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Abstract

Phylogenetic relationships in the Cetacean suborder Mysticeti (baleen whales) have recently been the focus of increased attention.
Here, we examine the evolutionary history of this group by comparing genealogies derived from Y chromosome and mitochondrial DNA
sequences. We generated topologies based on paternally and maternally inherited characters for males from nine baleen whale species,
including representatives of three families (Balaenidae, Eschrichtiidae, and Balaenopteridae) and four genera (Balaena, Eschrichtius,
Balaenoptera, and Megaptera). Divergence among species was Wfteen times greater for mtDNA than for Y-speciWc DNA. Both mtDNA
and yDNA topologies revealed the family Balaenopteridae to be paraphyletic, but this relationship was neither strongly supported nor
consistent across phylogenetic analysis methodologies. Humpback and Wn whales, representing diVerent genera, were reciprocally mono-
phyletic sister species according to mtDNA. Although the monophyly of Wn whales decayed for yDNA, a close relationship between Wn
and humpback whales was retained in yDNA trees. The paraphyly of Wn whales and the long branch leading to humpback whales for the
yDNA marker may suggest life history diVerences between these species. SpeciWcally, male humpback whales showed higher than average
divergence from other baleen whales at yDNA, although not at mtDNA, suggesting a potential for smaller eVective population sizes
among male humpbacks on an evolutionary timescale. The observation that those species that have been found to hybridize in nature
(blue/Wn and blue/humpback) do not reveal evidence for paraphyly for either maternal or paternal markers suggests that introgressive
hybridization has not historically been extensive and thus may not represent a substantial source of phylogenetic error for Mysticeti.
 2006 Elsevier Inc. All rights reserved. 
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1. Introduction

Evolutionary relationships at all levels within the order
Cetacea (whales, dolphins, and porpoises) have been con-
troversial (reviewed in Perrin and Reeves, 2004). Although
the suborder Mysticeti (baleen whales) is generally accepted
as a monophyletic group, relationships among some species
within this clade remain unresolved in spite of a recent
surge in the collection of molecular and morphological data

(Rosenbaum et al., 2000; Gatesy et al., 2002; Nishida et al.,
2003; Wada et al., 2003; Rychel et al., 2004).

Mysticetes are comprised of four families: the Balaeni-
dae (the right and bowhead whales), the Neobalaenidae
(the pygmy right whale), the Eschrichtiidae (the gray
whale), and the Balaenopteridae (the humpback whale, the
Wn whale, the blue whale, the minke whales, the Bryde’s
whales, and the sei whale). Members of the family Balaeni-
dae were initially characterized as the most basal of the
mysticetes based on morphology and early molecular evi-
dence from allozymes and the distribution of satellite DNA
(Wada and Numachi, 1991; Árnason et al., 1992). More
recent molecular data have supported bowhead and right
whales as basal mysticetes, but have also led to recognition
of three rather than two species within the right whale
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genus (Eubalaena) (Rosenbaum et al., 2000). That Neobala-
enidae, a monotypic family, are closely related to Balaeni-
dae was resolved in early studies and remains
uncontroversial. Phylogenetic relationships of the gray
whale (family Eschrichtiidae), and the rorquals (family Bal-
aenopteridae), however, are less clear. Phylogenies based on
the mitochondrial cytochrome b gene and the mitochon-
drial control region nest the gray whale within the rorquals,
consistently supporting the family Balaenopteridae as para-
phyletic (Árnason et al., 1993; Árnason and Gullberg,
1994). Consensus trees that integrate morphological evi-
dence, however, place gray whales outside the Balaenopter-
idae, due, presumably, to the large number of
morphological diVerences associated with the evolution of
this species’ unique bottom-sucking feeding behavior (Mes-
senger and McGuire, 1998).

Until recently, molecular phylogenetic analyses of ceta-
ceans have relied primarily on the mitochondrial genome,
which, because it does not recombine and is maternally
inherited in mammals, represents a single, female-mediated,
estimate of evolutionary relationships among species. Rela-
tionships within and among the two genera within the fam-
ily Balaenopteridae, the short-Xippered Wn, blue, sei,
Bryde’s and minke whales (genus Balaenoptera) and the
long-Xippered humpback whale (genus Megaptera) vary
among mtDNA gene genealogies. For example, cyto-
chrome b sequences indicate humpback and blue whales as
sister taxa (Árnason and Gullberg, 1994), mtDNA control
region sequences reveal Wn and blue whales as sister taxa
(Árnason et al., 1993), and ND4 sequences suggest hump-
back and Wn whales as sister taxa (Rychel et al., 2004).
Relationships within the family Balaenopteridae are of par-
ticular interest in light of known instances of hybridization
among rorqual species. Five blue-Wn hybrid whale speci-
mens have been described (Árnason et al., 1991; Spilliaert
et al., 1991; Bérubé and Aguilar, 1998), as well as one
humpback-blue hybrid (M. Poole, personal communica-
tion). Whether introgression occurs among rorqual species
remains unknown, but is of great importance given their
endangered status (Perry et al., 1999).

In an attempt to address inconsistencies between ceta-
cean phylogenies, Messenger and McGuire (1998) com-
pared a large data set of morphological characters to
mitochondrial 12S, 16S, and cytochrome b sequence data.
However, this study sampled only two rorqual species and
was unable to resolve relationships within the family Balae-
nopteridae. Likewise, Gatesy et al.’s (2002) supertree analy-
sis based on multiple morphological characters as well as
nuclear and mitochondrial sequence data did not include
all rorqual species, but found Wn and humpback whales to
be sister taxa to the exclusion of blue and minke whales.
Recently, Rychel et al. (2004) compared a nuclear gene
genealogy (!-lactalbumin) to genealogies based on two
regions of the mitochondrial genome (ND4 and cyto-
chrome b). Combined analysis again showed Wn and hump-
back whales to be sister taxa, with gray whales nested in the
Balaenopteridae and minkes forming a basal clade within

that family. However, when analyzed alone, nuclear data
supported a more basal position for Wn whales, not minke
whale species, within the Balaenopteridae. Rychel et al.
(2004) proposed that recent mtDNA introgression into the
Wn whale lineage could explain the diVerent positions of Wn
whales in genealogies derived from independent markers.

Nishida et al. (2003) published a gene geneology for
cetaceans based on sequence data from the sex-determining
region (SRY) of the Y chromosome. The Y chromosome
(yDNA) is paternally inherited, and the majority of the
chromosome, termed “male-speciWc” (Skaletsky et al.,
2003) does not recombine. Using 750 base pairs of yDNA,
Nishida et al. (2003) resolved relationships among a subset
of six mysticete species. They found a sister relationship
between Wn and humpback whales, with minke whales
basal among the four rorqual species sampled, and right
whales basal within the mysticetes. Gray whales, sei whales,
and Bryde’s whales were not included in the Nishida et al.
(2003) study, and therefore the paraphyly of the Balaenop-
teridae was not addressed.

We have recently developed additional markers on the Y
chromosome of the Wn whale (Hatch, 2004). These new
markers represent previously uncharacterized non-coding
regions of the Y chromosome. Here, we present sequences
from nine mysticete species and one odontocete outgroup
for two anonymous yDNA loci totaling 1040 base pairs. In
addition, partial mitochondrial control region sequences
are generated for the same males, to allow direct compari-
son between paternally and maternally inherited estimates
of baleen whale phylogeny. We re-examine relationships
within the mysticete clade, with particular attention to the
placement of Wn and gray whales, and discuss hypotheses
accounting for diVerences among the published phylogenies
for this group.

