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Abstract. To study the evolution of mtDNA and the nocoray morio is the sister group to magpie jay€d-
intergeneric relationships of New World Jays (Aves: locitta), a phylogenetic hypothesis that is likely as par-
Corvidae), we sequenced the entire mitochondrial DNAsimonious with regard to nonmolecular characters as
control region (CR) from 21 species representing all genimonophyly of Cyanocorax.The CR tree also suggests
era of New World jays, an Old World jay, crows, and a that the common ancestor of NWJs was likely a coop-
magpie. Using maximum likelihood methods, we found erative breeder. Consistent with recent systematic theory,
that both the transition/transversion ratig @and among our data suggest that DNA sequences with high substi-
site rate variationd) were higher in flanking domains | tution rates such as the CR may nonetheless be useful in
and Il than in the conserved central domain and that theeconstructing relatively deep phylogenetic nodes in
frequency of indels was highest in domain Il. Estimatesavian groups.

of k anda were much more influenced by the density of

taxon sampling than by alternative optimal tree topolo-Key words: Control region — Cooperative breeding
gies. We implemented a successive approximation— Corvidae — Among-site rate variation — Taxon sam-
method incorporating these parameters into phylogenetipling — Combined data —Psilorhinus morio

analysis. In addition we compared our study in detail to
a previous study using cytochrorbeand morphology to
examine the effect of _taxon sampling, evolut|0na_ry rate§ o duction
of genes, and combined data on tree resolution. We

found that the particular weighting scheme used had NG e mitochondrial DNA (MDNA) control region (CR)

effect on tree topology and little effect on tree robust- . . : .
. T the major noncoding region of the animal mtDNA mol-
ness. Taxon sampling had a significant effect on tree . o o
ecule, has a role in the replication and transcription of

e o0 o 1 DeSimNA moecues (Ciayon 1994, 1952, The verbrt
' 9 Y CR is commonly subdivided into three domains that dif-

tree derived from the cytochront#morphological data for f h other i o lasi
set primarily in the placement of the ger@gmnorhinus er from each other n base composition as well as in rate
' __and mode of evolution (Lee et al. 1995; Baker and Mar-

which is near the base of the CR tree. However, contrar)épa" 1097). The central domain of the CR, containing
to conventional taxonomy, the CR data set suggested th?he heavy strand’s origin of replication, is relatively con-

Slauer&:wr;/(ljeglca;E é%z??ﬁ;gfg\:vixj;iﬁz?h:ﬁ?Ergyk;? served and is characterized by a high GC _content (Sac-
cone et al. 1991). In contrast, the two domains that flank
the central domain (domain | and domain II) are typically
hypervariable in base substitutions and indels and are
* Present address and correspondence@epartment of Ecology and ~ Characterized by differing base compositions (Saccone et
Evolutionary Biology, University of Arizona, Tucson, AZ 85721, USA al. 1987; Wenink et al. 1993). Due to the fast rate of
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evolution of domain | and domain Il, the CR has beenCR would be useful for a comparison with mtDNA pro-
typically deemed to be most appropriate for intraspecifictein coding regions that have been traditionally used in
studies (e.g., Vigilant et al. 1991; Edwards 1993; Weninkphylogenetics. Some sites in mtDNA protein coding
et al. 1994; Bensch and Hasselquist 1999). It is less welyjenes, such as third positions, have very high absolute
appreciated that the slowly evolving central domain ofrates of substitution, high transition/transversion (ts/tv)
the CR can resolve phylogenetic relationships at muchatios and biased base compositions (Collins et al. 1994;
deeper levels (Saccone et al. 1991; Douzery and Randileyer 1994). These properties can reduce the effective
1997). Because few researchers have attempted to useimber of character states and increase homoplasy. By
domain | and domain Il for resolution of phylogenetic contrast, the absolute rates of transitions and the ts/tv
deep branches, little is known about the utility of theseratio of CR domain | sites may be lower, and the base
domains for such inferences. composition more even, than for third position sites of

In birds, mitochondrial genes that are thought tocytochromeb in some birds (Edwards 1997). These data
change more slowly than the CR, such as cytochrbme suggest a higher level of selective constraint in CR do-
(cytochrome b) and ND2, have traditionally been chosermain | than in third positions of cytochrome b. These
for phylogeny reconstruction at or above the interspecificcharacteristics suggest possible increased phylogenetic
level (e.g., De Los Monteros and Cracraft 1997; Voelkerresolving power for CR domain | sites than for cyto-
and Edwards 1998). In view of the fact that the centralchrome b third positions at higher taxonomic levels.
domain of the CR may change at a rate similar to or In this study we explored the utility of CR sequences
slower than that of “traditional” phylogenetic markers, to resolve intergeneric relationships in New World jays
we were curious about the ability of the entire CR to (Aves: Corvidae). New World Jays (NWJs) include 7
resolve intergeneric relationships in birds. The categorigenera and 36 species that are found throughout North
zation of “fast” and “slow” genes in systematics is often and South America (Goodwin 1976; Madge and Burn
vague, and a more useful categorization of genes fol994). NWJs are well known for their conspicuous so-
phylogenetic inference might focus on the distribution of ciality and cooperative breeding behavior, as many spe-
rates among sites or on th@oportion of “fast” and  cies have “helpers at the nest” (Brown 1987), and this
“slow” sites per region, with a gene such as cytochromegroup has long been a paradigm for studies in evolution
b having roughly one third of its sites in the “fast” cat- and ecology of cooperative behavior and sociobiology
egory (i.e., third positions; Wakeley 1993; Meyer 1994; (e.g., Brown 1974; Peterson 1992). Nearly half of NWJ
Sullivan et al. 1999). Contrary to intuition among many species are considered cooperative breeders, and this
systematists, Yang (1998) proposed that high rates dfraction will likely increase as more information is gath-
sequence evolution, in which sequences have experered from poorly studied species. On a statistical basis,
enced on average 0.3-0.6 substitutions per site, may atdWJs and Corvidae generally appear significantly rich
tually be superior for phylogeny reconstruction thanin cooperative breeding behavior in comparison with
slower-changing sites, even in a parsimony analysisother bird families (Edwards and Naeem 1993; Arnold
Yang suggests that high rates of evolution will misdirectand Owens 1998). Cooperative breeding (CB) encom-
phylogeny reconstruction due to saturation in base subpasses a wide diversity of social and breeding systems in
stitutions only at divergence levels much greater thardifferent NWJ species and can be temporally sporadic.
those previously assumed. Faster-changing sites could iHowever, CB behavior is sometimes reported in groups
fact provide on average more information than slowlythat are closely related to NWJ, such as Old World jays
changing sites in many cases. We therefore suspectge.g.,Perisoreus;Waite and Strickland 1997) and crows
that even the more variable sites of the CR may contairfRichner 1990). Thus, as acknowledged by Peterson
valuable phylogenetic information that could contribute (1992) and others, having a well-resolved phylogeny
to the resolution of relatively deep branches. Althoughmay be particularly useful for tracing the evolution of
Yang proposed that high rates of evolution could poten-CB and sociality in NWJs.
tially facilitate tree building, he also cautioned that for  Although most NWJ species are classified to the ge-
noncoding regions, such as the CR, alignment problemsaus level without dispute, there is debate among system-
could arise at very high levels of divergence. Becausetists about their intergeneric relationships. Molecular
previous avian studies show that some sites in the CR arand morphological data sets analyzed independently and/
in fact slow-changing sites, such as those in the coner combined, yield significantly different tree topologies,
served-sequence-blocks (CSBs; Baker and Marshalbften with low branch support sets (e.g., Amadon 1944;
1997), these regions may be particularly useful for phy-Hardy 1961, 1969; De Los Monteros and Cracraft 1997,
logenetic resolution above the species level in conjuncCibois and Pasquet 1999). For example, De Los Mon-
tion with the fast-changing sites. teros and Cracraft (1997) classifiedbhelocomaas a

