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Exon-primed, intron-crossing (EPIC) loci for five nuclear
genes in deep-sea protobranch bivalves: primer design,
PCR protocols and locus utility
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Abstract

We describe PCR primers and amplification protocols developed to obtain introns from conserved nuclear genes in deep-
sea protobranch bivalves. Because almost no sequence data for protobranchs are publically available, mollusk and other
protostome sequences from GenBank were used to design degenerate primers, making these loci potentially useful in
other invertebrate taxa. Amplification and sequencing success varied across the test group of 30 species, and we present five
loci spanning this range of outcomes. Intron presence in the targeted regions also varied across genes and species, often
within single genera; for instance, the calmodulin and B-tubulin loci contained introns with high frequency, whereas the
triose phosphate isomerase locus never contained an intron. In introns for which we were able to obtain preliminary esti-
mates of polymorphism levels in single species, polymorphism was greater than traditional mitochondrial loci. These
markers will greatly increase the ability to assess population structure in the ecologically important protobranchs, and may

prove useful in other taxa as well.
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Introduction

Protobranchs are a diverse group of approximately 600
species of bivalve mollusks found in many marine envi-
ronments, including coastal zones, hydrothermal vents
and submarine caves (Zardus 2002). Several lines of mor-
phological and molecular data suggest that they are the
oldest extant lineage of bivalves (Giribet & Wheeler 2002;
Zardus 2002), representing the original diversification of
bivalves throughout the world oceans. Their high species
diversity in the Atlantic (Allen & Sanders 1996) and their
abundance in the deep-sea make them an intriguing
group in which to study evolution and the invasion of
species into deep-sea environments. Ecologically, proto-
branchs are intriguing because of their unusual success
in the deep sea, which covers more than two-thirds of
Earth’s surface. Although the deep-sea floor was origi-
nally thought to be devoid of life, we now know that it
supports a rich and highly endemic fauna. Significant
progress has been made in understanding the modern
ecological processes that maintain this high species rich-
ness (Etter & Mullineaux 2001; Levin et al. 2001; Snel-
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grove & Smith 2002; Carney 2005; Rex et al. 2005; Smith
et al. 2008; Levin & Dayton 2009). In stark contrast, we
know virtually nothing about how this diverse fauna
originated and evolved (Etter et al. 2005; Zardus et al.
2006). Because protobranchs are typically the third most
abundant taxon in deep-sea communities, they provide a
model system for unravelling how evolution unfolded in
this vast and remote ecosystem. The deep-water fauna
also play key roles in global biogeochemical cycling and
other essential ecosystem processes (Danovaro et al. 2008,
2009; Smith et al. 2008, 2009). As the deep sea is impacted
by anthropogenic activities and the accelerating pace of
climate change, it is vital to understand how this fauna
might respond on evolutionary timescales.

The rapid development of molecular methods in the
‘genome era’ has facilitated production of the multilocus
genetic data sets required to investigate evolution in
understudied taxa, such as protobranchs. These data sets
are finally allowing researchers to test complex hypothe-
ses concerning population admixture, selective pressures
and adaptation (e.g. Burke et al. 2010; Reagon et al. 2010).
Although multilocus data sets are relatively easy to
acquire in model organisms, researchers working on non-
model organisms are increasingly at a disadvantage.
Single loci are inadequate for many population genetic
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and phylogenetic analyses because of gene tree
heterogeneity and coalescent stochasticity (e.g. Knowles
& Maddison 2002; Brito & Edwards 2009; Degnan &
Rosenberg 2009), as well as the effects of selection, link-
age to selected genes and recombination (Maddison
1997), indicating that multiple independent loci are
required to accurately infer evolutionary relationships
(Edwards & Beerli 2000; Knowles 2009a,b). With no pro-
tobranch genome or EST database from which to obtain
sequences for genes better suited to population-level
analysis, one must proceed gene by gene, designing
degenerate primers from alignments of related taxa and
screening for variation. Until it becomes feasible for gen-
ome sequencing to reach every twig of the tree of life, this
slow process is the only tool available to gain a better
foothold into the genetics of nonmodel organisms. These
organisms are frequently of great interest precisely
because of their remote habitats, unusual life histories
and the complex forces that have shaped their evolution.

