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Abstract

Despite the widely recognized incidence of homoplasy characterizing this region, the

hypervariable region I (HVRI) of the mitochondrial control region is one of the most

frequently used genetic markers for population genetic and phylogeographic studies.

We present an evolutionary analysis of HVRI and cytochrome b sequences from a

range-wide survey of 1031 Steller sea lions, Eumetopias jubatus, to quantify homoplasy

and substitution rate at HVRI. Variation in HVRI was distributed across 41 variable

sites in the 238-bp segment examined. All variants at HVR1 were found to be

transitions. However, our analyses suggest that a minimum of 101 changes have actually

occurred within HVRI with as many as 18 substitutions occurring at a single site. By

including this hidden variation into our analyses, several instances of apparent long-

range dispersal were resolved to be homoplasies and 8.5–12% of observed HVRI

haplotypes were found to have geographic distributions descriptive of convergent

molecular evolution rather than identity by descent. We estimate the rate of substitution

at HVRI in Steller sea lions to be �24 times that of cytochrome b with an absolute rate

of HVRI substitution estimated at 27.45% per million years. These findings have direct

implications regarding the utility of HVRI data to generate a variety of evolutionary

genetic hypotheses.
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Introduction

The mitochondrial genome (mtDNA) is a nearly univer-

sally used tool for addressing evolutionary genetic

questions in a variety of contexts. The reasons for the

wide use of mtDNA sequence data are a reflection of

inherent properties of the molecule including its hap-

loid inheritance, high cellular copy number, elevated

mutation rate relative to the nuclear genome, strict

maternal inheritance, absence of recombination and

contrasting rates of substitution across various compo-
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nents of the genome (Pakendorf & Stoneking 2005).

These characteristics make acquisition and interpreta-

tion of data relatively straightforward, provide ample

polymorphisms, and enable questions to be posed over

a diversity of timescales.

The mtDNA control region, a site containing the ori-

gin of heavy strand replication, is noncoding and dis-

plays a mosaic of conserved and highly variable

regions. Rather than selective constraints based on

codon position as in the protein coding genes, portions

of the control region that are highly conserved are prob-

ably stabilized by the maintenance of secondary struc-

tural characteristics necessary for DNA replication

(Saccone et al. 1991). In contrast, the hypervariable
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regions I and II (HVRI, HVRII) of the control region

exhibit extensive genetic variability (Pakendorf & Stone-

king 2005) and contain mutational hot spots subject to

high rates of nucleotide substitution (Excoffier & Yang

1999; Meyer et al. 1999; Meyer & von Haeseler 2003;

Malyarchuk & Rogozin 2004). However, it is unknown

whether these hot spots are the consequence of site-spe-

cific positive selection or an increased rate of evolution

at the molecular level influenced by sequence context

(Meyer et al. 1999; Stoneking 2000; Howell et al. 2007).

Because of these substitution properties, the control

region is currently best described using a finite alleles

model with consideration to rate heterogeneity among

sites (Wakeley 1993; Excoffier & Yang 1999; Meyer et al.

1999; Meyer & von Haeseler 2003).

The high level of genetic variability often observed at

HVRs (HVRI in particular) has led to the extensive use

of this locus in population studies. Nevertheless, except

for humans, where the depth of archaeological and ped-

igree information allows for reasonable rate estimates

(Pakendorf & Stoneking 2005), little is known about the

underlying substitution patterns and rates of nucleotide

substitution in HVRs. Because substitution rate is criti-

cal to the calculation of theta (h), a measure of diversity,

as well as several other population parameters, and

because of the broad exploration of HVRs observed in

the literature, our lack of understanding about HVRs

substitution rate represents a significant gap in our

knowledge. In addition to the difficulty of calculating

reliable substitution rates, recurrent substitutions at

unidentified mutational hotspots reduces the phyloge-

netic utility of HVR data sets by increasing the number

of reticulations in haplotype networks (Heyer et al.

2001). Finally and importantly, convergent molecular

evolution at the haplotype level, caused by underlying

homoplasy leads to observed phylogeographic patterns

discordant with the evolutionary history of the gene.

In contrast to HVRs, the mitochondrial cytochrome b

gene is protein coding and patterns of nucleotide sub-

stitution within this gene vary across codon position.

This gene, like HVRs, also is widely used in evolution-

ary genetic studies, and reveals less haplotype diversity

than is typical of HVRs. Because mitochondrial DNA is

inherited as a single locus, parallel comparisons of both

control region and cytochrome b sequences offer an

opportunity to investigate how the substitution pro-

cesses of HVRs influence patterns of haplotype distribu-

tion and diversity. Selective pressure, phylogeographic

and demographic events, and mutation affect sequence

diversity and population genetic structure and in part

is the basis for why a comparison between HVRs and

cytochrome b can provide new information about sub-

stitution processes at HVRs. The nonrecombining nat-

ure of the mtDNA genome dictates that all of these
influences act on the entire genome rather than on indi-

vidual genes, and as such, gene trees derived from dif-

ferent regions of the mtDNA genome should be similar

(Pakendorf & Stoneking 2005). Related, each mutational

event, recurrent or unique, is hypothetically traceable

through its linkage with other apomorphic mutations

occurring in other regions of the mtDNA genome.

Because of this, more information about substitution

processes responsible for patterns of HVR haplotype

diversity can be recovered.

The Steller sea lion, Eumetopias jubatus, is distributed

along the North Pacific Rim from the Sea of Okhotsk to

central California (Loughlin et al. 1987; Fig. 1). Cur-

rently, field work has resulted in the accumulation of

over 7000 tissue samples taken from pups at their natal

rookeries. Since 1992, these samples have provided a

resource for detailed studies of the population genetic

structure of E. jubatus, especially as it relates to mitochon-

drial phylogeography. For example, throughout the

range of E. jubatus, HVRI (238 bp) has revealed high lev-

els of genetic variation (Bickham et al. 1996) and broad-

scale geographic structuring revealed by analysis of

HVRI justified the separation of the E. jubatus population

into eastern and western stocks near Prince William

Sound, Alaska (144�W). Further studies indicated

another subdivision within the western stock (Bickham

et al. 1998; Baker et al. 2005), and resulted in the recogni-

tion of an Asian stock. Using information from 531 bp of

control region sequence (including HVR1), O’Corry-

Crowe et al. (2006) discovered another less dramatic,

albeit biologically significant, divergence within the wes-

tern stock that correlates with differences in population

trends, diet and the physical environment. Additionally,

population genetic patterns identified using nuclear

markers corroborate the general patterns of population

subdivision derived from analyses of mtDNA sequence

variation in this species (Hoffman et al., 2009).