To further assess the utility of the CR for higher level sister taxa toGymnorhinus,whereas Amadon (1944),
phylogenetic inferences, a quantitative estimation of thausing noncladistic methods, argued ttmnorhinugs
among-site rate variation and substitution patterns in thdasal to all NWJs if it is within the group at all. Follow-
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Table 1. Primer sequences, locations, and utility for characterizing New World Jay control regions

Position in data Primer
Primer Sequence (50 3) set alignmerit versatility/source
Light strand
PRO.2 AGGAAGAAAGGACTCAAACC -645 N/A
ND6C CCGAGACAACCCACGCACAAG -595 N/A
L16743 TTCTTCGAGATCTACGGCCT -80 See Tarr (1995)
JCR 01 YGGCCTGAAAAACCATYGTT -66 General
JCR 03 CCCCCCCATGTTTTTACR -1 General
JCR 05 GGTAATGCAAGACCTAACCA 101 General
JCR 07 GCCCTATCACTCTCAGGAGC 365 Corvus
R1SJ CTCCCAAGCCAGAGAACCTG 385 Aphelocoma
JCR 11 CCTCTGGTTCCTATTTCAGG 523 General
JCR 13 TGTTTTCTTTTTGGGGTCTCTTCAATAAGC 652 Cyanolyca
JCR 15 TGCACTTTTACCCCATTCAT 811 General
JCR 17 ATAATGTCATGGTTGCCG 863 Aphelocoma
JCR 19 TARCCTAGATTGTCCAAACC 1,006 Cyanolyca
JCR 21 TTTAACAAATTTTCATGCGAT 1,129 General
Heavy strand
JCR 02 GGGTTTACTGTACCTGAAGTGG 205 Calocitta
JCR 04 TATGCACAGTRAAACATTCTCG 270 Calocitta/Corvus
JCR 06 ACCAGGTTCTCTGGCTTG 405 Calocitta
JCR 08 TGAAGCTGGTAGCCGTG 476 General
JCR 10 AATAGGAACCAGAGGCGC 537 General
HD4 CCCGACCAGCTGCATCTGTG 599 See Edwards (1993)
JCR 12 CTGCTACGCACTTGAAGG 699 General
JCR 14 TTACAGACATCAAGCCGCT 758 General
JCR 16 GGAGGTTTAGGTAACAATTCC 929 Corvus
JCR 18 TAAATGATTTGGACAATCTAGG 1,030 Aphelocoma
JCR 20 TRAAYGYTTTRTRTTTTTRTYTTGY 1,263 General
H1248 CATCTTCAGTGTCATGCT See Tarr (1995)

Numbers indicate position relative to beginning of domain | (see Fig. 1).

ing on the cytochrome b and morphological analysis oftion with the primers HD4 (Edwards 1993) and R1SJ (Fig. 1) provided
De Los Monteros and Cracraft (1997), we obtained sethe template for designing the other corvid specific CR primers used in
guence data for 21 NWJs and relatives from the entird® StUd-

| . Toi uti fthe NWJ The mtDNA CR fragments were amplified in §0-reactions in a
control region. To increase resolution of the tree W€9600 Perkin Elmer thermocycler using the following thermal condi-

sampled several species per genus for the CR sequenc@sns: 94°C for 2 min; 94°C for 30 s, 55°C-58°C for 30 s and 72°C for
Recent studies suggest that increased taxonomic sarme or 60 s, for 35 cycles; 72°C for 7 min. Amplified PCR products were

p||ng may improve recovery of higher-|eve| trees, al- purified with the Qiagen PCR purification kit as described by the
though the importance of increased taxon sampling iénanufacturer for use as templates for automated sequencing. Each

. urified PCR reaction was resuspended in 22188 ,0, and 3—6ul of
debated (Graybeal 1998; Poe and Swofford 1999)' I oncentrated PCR product were used as template along wijth 4

addition to identifying intergeneric phylogenetic rela- pyepeoxy Cycle Sequencing reaction mix (ABI Dyeterminator chem-
tionships, the sequence data itself will be useful for in-istry) and 3ul of 1 ;1M solution of a single sequencing primer. A cycle
traspecific studies (for which the CR is so commonly sequencing reaction was then carried out as per manufacturer’s instruc-

