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Powerful analyses of population structure require information from multiple genetic loci. To help develop a
molecular toolbox for obtaining this information, we have designed universal oligonucleotide primers that span
conserved intron-exon junctions in a wide variety of animal phyla. We test the utility of exon-primed, intron-
crossing amplifications by analyzing the variability of actin intron sequences from humpback, blue, and bowhead
whales and comparing the results with mitochondrial DNA (mtDNA) haplotype data. Humpback actin introns
fall into two major clades that exist in different frequencies in different oceanic populations. It is surprising that
Hawaii and California populations, which are very distinct in mtDNAs, are similar in actin intron alleles. This
discrepancy between mtDNA and nuclear DNA results may be due either to differences in genetic drift in mito-
chondrial and nuclear genes or to preferential movement of males, which do not transmit mtDNA to offspring,
between separate breeding grounds. Opposing mtDNA and nuclear DNA results can help clarify otherwise hidden

patterns of structure in natural populations.

Introduction

Recent studies of population structure and genetic
diversity have employed new analytical and technical
tools that provide high-resolution genetic information.
These tools, including polymerase chain reaction (PCR)
amplification and sequencing of DNA fragments (Saiki
et al. 1988; Hillis and Moritz 1990; Vigilant et al. 1991;
Baker et al. 1993b) and the phylogenetic analysis of al-
lelic variants (Slatkin and Maddison 1989, 1990), com-
bine to provide unprecedented power to detect and in-
terpret genetic variation in natural populations. Many
of the data for these analyses have come from sequences
of mitochondrial genes because (1) mitochondrial DNA
(mtDNA ) has a fast rate of sequence evolution ( Brown
et al. 1982), (2) gene content is conserved across broad
taxonomic boundaries (Brown 1985), and (3) universal
primers are available to provide access to the mitochon-
drial genome in a wide variety of different taxa (Kocher
et al. 1989; Palumbi et al. 1991).

Despite its advantages, the analysis of mtDNA se-
quence variability is widely recognized as suffering from
two major weaknesses. First, the mitochondrial genome
is but a single genetic locus. Lack of recombination links
the 37 different genes of the animal mitochondrial ge-
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nome into a single genetic entity (Wilson et al. 1985),
transmitted in its entirety to progeny (Attardi 1985).
Reliance on a single genetic locus greatly diminishes
power to detect significant spatial or temporal structure.
This is because genetic drift in populations involves ran-
dom change in gene frequencies, and these changes will
not occur in exactly the same way in independent loci.
Thus, an accurate investigation of spatial or temporal
genetic structure should consider the variety of patterns
seen in different loci (Slatkin and Maddison 1990; Slat-
kin and Hudson 1991). In addition, the phylogenetic
tree derived from a single locus may not accurately reflect
the genetic history of a population, species, or genus
(Ball et al. 1990). Avise and others (e.g., Karl and Avise
1992; Karl et al. 1992) have argued that it is the con-
cordance of phylogenetic patterns across several loci that
provides the most insightful views of population struc-
ture.

A second problem with exclusive reliance on
mtDNA data is that such analyses allow only the re-
construction of maternal lineages (Wilson etal. 19835;
Avise et al. 1987). In species unlikely to show gender-
biased dispersal (such as many plants and marine
animals), this distinction may be unimportant.
However, for species in which complex social behav-
iors exist (e.g., many vertebrates [ Greenwood 1983]),
differences in the dispersal of males versus females
may mean that population structure of maternally
inherited mtDNA may differ from that of biparentally



inherited nuclear DNA (Karl and Avise 1992; Karl
et al. 1992).

Our understanding of systematic relationships and
population structure will benefit from high-resolution
analysis of nuclear DNA alleles to complement ongoing
studies of mtDNA sequence variation (Lessa 1992; Slade
et al., 1993). Parallel analysis of nuclear DNA and
mtDNA variation allows the partitioning of maternal
and biparental components of dispersal and population
structure (e.g., see Karl et al. 1992). Study of sequence-
based nuclear DNA variation can also take advantage
of current theoretical developments in phylogenetic re-
construction (Felsenstein 1988), the cladistic measure-
ment of gene flow (Slatkin and Maddison 1990), and
the coalescent approach to population genetic models
(Takahata 1988).

Universal PCR primers anneal to exons of highly
conserved nuclear genes (such as actin ) and are of broad
taxonomic utility. Because the PCR products span non-
coding introns (which often occur in conserved places
within genes), the amplified DNA segment has poten-
tially high rates of sequence evolution. Sequence analysis
of the introns provides high-resolution allelic phylogenies
comparable to those from mtDNA studies. Alterna-
tively, restriction-fragment-length polymorphism
(RFLP) analysis of these products can provide a rapid
means of identifying major allelic variants in natural
populations (Lessa and Applebaum 1993; Slade et al.,
in press). The broad applicability, potential high rates
of variability, and well-understood genetic background
of this nuclear allelic system make it attractive for mo-
lecular studies of population structure and genetic di-
versity (Lessa 1992; Slade et al., 1993).

