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Abstract

Effective conservation of threatened species depends on the ability to assess organism physiology and population

demography. To develop genomic resources to better understand the dynamics of two ecologically vulnerable

species in the Pacific Northwest of the United States, larval transcriptomes were sequenced for the pinto abalone,

Haliotis kamtschatkana kamtschatkana, and the Olympia oyster, Ostrea lurida. Based on comparative species analy-

sis the Ostrea lurida transcriptome (41 136 contigs) is relatively complete. These transcriptomes represent the first

significant contribution to genomic resources for both species. Genes are described based on biological function with

particular attention to those associated with temperature change, oxidative stress and immune function. In addition,

transcriptome-derived genetic markers are provided. Together, these resources provide valuable tools for future

studies aimed at conservation of Haliotis kamtschatkana kamtschatkana, Ostrea lurida and related species.
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Introduction

Effective conservation efforts are dependent on under-

standing how organisms respond to environmental con-

ditions (Wikelski & Cooke 2006). One means to assess

physiological responses is to evaluate changes at the

molecular level. Often, valuable insight can be gained

from assessing gene expression variation that would not

be readily evident from ecological observations. For

instance, in Crassostrea virginica larvae, specific gene

expression patterns as determined through qPCR were

found to signal an early mortality event (Genard et al.

2012). Quantitative PCR has also been used to character-

ize the effects of ocean acidification on the purple sea

urchin Strongylocentrotus purpuratus (Stumpp et al. 2011),

Mediterranean sea urchin Paracentrotus lividus (Martin

et al. 2011), red abalone Haliotis rufescens (Zippay &

Hofmann 2010) and red sea urchin Strongylocentrotus fran-

ciscanus (O’Donnell et al. 2009). These studies revealed

that ocean acidification alters metabolism and calcifica-

tion (Martin et al. 2011; Stumpp et al. 2011) and limits an

effective heat shock response (O’Donnell et al. 2009).

Transcriptomic data can be used to increase our

understanding not only of an organismal response but

can also aid in characterizing population structure and

dynamics. Understanding population genetic structure

can further the knowledge needed to increase the success

of conservation efforts (e.g. restoration, relocation). This

includes providing necessary information to maintain

effective genetic diversity (Reed & Frankham 2003) and,

in some cases, ensuring native cohorts are not diminished

(Frankham 2002). High-throughput sequencing of tran-

scriptomes can reveal a breadth of markers (e.g. single

nucleotide polymorphisms or SNPs) that are informative

not only for population demographics but also for under-

standing ecological and evolutionary mechanisms. For

example, high-throughput sequencing of transcriptomes

has been used to identify SNPs in the nonmodel Glanville

fritillary butterfly (Melitaea cinxia; Vera et al. 2008), spe-

cies in the fish genus Xiphophorus (Shen et al. 2012) and

oilseed rape (Brassica napus; Trick et al. 2009). The SNPs

discovered in B. napus were successfully tested for use in

linkage mapping (Trick et al. 2009). Although not neces-

sarily required a priori, sufficient genomic resources can

greatly increase a researcher’s ability to plan, implement

and monitor success of conservation efforts.

The overall objective of this effort was to develop

genomic resources for two shellfish species of conserva-

tion concern in the coastal region of northwest North

America: the pinto abalone, Haliotis kamtschatkana kamts-

chatkana (hereafter referred to as H. kamtschatkana), and

the Olympia oyster, Ostrea lurida. The pinto (or northern)

abalone is an IUCN listed species of concern (NOAA
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(National Oceanographic & Atmospheric Administra-

tion) 2007) distributed from Alaska through Point Con-

ception, California. Harvest of pinto abalone has been

outlawed along its range since the 1990s, except in Alaska

where recreational and subsistence harvests are still per-

mitted. Within the past two decades, significant declines

have been reported in pinto abalone populations in the

San Juan Archipelago (Washington, USA), with evidence

of decreased recruitment and potential for inhibited

capacity to reproduce based on low population density

(Rothaus et al. 2008; Bouma et al. 2012). Greater than

expected mortality of mature H. kamtschatkana has been

observed in the southeast Queen Charlotte Islands, BC,

suggesting that poaching is still a valid concern for this

threatened species (Hankewich et al. 2008). In the south-

ern end of their range, H. kamtschatkana are threatened by

warming ocean temperatures, poaching and predation

by sea otters (Rogers-Bennett 2007). Marine reserves have

been shown to promote both population growth and

reproductive output in pinto abalone (Wallace 1999).