; ; ; tions (ABI). The sequencing products were purified on a column of
used) in NWJs and related birds (e.g., Brown and Li 1995)'Sephadex G-50, electrophoresed, and analyzed on an ABI 373A auto-

mated sequencer.
Seventeen individual NWJs representing 14 species and 7 genera
Materials and Methods were used in the study (Table 2). Outgroup taxa were selected from the
family Corvidae: An Old World jay, two American crows, and one

DNA Purification and SequencingitDNA extractions were obtained Yellow-billed magpie. These CRs were sequenced, making for a total
from frozen tissue samples and were purified either by cesium chlorigélat@ set of 21 corvid individuals (Table 2). The American crows and
gradients (e.g., Edwards and Wilson 1990) or Promega’s Wizard Mini-Ye!low-billed magpie were specified to root the tree with the NWJs
prep DNA Purification system (Beckman et al. 1993) to minimize the Monophyletic, and the Old World jayPgrisoreuy was allowed to
possibility of contamination by possible nuclear copies of the mtDNA “float” within the ingroup as an internal test of the phylogenetic signal
(i.e., numts: Sorenson and Quinn 1998). Entire or partial CRs werd'om the CR data.

amplified with combinations of L16743 (Tarr 1995), JCR 03, or JCR

01 with H1248 (Tarr 1995; Table 1, Fig. 1). The preliminary corvid CR Data AnalysisSequence outputs were assembled using Sequencher
amplifications for the study were obtained frdfphelocoma, Cyanoc- v. 4.0 (Gene Codes 1999) to construct the complete CR sequences.
itta, Perisoreus,and Corvusby using the “universal” passerine CR Complete CR sequences were then aligned using Clustal W 1.7 (Hig-
primers designed by Tarr (1995). Products of these primers in conjuncgins et al. 1992) using default parameters and subsequent adjustment by
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Fig. 1. Schematic diagram of the corvid mitochondrial control region and flanking regions. The control region itself is shaded. Approximate
positions of primers used in the study (see table 2) are indicated by arrows.

Table 2. List of species and museum specimens used in 8tudy

Genus/species Common name Collection Reference number

New World jays

Apelocoma
A. coerulescens Florida scrub jay A.T. Peterson FLSJ 3
A. californica Western scrub jay A.T. Peterson West 2
A. unicolor Unicolored jay FMNH MXJ 451
Cyanocitta
C. stelleri(1) Steller’s jay FMNH ORJ 065
C. stelleri(2) Steller’s jay FMNH ORJ 002
C. stelleri(3) Steller’s jay UWBM 59042
C. cristata Blue jay FMNH GB 072
Cyanocorax
C. melanocyaneus Bushy-crested jay UWBM 56143
C. yncas Green jay FMNH MXJ 396
C. chrysops Tufted jay LSUMZ B18826
Cyanolyca
C. mirabilis White-throated jay FMNH MXJ 442
C. virideyana White-colored jay Lsumz B1268
Gymnorhinus
G. cyanocephalugl) Pinyon jay FMNH MXJ 283
G. cyanocephalu§?) Pinyon jay FMNH MXJ 282
Calocitta
C. formosa White-throated magpie jay FMNH MXJ 477
C. colliei Black-throated magpie jay FMNH MXJ 336
Psilorhinus
P. morio Brown jay UWBM 56000
Old World jays
Perisoreus
P. infaustus Siberian jay UWBM 51672
Outgroups
Pica
P. nuttalli Yellow-billed magpie FMNH MXJ 087
Corvus
C. brachyrhyncug1) American crow UWBM 59089
C. brachyrhyncug?2) American crow UWBM 59059

Museum collection sources and specimen catalog numbers are provided. Museum collection abbreviations are as follows: FMNH, Field Museum
of Natural History, Chicago, lllinois; UWBM, University of Washington Burke Museum, Seattle, Washington; LSUMZ, Louisiana State University
Museum of Natural Science, Baton Rouge, Louisiana.

eye. We were unable to align unambiguously a small segment of vari- To construct trees we implemented a successive approximation
able length (17-43 bp) in the’ 2nd of domain II; this region was method as described in Voelker and Edwards (1998) as follows: maxi-
therefore excluded in the phylogenetic analyses (see Discussion). Weium parsimony (MP), neighbor joining (NJ), and maximum likelihood
obtained ambiguous sequenc®Q bp) that spans from tRN to the (ML) trees were constructed using default parameters in PAUP* ver-
center of the structure that is homologous to the chicken’s poly-sion 4.0b (Swofford 1998). These “default” tree topologies were then
cytosine hairpin in domain | for all but two taxa, and therefore this used to estimate the shape of the gamma distribution paramgter (
region was also excluded from all analyses. The total aligned CR datalescribe among-site rate variation; the transition bias parameer (
set used for the analyses spanned 1,298 nucleotide positions. Compleaad the proportion of invariable siteg,{,) under the HKY& + | + I’

CR sequences have been deposited in the Genbank data base undeodel (Hasegawa et al. 1985; Yang 1998) using empirical base fre-
accession numbers AF218918-AF218938. guencies. Trees were then reconstructed with each of the three tree-



101

F Bax D Box C Box B Bax
—ANCCCCT CCTCTGGTTCCTCGGTCAGGCACATCCCAT ACGAAGTCATCT--GT--GGAT TATTGCTGT*TICTCTTTTTGEEGCTICIT

cken  GTOCACCTCACGAGAGATCAGT
L i L e 1l IRl | FIHTHTTTE 1
GTAAACCTCACGAGANIGAGCTACTOGAC  CCTCTGGTTOCTATTTCAGGGCCATAACTT  ACAGATACATATATGT:

—AGGAT TTGECACTTGITTTCTITTTGEEGTCICTT

Steller's 3 .... ..
Vh.-thr. Magpie Jay R
Bl.—thr. MAgPi€ JaY ..evveveerecececaesannnnannnes  easesnnsnnnenenseaeeseeeesBue Liiiiiiiil Teeemennns

Brown ceeTeeeen
Tufted AC. e

EEEEER

Yellow-billed Magpie ...
Averican Crow 1 ...
Arerican Crow 1 ...