Here, we use exon-primed, intron-crossing (EPIC)
PCR amplification to assay variation in nuclear loci of
humpback whales (Megaptera novaengliae). High-res-
olution mtDNA patterns are available for this species,
on the basis of sequences of mitochondrial D-loops
(Baker et al. 1993b), allowing a comparison of nuclear
DNA and mtDNA sequence variation.

Methods

To date we have developed a suite of four primer
pairs that amplify introns in conserved genes (Appen-
dix). Many more such primers can be developed from
the extensive genetic databases available (e.g., see the
primers in the work of Lessa and Applebaum [1993]
and Slade et al. [1993]). To illustrate the use of these
primers, we focused on the first intron in the gene for
the muscle and cytoskeletal protein actin. Genes in this
small family are known to be highly conserved across
animal phyla (e.g., see Foran et al. 1985), and codon
bias limits heterogeneity at fourfold and twofold sites.
In addition, some intron positions are also conserved.
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For example, the first intron occurs near amino acid
position 41 in most species examined (e.g., see Kowbel
and Smith 1989), allowing exon primers to be developed
both upstream and downstream from the intron.

Nucleotide sequences surrounding amino acid po-
sition 41 were aligned, and PCR primers were designed
that are 85%-95% similar between species in different
phyla (fig. 1). Using these primers, we performed PCR
amplifications in 25 pl total volume, using buffers and
reagents described by Palumbi et al. (1991) and using
Taq polymerase (Cetus Perkin Elmer). The thermal
profile for initial amplifications with EPIC primers was
as follows: 3 cycles at 94°C for 30 s, 45°C for 30 s, and
72°C for 90 s, followed by 35 cycles at 94° for 30 s,
55°C for 30 s, and 72°C for 90 s.

Amplification of nuclear introns produces copies
of both alleles in diploid organisms. If these alleles have
very different sequences, direct sequencing of the PCR
product often yields confusing results. This is especially
true if the alleles differ by insertions or deletions: in this
case the sequencing ladders appear to be superimposi-
tions of two different ladders that are slightly out of phase
with one another. Because of the importance of sepa-
rating different allele sequences during direct sequencing
of PCR products, amplified introns were cloned in a
phagemid vector (pBluescript; Stratagene). Each cloned
copy of the intron represents a single allele, and un-
ambiguous sequences of both alleles in an individual
can be obtained by sequencing multiple clones. Cloning
of PCR products is often difficult, but in this case it was
enhanced by the TA cloning system described by Mar-
chuk et al. (1991). Plasmid DNA was restriction-digested
with EcoRV, and overhanging T nucleotides were added
(Marchuk et al. 1991). PCR products (100 ng) were
ligated with 100 ng vector for 1.5 h at room temperature

--- primer ACT l-—--==-—- > G R P R H Q
STARFISH C GCT GTC TTC CCG TCC ATC GTC GGG AGA CCC CGC CAC CaG
PURP CY2A FE T S L O N
MOUSE fie tee et e aee vee WG LT CLC LA Ll L.
DROS ..C ... ... ..A ..G,.T ..G ..AC.T ... .. T .o o
YEAST e AT o e LT i AAA ... .. A
STARFISH M ... .. G ... .. A ... .. T..A ... ... ..A T ... ...
XENOPUS ... .. G ... .. T ... .. T ..G ..AC.T ... .. T ... ...
C.ELEGANS .C ..G6 ... .. A ... .. T ... .. A ... .. A ..T ..T A
CHICKEN A LT L L T ve .G ..T C.T AG ... ...
ARTEMIA c..T ... .. C ... .. T ... .. cCcC.T TAA ... ...

G V <-=---- primer ACT 2-~---——----—
MOUSE GGT GTC ATG GTG GGT ATG GGA CAG AAG GAC TCC TAC GTA
CHICKEN | P S I
CARP - L I §
STARFISH C ... .. G ... .. T ... ... T oo oo o AG. ..C
STARFISH M ... .. G ... ..A ... ... T Lol Ll L AG.
PURP CY2A D T S AG. T
C.ELEGANS ... .. G ... .. c . ..C

FiG. 1.—Alignment of actin-coding sequences in different phyla.
Top and bottom panels are sequences 5’ and 3’ of codon 41, respectively,
where a conserved intron/exon junction occurs (see Kowbel and Smith
1989). Overbars mark the extent of the two universal actin primers
used in this study. Amino acids coded by conserved codons flanking
the intron boundary are marked. Sequences are from GenBank.
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and were transformed into competent cells (Sambrook
et al. 1989).