2. Methods

2.1. DNA extraction and sexing

We received tissue samples from wild free-swimming or
stranded whales from multiple individual collectors and
institutions. Samples were either tissues (skin and/or blub-
ber) preserved in 20% dimethyl sulfoxide (DMSO) or ali-
quots of pre-extracted DNA in TE buVer (10 mM Tris–Cl,
pH 8.4, and 0.5 mM EDTA). Tissues from 45 Wn whales,
three blue whales, three Northern minke whales, four
“small type” Bryde’s whales, four sei whales, four gray
whales, three bowhead whales, and one sperm whale were
the starting material for our study.

Genomic DNA was extracted using Qiaquick DNA
Extraction Kits (Qiagen, Inc.) and eluted in dilute TE buVer
(10 mM Tris–Cl and 0.5 mM EDTA). The gender of all
individuals sampled was determined by ampliWcation of a
Y-speciWc region (SRY) and an X/Y homologous gene
(ZFX/Y) using primers and cycling conditions described in
Palsbøll et al., 1992 and Bérubé and Palsbøll, 1996; 10 "l
PCRs contained buVer (20 mM Tris–Cl, pH 8.4, and 50 mM
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KCl), 0.2 mM each dNTP, 1 mM MgCl2, 1 "M each primer
and 0.5 U Taq (Platinum® Taq DNA polymerase, 5 U/"l).
AmpliWcations were performed in Hybaid® Omni Gene or
Hybaid® PCR Express (Hybaid, Inc.) thermal cyclers. Fol-
lowing sex-typing, 45 male whales, including 28 male Wn
whales, two males from each of six additional baleen whale
species, and a single male sperm whale were available for
analysis (Table 1). Fin whale samples were collected from
individuals in the central and eastern North PaciWc Ocean
and the western North Atlantic Ocean. Humpback and sei
whale samples were collected from North PaciWc and North
Atlantic populations. Samples for all other species were col-
lected solely from North PaciWc populations. Females from

each species were used as negative controls in verifying the
male-speciWcity of PCR products.

2.2. Data collection and alignment

The 45 male samples were PCR ampliWed and sequenced
for three “anonymous” loci developed on the Wn whale Y
chromosome; ylocus2, ylocus10, and ylocus13 (Hatch,
2004). Primers and PCR conditions for ylocus10 and ylo-
cus13 were as presented in Hatch (2004). Ylocus2 failed to
amplify consistently in sperm, bowhead, sei, and Bryde’s
whales using conditions developed for Wn whales. In
response, we used “touchdown” PCR (modiWed from

Table 1
Tissue samples from male baleen whales used in this study

a US National Marine Fisheries Service’s Southwest Fisheries Science Center (NOAA).
b US National Marine Fisheries Service’s Northeast Fisheries Science Center (NOAA).

IdentiWcation Taxonomy

Source LablD# Family Genus Species Common

SWFSCa 4631 Balaenopteridae Balaenoptera physalus Fin
SWFSC 4767 Balaenopteridae Balaenoptera physalus Fin
SWFSC 7832 Balaenopteridae Balaenoptera physalus Fin
SWFSC 7835 Balaenopteridae Balaenoptera physalus Fin
SWFSC 8644 Balaenopteridae Balaenoptera physalus Fin
SWFSC 10744 Balaenopteridae Balaenoptera physalus Fin
SWFSC 14336 Balaenopteridae Balaenoptera physalus Fin
SWFSC 15897 Balaenopteridae Balaenoptera physalus Fin
SWFSC 23640 Balaenopteridae Balaenoptera physalus Fin
SWFSC 24798 Balaenopteridae Balaenoptera physalus Fin
SWFSC 25397 Balaenopteridae Balaenoptera physalus Fin
SWFSC 25399 Balaenopteridae Balaenoptera physalus Fin
SWFSC 25400 Balaenopteridae Balaenoptera physalus Fin
SWFSC 25403 Balaenopteridae Balaenoptera physalus Fin
SWFSC 1862 Balaenopteridae Balaenoptera physalus Fin
SWFSC 2821 Balaenopteridae Balaenoptera physalus Fin
SWFSC 5819 Balaenopteridae Balaenoptera physalus Fin
SWFSC 5820 Balaenopteridae Balaenoptera physalus Fin
SWFSC 5822 Balaenopteridae Balaenoptera physalus Fin
SWFSC 5824 Balaenopteridae Balaenoptera physalus Fin
SWFSC 6249 Balaenopteridae Balaenoptera physalus Fin
SWFSC 6254 Balaenopteridae Balaenoptera physalus Fin
M. Berube GM950003 Balaenopteridae Balaenoptera physalus Fin
M. Berube GM950027 Balaenopteridae Balaenoptera physalus Fin
NEFSCb DE020744 Balaenopteridae Balaenoptera physalus Fin
NEFSC DE020745 Balaenopteridae Balaenoptera physalus Fin
NEFSC DE020746 Balaenopteridae Balaenoptera physalus Fin
NEFSC DE020753 Balaenopteridae Balaenoptera physalus Fin
S. Cerchio 00S151 Balaenopteridae Megaptera novaeangliae Humpback
S. Cerchio 99C027 Balaenopteridae Megaptera novaeangliae Humpback
SWFSC 2313 Balaenopteridae Balaenoptera acuturostrata Minke
SWFSC 5318 Balaenopteridae Balaenoptera acuturostrata Minke
SWFSC 3999 Balaenopteridae Balaenoptera borealis Sei
NEFSC 82 Balaenopteridae Balaenoptera borealis Sei
SWFSC 7619 Balaenopteridae Balaenoptera musculus Blue
SWFSC 7620 Balaenopteridae Balaenoptera musculus Blue
SWFSC 15911 Balaenopteridae Balaenoptera edeni Bryde’s
SWFSC 15912 Balaenopteridae Balaenoptera edeni Bryde’s
SWFSC 546 Eschrichtiidae Eschrictius robustus Grey
SWFSC 1287 Eschrichtiidae Eschrictius robustus Grey
SWFSC 6970 Balaenidae Balaena mysticetus Bowhead
SWFSC 6971 Balaenidae Balaena mysticetus Bowhead
SWFSC 75 Physeteridae Physeter macrocephalus Sperm



L.T. Hatch et al. / Molecular Phylogenetics and Evolution 41 (2006) 12–27 15

Sambrook and and Russel, 2001, p. 8.112) for these taxa,
with annealing temperatures starting at 64 °C and gradually
lowered to 55 °C. Bands of expected size were gel extracted
using Qiaquick Gel Extraction Kit protocol (Qiagen, Inc.),
and the puriWed template was PCR ampliWed for
sequencing.

We designed primers to amplify »416 base pairs of the
Wn whale mitochondrial control region (15,851–16,267,
Accession #X72204, Árnason et al., 1993). Mitochondrial
DNA (mtDNA) PCR was performed in 10 "l total volumes
containing 1£ buVer (20 mM Tris–HCl, pH 8.4, and 50 mM
KCl), 0.2 mM each dNTP, 1 mM MgCl2, 1 "M each primer
and Taq (Platinum® Taq DNA polymerase, 5 U/"l).
MtDNA was also ampliWed using touchdown PCR.
Annealing temperatures were lowered gradually from 62 to
53 °C over the course of 16 cycles. The Wnal 19 cycles
annealed at 53 °C, followed by a 10 min extension at 72 °C.
All sequences were determined using ABI PRISM® 377
DNA Sequencer technology (Applied Biosystems, Foster
City, CA, USA).

