax chrysops KUNHM 171 Concepcion, Paraguay U77334% DQ912609 DQ912626  DQ912646 AF218928°¢
C. yncas UNAM 15722 Mexico, Queretaro DQ912595 DQ912610 DQ912627 © AF218930°
C. dickeyi UNAM 15315 Mexico, Sinaloa DQ912596 DQ912611 DQ912628  DQ912647 —
C. melanocyaneus KUNHM 7657 San Vicente, El Salvador  DQ912597 DQ912612 DQ912629  DQ912648 AF218929¢
C. yucatanicus UNAM BI1661 Mexico, Yucatan DQ912598 DQ912613 DQ912630 DQ912649 —
C. cayanus KUNHM 5817 Barima-Waini, Guyana DQ912599 DQ912614 DQ912631  DQ912650 —
Gymnorhinus cyanocephalus ~ FMNH 334283 Nevada, USA U77332% DQ912615 DQ912632  AY395607¢  AF218931°
G. cyanocephalus UWBM 77532 New Mexico, USA AY030115°  AY030141® DQ912633  DQ912651 AF218932°¢
Corvus brachyrhynchos KUNHM 6518 Kansas, USA AY030112°  AY030138° DQ912634 DQ912652 AF218937¢
Perisoreus canadensis UWBM 64890 Washington, USA U77331* DQ912616 DQ912635 DQ912653 —
Perisoreus infaustus — — — — AF218935¢
Pica hudsonia KUNHM 1663 Kansas, USA AY030114°>  AY030140>° DQ912636 DQ912654 —
Pica nuttallii — — — — AF218936°
Dendrocitta formosae KUNHM B-6699  Hunan, China DQ912600 DQ912617 DQ912637 DQ912655 —

UNAM (Facultad de Ciencias, Universidad Nacional Auténoma de México); KUNHM (University of Kansas Natural History Museum); FMNH (Field
Museum); AMNH (American Museum of Natural History); UWBM: University of Washington, Burke Museum of Natural History and Culture. Tissue num-
bers and localities correspond only to those specimens sequenced for this study. References for published sequences: *Espinosa de los Monteros and Cracraft
(1997), °Cicero and Johnson (2001), Helm-Bychowski and Cracraft (1993), “Ericson et al. (2005), *Saunders and Edwards (2000). “Could not be sequenced.

Appendix B

Primers used in this study

Gene Primer Sequence (5’ to 3") Source
ND2 L5216 GGCCCATACCCCGRAAATG Sorenson et al. (1999)
H6313 ACTCTTRTTTAAGGCTTTGAAGGC Sorenson et al. (1999)
cyth L-14990 CCATCCAACATCTCAGCATGATGAAA Kocher et al. (1989)
H16065 GTCTTCAGTTTTTGGTTTACAAGAC Tim Birt, unpublished
AKS5 AKS5b + ATTGACGGCTACCCTCGCGAGGTG Shapiro and Dumbacher (2001)
AK6c- CACCCGCCCGCTGGTCTCTCC Shapiro and Dumbacher (2001)
Bfib7 FIB-B17U GGAGAAAACAGGACAATGACAATTCAC Prychitko and Moore (1997)
FIB-B17L TCCCCAGTAGTATCTGCCATTAGGGTT Prychitko and Moore (1997)
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