420 430 440 530 540 550 580 590 600

Fig. 2. Alignment of four conserved sequence blocks (CSBs) in theindicate identity of chicken CSB sites and thoseAof coerulescens
central domains of chicken control region and those of 21 New World(Florida Scrub Jay) individual 1. The nucleotide position in the entire
Jays and other corvids. Species names and individual number in serieontrol region alignment is indicated below. (*) in chicken sequence
when appropriate are indicated at the left (see Table 1). Vertical linegepresents indel of nucleotides (TGGTTC).

building methods using one or both parameter values as programdiscrete character, we used the parsimony program MacClade (Mad-
allowed. For example, to incorporaieinto parsimony analyses, we dison and Maddison 1992) and Discrete (Pagel 1994, 1999), which
used a step matrix format, and for neighbor-joining a Tamura and Neiprovides maximum likelihood estimates of ancestral states assuming
(1993) distance was used with a gamma-distribution of rates amongither that rates of gain (0. 1) and loss (1~ 0) of CB are similar or
sites. The process of estimating parameters and reconstructing nethat they are different. We used the maximum likelihood tree topology
trees based on new estimates was repeated until tree topology stakand branch lengths to perform these calculations.

lized. Because the three domains of the CR displayed different substi-

tution dynamics (see Results), we used two different weighting

schemes: one including parameter values for the entire CR, the othdresults

employing separate parameters for each of the three CR domains.

For comparison of CR dynamics with cytochrommelynamics we L. .
used the NWJ data set from De Los Monteros and Cracraft (1997). ThisSthture and Base Composition of the Control Region

data set included only one species from each NWJ genus and did nofhe N\W.J control region has many of the general avian
include the monotypic genusilorhinus(often considered congeneric features that have been reported to date in other birds
with Cyanocorax;see Discussion). Our CR data set included all NWJ . . . . .

species of the cytochroniedata set with the exception of the particular (e.g., DeSJard|n§ an_d Morais 1990; Wenink et al. %994)'
species oPerisoreusused in the outgroup. We therefore constructed a 1ne control region is flanked by tRNA' and tRNA"
combined data set for NWJs with one species from each genus whicconsistent with results obtained in some but not all other
we will refer to as the “combined” data set or, when only a single datapasserines (Mindell et al. 1998), includi@prvus frugi-
partition is used, a data set with a “reduced” number of taxa, to dis'legus,whose mtDNA has been completely sequenced

tinguish it from the CR data set that was amassed for our study. The =, . .
combined data set included 8 taxa and 2,441 nucleotide positionZHarlld and Arnason 1999). The length of the corvid CR

(1,298 nucleotide positions of CR and 1,143 bp of cytochrasne  IN this data set ranged from 1,310 to 1,354 bp. Typically
Aphelocoma coerulescens, Calocitta formosa, Cyanocorax chrysopghe vertebrate CR is subdivided into three domains (do-
Cyanolyca viridicyana, Gymnorhinus cyanocephaad Cyanocitta main |, central domain, and domain ||) demarcated pri_

cristata (Helm-Bychowski e_and Cracraft 1993) all |nc|udg both CR and marily by different structural features (e.g., CSBS). Ac-
cytochrome b sequence in the data set (although different museum

specimens)Perisoreus infaustu€R sequence was concatenated with Cord_'ngly' we designate qoma'“ I .from theénd of the

the cytochroméb sequence oPerisoreus canadensiince these spe-  CR light strand to nucleotide position 400400 bp); the
cies are congeneric. CR sequenceQirvus brachyrhyncug1,298  central domain between bp 401-839; and domain Il be-
nucleotide positions) was concatenated with 861 bp from cytochromeyween bp 840 to the’®nd of the CR light strand %50

b of Corvus corone(GenBank: AF094613). Although both the 1,y '\ye hased our subdivision on the demarcations of
Perisoreusand Corvus combined sequence data are technically chi- . . . . .

meric, their appropriateness to root the tree is justified because the twpesjardme_s and Morais (1990)_ using t_he allgn_ed_ com-
pairs of the chimera are in all likelihood more closely related to one Parisons with CSBs from the chicken (Fig. 2). Within the
another than to those of other species in the data set. We used treentral domain, four conserved sequence blocks (CSBs)
combined data set to test for both the effects of combined data analysigjere clearly identified: F box, D box, C box, and B box
and taxon sampllng. F|nglly, a total evidence MP analysis was per;g:ig. 2 and Web site). These CSBs are on average 43%
formed on the data including CR and cytochrome b sequences and the. . .

29 morphological characters as described in De Los Monteros an ivergent from those found in the chicken sequence. The
Cracraft (1997). B box has a 6-bp deletion in comparison to the chicken

To reconstruct ancestral states for cooperative breeding (CB) as sequence. We found that there was some correspondence
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Control region nucleotide position Control region nucleotide position distribution of parsimony steps per site
||J : | ![!! ! ' - FVL Iq . I !!]C ! ] - E | was calculated using MacClade
pely-G - domain | central domain I poly-C - domain | central domain I (Maddison and Maddison 1992).