Hypervariable region I sequence data combined with

full cytochrome b sequence data have also been used to

investigate the phylogeographic history of the species

(Harlin-Cognato et al. 2006). Those authors suggested

that the temporal history of E. jubatus probably consists

of repeated periods of range expansion followed by

population contractions and fragmentation caused by

glacial episodes. In recent times, the Western and Asian

stocks of E. jubatus experienced severe population

declines (Kenyon & Rice 1961; Loughlin et al. 1992;

Trites & Donnelly 2003), resulting in the protection of

the species under the US Endangered Species Act. The

above described genetic and demographic data in con-

junction with a morphological data set were used to jus-

tify recognition of two subspecies; Eumetopias jubatus

jubatus (western and Asian stocks) and Eumetopias juba-

tus monteriensis (eastern stock) (Phillips et al. 2009;
� 2009 Blackwell Publishing Ltd
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Fig. 1 Map of the distribution of Eumetopias jubatus. Region designations are as follows: OKH, Sea of Okhotsk; KUR, Kuril Islands;

KAM, Kamchatka Peninsula; COM, Commander Islands; WAL, Western Aleutian Islands; CAL, Central Aleutian Islands; EAL, East-

ern Aleutian Islands; WGA, Western Gulf of Alaska; BER, Bering Sea; CGA, Central Gulf of Alaska; PWS, Prince William Sound;

SEA, Southeastern Alaska; BRC, British Columbia; ORE, Oregon; NCA, Northern California.
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Fig. 1). All these studies have resulted in a clear picture

of E. jubatus population structure as well as the accu-

mulation of a large genetic data set that enables the two

gene comparison conducted in the present study.

The current research builds on findings of previous

studies by investigating how the observed distribution of

HVRI haplotypes in E. jubatus reflects the evolutionary

history of substitution at this locus. Initially, genetic link-

ages and geographic distributions of HVRI and cyto-

chrome b haplotypes were defined and examined to

make inferences about the evolutionary history having

produced the observed patterns. Site-specific rates of

substitution and sites of recurrent substitution were iden-

tified to make site by site nucleotide comparisons as well

as to extrapolate rates of substitution at HVRI relative to

cytochrome b. In addition, information obtained from the

various observed HVRI ⁄ cytochrome b haplotype linkages

was used to estimate the absolute substitution rate of

HVRI. By combining all available information, a clearer

picture of HVRI evolution emerges.
Materials and methods

Sequence data acquisition

Hypervariable region I haplotypes for most individuals

included in this study were reported in previous studies
� 2009 Blackwell Publishing Ltd
(Baker et al. 2005), and a portion of the animals was

previously reported for cytochrome b (Harlin-Cognato

et al. 2006). Baker et al. (2005) reported HVRI sequence

data from 1568 individuals whereas Harlin-Cognato

et al. (2006) reported cytochrome b and HVRI sequence

data for 336 individuals. In this study, we used 1031

individuals (pups sampled at their natal rookeries) sam-

pled from across the species distribution (including

both subspecies and the three inclusive stocks) from

which both mitochondrial regions were sequenced

(Appendix I). For samples from which either (but not

both) HVRI or cytochrome b sequence data were previ-

ously obtained, the missing gene sequence was

obtained following the methodologies described by

Baker et al. (2005) and Harlin-Cognato et al. (2006).

Using different sequencing platforms, various primer

combinations were required to obtain sequence data

across the genes. Primers LGL 560 and LGL 610 (Har-

lin-Cognato et al. 2006) were sufficient to obtain

sequence data for cytochrome b when automated

sequencing was performed on ABI BigDye version 1.1.

However, to obtain full length sequences for cyto-

chrome b using ABI BigDye version 3.1 technologies, it

was necessary to move the reverse primer 100 bp down

stream as version 3.1 consistently gave longer reads but

with quality sequence starting on average about 40 bp

more distant from the primer. The new primer, Ejub710,
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has the sequence GCATTAAGATTAGTAGGAGGGTT.

Similarly, primers LGL 283 and LGL 1115 (Baker et al.

2005) were used for amplifying and sequencing HVRI

using ABI BigDye version 1.1 technologies. Using ABI

BigDye version 3.1 technologies, primers LGL 283 and

Ejub-R reported by O’Corry-Crowe et al. (2006) were

used for amplification followed by the use of a new pri-

mer CRseq (CCAAATGCATGAMACCWCAG) as an

internal sequencing primer. For quality control and to

confirm the authenticity of all sequence variation, at

least one individual representing each unique observed

HVRI ⁄ cytochrome b linkage was re-sequenced for both

genes.