Sequences were compared and aligned using Lasergene
Navigator software (DNAStar, Inc., Madison, WI, USA).
Ylocus10 and ylocus13 showed few indels among
sequences, and alignment was easily veriWed by eye. How-
ever, alignment of ylocus2 sequences proved more diYcult,
and preliminary results suggested that not all sequences
were orthologs. Studies of human and ape Y chromosomes
have shown the mammalian Y to be highly repetitive in
nature (Skaletsky et al., 2003; Rozen et al., 2003). Addition-
ally, the majority of sequence in the non-recombining
region of the human Y chromosome was found to show
high similarity to X chromosome-speciWc and autosomal
sequences (Skaletsky et al., 2003). These studies underscore
the importance of strict orthology criteria in estimating
higher-level relationships among species based on yDNA.
Therefore, ylocus2 was removed from further analyses.
MtDNA control region sequences were aligned using the
ClustalW algorithm (Chenna et al., 2003), with gap opening
and closing costs set to defaults (15, 6.66). Varying default
settings produced alignments that diVered only in non-
informative positions.

2.3. Phylogenetic analyses

We employed ModelTest 3.04 (Posada and Crandall,
1998) to determine the model of DNA substitution that
best Wt each data partition (ylocus10 and ylocus13, both
individually and together, and mtDNA). Estimates of base
frequencies, the ratio of transitions to transversions, the
distribution of substitution rates (#) and the proportion of
invariant sites for each sequence were used to inform deci-
sions about data combinability and phylogenetic analysis.
Pairwise sequence divergences for yDNA (combined) and
mtDNA, both uncorrected and corrected for within-species
divergence, were calculated among all whales, including the
sperm whale outgroup, using PAUP* (version 4.0b10, Swo-

Vord, 2003) and Arlequin v2.001 (Schneider et al., 2000).

PAUP* 4.0b10 was used to estimate the phylogenetic
signal at the Y loci and mtDNA using the g1 statistic for
skewness of tree distributions estimated from 100,000 ran-
dom trees and published critical values (Hillis and Huelsen-
beck, 1992). Partition homogeneity tests among loci
(ylocus10, ylocus13, and mtDNA) and among genomes
(yDNA versus mtDNA) were used to test whether data
could be combined.

Y-speciWc DNA, mtDNA and a combined mtDNA and
yDNA dataset were analyzed using maximum parsimony
(MP), maximum likelihood (ML), and Bayesian inference
(BI). In all analyses, the few gaps were coded as missing
data. Unweighted MP and ML searches for yDNA,
mtDNA and the combined dataset were performed in
PAUP* 4.0b10 using the heuristic search option, with 100
random sequence-addition replicates and tree-bisection-
reconnection (TBR) branch swapping. Results from
ModelTest 3.04 were used to deWne the model of nucleotide
substitution, the level of among site rate variation, and
presence/absence of invariant sites for ML and BI analyses.
Original branch lengths for ML analyses were obtained
using the Rogers–SwoVord approximation method (Rogers
and SwoVord, 1998), and branch lengths were optimized
using the one-dimensional Newton–Raphson method with
pass limit and delta settings at defaults (20, 10¡6). BI analy-
ses of yDNA, mtDNA, and combined yDNA and mtDNA
were conducted with MrBayes 3.0b3 (Huelsenbeck and
Ronquist, 2001). Random starting trees were used, and
analyses were run for 10 million generations, sampling the
Markov chains every 1000 generations. The Wrst 5000 trees
were discarded. Multiple BI analyses were completed to
ensure that searches were not uncovering local optima. All
trees were rooted using sequences from a male sperm whale
(Physeter macrocephalus). Although three methods for esti-
mating phylogeny were employed, trees resulting from ML
and BI analyses were preferred because they allowed us to
further parameterize the models of molecular evolution
underlying each dataset. Additionally, ML and BI methods
are more robust to biases that can lead MP methods to esti-
mate incorrect topologies (reviewed in SwoVord et al.,
2001).

We assessed relative nodal support for MP and ML con-
sensus topologies using nonparametric bootstrap analysis
(Felsenstein, 1985) and decay indices (Bremer, 1994). Under
both MP and ML criteria, 100 pseudoreplicates were con-
ducted with ML settings again determined by ModelTest
3.04. For MP and ML bootstrapping, values 770% were
taken to indicate strong support for a clade (Hillis and Bull,
1993), while posterior probability values 795% were taken
to indicate strong support under BI criteria (Rannal and
Yang, 1996). Decay indices (Bremer support) and parti-
tioned decay indices (partitioned Bremer support) were cal-
culated using TreeRot (version 2, Sorenson, 1999). Support
was partitioned to reXect the relative support at each node
from yDNA versus mtDNA (Baker et al., 1998), and to
explore conXicts between the topologies derived from the
two genomes.
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Hypotheses of species and family-level monophyly
within balaenopterids were tested by comparing consensus
topologies to alternative topologies generated using MacC-
lade version 3.08a (Maddison and Maddison, 1992). The
shortest trees were used as consensus MP topologies, while
trees with the most positive log likelihood values were used
as ML consensus topologies. ML tree comparisons utilized
branch length information. Because preliminary phyloge-
netic analyses showed diVerences between ylocus10 and
ylocus13 with respect to the relationship among sampled
Wn and humpback whales, statistical support for alternative
hypotheses for Wn/humpback arrangements were tested
using ylocus10. Alternative baleen whale topologies were
compared for ylocus10, yDNA, mtDNA, and combined
data, under MP and ML criteria. Finally, consensus topolo-
gies from MP and ML analyses were compared to each
other. Templeton’s (1983) Wilcoxon signed-rank was used
to assess the statistical signiWcance of topology diVerences
under MP; one-tailed SH tests (Shimodaira and Hasegawa,
1999) were used for ML (with likelihood settings based on
ModelTest results). All tree congruence testing was imple-
mented in PAUP*4.0b10, assuming !D 0.05 for statistical
signiWcance based on 10,000 pseudoreplicates.

3. Results

3.1. Sequence alignment and properties

We generated 1049bp of yDNA sequence and 416bp of
mtDNA sequence for analysis. Unique sequences for ylocus10
and ylocus13 were submitted to GenBank and were assigned
the following accession numbers: ylocus10 AY822119–
AY822136, and ylocus13 AY822152–AY822164. Unique
sequences for ylocus2 (removed from analysis) were assigned
accession numbers AY822137–AY822151. Unique mtDNA
control region sequences were assigned accession numbers
AY822087–AY822115.

Alignments of variable sites among sampled baleen
whale species and the sperm whale outgroup for ylocus10
and ylocus13 are presented in Table 2. Among the 42 sam-
pled baleen whales (excluding sperm whale outgroup),
ylocus10 (403 bp) contained 44 variable sites, 38 of which
were parsimony–informative, while ylocus13 (646 bp)
contained 30 variable sites, 19 of which were informative.
Therefore, the sampled yDNA included 74 sites that were
polymorphic among baleen whale species (69 substitu-
tions and 5 indels), 57 of which were parsimony-informa-
tive in the combined data set. Alignment of variable sites
among sampled baleen whale species and the sperm whale
outgroup for mitochondrial control region DNA is avail-
able as Supplemental Information (1). 190 sites within the
sequenced portion of the mitochondrial control region
were variable among the sampled baleen whales (158 sub-
stitutions and 32 indels), 152 of which were parsimony–
informative.