between base compositional domains in the CR and the Phylogenetic trees were constructed for CR data in-
domains as defined by sequence blocks. Domain | has eluding the 21 corvid taxa using MP, ML, and NJ meth-
high A and C base composition, while domain Il is AT ods. Initial trees using default settings yielded two
rich (Fig. 3). Frequent thymine stretches ranging 5-8 byifferent intergeneric relationships. Intergeneric relation-
in length and adenosine stretches of up to 6 bp werships in the ML tree and the NJ tree were identical to
observed in domain Il. A poly-cytosine stretch of se-each other and to one of the two best MP trees (MPL,
guence that is likely homologous to the chicken hairpinlength 1,354 steps) (Fig. 5) and differed from the other
and similar tracts in other mtDNA (Baker and Marshall best parsimony tree (MP2) only in the placement of the
1997) is found toward the'%end of the corvid CR. Fre- genusCyanocitta,the blue jay and Steller’s jays. In the
guent indels are found in domain | and domain Il while most common tree (ML, NJ, and MP1), scrub jagek-
indels are rare in the central domain (Fig. 3). elocomd comprise the sister clade @fyanocitta;while

in the MP2 tree,Aphelocomawas basal to the clade

containing Cyanocitta, ((Calocitta, Psilorhinuy, Cya-
Sequence Dynamics and Phylogenies nocoray, and Gymnorhinug. In addition, minor dif-

ferences occurred between the three methods in branch-
The average intergeneric sequence difference (uncoing pattern withinCyanocoraxand Cyanocitta cristata
rected) among NWJ control regions is 20%, 18%, 9.0%see Fig. 5 legend). The monophyly of all groups at the
and 27% for the entire CR, domain I, central region, andgeneric level was strongly supported by bootstrap
domain I, respectively. Pairwise computation of the values between 92% and 100%. In addition, the mono-
number of transitions and transversions were performe@hyly of all NWJs relative td?erisoreusand monophyly
for the CR and cytochromedata sets. Each data set was of the group of all NWJ genera excludizyanolycaare
partitioned into categories (domain |, central domain,well supported. On the NJ tree for the entire CR the
and domain Il or by codon position for cytochrome b). maximum divergence between congeneric species was
The transition/transversion plots for the central domaingreatest irCyanolycawhereC. virideyanaandmirabilis
and domain Il are linear (Figs. 4b and 4c), whereas subdiffer by 18.1%, and less i€yanocitta(10.4%), Aph-
stitution in domain | cluster with no obvious trend and a elocoma(9.6%), Cyanocorax(9.3%), andCalocitta
plateau at about 10% transitions. First and second codofp.8%).
positions in cytochromé (Figs. 4d and 4e) show little The number of parsimony steps undergone by CR
variation but a distinctly linear trend, whereas third po- sites ranged from 0 to 8 on the tree in Fig. 5, including
sitions show clustering without a trend and a plateau aputgroups (Fig. 3). The average number of steps per site
about 20% transitions. Domain Il had the highest fractionon the tree in Fig. 5 was highest in domain I (1.39) and
of parsimony informative sites (34%; Table 3). lowest in the central region (0.59). However, the largest
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transversions per site control region and cytochrome b are indicated.

number of steps undergone by any site in the centragjeneral the cytochronmtegene exhibited highet (lower
region (7) was almost as high as that in domains | and llamong-site rate variation) than the CR, and the transition
(8). The HKY85 + | +I" model proved a reasonable bias in third positions was highest of all categories. How-
description of CR substitution dynamics as the likeli- ever, thex values ofee for first and second positions of
hoods under the general-time reversible model (GTR + kytochromeb could be due in part to uncertainty in es-

+ I" model;0-7,853.27 to — 7,857.12) were not signifi- timation due to the low amount of variation in these
cantly better than those under the HKY8 | + I' model  positions (Figs. 4d and 4e).

(-7,871.78 to - 7,876.12) via a likelihood ratio test  Successive approximations using the estimatesd
(Huelsenbeck and Crandall 1997). The estimates, of « values for the entire CR and the full data set did not
andp;,, for the three CR regions under the HK¥& | +  yield any topologies that differed from the default trees
I' model were very similar for the two equally parsimo- except that the MP method converged to a single most
nious trees (Table 3). In the full CR data setwas parsimonious tree (MP1; Fig. 5) after a single reestima-
highest for domain Il and lowest for the central domaintion. In addition, the robustness of the trees was basically
(Table 3). Only the central domain showed substantialinchanged after weighting as indicated by similar boot-
among-site rate variation (< 0.5; see Yang 19%6yal-  strap values with some exceptions. In the reduced data
ues suggested a high transition bias in domains | and Iset for the CR data all three tree-building methods
with a lower bias in the central domain (Table 3). Theyielded the identical topology ((#{phelocoma, Cyanoc-
estimated proportion of invariable sites was lowest foritta), (Gymnorhinus,(Calocitta, Cyanocora), Cyano-
domain Il and increased for the reduced data set for allyca), Perisoreu3, crow), although the topologies
data partitions except domain Il (Table 3). Overall, vyielded by the NJ methods were sensitive to the distance
increased and decreased in the reduced data set commethod used. The reduced MP and ML trees are consis-
pared to the full data set for CR sequences only. The rankent with the intergeneric relationships of one of the trees
order ofa among domains also changed, with the centralMP1) based on the full data set. As with the full data set,
region having the highest value in the reduced data set. Isauccessive approximations based on estimatead o
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Table 3. Likelihoods (-InL) and estimates of among-site rate variatiaj, (ransition bias«), and proportion of invariable siteg,(,) under the
HKY85 + | + I model for New World jay control region (CR) and cytochrolmeequences estimated on different trees and data sets

Sequence statistics Entire CR Domain | Central Domain Domain 1l
Control region—large data set (21 sequences)
Total sites 1,298 400 459 439
Variable sites 529 178 123 228
Informative sites 417 140 91 186
Uninformative sites 112 38 32 42
Tree B
-In L 7,871.78 2,624.87 1,979.18 3,102.91
K 6.27 7.18 5.07 8.42
Piny 0.45 0.37 0.18 0.32
a 1.29 1.04 0.27 151
Tree 2
-InL 7,876.12 2,629.15 1,978.85 3,103.91
K 6.28 7.13 5.04 8.54
Pinv 0.45 0.37 0.21 0.33
a 1.30 1.04 0.29 1.55
Control region—reduced data set (8 sequences)
Tree T
-In L 5,182.98 1,650.24 1,469.46 1,966.58
K 5.22 5.59 4.24 7.81
Pinv 0.49 0.47 0.67 0.22
a 2.00 4.10 5.50 0.80
Tree 2
-InL 5,182.99 1,651.91 1,463.96 1,967.19
K 5.28 5.50 4.24 8.01
Pinv 0.48 0.47 0.65 0.24
a 181 3.76 3.34 0.84