Screening of these colonies was done by PCR: in-
serts were amplified from bacterial colonies by using 25-
ul PCR reactions (standard reagent concentrations;
Palumbi et al. 1991) and two oligonucleotide primers
that annealed to the pBluescript vector on either side of
the insert (M13 and M13 reverse primers as provided
by Stratagene ). Each colony to be screened was touched
lightly with a flame-sterilized bacterial transfer loop.
Each loop was then twirled in a separate 25-ul PCR
cocktail (complete with all reagents, including enzyme)
to release bacteria into the amplification buffer. After
overlaying one drop of oil, reactions were amplified for
35 cycles at 94°C for 30 s, 55°C for 20 s, and 72°C for
60 s (short inserts may allow shorter extension times).
PCR products were electrophoresed in 2% agarose/ Tris-
borate ethylenediaminetetraacetate (Sambrook et al.
1989) to identify the sizes of the inserts in each colony.

For colonies that showed inserts of the appropriate
sizes, single-strand template was produced by helper-
phage infection as described by the vector vendor. Single-
strand DNA was precipitated with polyethylene glycol
(Sambrook et al. 1989). Complete sequences were ob-
tained using oligonucleotide primers spaced 250 bp apart
along the intron (Operon).

The combination of T-vector cloning and PCR
screening greatly speeds the analysis of many alleles.
However, a disadvantage of this approach for nuclear
introns is that Tag polymerase errors are incorporated
into cloned products, and these errors become part of
the allele sequence. We estimated the frequency of these
errors by sequencing multiple clones in heterozygotes
and comparing several individual sequences from the
same allele. In this way, we estimated the error rate at
~1 transition substitution/ 1,000 bases.

DNA sequences were aligned by eye and were an-
alyzed phylogenetically by using PAUP (Swofford 1991).
Interspecific analyses using other phylogenetic methods
(e.g., maximum parsimony and neighbor joining)
showed no topological differences from PAUP trees (data
not shown). ,

The cetacean DNA samples analyzed here were
from free-ranging whales that were sampled by biopsy
as described elsewhere (Baker et al. 1993b). Spooled
genomic DNA was extracted from skin by standard pro-
teinase K /phenol/chloroform methods (see Sambrook
et al. 1989; Baker et al. 19935). Introns that were se-
quenced were derived from individuals sampled either
in wintering grounds in Hawaii or on feeding grounds
in California. RFLP analysis of introns was performed
on animals from all oceanic populations, including the
North Atlantic, the Antarctic Ocean, Hawaii, Alaska,

California, and Mexico (for details, see Baker et al.
1993b).

Results

Initial amplifications with act I and act II generally
revealed several products. These products are derived
either from multiple loci of this small gene family, from
actin pseudogenes, or from random sections of the ge-
nome that have accidental homology to one or more
primers. To identify the nature of these multiple bands,
they were excised from agarose gels, reamplified, and
cloned in pBluescript. To ascertain which of the ampli-
fied products were from the target intron, the sequences
were compared with those expected on the basis of the
intron/exon junctions of published actin genomic DNA
sequences (fig. 1). Clones that did not show the predicted
boundary amino acids were not analyzed further. Se-
quences from confirmed introns were used to design
taxon-specific primers that produced good amplifications
at high stringency.

With these procedures, a 1,409-bp actin intron was
sequenced, in its entirety, from blue and humpback
whales. Although other actin introns exist and are am-
plified by the universal primers, we chose the largest
confirmed intron, in order to increase the chance of
finding significant intraspecific variation. This large in-
tron also was apparent in amplifications of most species
of Mysticete whales, allowing us to use these intron data
to compare species. After whale-specific primers were
constructed, a smaller, 1,200-bp subsection of the intron
was amplified and sequenced for bowhead whales and
for multiple individual humpback whales sampled from
two regional subpopulations known to be very different
in mitochondrial haplotype (fig. 2).

Sequence variation between species is substantial
(fig. 2) but is not noticeably clustered along the intron
length. In particular, there are no obvious “hypervari-
able” regions as commonly seen in mtDNA D-loop se-
quences (e.g., see Cann et al. 1987). Transitions out-
number transversions by approximately threefold when
blue whale sequences are compared with humpback
whale sequences, whereas there are approximately equal
numbers of the two types of substitutions when hump-
back whales are compared with bowhead whales. Three
length changes are apparent, including a 19-bp deletion
in the humpback sequence (at about position 776).
Overall, the humpback sequence is ~3% different from
the blue whale sequence and ~4% different from the
bowhead sequence. These low percentages are consistent
with other reports of slow rates of molecular evolution
in cetaceans (Hoezel et al. 1991; Schlotterer et al. 1991;
Baker et al. 1993b).