Olympia oysters are the only native oyster species on

the United States west coast and are another species of

conservation concern with a coast wide distribution. In

the state of Washington, O. lurida are listed as a candi-

date Species of Concern. Overexploitation of O. lurida in

the late 1800s through the early 1900s led to significant

reductions of natural populations (White et al. 2009).

Water pollution and decreased availability of suitable

habitat compounded the effects of overharvest and led to

further declines in O. lurida populations along the coast

(Gillespie 2009; Groth & Rumrill 2009; White et al. 2009).

Olympia oyster populations are still found along the

majority of their historical distribution, indicating a

possibility for rebuilding the species, however, densities

are much lower than they once were (Polson & Zacherl

2009). O. lurida restoration efforts have been increasing

in recent years (McGraw 2009) and include efforts such

as habitat remediation and hatchery supplementation of

natural populations (e.g. Dinnel et al. 2009).

This study describes the larval transcriptomes of the

pinto (northern) abalone,Haliotis kamtschatkana kamtschat-

kana and the Olympia oyster, Ostrea lurida, with the objec-

tive of developing genomic resources for further

conservation and management purposes. Along with

descriptions of the full transcriptomes and identification

of genes associated with environmental stress response,

we also identify putative genetic markers for both species.

Materials and methods

Sampling and library construction

Olympia oyster brood stock from south Puget Sound

were conditioned and stimulated to mass spawn at the

Taylor Shellfish Hatchery in Quilcene, WA, USA. Larvae

were transferred to the University of Washington 12 h

post spawning. Larvae (12 larvae/mL) were evenly

distributed to six 4.5-L larval chambers. Larvae were

sampled from all chambers by filtering them onto a

35 lm screen and flash freezing in liquid N2 on days

one, two and three post-fertilization. Total RNA was

extracted from pooled larvae using Tri Reagent and fol-

lowing the manufacturer’s protocol (Molecular Research

Center, Cincinnati, OH, USA). Two RNA-seq libraries

were constructed from pooled mRNA (13 lg per sample)

and sequenced at the University of Washington High

Throughput Genomics Unit (HTGU) on the Illumina

Hi-Seq 2000 platform (Illumina, San Diego, CA, USA).

Both libraries were made of pooled mRNA from three

chambers across all sampling time points. Each library

was run on a single lane.

Pinto abalone larvae were spawned (1 9 1 cross) at

the Mukilteo Research Station in Mukilteo, WA and

transported to the University of Washington at three

days post fertilization. Larvae (2 larvae/mL) were held

in eight 4.0-L chambers and on day four post fertiliza-

tion, all larvae were sampled for sequencing by filter-

ing them onto a 70-lm screen and flash freezing them

in liquid N2. Similar to the Olympia oyster samples,

two RNA-Seq libraries were constructed from equal

quantities (10 lg) of pooled mRNA samples (from four

chambers each). RNA was extracted from pooled

larvae using Tri Reagent and following the manufac-

turer’s protocol (Molecular Research Center). Pinto

abalone libraries were run together on one lane of the

Illumina Hi-Seq 2000 (Illumina) at the University of

Washington HTGU.

Sequence analysis

Sequence analysis was performed with CLC Genomics

Workbench version 5.0 (CLC bio, Katrinebjerg, Den-

mark). Quality trimming was performed using the

following parameters: quality score 0.05 (Phred; Ewing

& Green 1998; Ewing et al. 1998), number of ambiguous

nucleotides < 2 on ends and reads shorter than 25 bp

were removed. De novo assembly was performed on the

quality trimmed reads using the following parameters:

mismatch cost = 2, deletion cost = 3, similarity frac-

tion = 0.9, insertion cost = 3, length fraction = 0.8 and

minimum contig size of 200 bp. Sequences were anno-

tated by comparing contiguous sequences to the Uni-

ProtKB/Swiss-Prot database (http://uniprot.org) using

the BLASTx algorithm (Altschul et al. 1997) with a 1.0E-5

e-value threshold. Genes were classified according to

their biological processes as determined by their Gene

Ontology (GO) and classified into their parent categories

(GO Slim).
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To quantify the completeness of the transcriptomes,