Entire cytochrome b

First positions

Second positions

Third positions

Cytochromeb (8 sequence$)
Tree T

-inL 4,254.29 1,031.43 673.86 2,127.96
K 7.83 7.68 3.21 45.02
Piny 0.62 0.72 0.77 0.02
a 5.97 oo o0 1.01
Tree 2

-inL 4,254.29 1,030.21 673.86 2,127.96
K 7.83 7.58 3.21 45.02
Pinv 0.62 0.72 0.77 0.02
a 5.97 oo o0 1.01

2Tree 1 is the topology of the first MP, NJ, and ML trees; see text.
P Tree 2 is the topology of the second (MP2) tree.
¢ Trees for the reduced data sets have the same topology as the corresponding tree of the large data set with the extra taxa removed.
d Data from De Los Monteros and Cracraft (1997).

values did not change tree topologies for either CR oiin intergeneric comparisons in the full data set, the av-
cytochromeb data sets. erage intergeneric bootstrap value increased to 81%. The
effect of reduced taxonomic sampling may also be pre-
sent in the cytochromb data, where the average inter-
generic bootstrap value was only 67% (De Los Monteros
We tested the effect of taxonomic sampling on tree resoand Cracraft 1997).

lution by comparing intergeneric bootstrap values from MP analyses of the reduced data set including the CR,
of the full data set versus the reduced data set. Taxonytochromeb and morphological characters combined
sampling had a notable effect on the resolution of theand separate had primarily affected the placement of
intergeneric relationships. In a comparison between th&ymnorhinusand Cyanocitta. The combined CR-
MP trees from the CR data of the two data sets (un<cytochromeb data (2,441 sites) yielded a single most-
weighted), the full data set yielded an average intergeparsimonious tree in which the pinyon jagymnorhi-
neric bootstrap value of 77% as compared to 59% in thewug was sister tcAphelocomandCyanocittawas sister
reduced tree data set (Fig. 5)RAsilorhinusis considered to Cyanocorax/Calocitta/Aphelocoma/Gymnorhinus.

Sources of Phylogenetic Signal
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o4 [ Florida Scrub Jay
100
100 b Western Scrub Jay | Aphelocoma
54 Mexican Jay
44
48 p— BlUE ]2y
33 | 98
92 gi e Steller's Jay 1
100 = Cyanocitta
| 100 | e Steller's Jay 2
Steller's Jay 3
Z % White:throated .Flg'. 5 Phylogenetic tree of 21 corvid '
86 Magpie Jay ) individuals based on mtDNA control region
L] 100 . Calocitta sequences (full data set). The consensus tree
84 100 Whlte:throated shown is derived from an unweighted bootstrap
100 Magpie Jay o parsimony analysis, with the branches within
100 s Brown Jay 1 Psilorhinus Cyanocorax collapsed at lower than 40% bootstrap
100 | — Tufted Jay support. The pie diagram indicates the chance
77 100 100 (68%, black area) that the common ancestor of
% 8 100 Bushy-crested Jay [ Cyanocorax NWJs was a cooperative breeder under a two-rate
; 3 model (see text). The two most parsimonious trees
93 % b Gre€n Jay (length, 1354 steps) recovered in heuristic searches
o 100 . both placedCyanocorax yncaandC.
100 100 = Pinyon Jay 1 Gommorhinas melanocyaneuss sister species, but differed in
99 Pinyon Jay 2 Y the placement of Aphelocoma (see text). The NJ
[ | tree (see text) differed in placin@. yncasandC.
91 e White-collared Jay chrysopsas sister taxa, whereas the ML tree was
100 Cyanolyca similar to the MP trees with regard to Cyanocorax
b White-throated Jay but placed Steller's Jays 1 and 3 as sisters rather
than 1 and 2. The two bootstrap percentages out
Siberian Jay | Perisoreus of 1000 replicates above all internal branches
100 American Crow 1 indicate the results of unweighted and weighted
100 o (underlined) parsimony analyses. The two
American Crow 2 outgroups additional bootstrap percentages below intergeneric
branches (also out of 1000 replicates) indicate
Yellovy-billed results from reduced CR data analysis and
Magpie CR/cytochroméeb combined analysis (underlined).

Nonetheless, the consensus bootstrap parsimony tree ofiromeb data on the cytochrometree (642 steps) was
the combined molecular data yielded a tree with interge-only 5 steps shorter than on the CR tree (both tgsts,
neric relationships as in Fig. 5. The average intergeneri©.05).

bootstrap support was greater with the combined mo- To study the evolution of cooperative breeding, we
lecular data set (73%) than with the CR data alone (59%rather simplistically coded all clades except yellow-
Fig. 5). De Los Monteros and Cracraft (1997) showedbilled magpie, western scrub jay, a@yanocittaas co-
that the cytochromb data alone yielded the same topol- operative (state 1). Under this scoring scheme, MacClade
ogy as the combined cytochrorhemorphology data set, predicted that the ancestral state for NWJs was coopera-
but that extra-morphological characters increased bootive. A maximum likelihood analysis using Discrete sug-
strap values. As in the single heuristic search tree ofjested that a model in which rates of forward and back-
combined molecular data, this tree also impliégmno-  ward character change were unequal{QL = 0.021, 1
rhinus as a sister tAphelocomaA parsimony analysis - 0 = 0.008, — InL = 19.267) was superior to a model
of total evidence data (CR, cytochrorbgand morpho- in which character change was equa{0l = 1 - 0 =
logical characters) yielded a tree topology that placed.0118, — InL = 22.561). Under the two-rate model, the
Gymnorhinusas basal to theAphelocoma-Cyanocitta probability that the ancestor of NWJs was cooperative
clade, a topology that is intermediate between the CRvas estimated to be 68% (59% under the one-rate
tree (Fig. 5) and that produced by cytochrofmeand  model).