Despite these low rates of change between species, the
intron sequence is long enough to show a substantial number
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_______________

271 ~=== ACT 3 —=—-==

................................................. L N PN
L S S LI Tt e e tiannsn,
GGATGGAGATATTTTGCATAAATCACTACTTATGGAACTATAGTAGCC- === -—m—=oomem oo AAGTCACTCCAGTGCAATTTTAA
................................................ ACGACTGTTTTGCAATTTT . . v vv vt ievinnenannens
................................................ ACGACTGTTTTGCAATTTT. . vttt vttt i enannaenns

<intron|G V <-—---—- ACT 2 ======----
TTTTTAGGGGGTGATGGTCGGTATGGGACAGAAGGAC Humpback whale
.................................... Blue whale

...G................. ......... ceneen . Bowhead whale

FIG. 2.—Complete actin intron sequences for representative blue and humpback whales. The original primers, the flanking codons, and
the intron/exon boundaries are shown above the sequence. A dash (=) represents a deletion.

of intraspecific polymorphisms. Within the 10 humpback
whale sequences, there are 17 polymorphic nucleotide po-
sitions, 8 of which are phylogenetically informative (i.e.,
occur in more than one allele). These phylogenetically in-
formative positions are particularly important because it is
unlikely that random Tag polymerase errors will occur at

the same nucleotide positions. Alleles differ from one an-
other by <12 base substitutions. There are only two trans-
version polymorphisms in this sample, and there are no
intraspecific length polymorphisms.

Phylogenetic analysis of the 10 humpback alleles
sequenced (fig. 3) yields a single most parsimonious tree
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1111111111
34446680011122333
92390462404969145
29610356135801543
Humpback HI la CARACC?TAGGAARAGCC
Humpback HI 1lb CAGATCGTCAAGTGATT
Humpback HI Za CAGATCATCAGGAGATT
Humpback HI 2b CAGACCGTAGGGAAGCC
Humpback HI 3 CAGACCGTAGGGAAGCC
Humpback CA 8a CAAGCCGCAGGGARAGCC
Humpback CA 8b CAARACCGTAGGGAAGCC
Humpback CA lla TAGATTGTAAGGAAGCC
Humpback CA 1lb CGGACCGTAGGGAAGCC
Humpback CA 54 CAARACCGTAGGGAAGCC

POSITION:

FIG. 3.—Variable positions in actin introns from humpback
whales. Numbers correspond to the positions in fig. 2. Humpback se-
quences are from the Farallon Islands of California (CA) and the island
of Hawaii (HI). Two sequences from the same individual (e.g., HI 2)
represent two alleles in that individual and are distinguished by low-
ercase letters “a” or “b.”

(by branch-and-bound search using PAUP), which has
the same topology as trees generated by the neighbor-
joining or maximume-likelihood method (as imple-
mented in PHYLIP 3.5). The phylogenetic tree shows
that alleles can be divided into two broad clades (clade
A and clade B in fig. 4) differing by an average of 10
substitutions. Individuals from Hawaii and California
are distributed throughout the tree (fig. 4), and there is
no obvious geographic structure to the cladogram.
One of the nucleotide substitutions that distin-
guishes the two clades alters a restriction site for the
endonuclease Kpnl. To describe the frequency of these
clades in a larger sample, oligonucléotide primers that

HI 2 < —— HI1
‘ Py — =12
HI1 = [ HI3
11 o — H1a
—— His
cAll E—
HI7
HIZ —— HIg
HI3 — HI9
o —— HI110
——— can 3 — H111
a
g — Hr12
—— mn — — w3
L— s
L @ cal
1= A& CAG
I cas CAT
. i CA 16
} ] CA4
s AR ——— Cas
SLENL IS
15 r—l— BLUE CA 1l
CA13
]—|— BLUE CA 14
CA8
2 BOWHEAD i N,

FIG. 4.— Left, Best phylogenetic tree of actin intron alleles, based
on parsimony analysis (PAUP, branch-and-bound search). Vertical
lines mark single nucleotide substitutions. Numbers above branches
represent the substitutions between species. The asterisk (*) denotes
the nucleotide substitution at position 1344, which alters a Kpnl site.
Designations of individual whales are as in fig. 3. Right, Parallel phy-
logenetic tree, showing the relationships of mtDNA D-loop sequences
for humpback whales from Californian and Hawaiian populations.
Note that all 14 Hawaiian individuals showed identical sequences, dis-
tinguishable from the sequences of the Californian mtDNAs. For se-
quences, see the work of Baker et al. (19935).