All sequences were aligned by eye in Sequencher ver-

sion 4.8 (Gene Codes Corporation). Neighbour-joining

trees were constructed from Kimura (1980) 2-parameter

distances in PAUP version 4.0b10 (Swofford 2003) and

used to resolve the haplotype identity of sequences. Sub-

sequently, names for HVRI haplotypes were assigned let-

ter designations following Bickham et al. (1996), whereas

cytochrome b haplotypes were assigned Arabic numerals

following Harlin-Cognato et al. (2006). The concatenation

of both haplotypes observed in each individual was per-

formed to establish the most robust phylogeny from

which to infer the prevalence of homoplasy at HVRI as

well as to provide a basis for characterizing gene and

site-specific substitution patterns and rates. Composite

haplotypes resulting from the concatenation of linked

HVRI and cytochrome b variants were identified by com-

bining the name of the HVRI and cytochrome b haplo-

types. Nucleotide position designation follows the
Table 1 The count of observed occurrences of 13 HVRI haplotypes (

linkages

BB YYYY A FF FFF S T

Cyt b 1 169 * 34 9 * 93 2

Cyt b 2 46 8 31 * * * *

Cyt b 3 48 1 3 * * * *

Cyt b 4 44 * 2 2 * * *

Cyt b 6 5 * * 4 * * *

Cyt b 9 3 * * * * * *

Cyt b 10 6 4 * 2 * * *

Cyt b 16 * * * * * * *

Cyt b 19 * * * * 1 * *

Cyt b 20 * * * * * 1 2

Cyt b 22 * * * * * 3 *

Cyt b 23 * * * * 1 21 *

Cyt b 27 * 1 * * * * *

Cyt b 31 * 1 * * * * *

Cyt b 32 * * * * * * *

Cyt b 36 * * * * * * *

Cyt b 40 * * * * * * *

HVRI totals 321 15 70 17 2 118 4
numbering given for the Eumetopias jubatus mitochon-

drial genome sequence (Arnason et al. 2002).
Characterizing the evolutionary history of observed
haplotypes

Hypervariable region I haplotypes observed linked to

multiple cytochrome b haplotypes within the sample of

1031 individuals (Table 1) were included in an analysis

designed to investigate the role of homoplasy vs. haplo-

type descent in shaping the distribution of haplotype

diversity. Haplotype frequencies were calculated and

haplotype networks for cytochrome b and HVRI were

constructed separately following the rules of parsimony

as implemented in TCS version 1.3 (Clement et al. 2000)

and overlaid to map substitution patterns. Specifically,

by comparing these haplotype networks in light of the

various linkage combinations observed between the two

loci, additional information about the substitution pro-

cesses that have led to the observed frequencies and

geographic distributions of HVRI haplotypes was pro-

vided. The major clarification provided by this method

was discrimination between identity by descent and

identity by state (homoplasy) at HVRI. These compari-

sons were made with the following assumptions:

1 The haplotype network traces its ancestry to a single

ancestor possessing a linkage of the plesiomorphic

HVRI and cytochrome b haplotypes.

2 New linkages appear as a result of new mutations at

either locus.
columns) with their respective multiple cytochrome b haplotype

CC H Q Z MMM FFFF Cb Totals

34 * * 5 10 9 365

* * 14 * * * 99

* 62 * 39 * 1 154

* * * * * * 48

* * * * * * 9

* * * * * * 3

* * * * * * 12

1 * * * * * 1

* * * * * * 1

* * * * * * 3

* * * * * * 3

* * * * * * 22

* * * * * * 1

* * 3 * * * 4

* 3 * * * * 3

* * * * * 1 1

* * * * 1 * 1

35 65 17 44 11 11 730

� 2009 Blackwell Publishing Ltd
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3 Because of the hypervariable nature of HVRI, homo-

plastic mutations are much more likely in HVRI than

in cytochrome b.

4 Plesiomorphic (ancestral) haplotypes are common,

geographically widespread, and exhibit greater num-

bers of haplotype linkages than derived or tip haplo-

types.

5 Two HVRI haplotypes can have no more than one cyto-

chrome b linkage in common except by homoplasy.

6 Linkages of a given HVRI haplotype to multiple cyto-

chrome b haplotypes involve homoplasy if the HVRI

haplotype is not linked to all cytochrome b haplo-

types in the series of mutational steps at cytochrome

b (except when involving an inferred cytochrome b

haplotype).
Describing rates and patterns of substitution at HVRI

All composite haplotypes were used to calculate site-

specific rates of substitution to both assess patterns of

rate variation among sites as well as to calculate the rel-

ative rates of substitution for HVRI and cytochrome b.

First, the program ModelTest 3.7 (Posada & Crandall

1998) was used to determine the best model of substitu-

tion for concatenated HVRI and cytochrome b

sequences as well as the optimal number of discrete C
categories (to describe rate heterogeneity), which were

evaluated using both the Akaike Information Criterion

(AIC) and hierarchical likelihood ratio tests (hLRTs).

Next, the program TREE-PUZZLE (Schmidt et al. 2002) was

implemented for maximum-likelihood tree construction

using the quartet puzzling algorithm (50 000 quartet

puzzling steps) of Strimmer and von Haeseler (1996).

For this, assignment to site-specific rate categories were

determined by a discrete C-distribution, approximating

a continuous distribution. The number of categories cor-

responded to that determined in ModelTest. A python

script was used to extract C rate category assignments

of sites from TREE-PUZZLE’s output. Because individual

rates of substitution per site within HVRI and cyto-

chrome b were expressed as rates relative to the average

substitution rate of HVRI and cytochrome b combined,

the relative rate of substitution of HVRI to cytochrome

b was calculated by taking the ratio of the average

substitution rate for each gene.

In addition to estimating site-specific nucleotide sub-

stitution rate by C rate category assignment, further

analysis was directed towards quantifying rate variation

within rate categories by estimating actual numbers of

substitutions per site, thus more accurately describing

rate heterogeneity. To do this, a neighbour-joining tree

was constructed in PAUP version 4.0b10 (Swofford 2003)

from the concatenated sequences. Protein coding
� 2009 Blackwell Publishing Ltd
nucleotides were preferentially up-weighted relative to

HVRI nucleotides to ensure that tree topology, espe-

cially among basal nodes, was determined by substitu-

tion events at cytochrome b. This method is similar to

that employed by Bandelt et al. (2002) for the identifica-

tion of mutational hotspots. Although recurrent substi-

tution at cytochrome b within the E. jubatus lineage is

possible, preliminary analysis of haplotype network

structure, C category assignments (see Fig. 4a), and

substitution pattern across codon positions (9 of 19 sub-

stitutions occur at the first or second codon position)

present no signs of homoplasy at cytochrome b, thus

strengthening the rationale for the use of this proce-

dure. Nucleotide substitutions occurring at HVRI were

then mapped on the neighbour-joining tree, and sites

having experienced recurrent substitution within the

E. jubatus lineage were identified. The quantification of

site-specific numbers of recurrent substitution at HVRI

through this method enabled an independent estimate

of substitution rate at HVRI relative to cytochrome b.