morphology. Despite the differences in these reduced

data-set tree topologies, none of the differences between

molecular data sets were statistically significant as anabiscussion

lyzed with Templeton’s test (Templeton 1983). The CR

data on the reduced CR tree (897 steps) was only 10 stedhe complete CR sequences appear to be useful for re-
shorter than on the cytochronte tree, and the cyto- solving intergeneric relationships in New World jays. A



106

number of factors seem to lend credibility to the signallutionary dynamics of domains | and Il, (transition bias,
that we see from the CR data. Multiple species werex, and among-site rate variatior), are broadly similar
sampled from each genus except for the monotypido one another and distinct from those in the central
brown jay, Psilorhinus.Our analyses indicate that taxon region. This conclusion does not necessarily follow from
sampling did improve phylogenetic signal somewhat,the common observation that the average substitution
particularly at deeper nodes in the tree: average intergaate in these two partitions are drastically different; dif-
neric bootstrap support was lower when only a singleferences in average substitution rates do not necessarily
exemplar per genus was sampled. By sampling multiplemply differences in substitution dynamics. The CSBs in
species per genus, we were also able to judge how wethe conserved central domain may be the basis for the
our data set delimited these higher categories: We foundighest level of among-site rate variation (lowe$t A
that all traditionally recognized genera of New World conserved block found in the expected position of CSB-1
jays were supported by our data except Rsilorhinus  in the central domain is conserved among corvids al-
(=Cyanocorax, sensu latowhich clustered witlCaloc-  though it shares only seven consecutive sites with the 27
itta instead of the genus to which it is usually allied, bp of CSB-1 of the chicken. A CSB has been reported in
Cyanocorax.In addition, the Old World jay exemplar other avian CRs in domain Il (i.e., CSB-1: Quinn and
(Siberian jay;Perisoreu3 was always basal to the NWJs Wilson 1993) but was not identified unambiguously in
when the tree was rooted with the other three outgroughe NWJ CRs. Our data (e.g., Figs. 3 and 4) also suggest
taxa. Finally, a previously published cytochrofnelata an association between transition bias and equilibrium
set and our CR data were not statistically incongruenbase composition, a relationship that has been noted be-
with each other. These points support the idea that fadore (Collins et al. 1994; Perna and Kocher 1995). For
evolving DNA sequences such as those of the CR may bexample, the three CR domains are reasonably reflected
valuable in relatively deep phylogeny reconstruction andn the spatial changes in base composition across the CR.
with divergences as high as 20% as long as alignment i$he comparison of dynamics of CR and cytochrome
satisfactory. Fast-evolving CR sequences will also bamply that saturation of transition is less of a problem in
useful for uncovering the unexpectedly high diversitythe CR data than in the third positions of cytochrome
within some clades, such dyanolyca,where diver- which have an extremely high transition bias (Edwards
gences exceeded 18%. Nonetheless, two t&emno-  1997).
rhinus (the pinyon jay) andCyanocitta (Steller’'s and The intergeneric relationships derived from these data
blue jays) consistently shifted in our trees, and, overallare in general concordance with a previous molecular
bootstrap support for the affiliations of these taxa wasphylogeny for this family (De Los Monteros and Cracraft
low. 1997) with the exception of a single node. Moreover,
Taxon sampling seemed to have a much more visiblevhat differences exist between the cytochrobieor-
affect on estimates of sequence dynamics than tree tghology tree and the CR tree are not statistically distin-
pology. These results are consistent with results of otheguishable by either data set. The primary difference be-
recent studies exploring this issue (Sullivan et al. 1996fween the cytochromletree and the CR or the combined
1999; Edwards 1997; Voelker and Edwards 1998; Ex-CR—cytochromeb trees is in the placement @ymno-
coffer and Yang 1999). All estimated values @fin- rhinus,a morphologically highly derived taxon (Amadon
creased in the reduced data set estimation with the ext944). The differential placement &ymnorhinusn the
ception of domain Il. The increase inmay be expected two molecular data sets may be due to homoplasy or
if much of the signal for among-site variation in the dataother molecular artifacts, and thus the placement of this
set comes from closely related sequences, especialgxon remains unresolve@yanocittaalso shifted posi-
when more than two species per genus are included itions, either after incoporating a weighting scheme de-
analyses. The decrease in the value of for domain Il wasived from the CR data or when the CR and cytochrome
less anticipated. The cause of this pattern may be attribb data were combined. Indeed, we were surprised that
utable in part to the high rate of evolution of this domain, our CR data could not discriminate between the place-
which exhibits the greatest average divergence of thenents ofGymnorhinusandCyanocittagiven the reason-
CR. The apparent differences in substitution dynamicsably high bootstrap values for several intergeneric nodes
between large and small data sets may, however, simpligetween the two positions at the base and near the tip of
be due to sampling error (Sullivan et al. 1999). Sullivanthe CR tree. The inability of over 2 kb of mtDNA to
et al. (1999) suggest that substitution dynamics can beolidly resolve generic relationships in NWJs may indi-
reasonably estimated with about 20 sequences in the datate that these genera diverged in rapid succession, re-
set, a condition that is met by our full data set. sulting in short internodes (see Walsh et al. 1999).
Although the weighting schemes and sequence mod- Our CR data set included a species that was absent in
els did not seem to have a great effect on tree topologieghe cytochromé study—the brown jayRsilorhinus mo-
they nonetheless provided valuable insight into the modeio). The generic classification of the brown jay is in
of evolution of the CR. Our data suggests that the evodispute as some researchers consider this spec@gaas