We present the results of our effort to develop a suite
of highly polymorphic markers to allow multilocus anal-
ysis of the phylogenetics and population genetics of pro-
tobranchs. Our approach was to target evolutionarily
conserved introns (i.e. consistently found in the same
gene region) in single-copy nuclear genes, for use as
exon-primed, intron-crossing loci (EPIC; Palumbi 1996;
Jarman et al. 2002). To the extent that introns are absent
or inconsistently found, the resulting exon-only
sequences could potentially serve as phylogenetic mark-
ers if they show appropriate levels of polymorphism.
Because these primers were developed from alignments
of a wide-range of metazoans, their utility probably
extends beyond protobranchs. Although this gene-by-
gene process was slow and tedious, we show its potential
in developing multiple loci suited to analysis at a variety
of evolutionary scales.

Materials and methods

Gene selection and motivation

Five conserved housekeeping genes were selected
because they appeared to be single- or low-copy, fre-
quently possessed introns in stable positions, and/or they
had proven useful as markers in related organisms: cal-
modulin (CAL), actin (MAC), B-tubulin (BTUB), triose
phosphate isomerase (TPI) and the adenosine nucleotide
transporter (ANT). Several other loci were also explored,
but were not pursued after very low initial success (ami-
nopeptidase N, lysyl-tRNA synthetase, phosphogluco-
mutase, phosphoglycerate kinase and pyruvate kinase).
Calmodulin, an important calcium-binding protein
(Chin & Means 2000), appears to exhibit variable copy
number in metazoans (Simpson et al. 2005), but possesses

at least one highly conserved intron (Friedberg & Rhoads
2001). This CAL intron has been used as a population
genetic marker in marine snails of the genus Conus (Duda
& Kohn 2005) and the marine bivalves Spisula solidissima
(Hare & Weinberg 2005) and Mytilus edulis (Corte-Real
et al. 1994).

Two conserved structural genes were also selected.
Actin is a ubiquitous component of eukaryotic cells,
important in functions from cell scaffolding to muscle
contraction (Pollard 1990). The gene sequence is also
highly conserved, and gene structure appears to be rela-
tively stable. MAC introns have been used to determine
hybridization zones in M. edulis (Daguin et al. 2001;
Bierne et al. 2003), and in phylogeographic studies of
freshwater Schistosoma-transmitting snails in the genus
Biomphalaria (DeJong et al. 2003). BTUB is also a ubiqui-
tous structural component of eukaryotic cells; its hetero-
dimerization with o-tubulin forms the basic building
block of microtubules (Oakley 2000; McKean et al. 2001).
A survey of gene structure in diverse eukaryotes
revealed some conserved intron positions, and several
strongly conserved, widely spaced amino acid motifs in
BTUB were convenient for primer design.

The final two genes are important in metabolism and
energy production. The enzyme TPI catalyses the inter-
conversion of dihydroxyacetone phosphate and glyceral-
dehyde-3-phosphate, an important step in glycolysis
(Lehninger et al. 2008). There is some indication that
introns in TPI separate successive af-barrels of the pro-
tein (Elder 2000), implying conservational constraints.
Finally, the ANT (also called ADP/ATP translocase) car-
ries ADP to the inner mitochondrial space and ATP to
the outer mitochondrial space (Alberts et al. 1994). Jar-
man et al. (2002) designed degenerate primers (employed
here initially but with low success) to flank an intron
found in Homo sapiens, Drosophila melanogaster and
Caenorhabditis elegans, although four other metazoans
appear to lack this intron (Anopheles gambiae, Rattus nor-
vegicus, Rana rugosa and Halocynthia roretzi).

Primer design

For the selected genes, sequences were obtained from
GenBank and available EST/genome projects. We first
obtained all possible mollusk sequences available for a
gene, then added the phylogenetically closest metazoans
until an alignment of sufficient size resulted, with prefer-
ence given to entries containing annotated introns.
Table 1 tallies the mollusk species by class, and other spe-
cies by phylum, used for each gene; Table S1 (Supporting
information) lists the species and accession number for
each downloaded sequence.