Percent sequence divergence (corrected for divergence
within species) ranged from 0.2% (between sei and small-

type Bryde’s whales) to 5.9% (between humpback and
sperm whales) for yDNA, while mtDNA showed
divergence on average 15 times higher, with minimum
divergence 5.9% (again, between sei and small-type Bryde’s
whales) and maximum 32.8% (again, between humpback
and sperm whales) (Table 3). In both data sets, pairwise
comparisons that included humpback whales showed high
sequence divergence relative to other species’ comparisons.

All three loci contained signiWcant (P < 0.01) phyloge-
netic signal according to skewness statistics. For ylo-
cus10, ModelTest chose as most likely a model
incorporating six rates of substitution with a gamma dis-
tribution of rates (GTR+G). The same model, but incor-
porating a proportion of the sites as invariant
(GTR+I+G), was the most likely model of evolution for
ylocus13. Estimates of transitions/transversions (ti/tv)
(ylocus10 ti/tv D 0.76, ylocus13 ti/tv D 1.16), and rate dis-
tribution parameters (ylocus10 " D 0.14, ylocus13
" D 0.15) were similar for the two loci. When both Y-spe-
ciWc loci were analyzed together, ModelTest chose the
GTR+I+G model as most likely, with ti/tv D 0.89,
I D 0.93, " D 0.01. A simpler model (HKY+G) was found
to explain patterns of substitution among baleen whales
at the mitochondrial control region. The ratio of transi-
tions to transversions at mtDNA was higher than esti-
mated for yDNA, while the distribution of substitution
rates among sites was less variable for mtDNA than for
yDNA (mtDNA ti/tv D 2.56, I D 0.54, " D 0.4588).

3.2. Data combinability

Based on initial data exploration, we combined the
two Y loci into a single data set. Ylocus10 and ylocus13
showed no signiWcant diVerences in best-Wt models of
substitution, and preliminary analyses of each locus
individually showed no conXict of signal, thus providing
no reason to suspect that these loci diVer in phylogenetic
signal. Likewise, partition homogeneity tests fail to reject
ylocus10 and ylocus13 as reXecting heterogeneous
phylogenetic signal (P-value D 0.15), thus supporting the
combined analysis of these two loci. These results are
expected; the entire Y chromosome is inherited as a
single unit, so diVerent Y chromosome loci are not
independent estimates of the mysticete’s evolutionary
history and should retrieve the same phylogenetic
relationships.

Partition homogeneity tests also failed to detect heter-
ogeneity among mtDNA and yDNA (P-value D 0.54).
However, given our interest in comparing genealogies
derived from paternally and maternally inherited loci,
these loci were treated separately as well as combined in
phylogenetic analysis and hypothesis testing. Given
diVerences in the models of evolution and parameters
mediating substitution between yDNA and mtDNA, lack
of statistically signiWcant heterogeneity may reXect lim-
ited power to discriminate due to low levels of yDNA
variation.
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Table 2
Alignment of variable sites among sampled baleen whales and sperm whale for the two Y chromosome loci

Numbers along the top correspond to the position of the variable site in the combined ylocus10 and ylocus13 data set. The vertical line denotes separation between ylocus10 and ylocus13. The horizon-
tal line denotes separation between Wn whale haplotypes and haplotypes from additional whale species. (—) denotes the presence of the same nucleotide as seen in the Fin_Common haplotype. (0)
denotes the presence of a single nucleotide gap.

Y chromosome locus 10

21 29 34 44 57 64 67 76 90 94 118 126 127 133 142 151 153 155 156 157 161 162 168 172 177 219 213 215 231 253 258 262 275 276 283 288

Fin_Common C C C G T T T A G T G G A 0 G C A A G T T T G C G A G T C C T A T T C G
Fin_GulfCalifornia — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — —
Fin_SENPaciWc — — — — — — — — — — T — — — — — — — — — — — — — — — — — — — — — — — — —
Fin_SENPaciWc — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — —
Fin_NWNPaciWc — — — — — — — — — — — — — — — T — — A — — — — — — — — — — — — — — — — —
Fin_WAlaska — A — C — — — — — — — — — — — — — — — — — — — — — — — — T — — — — — — —
Fin_Alaska — — — — — — — — — — — — — — — — — C — — — — — — — — — — T — — — — — — —
Humpback_NPaciWc T — A — C — G C A C — A G A T — C — — G G A — — — G A C — — G C C — G T
Humpback_NAtlantic T — A — C — G C A C — A G A T — C — — G G A — — — G A C — — G C C — G T
Grey_NPaciWc — — — C — C — — — — — — — — — — — — — — — — — T T — — — T — — — — — — —
Minke NPaciWc1 — — — — — — — — — — — — — — — — — — A — — — — T T — — — T — — — — — — —
Minke_NPaciWc2 — — — — — — — — — — — — — — — — — — A — — — — T T — — — T — — — C — — T
Blue_Antarctic — A — C — — — — — — — — — — — — — — A — — — — T T — — — T — — — — — — —
Sei_Northern — A — C — — — — — — — — — — — — — — — — — — — T T — — — T — — — — — — —
Brydes_NPaciWc1 — A — C — C — — — — — — — — — — — — — — — — — T T — — — T — — — — — — —
Brydes_NPaciWc2 — A — C — C — — — — — — — — — — — — — — — — — T T — — — T T — — — — — —
Bowhead_Alaska — A — C — C — — — — — — — — — — — — A — — — — T T — — — T T — — — — — —
Sperm_NPacitic — A — C — C — — — — — — — — — — — — A — — — C T T — — C T T — — — C — —

Y chromosome locus 10 Y chromosome locus 13

298 321 324 357 359 366 367 371 429 459 458 460 522 544 574 610 611 616 626 647 656 662 675 687 691 731 741 747 777 788 795 800 818 827 830 853
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Fin_GulfCalifornia — — — — — — — A — — — — — — — — — — — — — — A — — — — — — — — — — — — —
Fin_SENPaciWc — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — —
Fin_SENPaciWc — — — — — — — A — — — — — — — — — — — — — — — — — — — — — — — — — — — —
Fin_NWNPaciWc — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — —
Fin_WAlaska — — — — — — — — — — — — A — — — G — — A — — — — — — — — — — — — — — — —
Fin_Alaska — — — — — — — — — C — — A — — — G G — A — A — — — — — — — — — — — — — —
Humpback_NPaciWc C — T C — G — — — C — — A — — T — G 0 — — — — — — — — — — — — — — — — —
Humpback_NAtlantic C — T C — G — — — C — — A — — T — G 0 — — — — — — — — — — — — — — — A —
Grey_NPaciWc — — — — — — — — — C C — A — — — — — — — — — — — — — — — — — — — — G A —
Minke_NPaciWc1 — — — — — — — — — C C T A — — — — — — — — — — — — — — — — — — T — — A —
Minke_NPaciWc2 — A T C T G C — — C C T A — — — — — — — — — — — — — — — — — — T — — A —
Blue_Antarctic — — — — — — — — — C C — A — — — — — — — — — — — — T — — G — — — — — A —
Sei_Northern — — — — — — — — — C C — A — — — — — — — — — — — — — — — — — C — — — A —
Brydes_NPaciWc1 — — — — — — — — — C C — A — — — — — — — — — — — — — — — — — C — — — A —
Brydes_NPaciWc2 — — — — — — — — — C C — A — — — — — — — — — — — — — — — — — C — — — A —
Bowhead_Alaska — — — — — — — — — C C — A G T — — — — — — — — — — — — — — — — — — — A T
Sperm_NPaciWc — — — — — — — — — C C — A — — — — — — — A — — A A T T G — C — — A — A —
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3.3. Phylogenetic analyses