Florida Scrub
Western Scrub
Unicolored

Blue

Steller's

Wh.-thr. Magpie Jay
Bl.-thr. Magpie Jay
Brown

Tufted
Bushy-crested
Green

Piryon
White-collared
White-throated
Siberian

American Crow
Yellow-billed Magpie

~TACACACAATTTAATC-—AA-AACC--AA-TG-—-——— CCACA-—
~TACACACAATTTAATC--AA-AACC—~AA-TG~~ ==~ CCACA--
~TACATCCAAT-~~AATTAAA-AACT——AA-TG——~—~— CCATA-—
——ACACCCAAACCAAATCAAA-AACC--AA-TA~————— CCACA--
~TACAARAAAACCAAACCAAATGATC - ~AA-TA-————— CCACA--
—ACATAR—~ TACTGGCT - —A~—TG ==
~~ACACGT—————————-, AATACTAGATA~~TG—————————————
~~ACATAA e TGATAGCC- ARG = —mmmm =

——ACATAT-----GACATCAACCAAA~-AACTGACA- -~CCAAA-—
~— ATATAT-- - - -GGCATNAACCAAA-—AACCGACA---CCARA——
~—ACATAC-——--; AACACCAACCAAA--AACTAGTA--—CCAAA-—

——ACGCAATACACA-CCAAAACTTAACACACCA-CATTTCACAGCT
ATACACAATCTAAACCAAAARCCANTGCAACCACA——-—CCACAA-

107

Fig. 6. Manual alignment of the
length-variable region of domain Il of
New World Jay and corvid control
regions. Common names of Jays can be
linked with Latin names in Table 1. In
parentheses beside each name is the total
length of the region for that species. The
region occurs after position 1188 in the
Florida Scrub Jay CR and after position
1159 in the Yellow-billed Magpie CR, or
at position after position 1210 in the
aligned NWJ sequences. A schematic of

| ‘ | | the tree depicted in Figure 5 appears at
10 20 30 40 right.

nocorax morio(e.g., Williams et al. 1994), while other This scenario would suggest that the phylogenetic pro-
researches consider this species to form a monotypipensity for CB in NWJs has been overcome multiple
genus, Psilorhinus (e.g., Haemig 1989). Surprisingly, times. However, our maximum likehood analysis sug-
our data strongly suggest th&silorhinusin fact lies  gested, counterintutively, that the rate of loss of CB was
outside of theCyanocoraxclade and is sister t€aloc-  almost three times less than the rate of gain. This result
itta. The case oPsilorhinusrepresents a good example likely arose because the the valuecofequired to main-

of the possible paraphyly of genera erected on morphotain CB in most of the species in the face of some losses
logical grounds and in the absence of tree thinking byof CB is predicted by the Discrete program to be high
traditional alpha-taxonomy, which naturally assumes(Pagel 1999). In addition, the likelihood that the ancestor
each named genusdnsu lath to be monophyleticPsi-  of NWJs was cooperative was predicted to be only 68%.
lorhinus may in fact be morphologically more similar to We nonetheless believe that the origin of CB may in fact
Cyanocoraxyet this similarity does not guarantee mono- be even deeper than the divergence of New World and
phyly of the cladePsilorhinus-Cyanocorawith respect  Old World jays as there have been reports of cooperative
to sister genera. Paraphyly Gyanoraxmay be as par- behavior inPerisoreus(Waite and Strickland 1997) as
simonious for many nonmolecular characters as mowell as inCorvus(Richner 1990). Extensive re-analysis
nopohyly; in this scenarioCalocitta and Psilorhinus  of this idea and judicious consideration of natural history
both represent derive@yanocorax. data (Brown 1987) will be required in the future as we

Despite the difficulty of aligning the length-variable learn more about sociality in all species of NWJs.
region of domain Il across jay species (Fig. 6), the ab-
solute length of the region nonetheless appears to proicknowledgments. We thank the curators of the Field Museum of
vide some |ns|ght into phy|ogenetic re|ationships_ ForNatUI’a| History and Louisiana State University Museum of Natural
example, within genera the lengths of this region a‘reScience, as well as A.T. Peterson, for lending tissue;. We thank pri

. . . Hoekstra, Joe Gasper, Gary Voelker, and Sharon Birks for technical
hlghly consistent, except f(ﬁyano'y(:aSpeCIes' perhaps assistance in the lab, H. Hoekstra for conducting the Discrete analysis,
becauseCyanolycahas very deep roots. Similarities in and s.-H. Li, J. Cracraft, Robb Brumfield, and Bonnie Bowen for
length of this region are also evident between some genhelpful discussion and P. Marko for comments on the manuscript.
era, such as scrub jay#ghelocompa and crested jays Laboratory research was f_unded in pa_rt by a Royalty Research Grant
(Cyanocitt, and Calocitta and Psilorhinus. These pat- (#1032) from the University of Washington and NSF grants DEB

. i . 9419738 and DEB 9707458 to S.V.E.
terns strengthen the hypothesis of relationships based
solely on sequence differences (Fig. 5), despite the fact
that phylogenetic analysis of the length-variable region
itself did not yield results consistent with the rest of the
CR (not shown).

The position ofCyanocittais critical to scenarios of Am
the evolution of cooperatl've _breedmg n NV,Vf]S' Our CRArnold KE, Owens IPF (1998) Cooperative breeding in birds: a com-
data never place@yanocittain a basal position to all parative test of the life history hypothesis. Proc Roy Soc Lond B
other NWJs, although the reduced taxon set, total mo- Biol 265:739-745
lecular tree implied that onl€yanolycawas more basal. Baker AJ, Marshall HD (1997) Mitochondrial control region sequences
From a parsimony perspective, therefore, the mtDNA as tools for undgrstanding evolut.ion. In: MinQeII DP (ed) Avifam
data suggest that CB is a primitive trait to all NWJs that gg'e;:'grle;’g'““o” and systematics. Academic Press, San Diego,
has been lost in th€yanocittaclade and in western Beckman KB, Smith MF, Ofrego C (1993) Purification of mitochon-
scrub jays, a pair-breeder with a genetic structure and s pNA with Wizard™ minipreps DNA purification system.
demography quite different from its sister species, the Promega Notes Mag 43:10-13
Florida scrub jay (Burt 1996; McDonald et al. 1999). Bensch S, Hasselquist D (1999) Phylogeographic population structure
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