Following the EPIC approach, primers were designed
to target known or suspected conserved introns, but were
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Table 1 Genes selected for degenerate primer design, and
taxonomic breakdown of species whose sequences were
obtained from GenBank for alignment

No. species Total
Gene Group (No. sequences) sequences
Calmodulin (CAL) Bivalvia 13 (17) 33

Gastropoda 6(7)
Cephalopoda 1 (5)

Annelida 1(1)
Arthropoda  8(8)
Actin (MAC) Bivalvia 22 (25) 34

Gastropoda 5(7)
Cephalopoda 1(2)
B-Tubulin (BTUB) Bivalvia 3(3) 13
Gastropoda 1)
Cephalopoda 2 (2)
Arthropoda 4 (5)
Nematoda 4(4)

Triose phosphate  Bivalvia 7 (7) 31
isomerase (TPI) ~ Arthropoda 24 (24)
Adenosine Bivalvia 13 (13) 29
nucleotide Arthropoda 15 (16)
transporter
(ANT)

Individual species names with accession nos are given in
Table S1 (Supporting information).

Table 2 Primers taken from other work or designed here
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placed in exons such that some exonic sequence was also
amplified; these exon portions were useful in distinguish-
ing pseudogenes and paralogs. Universally- or highly
conserved amino acid sequences were chosen for primer
sites, and all codon degeneracies were incorporated into
the primer, except where selection pressure across many
species for the same specific codon was evident. Primac-
lade (Gadberry et al. 2005) and Oligocalc (Kibbe 2007)
web servers were used to ensure that primers had opti-
mal qualities. The primers designed for each gene are
listed in Table 2, along with primers designed by others
and used here. The locations of these primers relative to
the available gene structures from the alignment are
givenin Fig. 1.

PCR and sequencing strategies

Our goal was to robustly amplify the target gene regions
across as many protobranch species as possible, without
sacrificing specificity. Multiple primers were designed in
most genes to facilitate nested PCR. Although initial PCR
protocols employed nested PCR and/or cloning, we tried
to develop optimized protocols that avoided these strate-
gies. Because no data exist on gene structure for any
protobranch, we had only rough expectations of
amplicon size, and initially pursued as many amplified

Gene Primer Orientation Sequence (5"-3) References
CAL CAL1 F GCCGAGCTGCARGAYATGATCAA Duda & Palumbi (1999)
CAL2 R GTGTCCTTCATTTTNCKTGCCATCAT Duda & Palumbi (1999)
CAL5 F TTYGACAAGGAYGGHGATGG
CAL6 R TCGGCGGCACTGATGAANCCGTTNCCGTC
CAL7 R TCDGCYTCNCKRATCATYTCRTC
MAC maclF F GACAATGGMTCTGGTATGTGTAA
maclR R TGCCAGATTTTCTCCATRTCRTCCCA
macR3 R TCGAACATGATCTGDGTCATCTT
macR4 R GTCATCTTYTCNCTGTTGGC
BTUB BtubF1 F CAGGCYGGNCAGTGYGGHAACCAGATTGG Mod. Einax & Voigt (2003)
BtubR1 R GCTTCATTGTAGTANACGTTGAT
BtubR1b R GCTTCATTGTAGTANACGTTGATYCTCTCCA
BtubR1c R GCCGTGRTARGTTCCGGTGGG
BtubF2 F ATGTTYGAYGCHAAGAAYATGATGGC
BtubR2 R TCCATGCCYTCNCCVGTGTACCAGTG Mod. Einax & Voigt (2003)
ABtub2r R GTTGTTNGGGATCCAYTCSACGAA Mod. Einax & Voigt (2003)
ABtub4r R GCYTCNGTGAARTCCATYTCGTCCAT Mod. Einax & Voigt (2003)
TPI TPIf1 F GGMGGMAACTGGAAGATGAA
TPIr1 R GTYTTNCCGGTNCCGATGGCCCA
ANT ANTIf1 F GTYAAYGTYATCAGGTACTTCCC
ANTr1 R CGCCAGAACTGNGTNTTCTTGTC
ANTf3 F CCRGTSCGRTTCGCIAAGGAYTTC
ANTf4 F TAYTTYCCWACICAYGC
ANTr4 R GCYTCACCAGATGTCATCATCAT

Mod., modified from primers designed in this reference.
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Fig. 1 Synthesis of gene structure based on all species present in multiple alignments. Introns are shown when present in any species
in the alignment, with lengths corresponding to the longest intron observed. Primer locations and orientations are marked with arrows.
Lengths are given in nucleotide basepairs. From (a) to (e) panels are CAL, MAC, BTUB, TPl and ANT.