Recently, Alter & Palumbi (2009) have presented a

method for estimating substitution rates of rapidly

evolving markers by using the substitution rate at a

linked and more slowly evolving marker for calibration.

Using this approach, a third and final estimate of the

HVRI substitution rate in E. jubatus was calculated. The

substitution rate per base pair at HVRI was estimated

as x ⁄ ((1 ⁄ 2)ÆwÆn), where x is the mean number of pair-

wise differences at HVRI among individuals identical at

cytochrome b, w is the estimated waiting time until the

next substitution at cytochrome b, and n is the length of

the HVRI sequence used. For this analysis, complete

cytochrome b sequences (1140 bp) were obtained from

nine otariid (eared seals) species from the NCBI

database (Accession nos: Arctocephalus gazella, 693951;

Arctocephalus forsteri, 693953; Eumetopias jubatus,

34577124; Arctocephalus townsendi, 115344885; Arctocepha-

lus pusillus, 115344843; Callorhinus ursinus, 115344815;

Zalophus californicus, 115344829; Neophoca cinerea,

115344871; Phocarctos hookeri, 115344857). From these

sequences, the synonymous pairwise distance was

calculated using the method of Li et al. (1985) in MEGA

version 4 (Tamura et al. 2007). The silent substitution

rate at cytochrome b was then estimated by half the

slope of the relationship of the regression of synony-

mous pairwise distances against divergence times

(Higdon et al. 2007). From this value, w was calculated

as (lÆn))1, where l is the substitutions per base pair per

year and n is the number of fourfold degenerate sites

plus one-third the number of twofold degenerate sites

(Li et al. 1985).

Demographic phenomena such as population expan-

sions and contractions as well as selection can modify

the distribution of haplotype diversity, and hence can
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affect calculations directed towards assessing substitu-

tion pattern and rate. To identify any patterns of

variation indicative of non-neutral evolution present in

the E. jubatus data set that could potentially affect the

previous analyses, Tajima’s D* (Tajima 1989), Fu and

Li’s D* and Fu and Li’s F* (Fu & Li 1993), as well as

Fay and Wu’s H (Fay & Wu 2000) were calculated for

both HVRI and cytochrome b. These statistics were

calculated at all levels including the total population

(species), subspecies and stocks.
Results

The 1031 individuals examined for both HVRI and

cytochrome b yielded 83 HVRI and 18 cytochrome b

haplotypes. Thirteen HVRI haplotypes found in 70.8%

(n = 730) of individuals were linked to multiple (17)

cytochrome b haplotypes and are thus included in this

study (Table 1). The number of linkages each of the 13

HVRI haplotypes had with different cytochrome b

haplotypes ranged from 2 to 7, totalling 41 different

haplotype linkages (Fig. 3). Thirteen of these haplotype

linkages were found exclusively in E. j. monteriensis.

Twenty haplotype linkages were unique to E. j. jubatus,

with seven and eight of these being unique to the wes-

tern and Asian stocks, respectively (Figs 2 and 3). The

haplotype network constructed from the 13 HVRI hapl-

otypes linked to multiple cytochrome b haplotypes

when considered alone is explained by 13 substitutions.

However, incorporating information from the cyto-

chrome b network revealed a HVRI network explained

by 24–29 substitutions.
Characterizing the evolutionary history of observed
haplotypes

The geographic distributions of HVRI haplotypes in

conjunction with their observed linkages to cytochrome

b haplotypes provided insight regarding the unique

evolutionary pathways leading to the observed distribu-

tions of HVRI haplotypes. Inferences regarding specific

haplotypes are outlined below and summarized in

Table 2.

Hypervariable region I haplotype BB. This haplotype is the

hub of the HVRI network and is a potential direct

ancestor for eight of the remaining 12 HVRI haplotypes

that are linked to multiple cytochrome b haplotypes.

This abundant and geographically widespread haplo-

type was found associated with the greatest number of

cytochrome b haplotypes (n = 7). Mapping this HVRI

haplotype on the cytochrome b network (Fig. 3)

revealed its seven cytochrome b haplotypes link ages to
BB are separated by one or two mutational changes

covering both halves of the network. In addition,

15.28% of 2317 pups previously examined for HVRI

exhibit the BB haplotype (Baker et al. 2005 and unpub-

lished data). Although homoplasy has probably

increased the BB haplotype’s distribution and fre-

quency, it is reasonable to assume that BB probably

represents the pleisiomorphic HVRI haplotype.

Hypervariable region I haplotypes CC, H and MMM. These

three haplotypes are linked to two cytochrome b haplotypes

each. In each case, one of the cytochrome b haplotypes is

of low frequency and not linked to any other HVRI

haplotypes. In all cases, these unique combinations are

separated by a single mutational step at cytochrome

b. These multiple haplotype linkages are probably the

result of mutation at cytochrome b.

Hypervariable region I haplotypes A, FF, FFF and Z. These

four haplotypes are each linked to multiple cytochrome

b haplotypes and are probably the consequence of

homoplastic mutations at HVRI. The number of

mutational events necessary to produce each HVRI ⁄
cytochrome b linkages is 4, 4, 2 and 2, respectively

(Fig. 3). Cytochrome b haplotypes with which HVRI

haplotypes A and Z are linked also are locally observed

in association with BB (Fig. 2). FFF is linked to two

cytochrome b haplotypes that differ by four substitu-

tions. FF occurs with four cytochrome b haplotypes that

differ by one to four substitutions. In addition, all of

these haplotypes occur on both halves of the cyto-

chrome b network (Fig. 3).