Topologies representing the best estimates of phylogeny
for mtDNA (A) and yDNA (B) are compared under MP
(Fig. 1) and ML (Fig. 2) criteria. MP and ML phylogenies
for the combined dataset are presented in Fig. 3(A and B).
For all three datasets (mtDNA, yDNA, and combined),
ML and BI analyses resulted in identical topologies. Thus,
BI posterior probabilities are presented on nodes in ML
trees. All trees recovered the traditionally accepted basal
position of the Balaenidae (bowhead whale) and showed
strong support for the monophyly of blue, Bryde’s, hump-
back, gray, and bowhead species. Most trees also showed
strong support for the monophyly of minke and sei whales.
In general, nodal support for yDNA topologies was consis-
tently weaker than for mtDNA topologies. However, some
notable patterns recovered by yDNA showed moderate
posterior probability and bootstrap support.

ML and BI analyses of Y chromosome DNA showed
low-level support for paraphyly in the family Balaenopteri-
dae, with blue whales basal to gray whales and minke
whales sister to a humpback-Wn clade (Fig. 2B). ML and BI
showed moderate support for Wn whales as paraphyletic
with respect to humpback whales, and for sei and Bryde’s
whales as sister taxa (Fig. 2B). None of these relationships,
however, were strongly supported in the MP analysis
(Fig. 1B). The MP analysis retained 34 trees, and all phylo-
genetic analyses detected single topological islands. Pat-
terns of divergence at yDNA were driven mainly by
ylocus10. Fin whales sampled in the Gulf of Alaska were
highly divergent from all other North PaciWc and North
Atlantic-sampled Wn whales at ylocus10. Additionally,

humpback whales (including samples from both North
Atlantic and North PaciWc populations) were highly diver-
gent from all other sampled baleen whales at this locus,
including Wn whales, and were on a “long branch” in the
ylocus10 topology.

All mtDNA topologies also showed low to moderate
bootstrap and posterior probability support for Balaenop-
teridae as paraphyletic; however, this relationship was cre-
ated by minke whales (rather than blue whales) taking a
basal position relative to gray whales (Figs. 1A and 2A). All
topologies showed strong support for Wn whales as mono-
phyletic and sister to humpback whales, and for sei and
Bryde’s whales as sister taxa (Figs. 1A and 2A). The MP
search for mtDNA retained 316 trees. Both MP and ML
analysis detected two tree islands. Although under both
methodologies the secondary tree was found much less
often (»1:9), it was not signiWcantly diVerent from the pri-
mary tree (Templeton’s test, P-value D 0.221; one-tailed SH
test, P-value D 0.403). The primary and secondary trees var-
ied in their resolution of minke, blue and gray whale posi-
tions. The strict consensus MP tree presented in Fig. 1A
represents this lack of consistency between the two tree
islands as a trichotomy for blue, gray and sei/Bryde’s
whales. The ML tree (Fig. 2A) placed blue whales sister to
sei/Bryde’s whales and placed gray whales more basally.
Low bootstrap support at some nodes reXects the lack of
consistency between the two equally-likely trees.

In combined analyses of both data sets (Fig. 3), mtDNA
contributed almost three times as many informative char-
acters as yDNA. Therefore, in most cases the resulting
topologies reXected stronger support for relationships
derived from mtDNA. MP analysis retained 5920 trees and

Table 3
Pairwise sequence divergences among all species included in this study for yDNA (A) and mtDNA (B)

Above diagonal: Average percent pairwise diVerences between species. Diagonal elements: Average percent pairwise diVerences within species. Below
diagonal: Average percent pairwise diVerences between species corrected for within species diVerences. N D number of males sampled per species.

N Fin Blue Humpback Grey Minke Brydes Sei Bowhead Sperm

(A)
Fin 28 0.0017 0.0123 0.0391 0.0125 0.0144 0.0129 0.0106 0.0161 0.0284
Blue 2 0.0114 0.0000 0.0433 0.0076 0.0105 0.0062 0.0038 0.0095 0.0200
Humpback 2 0.0377 0.0428 0.0010 0.0433 0.0413 0.0437 0.0413 0.0490 0.0594
Grey 2 0.0117 0.0076 0.0428 0.0000 0.0124 0.0062 0.0057 0.0114 0.0238
Minke 2 0.0087 0.0057 0.0361 0.0076 0.0095 0.0128 0.0105 0.0152 0.0276
Brydes 2 0.0116 0.0057 0.0428 0.0057 0.0076 0.0010 0.0024 0.0090 0.0214
Sei 2 0.0097 0.0038 0.0409 0.0057 0.0057 0.0019 0.0000 0.0095 0.0219
Bowhead 2 0.0152 0.0095 0.0485 0.0114 0.0105 0.0086 0.0095 0.0000 0.0181
Sperm 1 0.0276 0.0200 0.0589 0.0238 0.0228 0.0209 0.0219 0.0181 0.0000

(B)
Fin 28 0.0132 0.1180 0.1380 0.1572 0.1394 0.1548 0.1661 0.2065 0.2882
Blue 2 0.1041 0.0144 0.1695 0.1226 0.1430 0.1683 0.1707 0.2067 0.2632
Humpback 2 0.1159 0.1466 0.0313 0.1899 0.2043 0.2163 0.2219 0.2404 0.3438
Grey 2 0.1483 0.1130 0.1719 0.0048 0.1442 0.1791 0.1815 0.2151 0.3101
Minke 2 0.1291 0.1322 0.1851 0.1382 0.0072 0.1947 0.1827 0.2175 0.3065
Brydes 2 0.1351 0.1478 0.1875 0.1635 0.1779 0.0264 0.0841 0.2500 0.3137
Sei 2 0.1476 0.1514 0.1942 0.1671 0.1671 0.0589 0.0240 0.2608 0.2957
Bowhead 2 0.1988 0.1983 0.2236 0.2115 0.2127 0.2356 0.2476 0.0024 0.2608
Sperm 1 0.2815 0.2560 0.3281 0.3077 0.3029 0.3005 0.2837 0.2596 0.0000
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detected a single topological island, but failed to provide
any resolution among blue, gray, sei/Bryde’s and minke
whales (Fig. 3A). ML analysis found two trees, with the sec-
ondary tree less likely, but not signiWcantly so (one-tailed
SH test, P-value D 0.475). Primary and secondary ML trees
for the combined dataset diVered in the placement of minke
and blue whales. The primary ML tree (Fig. 3B) retained
minkes in their mitochondrially-derived position, basal
among the rorquals, and placed gray, blue and sei/Bryde’s
whales in sister clade to Wn/humpback whales. BI analysis
resulted in an identical topology. The secondary ML tree
for the combined dataset was more reXective of Y chromo-
some-derived relationships, placing minke whales as sister
to the Wn/humpback whale clade and blue whales as the
most basal rorqual species. Loss of resolution through lack
of congruence between yDNA and mtDNA in the com-
bined analysis is further corroborated by partitioned
Bremer support values. Negative decay indices indicate a
lack of support in yDNA for nodes largely derived from
mtDNA. For example, in the MP topology (Fig. 3A) Wn
whale monophyly had negative Bremer support for yDNA,
and positive Bremer support from mtDNA. In contrast,

Bremer values indicated strong support for sister relation-
ships between both humpback and Wn whales and sei and
Bryde’s whales.