bands as was feasible. Although it was possible that some
degenerate primers might be suitable for direct use in
single species at the population level, we anticipated that
species-specific primers would be a more efficient alter-
native once sequences were in hand. PCRs employed the
GoTag-Flexi system (Promega, Madison, WI) in 50 pL
reactions containing 1x buffer, 2.5 mm MgCl,, 2 pmol
dNTPs, 1.2 pmol each primer, 2 pL. extracted genomic
DNA and 1 U Tagq polymerase. PCR cycling conditions
for each gene are detailed next. As determined by gel
electrophoresis, single-banded PCRs were sequenced
directly; strong bands from multibanded PCRs were indi-
vidually gel-purified, and either sequenced directly or
cloned and sequenced, depending on yield. All PCR
purification and capillary sequencing was performed by
Beckman-Coulter/Agencourt, Inc. (Beverly, MA).

Species and specimens

Primers were tested on a suite of 30 protobranch species
(mostly deep-sea), encompassing 14 genera and 7 fami-
lies. Although protobranch phylogeny is poorly under-
stood (Zardus 2002; Bouchet et al. 2010), these 30 species

span 2 of the current major divisions of protobranchs (the
Nuculoidea and Nuculanoidea, both placed in the
Nuculoida), and 14 of the 55 accepted genera in WoRMS
(Appeltans et al. 2010). The majority of these specimens
were collected on a research cruise to the deep Northwest
Atlantic, and one to the Skagerrak Straits (Scandinavia).
Additional material was obtained on cruises to the
Angola Basin (SW Atlantic) and the Southern Ocean; the
shallow species Yoldia limatula and Nucula tenuis were
collected locally from the NW Atlantic (Boston area), and
the shallow species Nuculana fossa and Yoldia scissurata
were obtained locally from the NE Pacific (Friday Harbor
area; Table 3).

Results and discussion

Table 4 contains PCR protocols that best amplified the
targeted gene segments, with success rates across proto-
branch species and genera. The given amplicon lengths
are approximate and do not account for introns, whose
lengths were highly variable. Detection and annotation of
exons and introns was done manually using BioEdit
(Hall 1997). For most genes, a single primer pair or PCR

© 2011 Blackwell Publishing Ltd
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Table 3 Protobranch species on which primers were tested and PCR optimized

Higher taxonomy Family Species Ocean region
Nuculanoidea Lametilidae Lametila abyssorum NW Atlantic
Malletiidae Malletia abyssorum NW Atlantic
Malletia cuneata NW Atlantic
Malletia johnsoni NW Atlantic
Malletia polita NW Atlantic
Malletiidae* Neilonella salicensis NW Atlantic
Neilonella whoii NW Atlantic
Nuculanidae Ledella sublevis NW Atlantic
Ledella ultima NW Atlantic
Nuculana fossa NE Pacific
Nuculana minuta Skagerrak Straits
Nuculana pernula Skagerrak Straits
Spinula filatova Angola Basin
Spinula hilleri Southern Ocean
Siliculidae Silicula rouchi Southern Ocean
Yoldiidae Yoldia limatula NW Atlantic
Yoldia scissurata NE Pacific
Yoldia valettei Southern Ocean
Yoldia cf. valettei Southern Ocean
Yoldiella inconspicua NW Atlantic
Yoldiella lucida Skagerrak Straits
Yoldiella nana Skagerrak Straits
Yoldiella subcircularis NW Atlantic
Nuculoidea Nuculidae Brevinucula verrilli NW Atlantic
Deminucula atacellana NW Atlantic
Nucula proxima NW Atlantic
Nucula tenuis Skagerrak Straits
Nuculoma granulosa NW Atlantic
Pristiglomidaet Pristigloma alba NW Atlantic
Pristigloma nitens NW Atlantic

*Accepted as Neilonellidae in WoRMS.
tAccepted as Sareptidae in WoRMS.

protocol could not be used across all species (cf. TPI),
which was probably due in part to sequence diversity at
the priming sites, and in part to gene structure variation.
In most species, one or a few strong bands were reliably
amplified, accompanied by fainter, more numerous and
more variably present bands. In trying to balance
comprehensive examination with economy, most of these
fainter bands were not pursued further.