AA AB AB BB BB

Std

F1G. 5.—Major actin allele types in humpback whales, for allele
clades A and B, distinguished by agarose electrophoresis after Kpnl
digestion (overnight at 37°C in PCR cocktail ). Allele designations have
been confirmed by sequencing. Std = size standard.

flank this polymorphic site were used to amplify intron
alleles from 128 individual humpback whales. The am-
plified products were digested with Kpnl and were vi-
sualized on agarose gels (fig. 5). Although there is much
allelic variation within these clades that is not detected
by this method, this simple test allows examination of
the frequencies of these allele clades in a large number
of individuals. The proportions of A and B alleles in all
samples are in Hardy-Weinberg equilibrium (%° test;
P>0.50) and are similar in the Hawaiian and California
samples (randomized y°; Roff and Bentzen 1989:
P>0.5). However, the North Atlantic and South Pacific
populations differ from those in the Northern Pacific
(randomized %?; P<0.01; table 1).

Discussion

EPIC amplifications can be a powerful way to assess
highly variable nuclear DNA sequences in taxa for which
no other previous DNA sequence data are available. In
our analysis, we demonstrate species differences in actin
intron sequences and show significant population-level
variation for these sequences from humpback whales.
Parallel analyses using the same act I and act II primers
have produced similar results for sea urchins, including
substantial within- and between-species sequence vari-
ation (Palumbi, in press). Slade et al. (1993 ) and Lessa

Table 1
Frequencies of Alleles in Clade A and Clade B, for 128
Humpback Whales from Four Populations

AA AB BB P(B)
Hawaii (n=32) .. ... .. .. ... . 8 16 8 0.50
California (n=30) .......... 3 10 15 0.66
North Atlantic (n=42) ...... 2 15 25 0.77
Southern oceans (n=24) ... .. 2 7 15 0.77

NOTE.—Populations that are indistinct are joined by vertical lines (random-
ized x? and contingency-table analyses; P=0.03). Hawaii and California includes
individuals from wintering grounds in Alaska and Mexico, respectively.



and Applebaum (1993) show that several other primer
pairs, particularly those for aldolase and the DQA locus
of the major histocompatibility system, also provide
good amplifications from vertebrates. In the Appendix,
we list three other primer pairs that tend to give consis-
tent amplifications with a variety of taxa.

Intron primers can be used to examine nuclear loci
in a large number of individuals or species. Lessa (1992)
used globin primers to amplify and analyze variability
between introns in populations of pocket gophers. He
showed how denaturing gel gradient electrophoresis
could be combined with intron amplifications to allow
rapid analysis of alleles without sequencing. Slade et al.
(1993) used a similar approach in a preliminary anatysis
of seal populations. In their study, variable restriction
sites within introns were used to distinguish alleles, and
they explain several complementary strategies for in-
vestigating genetic differences among EPIC products.

Technical Difficulties of Using Highly Conserved
Primers

Like virtually all other PCR methods for sampling
the nuclear genome, EPIC amplifications involve several
technical and conceptual problems that need to be ad-
dressed in every new study. Foremost is the fact that
primers for a conserved gene region that work on dif-
ferent species tend also to be conserved between different
loci. For example, the actin primers described here show
a good match to both cytoplasmic and muscle loci of
actin (fig. 1), and initial amplifications usually yield
several products corresponding to the different loci am-
plified. Most nuclear genes occur in small gene families
or have closely related pseudogenes, so that this is likely
to be a general result of using EPIC primers (Slade et
al. 1993).

An advantage of these multiple products is that
several, presumably independent loci can be identified
using the initial primers (e.g., the aldolase primers in
Lessa and Applebaum 1993), and these can be examined
separately by using primers redesigned to be specific to
only a single locus. A disadvantage is that it is necessary
both to identify homologous loci in related species and
to distinguish between allelic variation at a single locus
and variation between loci.

In principle there are several ways to solve these
problems in any new system. In our experience (also
see Slade et al., in press), these different loci often have
introns of different size, and these can usually be sepa-
rated on agarose gels. In the current work, we selected
the largest introns that were apparent after initial am-
plifications. Yet, how can we know whether these are
from homologous loci? First, different loci generally arise
from gene duplications far in the past, and loci tend to
be more different from one another than are alleles at
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the same locus. Thus, a cladogram of sequences from
closely related species should show that the sequence
differences between presumed alleles within species are
no greater than the sequence differences among species.
Figure 4 shows that this is the case for the actin intron
that we investigated here.