3.4. Tree congruence testing

Templeton’s signed-rank tests and SH tests yielded simi-
lar results in comparisons among MP and ML consensus
topologies for ylocus10, combined yDNA, and mtDNA
and in comparisons of the topologies with hypotheses of
monophyly of Balaenopteridae and/or Wn whales (Tables 4
A, B). When ylocus10 was analyzed alone, Templeton’s test
found that a tree in which all sampled Wn whales were
monophyletic was signiWcantly longer than the consensus
topology, in which humpback whales are nested within Wn
whales. The corresponding SH test found Wn whale mono-
phyly to be marginally less likely. When ylocus13 was
included in a combined yDNA data set, both tests found
diVerences between Wn whale paraphyly and monophyly to
be not signiWcant. All mitochondrial topologies in which Wn
whales were paraphyletic were rejected as signiWcantly
longer than the consensus topology in Templeton’s tests,

Fig. 1. Strict consensus maximum parsimony cladograms for sampled baleen whale species based on mtDNA (A) and yDNA (B). All genealogies are
rooted with sequences from a single male sperm whale. Bootstrap support 750% and Bremer support values are presented above and below nodes, as
indicated in the legends.
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while two of three were signiWcantly less likely in SH tests.
Neither Templeton’s nor SH tests revealed signiWcant
diVerences between trees in which rorquals were paraphy-
letic versus monophyletic, all other conditions remaining
the same. This result is further indication of the weak sup-
port for this relationship in the mtDNA, yDNA and com-
bined datasets.

MP and ML consensus topologies for mtDNA were
found to diVer signiWcantly according to Templeton’s test
(P-value D 0.008), but not according to the SH test (P-
value D 0.07). For yDNA, consensus topologies inferred
under the two diVerent phylogenetic analysis methods were
not signiWcantly diVerent according to either test. Despite
diVerences in topologies resulting from diVerent analysis
methods, both yDNA consensus topologies were found to
be signiWcantly longer or less likely when compared to
mitochondrial consensus topologies, and visa versa. Thus,
incongruence in topologies based on the maternally and
paternally inherited DNA was signiWcant, supporting sepa-
rate analysis of Y-speciWc and mitochondrial data sets.
Loss of resolution though combined analysis of yDNA and
mtDNA is further supported in tree congruence tests, as
none of the tested alternatives were found to be signiW-

cantly diVerent from the MP and ML consensus trees.

4. Discussion

4.1. Y chromosomes and baleen whale divergence

Among the 45 males sampled here, representing nine
baleen whale species, sequence divergence based on Y chro-
mosome sequences was only about 7% of the divergence
based on the mitochondrial control region. Estimates of
diversity within species and divergence among species
depend on rates of mutation and the inXuences of selection
and recombination, as well as changes in eVective popula-
tion sizes (Ne) (including variation due to unequal sex
ratios, non-random mating and/or sex-biased dispersal)
and population structure. Mutation rates for mammalian
mitochondrial DNA are several times higher than mutation
rates for autosomal nuclear loci (Ballard and Whitlock,
2004; and reviewed in Avise, 2004). Thus mitochondrial
divergence is expected to exceed divergence at Y-speciWc
loci, although the magnitude of the diVerence varies among
taxa and among loci (Ballard and Whitlock, 2004). DiVer-
ent selective histories for Y chromosome versus mitochon-
drial DNA and diVerences in Ne (e.g. smaller male Ne due to
diVerences in male and female mating behavior) also inXu-
ence the observed ratio of yDNA and mtDNA divergence.

Fig. 2. Maximum likelihood phylograms for sampled baleen whale species based on mtDNA (A) and yDNA (B). All genealogies are rooted with sequences
from a single male sperm whale. Bayesian posterior probabilities 750%, bootstrap support 750%, and Bremer support values are presented above and
below nodes, as indicated in the legends.

A B
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For example, the high ratio of yDNA divergence to
mtDNA divergence for humpback whales (Table 3A and
B) may reXect this species’ highly gregarious mating behav-
ior, in which males are believed to engage in both acoustic
and physical competition for female mates (Clapham,
1996). If such a mating system results in a hierarchical,
dominance-based structure in which reproductive success
among males is highly variable, the eVective population size
among male humpbacks will be lower than under random
mating conditions. Smaller eVective population size and
greater population substructure for males than females
could result in increased rates of evolution for Y chromo-
some loci. As diversity at Y-speciWc sequences within
humpback whales has not been characterized, the relative
importance of demography/behavior versus selection or
mutation in explaining the divergence of humpback yDNA
requires further investigation.

In assessing divergence among cetacean species using
750 base pairs surrounding the Y-speciWc sex-determining
region (SRY), Nishida et al. (2003) found no polymorphism
within species, but moderately high divergence among spe-
cies, and therefore argued for SRY’s utility in resolving spe-
cies’-level relationships. Recently, a survey of nucleotide
diversity within multiple mammalian species targeting Y
chromosome-speciWc gene introns suggested that selective-

sweeps on sex-limited chromosomes have resulted in gener-
ally low levels of Y chromosome variation within mammals
(Ellegren, 2003; Hellborg and Ellegren, 2004). Hellborg and
Ellegren (2004) did not present estimates of divergence
among the six sampled species, but intraspeciWc diversity
ranged from zero to four substitutions in 0.7–3.5 kb of
yDNA. In Wn whales (L. Hatch and R. Harrison, in prepa-
ration), levels of Y diversity were higher than correspond-
ing values reported for other mammals by Hellborg and
Ellegren (2004). Furthermore, divergence among cetacean
species at the anonymous Y loci ranged from 0.2 to 5.9%,
values similar to estimates of yDNA divergence among pri-
mate species.

The average ratio of yDNA divergence to mtDNA diver-
gence seen here among baleen whales (1:14) falls within the
range of values reported for comparisons among primate
species. Comparison between chimpanzee and human Y loci
have estimated sequence divergence between these species to
range between 1.4 and 2.3% (Rozen et al., 2003), comparable
to divergence estimates based on autosomal nuclear DNA
(Chen and Li, 2001; Britten, 2002). MtDNA divergence
between chimpanzee and humans was estimated in early
studies to be 9.6% (Gibbons, 1990); therefore, divergence
between humans and chimpanzee based on yDNA is 14–24%
of mtDNA divergence. The nucleotide diversity of the

Fig. 3. Strict consensus maximum parsimony cladogram (A) and maximum likelihood phylogram (B) for sampled baleen whale species based on a com-
bined mtDNA and yDNA dataset. All genealogies are rooted with sequences from a single male sperm whale. Bayesian posterior probabilities 775%,
bootstrap support 750%, and Bremer support values are presented above and below nodes, as appropriate and as indicated in the legends.