The CAL primers (CAL1/CAL2) developed by Duda
& Palumbi (1999) proved highly successful in proto-
branchs (Table 4). The fate of PCR bands, number of
sequence types detected and GenBank accessions for
sequences generated here are given in Table 5. When
downstream reverse primers were successful, the longer
exon segments obtained were quite useful in separating
putative functional from pseudogenous sequences, and
in implying that multiple CAL copies existed. Across
protobranchs, CAL appears to be present in multiple
copies, as it is in other mollusks (Corte-Real et al. 1994;
Duda & Kohn 2005; Hare & Weinberg 2005). As further
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implied by these studies, CAL contained an intron in
this location for every protobranch species for which
useable sequence was obtained — the only gene to exhibit
such high structural conservation. When species-specific
primers were developed within the introns of Deminucu-
la atacellana and Malletia abyssorum, CAL exhibited p-dis-
tances of 0.021 in the former species (73 individuals) and
0.152 in the latter (23 individuals). By comparison, 65
individuals of D. atacellana exhibited a p-distance of
0.016 in the mitochondrial COI gene, demonstrating high
polymorphism in CAL suitable for population genetic
analysis.

The primer combination maclF/maclR amplified
approximately half (17/30) of the suite of protobranchs,
although three of five species amplified with a 48° anneal-
ing temperature were not amplified with annealing at 50°.
This implication of annealing temperature sensitivity was
reflected in the differential success of nested PCR strate-
gies for MAC (Table 4). Although attempts at amplifying
longer sections of MAC in a single round of PCR had very
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Table 4 PCR protocols, including single-round and nested strategies for amplification of selected loci

Gene PCR name Primers Cycle conditions Intron-less length Successes
CAL C1 CAL1/CAL2 ann 50° 54 bp 17 spp.
ext 72°,1:30
C2 CAL5/CAL6 ann 50° 216 bp 3 spp.
ext 72°,2:30
C3 CAL5/CAL7 ann 52° 294 bp
ext 72°,1:30
[C4] CAL1/CAL7 ann 57° 213 bp
ext72°,1:30
[C5] CAL1/CAL2 ann 55°
ext 72°,2:30
[Co] CAL1/CAL2 ann 56°
ext 72°,1:30
Nested C2, C5 7 spp.
Nested C2, C6 3 spp.
Nested C3, C4 8 spp.
MAC M1 maclF/maclR ann 50° 186 bp 14 spp.
ext 72°,1:15
M2 maclF/maclR ann 48° 5spp.
ext72°,1:15
[M3] maclF/macR4 ann 55° 300 bp
ext 72°,1:30
[M4] maclF/macR3 ann 45° 300 bp
ext 72°,2:30
[Meé] maclF/macR4 ann 45°
ext 72°,2:00
Nested M3, M4 10 spp.
Nested M4, M1 4 spp.
Nested M4, M6 8 spp.
BTUB
3’ segment Bp1 BtubF2/BtubR2 ann 55° 114 bp 23 spp.
ext72°,1:15
5" segment Bl BtubF1/BtubR1 ann 45° 84 bp 6 spp-
ext 72°,1:30
B2 BtubF1/BtubR1b ann 55° 84 bp 8 spp.
ext 72°,1:30
[B3] BtubF1/BtubR1b ann 50°
ext 72°,2:00
[B4] BtubF1/BtubR1c ann 57° 84 bp
ext 72°,2:00
[B5] BtubF1/BtubR1b ann 50°
ext 72°,1:15
Nested B3, B4 6 spp-.
Nested B2, B5 4 spp.
Long segment [BL1] BtubF1/ABtub4r ann 58°
ext 72°,2:30 1152 bp
[BL2] BtubF1/ABtub2r ann 45° 1134 bp
ext 72°,2:30
Nested BL1, BL2 21 spp.
TPI T1 TPIf/TPIr ann 57° 486 bp 20 spp.
ext 72°,1:15
T2 TPIf/TPIr ann 45° 9 spp.
ext 72°,1:15
T3 TPIf/TPIr ann 55° 17 spp.
ext 72°,1:15

© 2011 Blackwell Publishing Ltd
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Gene PCR name Primers Cycle conditions Intron-less length Successes
ANT Al ANTf1/ANTrl ann 50° 60 bp 1 spp.
ext 72°,1:30
A2 ANT f3/r4 ann 52° 690 bp 4 spp.
ext 72°,2:30
[A3] ANT f4/r4 ann 52° 498 bp
ext 72°,2:30
Nested A2, A3 13 spp.