Furthermore, a cladogram of homologous se-
quences from a suite of species can be tested for con-
cordance with other data. The topological relationships
of actin introns from blue, humpback, and bowhead
whales are the same as those derived from mtDNA, nu-
clear DNA, and morphological and paleontological
analysis (see Barnes et al. 1985; Arnason et al. 1993;
Baker et al. 1993b). If the sequences that we obtained
were from different loci, the resulting phylogenetic trees
would reflect the duplication of the loci, not the diver-
gence of whale species. Concordance of our intron cla-
dogram with other phylogenetic analyses of whales sug-
gests that these sequences are from homologous loci.

An additional, independent way to investigate
whether sequence variants represent different alleles at
alocus or different loci is to test whether the distribution
of sequence difference is as expected from Hardy-Wein-
berg equilibrium. For example, in our humpback whale
data, we have shown the existence of two intron-se-
quence clades (clade A and clade B in fig. 4). Do these
clades represent different loci? This is not likely, since
the clades are most closely related to each other, and
since blue and bowhead whale sequences fall outside
both clades in a parsimony tree (fig. 4). Yet, a gene
duplication could have occurred within the humpback
lineage (which has existed for ~5 Myr; Barnes et al.
1985) and could have given rise to two loci that we now
see as clades A and B. If this were the case, then each
individual would possess both A- and B-type sequences,
and all individuals would show two bands after restric-
tion digestion (corresponding to the locus with a Kpnl
site and to the locus without one). Instead, individuals
often showed only one band on agarose gels (fig. 5), and
the presumed allelic clades A and B always occurred in
Hardy-Weinberg proportions within populations. These
results show that the sequence variants that we present
here are due to allelic variation at a single locus.

Strong demonstration of the allelic nature of se-
quence variants—by using either cladograms among
closely related species or distribution of variants within
species—is important in every new use of EPIC primers.
The complex nature of the nuclear genome makes using
these primers more difficult than using comparable
mtDNA primers (e.g., see Kocher et al. 1989), but the
potential for examining many different independent loci
makes these primers attractive choices in population ge-
netic surveys.
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Interpreting Sequence Differences

A second potential difficulty with the techniques
that we describe is the identification of allelic differences
from sequence data. The sequences that we obtain from
cloned PCR products include 1-2 polymerase errors/
1,000 bases, so a fraction of sequence variants in the
data set is due to amplification errors, not to true genetic
variation. However, because Taq errors occur at random,
it is unlikely that sequence differences that occur in a
number of different alleles are artifactual. Thus, phy-
logenetically informative positions are most likely to
represent true genetic variation. For instance, actin in-
tron polymorphisms in humpback whales (fig. 3) include
eight phylogenetically informative substitutions that
cluster alleles into distinct clades (fig. 4). These are un-
likely to be cloning or amplification artifacts.

By contrast, it is more difficult to be certain that a
polymorphism seen in only a single sequence is not the
result of a PCR error, rather than the result of true genetic
variability. The eight transition substitutions that were
seen in only one actin intron allele (fig. 3) fall into this
category. Yet, these “singletons™ do not substantially
affect analyses of phylogeny or population structure, be-
cause, by definition, they only occur in a single sequence.
In the phylogenetic analysis of alleles (fig. 4), these sub-
stitutions fall along branch tips leading to individual se-
quences. Although these potentially false substitutions
have little effect on population comparisons, they will
have two minor effects on analysis of EPIC amplifica-
tions: (1) they will increase apparent allelic diversity,
and (2) they will result in a slight increase in average
sequence heterogeneity.

If single sequence variants are impossible to verify,
how can both alleles possessed by an individual be iden-
tified? If two sequences from an individual differ at phy-
logenetically informative positions, then it can be as-
sumed that these represent different alleles. For example,
sequences from Hawaii humpback individual 1 (HI 1)
fell into both allele clades A and B (figs. 3 and 4). Be-
cause these clades are defined by numerous phyloge-
netically informative substitutions, these sequence dif-
ferences are clearly not due to Taq errors. Restriction-
endonuclease digestion with Kpnl verified that this
individual was an AB heterozygote. Likewise, sequence
differences between clones from HI 2 and CA 11 include
differences at phylogenetically informative positions.

By contrast, if sequences from a single individual
differ at one or two non-phylogenetically informative
positions, then these differences might be due to poly-
merase errors. Sequencing a third clone will reveal which
of these differences is due to random errors and which
represents true allelic differences. To illustrate this ap-
proach we sequenced a third clone from HI 2 (HI 2¢).