A B
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human Y chromosome has been estimated to be »20% of
that found in human autosomes (Shen et al., 2000; The Inter-
national SNP Map Working Group, 2001). Stone et al.
(2002) found chimpanzees and bonobos to be considerably
more diverse when compared to humans based on male-spe-
ciWc loci, as has long been known to be true for mtDNA
(Ferris et al., 1981). However, Stone et al. (2002) estimated
yDNA sequence divergence between chimpanzees and bono-
bos to be only »0.25%; a small fraction of the divergence
estimated from mtDNA comparison (»13%). Thus, for these
close relatives the disparity between divergence estimates
based on the two genomes is even greater than we found in
this study of baleen whales. Tosi et al. (2003) found the pro-
portion of variable sites at Y chromosome loci among species
in the genus Macaca to be only 10% of the proportion for
mtDNA.

4.2. Y chromosomes and baleen whale phylogeny

Fig. 4 presents a schematic of eight hypotheses for rela-
tionships among baleen whale species, including mtDNA
and yDNA phylogenies from this study, as well as three
mtDNA phylogenies and three nuclear/morphological phy-
logenies taken from other published studies. We chose to
include cladograms from our ML analyses in this compari-
son Wgure, as these topologies were also found in BI analy-
sis. The trees in Fig. 4 were reproduced without support
values or branch lengths that may have appeared in their
original publications; thus, this Wgure cannot be used to
infer which topology represents the best estimate for the
mysticete clade nor which relationships within the clade
have been the most commonly resolved among studies.
Fig. 4 is presented purely to aid the reader in keeping track

Table 4
(A) Results of maximum likelihood (A) and maximum parsimony (B) tree congruence testing

(A) Results of maximum likelihood tree congruence testing. SH test (Shimodaira and Hasegawa 1999) one-tailed scores are reported, with bold indicating
P-values < 0.05. (B) Results of maximum parsimony tree congruence testing. Templeton’s test (1993) (Wilcoxon signed-ranks) test scores are reported. ¤,
topology consistent with consensus tree.

Topology SH test

Partition Are Wn whales paraphyletic with 
respect to humpback whales?

Are rorquals paraphyletic with 
respect to grey whales?

Ln P-value

(A)
yDNA locus 10 Yes* Yes* 908.55995

No Yes* 928.98014 0.0646
yDNA Yes* Yes* 2140.5243

No Yes* 2146.4318 0.4848
No No 2152.6747 0.2339
Yes* No 2146.6996 0.4573

mtDNA consensus topology 2183.1209 0.028
mtDNA No* Yes* 2313.1629

No* No 2319.6032 0.1337
Yes Yes* 2325.3804 0.0934
Yes No 2331.8639 0.0263

yDNA consensus topology 2474.9148 0.0013
combined data No* Yes* 4919.2214

No* No 4929.1735 0.2695
Yes No 4927.062 0.3421
Yes Yes* 4937.5305 0.0692

Topology Templeton

Partition Are Wn whales paraphyletic with 
respect to humpback whales?

Are rorquals paraphyletic with 
respect to grey whales?

Length N z P-value

(B)
yDNA locus 10 Yes* Yes* 55

No Yes* 64 6 ¡2.2514 0.0244
yDNA Yes* Yes* 101

No Yes* 104 1 ¡1 0.3173
No No 103 5 ¡1.3416 0.1797
Yes* No 110 4 ¡1 0.3173

mtDNA consensus topology 108 8 ¡2.1106 0.0348
mtDNA No* Yes* 362

No* No 371 10 ¡1.2649 0.2059
Yes Yes* 367 14 ¡2.1828 0.029
Yes No 399 5 ¡2.2361 0.0253

yDNA consensus topology 411 24 ¡2.9133 0.0034
combined data No* Yes* 488

No* No 492 16 ¡1 0.3173
Yes No 496 25 ¡1.5119 0.1306
Yes Yes* 493 11 ¡1.5076 0.1317
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of the results of multiple estimates of phylogeny for this
clade as we discuss diVerences between studies.

Anonymous Y chromosome loci showed low-level sup-
port under ML criteria for gray whales nested within a
paraphyletic family Balaenopteridae, and moderate sup-
port for humpback whales nested within a paraphyletic Wn
whale clade. The Wrst result is in agreement with the place-
ment of gray whales in the majority of published baleen
whale genealogies, most of which are based on mitochon-
drial DNA, but contradicts evidence based on morphological
characters (Fig. 4). MP analysis of yDNA and tree-compar-
ison tests between MP and ML topologies with monophy-
letic and paraphyletic rorquals indicated that yDNA did
not signiWcantly support Balaenopteridae paraphyly. The
second result (Wn whale paraphyly) is due to divergence at a
single Y-speciWc locus of Wn whales sampled in the Gulf of
Alaska. Although Wn whale paraphyly is unique to topolo-
gies based on this Y locus, a close relationship between Wn
and humpback whales was also found in the yDNA analy-
sis of Nishida et al. (2003) (Fig. 4), two of the four mtDNA
topologies (Fig. 4), and Gatesy et al.’s (2002) supertree
analysis of multiple molecular and morphological charac-

ters (not shown). Y chromosome data revealed some sup-
port for minke whales as sister to a humpback-Wn clade, a
relationship also revealed in Gatesy et al.’s (2002) consen-
sus analysis but not seen in any other published genealogy
(Fig. 4). Sei and Bryde’s whales were closely related in all of
the phylogenetic analyses in which these taxa were included
(Fig. 4). Finally, the nuclear genealogy of Rychel et al.
(2004) placed six Wn whale samples basal to all other sam-
ples from both the family Balaenopteridae (the rorquals)
and the family Eschrichtiidae (the gray whale). In contrast,
our study, which included 28 Wn whales from two ocean
basins, did not Wnd Wn whales to be basal among rorqual
species.

Our mitochondrial topologies, like previously pub-
lished studies of control region, ND4, and cytochrome b
sequences, placed minke whales in a basal position among
rorquals, and nested the gray whale within the rorqual
family (Fig. 4). However, multiple trees were detected for
both MP and ML analyses of mtDNA, and inconsisten-
cies among results are reXected in the lack of resolution
and/or support for blue, gray and minke whale positions
in both MP and ML topologies. In addition, tree-compar-

Fig. 4. Comparison of hypothetical relationships among baleen whale species reproduced from previous studies and this study (references cited in Wgure),
including four mitochondrial gene genealogies (top) and four nuclear/morphological gene genealogies (bottom).
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ison tests between MP and ML topologies with monophy-
letic and paraphyletic rorquals indicated that mtDNA
support for Balaenopteridae paraphyly was not
signiWcant.

Mysticete genealogies based on diVerent regions of the
mitochondrial genome (assumed to represent only a sin-
gle estimate of the evolutionary relationships among spe-
cies) have been found to vary substantially in their
topologies (Fig. 4). For example, we found strong
mtDNA control region support for a sister relationship
between humpback and Wn whales, while an earlier phy-
logeny based on mtDNA control region (Árnason et al.,
1993) suggested that blue whales and Wn whales are sister
taxa (although bootstrap support for this relationship
was <50%). To determine whether the relationships we
see are somehow unique to our dataset, we added 11
whale sequences (two Wn whales, two blue whales and sin-
gle humpback, minke, gray, sei, Bryde’s, bowhead and
sperm whales) represented in GenBank by whole mito-
chondrial genome sequences, to our mtDNA control
region dataset. Phylogenetic analyses restricted to this
416 bp segment of the control region, but including these
additional samples, continued to support a sister rela-
tionship between Wn and humpback whales (bootstrap
value 77%; data not shown). Lack of congruence among
diVerent estimates of phylogeny based on the same locus
has been found previously for this group (e.g., !-lactalbu-
min sequences from Bérubé and Aguilar, 1998 and
Rychel et al., 2004).