Hypervariable region I haplotypes FFFF, YYYY, and S. FFFF

is linked to three cytochrome b haplotypes through

two mutational events at HVRI (Fig. 3). This haplo-

types’ linkage to cytochrome b haplotype 36 was the

result of mutation at cytochrome b; however, the link-

age to cytochrome b haplotype 1 or 3 is due to a

homoplastic mutation at HVRI. YYYY is linked with

five cytochrome b haplotypes, by an undetermined

three or four mutations at HVRI. YYYY was retained

with concurrent mutation at cytochrome b resulting in

a new HVRI ⁄ cytochrome b linkage (YYYY3–YYYY27).

Two other linkages are the result of homoplasy at

HVRI (YYYY2, YYYY10), whereas the linkage to cyto-

chrome b haplotype 31, the fifth event, could be the

result of retention of or homoplasy to YYYY. The link-

ages of HVRI haplotype S with multiple cytochrome b

haplotypes also are the result of a complex evolution-

ary history. Haplotypes S22 and S23 are clearly the

result of substitution at cytochrome b; however, it is

not clear which process led to S20.
� 2009 Blackwell Publishing Ltd
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Hypervariable region I haplotypes T and Q. Both of these

haplotypes have linkages to two different cytochrome b

haplotypes. It is unclear whether this is the result of

retention of, or homoplasy to, the particular HVRI haplo-

type. HVRI haplotypes T and Q are each linked to com-

mon, interior cytochrome b haplotypes in one instance (1

and 2, respectively), and terminal, less frequent cyto-

chrome b haplotypes in the other instance (20 and 31,

respectively). However, these terminal cytochrome b

haplotypes are also linked to other HVRI haplotypes.

Necessarily, one of the HVRI haplotypes linked to each
� 2009 Blackwell Publishing Ltd
of these terminal cytochrome b haplotypes is pleisiomor-

phic, while the other arose through homoplasy.

Cytochrome b network. Despite the complexity of the

cytochrome b network relative to the network based on

the included HVRI haplotypes, it is not necessary to

assume any homoplasies to explain this network. Of 19

segregating sites identified at cytochrome b, nearly half

(9) were located in the first or second codon position.

The right side of the cytochrome b network consists of

haplotypes 1, 9, 16, 20, 22, 23, 36 and 40 (Fig. 3). All of



Table 2 Summary of the observed linkages of HVRI haplo-

types to multiple cytochrome b haplotypes (cytb) detailing

whether specific linkages arose through identity by descent

(IBD), identity by state (IBS, i.e. homoplasy), or was unre-

solved. HVRI haplotype BB was considered the pleisiomorphic

haplotype for this assessment

HVRI haplotype Cytb linkages IBD IBS Unresolved

BB 7 7

CC 2 2

H 2 2

MMM 2 2

A 4 1 3

FF 4 1 3

FFF 2 1 1

Z 2 1 1

FFFF 3 2 1

YYYY 5 2 2 1

S 4 2 2

T 2 1 1

Q 2 1 1
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these haplotypes were exclusively found in E. j. jubatus

except for 24 E. j. monteriensis individuals identified

with haplotype 1 and one individual identified with

haplotype 23. The left side of the network includes

haplotypes 2, 3, 4, 6, 10, 19, 27, 31 and 32. Except for

the most interior haplotype (3) on the left side of the

network and two E. j. jubatus individuals observed with

haplotype 2, all haplotypes were observed in one sub-

species or the other, but not both. The remaining

observed cytochrome b haplotype (35) is excluded from

Fig. 3 because its only HVRI haplotype linkage was

unique. Because of its distribution and frequency, hap-

lotype 1 is considered the pleisiomorphic cytochrome b

haplotype. The pleisiomorphic HVRI ⁄ cytochrome b hap-

lotype is therefore considered to be BB ⁄ 1 and is thus

used to root the network.
Describing rates and patterns of substitution at HVRI

Both AIC and hLRT selected HKY + C + I ()ln L =

2612.0374, AIC = 5236.0747, six rate categories,

a = 0.8793) as the optimal model of sequence evolution

for all concatenated HVRI and cytochrome b haplo-

types. As expected, sites with the highest substitution

rates were found exclusively within HVRI (Fig. 4a).

Specifically, 5 of 41 variable HVRI sites were placed in

the highest rate category, a category with an estimated

rate 39.27 times the average of the concatenated

sequence. In addition, all five of these sites were vari-

able within the set of 13 HVRI haplotypes associated

with multiple cytochrome b haplotypes. The substitu-

tion rate for 238 bp of HVRI based on C rate category
assignments was calculated as 25.46 times greater than

that of the 1140 bp cytochrome b.

By comparison, the tree-weighting and substitution

mapping procedure identified 19 sites (46% of all vari-

able HVRI sites) where multiple substitutions have

putatively occurred within the E. jubatus lineage

(Fig. 4b). This analysis identified two outlier sites,

15 466 and 15 536, with a much higher number of esti-

mated substitutions, 18 and 11, respectively (sites that

also were placed in the highest rate categories).

Accounting for recurrent substitutions, the estimated

relative-rate of substitution at HVRI using these data

was 23.52 times greater than cytochrome b.

The synonymous substitution rate at cytochrome b

was estimated as 3.26% per million years (Myr;

Fig. 5a). The mean pairwise difference at HVRI among

individuals identical at cytochrome b was 3.69

(SD = 1.55) and the distribution was normally distrib-

uted (Kolmogorov–Smirnov Test, D = 0.15429, Pr > D =

<0.010; Fig. 5b). From these estimates and following the

methods of Alter & Palumbi (2009), the substitution rate

at HVRI was estimated at 27.45% (15.92–38.97%) per

Myr.