contigs from both species were assessed to determine if

they contained orthologs to proteins found in all Meta-

zoa. Specifically, OrthoDB (Waterhouse et al. 2011,

http://cegg.unige.ch/orthodb6) was used to obtain a

suite of proteins from Lottia gigantea (the giant owl lim-

pet) found as single copy, which have orthologs in all

other metazoans in OrthoDB. Sequence comparisons

(tBLASTn; Altschul et al. 1997) were performed to find

matching contigs in H. kamtschatkana and O. lurida tran-

scriptomes. An e-value threshold of 1.0E-10 was used. To

determine what proportion of full-length coding regions

were obtained, sequences were translated and aligned to

corresponding L. gigantea proteins (Geneious Pro version

5.3.6; Kearse et al. 2012). Alignment parameters were as

follows: BLOSUM 62 cost matrix, gap open penalty of 12,

gap extension penalty of 3, global alignment with free

end gaps, and 2 refinement iterations. Percent coverage

of the L. gigantea protein by the O. lurida or H. kamtschat-

kana contig was then calculated.

Using a more global approach to assess the larval

transcriptomes of O. lurida and H. kamtschatkana, all

contigs were compared using the BLASTn algorithm

(Altschul et al. 1997) to publicly available transcriptomes

of other shellfish, as well as to zebrafish. Specific data

sets used include transcriptomes of Pacific oyster, Cras-

sostrea gigas (GigasDatabase version 8; Fleury et al. 2009);

pearl oyster, Pinctada fucata (Predicted Transcripts from

Genome Assembly ver 1.0; http://marinegenomics.oist.

jp/genomes/download?project_id=0; Takeuchi et al.

2012); South African abalone, Haliotis midae transcriptome

(Franchini et al. 2011); Manila clam, Ruditapes philippinarum

(RuphiBase http://compgen.bio.unipd.it/ruphibase/); and

zebrafish, Danio rerio (NCBI RefSeq mRNA, ftp://ftp.

ncbi.nih.gov/refseq/D_rerio/).

To investigate the functions of contigs that did not

have significant matches in the transcriptomes of the

species listed above, gene enrichment analysis was per-

formed. Gene ontology information associated with the

enriched unique gene sets was identified using the Data-

base for Annotation, Visualization, and Integrated

Discovery (DAVID) v. 6.7 (Huang et al. 2009a,b, http://

david.abcc.ncifcrf.gov/). The background gene list was

made from the UniProtKB/Swiss-Prot database acces-

sion numbers that corresponded to the entire transcrip-

tome of either H. kamtschatkana or O. lurida.

Phylogenetic analysis of select stress response genes

was conducted with sequences from the following

species: O. lurida, H. kamtschatkana, H. midae, P. fucata,

C. gigas, R. philippinarum and D. rerio. Target genes and

corresponding sequence accession numbers for each

species are provided in Table 1. Sequences were aligned in

Geneious Pro version 5.3.6 (Kearse et al. 2012) and trimmed

to the length of the shortest sequence. Parameters for T
a
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alignment included cost matrix 65% similarity (5.0/�4.0),

gap open penalty of 12, and gap extension penalty of 3.

Phylogenetic trees were made using Geneious tree builder

with the genetic distance model HKY, neighbour-joining

tree buildmethod,Danio rerio as the outgroup, 100 9 boot-

strap and 50% support threshold.

Single nucleotide polymorphism (SNP) identification

Single Nucleotide Polymorphism (SNP) detection was

carried out on O. lurida and H. kamtschatkana assem-

blies using the following parameters: window

length = 11, maximum gap and mismatch count = 2,

minimum central base quality = 20, minimum cover-

age = 10, maximum coverage = 1000 and minimum

variant frequency = 35% (Genomics Workbench v. 5;

CLC bio).

Results

Larval transcriptomes

Two larval transcriptome libraries were constructed and

sequenced for Olympia oyster (O. lurida) and pinto

abalone (H. kamtschatkana). Given that quality and yield

from complementary libraries were consistent, all

sequencing reads were combined within each species.

Following quality trimming, 387 720 843 sequencing

reads remained from the combined O. lurida larval

libraries. For H. kamtschatkana, 94 777 799 quality reads

remained. Raw sequence data are available in the NCBI

Short Read Archive (GenBank SRA Accession Number

SRA057107).