We found baleen whale gene phylogenies based on
maternally and paternally inherited DNA to be signiW-
cantly diVerent from each other (Table 4), although, in our
analyses, the two markers agreed as to a basal position for
the Balaenidae (represented by the bowhead whale, Balaena
mysticetus) and close relationships (shared genetic varia-
tion) between both Wn and humpback whales and sei and
Bryde’s whales. ML genealogies based on yDNA showed
some support for minke whales as more deeply nested
among the rorquals than was seen in mitochondrial geneal-
ogies from this study (control region) and past studies (con-
trol region and cytochrome b data: Árnason et al., 1993;
Árnason and Gullberg, 1994; see Fig. 4). A more deeply
nested position for minke whales was also apparent in the
nuclear gene genealogy of Rychel et al. (2004) compared to
those based on mtDNA (Fig. 4). Incongruence between
nuclear and Y-based phylogenies suggests locus-speciWc
eVects (e.g., diVerent evolutionary rates) or sex-biases in
introgression among species. However if nodes with low
support in the MP consensus trees for mtDNA and yDNA
are collapsed, minke and gray whales become members of
the same polytomy; thus, individual hypotheses for
relationships among these species are not considered well
supported.

Although signal heterogeneity between yDNA and
mtDNA partitions was not statistically signiWcant, pat-
terns and rates of substitution led to diVerent choices of
models of evolution for Y-speciWc and mitochondrial

sequences in hierarchical likelihood testing (Posada and
Crandall, 1998). Consensus topologies produced by the
two data sets were signiWcantly diVerent from each other.
Bull et al. (1993) suggest that combining partitions with
diVerent rates of change may lead to lowered chances of
recovering the correct phylogeny. In this study, topologies
based on yDNA were shallower but showed strong sup-
port at nodes that were in conXict with longer-branched
mtDNA-based topologies. However, as mtDNA con-
tained more phylogenetically informative sites, signal
derived from yDNA was overwhelmed in combined anal-
ysis, and signiWcant information from the Y loci was lost.
This result suggests that generating an accurate estimate
of Mysticeti relationships may necessitate sampling multi-
ple independent (autosomal nuclear) loci, both to gener-
ate enough informative sites, and to accurately
characterize variation among topologies that may reXect
the lack of congruence seen here in male versus female
derived characters.

4.3. Y chromosomes and baleen whale introgression

Hybridization between humpback whales and blue
whales and between Wn whales and blue whales has been
documented (Árnason et al., 1991; Spilliaert et al., 1991;
Bérubé and Aguilar, 1998; M. Poole personal communica-
tion), but thus far there is no direct evidence for hybrid-
ization between humpback whales and Wn whales.
Evidence regarding the fertility of documented hybrids
remains inconclusive. Although examination of male
hybrid blue-Wn whales suggested reproductive impair-
ment, one female hybrid was carrying a backcrossed fetus,
the viability of which was unknown (Bérubé and Aguilar,
1998).

In this study, Wn whales were paraphyletic with respect
to humpback whales based on a single segment of Y-spe-
ciWc DNA. At the same Y locus, humpback whales were
highly divergent from all sampled baleen whales, and thus
were on a “long branch” in yDNA topologies. Fin whale
paraphyly was not supported by either mtDNA or addi-
tional Y-speciWc sequence. Allele-speciWc paraphyly is com-
mon in gene trees, and may reXect interspeciWc
hybridization and/or incomplete lineage sorting (Harrison,
1998; Funk and Omland, 2003). In this study, paraphyly for
this Y-speciWc segment suggests incomplete lineage sorting
among Wn whales due to regional diversity (i.e. Gulf of
Alaska) captured by our more comprehensive sampling.
Alternative explanations for paraphyly at ylocus10 appear
unlikely. Accelerated rates of change for humpback whales
could not have distorted the topology via long-branch
attraction, as only humpback whales occupy a long branch
in our topologies. Likewise, there is no evidence for recent
introgression between Wn and humpback whales, given the
substantial divergence of Y haplotypes between the two
species.

Therefore, our results support a more recent diver-
gence between humpback and Wn whales than between
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humpbacks and blue and/or blue and Wn whales, as evi-
denced by incomplete sorting of Y chromosome lineages
between these two species. This hypothesis is not sup-
ported by phenetic evidence, however, as Wn whales and
humpbacks show less similarity in coloration and body
proportions than Wn whales and the remaining rorqual
species. Instead, humpback whales show similarly “accel-
erated” rates of phenotypic change when compared to
other baleen whale species, both in morphology (i.e. Xip-
per size) and acoustic behavior (i.e. highly derived male
song).

4.4. Introgression and deWning baleen whale species

Understanding relationships between protected baleen
whale species, as well as among protected populations, is
critical to eVorts to manage their conservation eVectively
(Perrin and Reeves, 2004). Recently, new specimens, reex-
amination of molecular data, and collection of data from
new molecular markers (Rosenbaum et al., 2000; Wada
et al., 2003) have prompted cetacean systematists to dis-
cuss increasing the number of recognized baleen whale
species from ten to Wfteen (Perrin and Reeves, 2004). At
least one researcher has questioned whether these new
species represent previously misidentiWed or unknown
taxonomic diversity or recent hybridization (Rychel et al.,
2004). Willis et al. (2004) suggest that although diYculty
in detecting wild cetacean hybrids in the marine environ-
ment has led researchers to assume hybridization events
are rare, karyological uniformity among cetaceans may
allow whale species to hybridize more readily than other
mammals. As increasing instances of hybridization among
cetacean species are documented (see review in Bérubé
and Aguilar, 1998; Kingston and Rosel, 2004; Willis et al.,
2004; D. DuYeld unpublished data), determining whether
rates of detection or rates of occurrence are driving this
trend is generating interest, not only among cetacean
researchers, but among the managers responsible for the
recovery of these endangered species.

Evidence from molecular markers, such as sharing of
haplotypes and/or species paraphyly, is often used to sup-
port hypotheses of contemporary hybridization events
(reviewed in Funk and Omland, 2003). However, to assess
whether introgression played a role in generating phylo-
genic relationships reXected by a single locus, researchers
must Wrst look for corroborating evidence from multiple
independent loci. Inconsistencies among multiple gene
genealogies are then assessed in light of diVerences in the
evolutionary processes mediating rates of change at sam-
pled loci.

Although managers have cautioned against relying
solely on mtDNA in estimating baleen whale molecular
phylogeny, until recently, few nuclear markers have shown
both low levels of homoplasy and yet suYcient variation to
resolve relationships within this clade. Observed diVerences
in estimates of diversity and divergence within and among
baleen whale species, both across sampled species and

across sampled loci, underscores the importance of using
multiple independent markers in characterizing species’
level relationships within this clade. In addition, male and
female cetaceans, as is true for other mammalian species,
are expected to be under diVerent selective pressures for
mate choice (Greenwood, 1980). Comparing genealogical
patterns among maternally and paternally inherited loci
may help researchers to better understand whether diVer-
ences among sexes inXuence the origin and maintenance of
species boundaries.
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