The various tests implemented to assess non-neutral

substitution process at HVRI and cytochrome b (Taj-

ima’s D, Fu and Li’s D, Fu and Li’s F, and Fay and

Wu’s H) yielded nonsignificant test statistics at all levels

considered except within E. j. jubatus in which Tajima’s

D (D = )1.376, P = 0.041) and Fu and Li’s F (F = )2.036,

P = 0.021) were significantly negative.
Discussion

Population genetic signal obtained from intraspecific

HVRI sequence data sets has largely been interpreted

following the assumption of identity by descent among

observed haplotypes. In this study, based on compari-

son with cytochrome b, the number of substitutions

occurring at HVRI is at least 2.46 times greater than the

number of segregating sites observed at this locus when

considered alone. In other words, while 41 variable sites

were identified at HVR1, 101 total substitutions were

also identified. Consequently, geographic distributions

of HVRI haplotypes are shaped in part by convergent

molecular evolution. That is to say, convergent haplo-

types appear in different geographic areas that can only

be detectable as homoplasies upon comparison with

another linked locus. We estimate that in this data set

the geographic distributions of �8.5–12% of the

observed HVRI haplotypes were incorrectly understood

to be broader than is actually the case. Once the homo-

plastic mutations were identified, more accurate estima-

tions of the distributions and frequencies of maternal

lineages were obtained.
� 2009 Blackwell Publishing Ltd
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As an example, consider the two most abundant and

geographically widespread HVRI haplotypes in this

data set, A and BB. From analysis of HVRI it appears

that both of these haplotypes range-wide distribution

and abundance is a reflection of their ancient genesis.

However, by considering their linkages to different

cytochrome b haplotypes across the species’ range, a

more likely scenario explaining their range-wide distri-

bution emerges. Initially, it is clear that convergence

has occurred by noting that these two haplotypes share

four cytochrome b haplotype linkages in common. Mini-

mally, two HVRI haplotypes being linked to the same

two cytochrome b haplotypes can only be the result of

homoplasy (assumption 5 from Materials and methods).

Between the A and BB haplotypes, there have been
� 2009 Blackwell Publishing Ltd
three detectable homoplasies. Considering that in each

stock, the A haplotype is only associated with cyto-

chrome b haplotypes that also are common and locally

associated with BB indicate that multiple convergences

have occurred independently in each stock. In addition,

haplotypes A and BB differ only by one transitional

change (A<->G) at nucleotide site 15 536 that was

placed in the highest C rate category, and 11 substitu-

tions were inferred to have occurred at this site through

the tree-weighting procedure. In this example, haplo-

type convergence has produced an incorrect pattern of

range-wide distribution that overestimates population

genetic similarity.

There are other instances where homoplasy has pro-

duced misleading population genetic patterns. For



0

5

10

15

20

25

30

35

40

45(a)

(b)

Si
te

-s
pe

ci
fi

c 
ra

te

0

2

4

6

8

10

12

14

16

18

20

15 466
15 472
15 484
15 488
15 516
15 517
15 518
15 519
15 527
15 528
15 535
15 536
15 539
15 544
15 545
15 546
15 548
15 554
15 562
15 566
15 568
15 572
15 573
15 574
15 576
15 579
15 580
15 581
15 584
15 585
15 586
15 593
15 594
15 602
15 605
15 623
15 641
15 667
15 682
15 683
15 684
14 202
14 204
14 232
14 250
14 251
14 287
14 315
14 402
14 450
14 556
14 600
14 658
14 774
14 775
15 038
15 065
15 088
15 095
15 307

Nucleotide position

15 466
15 472
15 484
15 488
15 516
15 517
15 518
15 519
15 527
15 528
15 535
15 536
15 539
15 544
15 545
15 546
15 548
15 554
15 562
15 566
15 568
15 572
15 573
15 574
15 576
15 579
15 580
15 581
15 584
15 585
15 586
15 593
15 594
15 602
15 605
15 623
15 641
15 667
15 682
15 683
15 684
14 202
14 204
14 232
14 250
14 251
14 287
14 315
14 402
14 450
14 556
14 600
14 658
14 774
14 775
15 038
15 065
15 088
15 095
15 307

Nucleotide position

Su
bs

tit
ut

io
ns

 p
er

 s
ite

Fig. 4 Histograms of (a) site-specific substitution rates of 238 bp of HVRI (left of hashed line) and the full cytochrome b gene (right

of hashed line) for all observed and verified haplotypes relative to the average substitution rate of both genes and (b) the inferred

number of substitution per site for the same data. Nucleotide position numbering corresponds to that of the Eumetopias jubatus

mtDNA genome sequence (Arnason et al. 2002).

3388 C . D . P H I L LI P S ET AL.
example, FF is associated with four different cyto-

chrome b haplotypes that differ by three or four substi-

tutions in distinct geographic and genetically

identifiable regions (Figs 2 and 3). At each of these

regions, BB is associated with the same cytochrome b

haplotypes as FF. BB and FF differ only at position

15 466; this site was placed in the highest C rate

category and was inferred to be a site of 18 recurrent

substitutions. Similarly, three of four cytochrome b asso-

ciations of YYYY observed in southeastern Alaska also

are found with BB at this location. The perceived distri-

butions and frequencies of S, T, Q, FFF and FFFF have

also similarly been shaped by homoplasy. One of the

most striking characteristics of these observations is

how the observed distribution of HVRI haplotypes cre-

ated by homoplasy often appears identical to the pat-

terns long-distance dispersal events create and would
be undetectable without a second gene comparison to

identify this homoplasy (the distributions of HVRI hapl-

otypes FF and YYYY exemplify this phenomenon). As

such, we have demonstrated that long-distance dis-

persal is likely less common in Steller sea lions than

was previously estimated based on HVRI sequences

alone. While Harlin-Cognato et al. (2006) identified

three long-distance dispersal events in their Nested

Clade analysis of this species, a Nested Clade analysis

performed using the current data set in which recurrent

substitutions were accounted for yielded no inferences

of long distance dispersal (data not shown).