This sequence was identical to the one listed first in figure
3 (HI 2a), except that it contained an A—>G transition
substitution at the 5’ end of the intron. All other se-
quences in the analysis show an “A” at this position,
including the other allele of HI 2 (HI 2b, which differs
from the first allele at eight positions). Thus, HI 2¢
probably represents a duplicate of HI 2a, with a Tag
error introducing a single transition substitution.

Analysis of EPIC amplifications by restriction en-
zymes avoids the problems of Tagq error. This is because
the analysis is performed on the bulk amplification, not
on a single clone of a single amplified DNA strand. Thus,
even if Tagq errors create a few DNA strands that do not
possess a particular restriction site, these will not be vis-
ible in a stained agarose gel. However, restriction analysis
presents its own set of problems, including the difficulty
of assigning polymorphic restriction sites to the correct
allele (see Slade et al. 1993). Using sequence data to
identify phylogenetically informative restriction poly-
morphisms is probably the best mix of sequencing and
RFLP approaches to intron analysis.

Population Genetics of Humpback Whales

Examination of patterns of geographic variation in
actin introns among humpback whales can be compared
with previous results from mtDNA analysis. For actin
introns, geographic patterns between oceans or hemi-
spheres parallel our results for mtDNA. In both analyses,
the North Atlantic and South Pacific populations are
genetically distinct from the northern Pacific populations
(Baker et al. 1993b). In this comparison, the mtDNA
and nuclear DNA analyses give similar estimates of gene
flow. Baker et al. (1993b) estimate worldwide immigra-
tion rates (N,my,) for humpback whales to be 0.5-1.0
females per generation. An Nm, value based on a single-
locus Fsr calculated from the data in table 1 is ~3.0.
Because this value represents gene flow from males as
well as females, it should be twice as high as the estimate
from mtDNA. This low-to-moderate amount of gene
flow has allowed the buildup of some significant differ-
ences in gene frequencies, especially among mtDNA
haplotypes.

Over smaller spatial scales (e.g., within the northern
Pacific) mtDNA and nuclear DNA results show con-
trasting patterns. mtDNA sequences and RFLPs (Baker
et al. 1990, 1993b) have shown that Hawaiian and Cal-
ifornian populations are genetically distinct. Not only
are the mtDNA haplotypes different in the two regions,
but Hawaii shows a uniquely low level of mtDNA di-
versity—Ilower than that in any other tested population
of humpback whales (fig. 4; Baker et al. 1993b). Yet,
the actin intron alleles show no major distinction be-
tween Hawaii and California individuals, and there is
no evidence for decreased heterozygosity in Hawaii



compared with California. An Fgy calculated from Cal-
ifornian and Hawaiian samples indicates high gene flow
(N.m.=10), far higher than the value calculated from
mtDNA data (N,m;<0.1). Thus, between the two ad-
jacent subpopulations (California and Hawaii) in our
study, mitochondrial and nuclear alleles present oppos-
ing pictures of the population structure.

For humpback whales, this discrepancy may be the
result of gender-biased migration between breeding
grounds. If males tend to move between breeding
grounds more often and to breed more successfully than
do females, then nuclear alleles may be mixed more
thoroughly than are the maternally inherited mitochon-
drial sequences. It has long been known that the “song
of the humpback whale,” a presumed male mating sig-
nal, is very similar in both Hawaii and the breeding
grounds of the Californian whales in Mexico (Payne and
Guinee 1983). Moreover, the song changes from year
to year in a parallel fashion in these two separate breeding
populations. These observations, plus observations of
migratory movements by naturally marked individuals
(Baker et al. 1986) and DNA fingerprinting similarities
between Hawaiian and California populations (Baker
et al. 1993a), have long led to speculation about ex-
change of males between these breeding grounds.

The genetic results presented here are consistent
with such exchange. However, alternative explanations
are also possible. The higher effective population size
for nuclear genes than for mtDNA will slow genetic drift
of intron alleles relative to mtDNA haplotypes (Wilson
etal. 1985). Thus, low mtDNA diversity in Hawaii could
be due to faster genetic drift for haploid, maternally in-
herited genes than for diploid, biparentally inherited loci.

In addition, genetic drift is a stochastic process and,
simply by chance alone, may not have acted strongly at
the actin locus that we examined. In many studies of
protein polymorphisms, population structure is indi-
cated by only a subset of loci. Clearly, data from addi-
tional intron studies are necessary to fully characterize
the gene flow patterns within humpback whales and to
provide a more robust estimate of migration between
subpopulations. Use of several different loci will also
allow comparisons of estimates of gene flow that are not
confounded by the inherent differences between mater-
nally and biparentally inherited genes.
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APPENDIX
Loci Useful for Exon-primed, Intron-crossing
Amplifications

Actin

For details about this set of primers, see text and
figure 1.