Protocols in brackets were used only as the second PCR of a nested strategy. All PCR protocols included an initial denaturation at 90 °C
for 3 min, and each cycle began with denaturation at 90 °C for 30 s; all protocols ended with a final extension at 72 °C for 3 min and a
final hold at 4 °C. Species were counted under ‘Successes’ for multiple protocols if they amplified under multiple sets of conditions. ann,
annealing temperature (for 45 s in all protocols); ext, extension temperature and time; CAL, calmodulin; MAC, actin; BTUB, p-tubulin;
TP, triose phosphate isomerase; ANT, adenosine nucleotide transporter.

low success, the downstream reverse primers were suit-
able as the first round in nested strategies. Intron presence
was more variable in MAC than in CAL, but on average
fewer sequence types were detected per species (Table 5).
Screening D. atacellana and M. abyssorum using intron-
based species-specific primers yielded p-distances of
0.051 (11 individuals) and 0.047 (10 individuals), respec-
tively; these levels of polymorphism are again higher than
in CO], as desired for population-level analysis.

A primer set targeting a short segment of BTUB near
the 3" end (protocol Bpl) gave robust and consistent
amplification (Table 4); however, an intron was not
found in any protobranch at this location. Unfortunately,
primers targeting a BTUB intron near the 5" end were
more successful in species without introns than in species
with introns. Counterintuitively, nested protocols target-
ing just the 5" region exhibited much lower success than a
nested protocol designed to span the 5 and 3’ regions
(amplifying most of the gene). Among the 21 spp. for
which these long BTUB sequences were generated, the
only intron location detected was in the targeted 5
region. Although this intron was consistently present like
the CAL intron, in many species, it contained simple
dinucleotide repeats and/or more complex repeats,
which probably lowered PCR and sequencing success.

Only a single set of primers was designed for TPI, but
it amplified very robustly and consistently across proto-
branchs (Table 4). Unfortunately, TPI's most prominent
feature was a lack of introns in any of the eight species
for which sequence was obtained, again indicating an
inverse correlation between PCR success and intron pres-
ence. The high similarity of band sizes in successful
amplifications most probably indicates that no proto-
branch possesses an intron in this region. Successful PCR
amplifications from which few bands could be sequenced
cleanly were much more common in TPI than in other
genes tested here with similar strategies. Although it is
difficult to determine the cause of such ‘negative results’,
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possible explanations include the presence of nucleotide
repeats, suboptimal sequencing reaction annealing tem-
perature and complications from using the same degen-
erate primers for both PCR and sequencing. Alignment
of the eight sequences obtained indicated high nucleotide
and amino acid variability, suggesting its potential as a
shallow phylogenetic marker.

Amplification of ANT was similar to that of BTUB,
where nested PCR was required for success; however,
only one (M. abyssorum) generated even passably useable
sequence for ANT. As with BTUB, the presence in this
sequence of dinucleotide repeats upstream of a small,
clean region of 3’ exon sequence implies that microsatel-
lites reduced sequencing success. No clear 5 exonic
sequence or intron splice sites could be detected, making
it unclear whether the amplified fragment is a pseudo-
gene, or a portion of a functional ANT copy with an
intron >400 bp.

Conclusion

The primers developed here have proven useful in
amplifying several protein-coding genes, most of which
contain promising EPIC loci in protobranchs. Because
the primers were designed based on alignments of mol-
lusk and/or other invertebrate species, they will proba-
bly amplify these genes from other invertebrates as
well. Although some care must be taken to optimize
PCR and reduce or eliminate spurious sequences, the
protocols suggested herein should greatly speed the
most difficult step, obtaining sequences de novo from
nonmodel organisms. Researchers will probably use
these primers to obtain preliminary sequence for the
design of species-specific primers. Several of the loci
tested here contained the high polymorphism needed to
provide powerful markers for population genetics, and
the intron-less TPI could potentially be developed for
shallow phylogenies.
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Table S1 Individual species” sequences obtained for gene
alignment and primer design, with GenBank accession
nos.
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