Although phylogenetic and familial based estimates

of substitution rate have been calculated for humans

(Parsons et al. 1997; Sigurðardóttir et al. 2000; Heyer

et al. 2001; Howell et al. 2003; Henn et al. 2009), the

majority of data sets for other species lack the necessary
� 2009 Blackwell Publishing Ltd
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breadth of archaeological and pedigree information to

make accurate estimates of these parameters. Alterna-

tively, rates of substitution for HVRI relative to cyto-

chrome b were calculated in this study using two

different methods that account for variability in substi-

tution rate among sites. While these two methods differ

in their approach to estimating the substitution rate of

HVRI relative to cytochrome b, they provided very sim-

ilar estimates (25.46 using C rate category assignments

and 23.52 using the tree-weighting character mapping

procedure). The minor difference in these estimates is

attributable to at least a few influences. First, because a

discrete rather than continuous C-distribution was used

to model rate heterogeneity, individual site rates were

systematically over- and underestimated, thus influenc-

ing the estimation of relative-rate. In addition, C rate

category assignments in TREE-PUZZLE were made by

incorporating tree topology information from a tree con-

structed with equal weighting to HVRI and cytochrome

b. Putatively incorrect taxonomic relationships in this
� 2009 Blackwell Publishing Ltd
tree explain why some sites in cytochrome b and HVRI

were placed in C rate categories inconsistent with the

estimated number of substitutions per site. Regardless,

these estimates were very similar, complimentary, and

demonstrate the highly elevated rate of substitution at

HVRI.

The third substitution rate estimate for Eumetopias

jubatus HVRI of 27.45% per Myr (15.92–38.97%) is

large, yet is reasonable in comparison to the estimated

HVRI to cytochrome b relative substitution rate (23.52–

25.46). Previous estimates of control region substitution

rate in humans calibrated using ancient DNA (33–44%

per Myr; Kemp et al. 2007) yielded rates similar to that

currently obtained for E. jubatus. This comparison not

only indicates a similar rate of control region evolution

between humans and E. jubatus (on a phylogenetic

timescale), but also indicates that by defining shortened

intervals in which to measure control region substitu-

tion (either by using ancient samples or a substitution

rate from a linked and more slowly evolving gene) the

effects of homoplasy on rate estimation are reduced

(Alter & Palumbi 2009). In contrast, pedigree based

substitution rate estimates for control region in humans

have yielded much higher values (32–250% per Myr;

Parsons et al. 1997; Sigurðardóttir et al. 2000) describing

an extremely rapid substitution rate at control region

that is not observed at intraspecific timescales likely

due to the rapid removal of new control region varia-

tion by genetic drift in a maternally inherited, haploid

element.

The acquisition of a reasonable substitution rate esti-

mate is critical for meaningful estimation of important

population genetic parameters that describe diversity,

population size, migration rates and divergence times.

In addition, coalescent-based simulation methods

designed to model empirical data for evolutionary

reconstruction require knowledge of both substitution

rate and the C-distribution shape parameter, a, to simu-

late correctly the substitution process. Applying a cor-

rection for multiple substitutions to data sets is only

useful to the extent that recurrent substitutions are visi-

ble in a sequence alignment given a defined phyloge-

netic tree. When substitutions are cryptic they are

unaccounted for in substitution rate estimation and

phylogenetic tree estimation, leading to both an under-

estimation of substitution rate as well as incorrect tree

topology. Hence, the substitution rate at HVRI extrapo-

lated from the synonymous substitution rate at cyto-

chrome b and the observed HVRI linkages provides a

valuable estimate. It should be noted that this method

(Alter & Palumbi 2009) is only appropriately applied

when sites of silent substitution are not saturated across

the taxonomic group used to calculate synonymous pair-

wise distances. Furthermore, the accuracy of divergence
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dates used for synonymous rate estimation highly

affects rate estimation, and w (waiting time to the next

mutation) can be influenced by demographic history as

pointed out by Alter & Palumbi (2009).

Non-neutral substitution processes do not appear to

have strongly influenced the above substitution rate

estimates. Test statistics computed at the various levels

were generally nonsignificant; however Tajima’s D* and

Fu and Li’s F* were significantly negative within

E. j. jubatus for HVRI. Negative values of these statistics

indicate an excess of low frequency polymorphisms

suggestive of a population expansion and ⁄ or purifying

selection. However, no test statistics were significant for

cytochrome b at this level of population structure. This

comparison suggests that any demographic or selective

influences producing significant statistics were recent

events. In other words, recent events are most detect-

able in rapidly evolving loci.

Of particular interest is whether the identified muta-

tional hotspots (15 466, 15 536) occur due to selection or

some unidentified cellular process. The substitution rate

at fourfold degenerate sites is generally considered to

be the rate of neutral evolution (Howell et al. 2007). In

this study, we do not report site rate comparisons to

fourfold sites due to the small number of fourfold sites

obtained from one 1140 bp gene with only 10 third-

position variable sites. Interestingly, Howell et al.

(2007), using a complete mtDNA genome data set on

humans, observed 3% of control region sites with a rate

of sequence evolution exceeding the rate of neutral evo-

lution by an order of magnitude. Although in this study

a comparison to fourfold degenerate sites is not war-

ranted, sites 15 466 and 15 536 in all likelihood exhibit

substitution rates greatly exceeding the neutral rate of

sequence evolution, however, the reason for this is not

directly identifiable. However, results of multiple stud-

ies have provided evidence supporting the role of

sequence context in shaping substitution processes at

the control region (Meyer et al. 1999; Howell and Bogo-

lin Smejkal 2000; Malyarchuk & Rogozin 2004). Indeed,

the estimation of 18 substitutions at site 15 466 within

E. jubatus indicates that factors other than random

mutation are influencing substitution at this site.

The observed rapid mutation rate at the HVRs, which

served as the impetus for extensive sequencing efforts

for many taxa, also bestows a substitution pattern more

akin to identity by state rather than identity by descent.

In light of this, researchers should employ methods of

detection and compensation for recurrent mutation. The

additional information from cytochrome b in the E. juba-

tus data set enabled the identification of mutational hot-

spots and the characterization of HVRI substitution

patterns and rates. Because most data sets on wildlife

populations to date do not consist of multiple mtDNA
genes, an alternative method for identifying mutational

hotspots at HVRI consists of simply mapping nucleo-

tide substitutions onto a phylogenetic tree constructed

from the HVRI data. Conducting this procedure using

the E. jubatus HVRI data set led to the identification of

17 of the 19 sites of recurrent substitution that were

identified by incorporating cytochrome b data (data not

shown). This approach is useful for gaining a better

general understanding about substitution patterns and

the location of hotspots in specific HVRI data sets.