Creatine Kinase

Creatine kinase supplies muscles with energy by
transferring a phosphate group from creatine phosphate
to ADP. This enzyme is only known in vertebrates and
echinoderms, but a very similar enzyme occurs in the
protostome phyla (e.g., the Arthropods), where it is
called “arginine kinase.” Creatine kinase has three un-
linked loci in most vertebrates known and occurs in a
tandem triple repeat in sea urchins. Of the following
primers shown in figure A1, CK6 and CK7 work well
on most vertebrates tested. CK6 also works well with
AK7 when amplifying the arginine kinase locus of ar-
thropod DNAs, which appears to be a single-copy gene
in Drosophila (Collier 1990).

Cytochrome ¢

Cytochrome c is a small protein vital to oxidative
phosphorylation during electron transport. The amino-
terminus and carboxy-terminus of the protein are very
highly conserved, making it possible to develop primers
that are appropriate for taxa as diverse as plants, animals,
and yeast (Kemmerer et al. 1991). There are generally

CK6-5" GAC CAC CTC CGA GTC ATC TCZ ATG
MOUSE A € T
CHICKEN ... .. T ACCA.. ..G ... .. c ...
FISH P €
URCHIN ..T ... ACT ..G T T c
CK7-3" CAG GTG CTC GTT CCA CAT GAA
MOUSE Cee e eee e eee e e
CHICKEN G.. .C. T.. A.. ... ... ...
FISH e e eee eee e e e
URCHIN A.. A.. T.T ... ... oo ...
AK7-3" GT GCC AAG GTT GGT DGG GCA
LOBSTER e € T
URCHIN CK .. A.. .. .AT.. A
HUMAN CK .. ... cC. .A.T.

FIG. A1.—EPIC primers for creatine kinase and arginase kinase
genes. References for full sequences are as follows: urchin, Wothe et
al. (1990); chicken, Wirz et al. (1990); and lobster, Dumas and Ca-
monis (1993) (GenBank accession HVARGK).
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cytC-C-5" AAG TGT GCY CAR TGC CAC AC

insect cGC ..C ..C ..G ... ..

yeast .GA ... CTA ..A ...

rice i ..C L.C LG L. oo L.
cytC-B-3"' CAT CTT GGT GCC GGG GAT GTA TTT CTT
insect ... ... e e e e ... Col Ll
yeast .. ... T T T.. T A.. ...
rice S

FIG. A2.—EPIC primers for cytochrome ¢ genes. Sequences are
from Kemmerer et al. (1991).

one or two introns in cytochrome c. Vertebrates (in-
cluding chickens, rodents, and humans) have a single
intron at amino acid 56. Rice has one intron at position
29 and one at position 73, although other plants have
slightly different intron positions (Kemmerer et al.
1991). The two insects studied (Drosophila and Man-
duca) have no introns. Although the plant introns seem
to be hefty and might be useful in population or system-
atic studies, the vertebrate introns that we have found
so far are disappointingly small (see fig. A2).

Proto-oncogene int

The proto-oncogene int was first identified as a gene
in mice into which a tumor virus was inserted. The gene
was subsequently found to be homologous to the product
of the wingless locus in Drosophila. Amino acid con-
servation is high in this gene, and studies of genomic
clones have revealed several introns in conserved posi-
tions.

The primers shown in figure A3 amplify the third
intron in int. In mice this intron is ~600 bp long. In
whales it is only ~300 bp. These primers work well in
most vertebrates and have also been successful with ur-
chins and nemerteans. In some taxa, int is obviously a
small multigene family and gives a number of amplifi-
cation products. Note that at position 12 there is a wide
variety of different bases in different taxa, and we have
included an inosine at this position. Inosines do not bind
well with anything, but they do not disrupt the annealing
of adjacent bases. They are a sort of molecular “filler”
in primers.

INT A-5' AAC CTT CAC AAC AAY GAG GC
HUMAN cee s ees e ..
MOUSE ... ... ... e e e
XENOPUS ..T ..G ... ... ..CC..
DROSOPHILA ..T .G ... ... L.C oLl
INT B-3' TT GCA CTC TTG ICG CAT YTC
HUMAN P
MOUSE F N € PN

XENOPUS .. ... T.. C.. A..
DROSOPHILA ve eee ..o CLLTL

F1G. A3.—EPIC primers for proto-oncogene int. References for
full sequences are as follows: human and mouse, van Qoyen et al.
(1985), Xenopus, Noordermeer et al. (1989); and Drosophila, Rijsewijk
et al. (1987).
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