However, only the inclusion of coding region data

provides detailed insight about the role of homoplasy

in modifying observed haplotype distributions and

allows for more accurate substitution rate estimation,

the acquisition of which translates to a better under-

standing of species’ evolution.
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HVRI ⁄ cytb

haplotype

Asian

stock

Western

Stock

Eastern

Stock Total

A1 6 23 5 34

A2 31 31

A3 3 3

A4 2 2

AAA27 6 6

AAAA1 6 6

AAAAAA1 3 3

AAAAAAA3 2 2

BB1 107 61 1 169

BB10 6 6

BB2 1 1 44 46

BB3 1 35 12 48

BB4 40 4 44

BB6 5 5

BB9 3 3

BBBB1 1 1

BBBBB3 1 1

BBBBBBB2 1 1

CC1 9 22 3 34

CC16 1 1

CCCCC3 1 1

CCCCCC3 4 4

CCCCCCC3 1 1

D3 1 1

DD1 7 2 9

DDD3 2 2

DDDD3 1 1 2

DDDDDD3 4 4

DDDDDDD1 1 1

E1 3 15 1 19

EE1 1 1

EEEE3 1 1

EEEEEEE3 1 1

FF1 5 4 9

FF10 2 2

3392 C . D . P H I L LI P S ET AL.
Trites AW, Donnelly CP (2003) The decline of Steller sea lions

Eumetopias jubatus in Alaska: a review of the nutritional

stress hypothesis. Mammal Review, 33, 3–28.

Wakeley J (1993) Substitution rate variation among sites in

hypervariable region 1 of human mitochondrial DNA.

Journal of Molecular Evolution, 37, 613–623.

Caleb Phillips’ research interests include mtDNA molecular

evolution, phylogeography, speciation, hybridization, and sys-

tematics. Robert Trujillo’s research interests focus on molecular

systematics, phylogeography, and population genetics of mam-

mals. Tom Gelatt and his research group are responsible for

investigating various questions pertaining to the declining

populations of Steller sea lions contributing a wide assortment

of projects involving animal foraging behaviors, demographics,

and abundance estimation to collectively address these ques-

tions and provide fisheries management direction. Mike

Smolen is interested in conservation and Alaskan community

involvement in regional science studies. Cole Matson’s research

focuses on aquatic and evolutionary toxicology. He also has

additional interests in phylogeography and conservation genet-

ics. Rodney Honeycutt is a University Professor, whose

research interests include population genetics, molecular evolu-

tion, and molecular phylogenetics. John Patton’s major interests

involve the processes of genomic differentiation among intra-

specific and interspecific populations and how reticulate evolu-

tion affects these processes of differentiation. To achieve this in

mammals his investigations focus on the evolutionary patterns

of clonally inherited mtDNA, Y, and effectively haplodiploid X

chromosomes and the subsequent contrasts of those patterns

with patterns observed among autosomally inherited genes

both above and below the level of species. John Bickham’s

research interests focus on genetic mutations and how they are

produced and transmitted in individuals, populations, species

and the evolutionary processes that affect genetic change. His

current sponsored research projects include population genet-

ics of Steller sea lions and bowhead whales, biodiversity stu-

dies in bats and ecotoxicological studies in contaminated

environments in Azerbaijan. This paper is one in a series

resulting from a long-term study (since 1992) on the popula-

tion genetics and systematics of Steller sea lions sponsored

mainly by NMFS. The genetic studies are part of an overall

program studying the population trends, basic biology, and

conservation status of this endangered species.
Appendix I

Frequency of HVRI ⁄ cytb haplotype linkages across the three

genetically identifiable stocks. GenBank Accession numbers for

HVRI haplotypes: AY340876–AY340937, FJ948491–FJ948546.

GenBank Accession numbers for cytochrome b haplotypes:

DQ144995–DQ145021, FJ948486–FJ948490
FF4 2 2

FF6 4 4

FFF19 1 1

FFF3 1 1

FFFF1 5 2 2 9

FFFF23 1 1

FFFF36 1 1

FFFFFFF3 1 1

G1 3 6 1 10

GGG3 1 1

GGGG3 4 4

H3 62 62

H32 3 3

HH1 9 9

HHH1 1 1
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Appendix I Continued

HVRI ⁄ cytb

haplotype

Asian

stock

Western

Stock

Eastern

Stock Total

HHHHHH35 2 2

I3 2 2

II1 1 1

III1 1 1 2

IIIII3 3 3

J3 1 1

JJJ3 2 2

JJJJJJ3 1 1

K3 26 26

KKK1 4 1 5

L3 8 8

LL3 7 7

LLL1 5 5

M3 6 6

MMM1 10 10

MMM40 1 1

N3 33 33

NNNNNN3 1 1

O3 2 2

OOO1 2 2

P2 6 6

Q2 14 14

Q31 3 3

QQQ1 1 1

R3 1 1

RRRR3 2 2

S1 7 78 8 93

S20 1 1

S22 3 3

S23 20 1 21

SS3 2 2

Appendix I Continued

HVRI ⁄ cytb

haplotype

Asian

stock

Western

Stock

Eastern

Stock Total

SSSS2 1 1

SSSSS3 5 5

SSSSSS3 1 1

T1 2 2

T20 2 2

TTT4 1 1

TTTT1 1 1

U1 1 2 3

UUU27 4 4

UUUU3 1 1

VVVV3 10 10

VVVVV4 2 2

W1 7 1 8

WWW3 2 2

WWWW3 11 11

WWWWW1 2 2

X1 1 1

XXXX1 1 1

YY3 18 18

YYYY10 4 4

YYYY2 8 8

YYYY27 1 1

YYYY3 1 1

YYYY31 1 1

YYYYY1 1 1

Z1 4 1 5

Z3 6 29 4 39

ZZ3 3 3

ZZZ1 3 2 5

ZZZZZZ3 6 6

Total 272 359 400 1031

SUB STI TUT ION PROC ESSE S OF HVRI 3 39 3
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