De novo assembly of sequencing reads from each

species generated 41 136 and 8641 contigs for O. lurida

and H. kamtschatkana respectively (Data S1. Ostrea lurida

transcriptome and Data S2. Haliotis kamtschatkana

transcriptome). The average contig lengths were 611 bp

for O. lurida and 401 bp for H. kamtschatkana (Table 2).

Transcriptome annotation

A total of 15 381 (37%) O. lurida contigs were annotated

based on the UniProtKB/Swiss-Prot database (Data S3.

Ostrea lurida SPIDs) with associated gene ontology infor-

mation available for 8030 contigs (Data S4. Ostrea lurida

GO and Fig. 1A). A total of 1277 (15%) H. kamtschatkana

contigs were annotated based on the UniProtKB/Swiss-

Prot database (Data S5. Haliotis kamtschatkana SPIDs) with

associated gene ontology information available for 574

contigs (Date S6. Haliotis kamtschatkana GO and Fig. 1B).

Of the 30 orthologous proteins found across Metazoa,

and found as a single copy in L. gigantea, 28were identified

with sequence similarity matches in O. lurida. A majority

of the matchingO. lurida contigs (24) had e-values < 1.0E-

50. The average coverage of O. lurida contigs based on the

corresponding L. gigantea protein was 53.7%. In contrast,

only two proteins found acrossMetazoawere identified in

theH. kamtschatkana transcriptome.

Comparative transcriptome analysis

Of the 41 136 contigs from the O. lurida larval library,

transcriptomes from the C. gigas and P. fucata oysters

had the highest similarity to O. lurida, 21 748 and 11 101

matching contigs, respectively (Fig. 2A). The D. rerio

transcriptome had the next highest number of matches

with 6015, followed in order by H. midae, R. philippinarum

and H. kamtschatkana (Fig. 2A). A summary of matches

to O. lurida contigs in each data set is provided with

respective bit scores for each pairwise blast comparison

(Data S7. Ostrea lurida bitscores).

Of the 8641 contigs from the H. kamtschatkana library,

the H. midae database had the most matches with 3090

BLAST hits (Fig. 2B). Comparison with the other tran-

scriptomic data sets all produced fewer than 1000

matches (Fig. 2B). A summary of matches to H. kamts-

chatkana contigs in each data set is provided with respec-

tive bit scores for each pairwise blast comparison (Data

S8. Haliotis kamtschatkana bitscores).

There were 1315 genes without matches to other tran-

scriptomes in the O. lurida transcriptome (3.2% of all the

contigs) and 243 with no matches to other transcriptome

in the H. kamtschatkana transcriptome (2.8% of all

contigs). The O. lurida unique contigs were enriched in

the GO Slim categories of developmental processes, cell

organization and biogenesis, cell adhesion, transport,

stress response, signal transduction and protein metabo-

lism (Table 3). The H. kamtschatkana unique contigs were

enriched in the GO Slim terms of stress response and

RNA metabolism (Table 3).

Analysis using select stress response genes resulted

in phylogenetic tree clustering that was consistent with

taxonomic relationships. Specifically, H. kamtschatkana

Table 2 Sequencing statistic summaries for high-throughput

sequencing of O. lurida and H. kamtschatkana transcriptomes

O. lurida H. kamtschatkana

Sequencing 388 473 974 95 128 627

Quality Trimmed

Sequencing Reads

387 720 843 94 777 799

Mapped Reads 222 773 113 71 892 404

Number of Contigs 41 136 8641

Mean Contig Length 611 401

N50 Contig Count 8236 2727

Annotate Contigs (UniProt) 15 381 1277

Contigs with GO Definitions 8030 574

© 2012 Blackwell Publishing Ltd
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and H. midae clustered together with high confidence

(100%) except for the gene hsp82 where H. midae and R.

philippinarum clustered together with a bootstrap confi-

dence of 50%, but within the same phyletic group as H.

kamtschatkana (bootstrap confidence of 93%) (Fig. 3A).

O. lurida consistently clustered with C. gigas with high

bootstrap support (v-type proton ATPase 85%, transmem-

brane protein 85 99%, hsp82 66%, heat shock 70 cognate

67%, GABA 99%) (see Fig. 3A and C for hsp82 and

transmembrane protein 85, respectively). However, O. luri-

da hsp70 clustered more closely with the corresponding

gene in P. fucata (bootstrap confidence 68%) (Fig. 3B).

SNP Characterization

In the O. lurida transcriptome, 59 221 putative SNPs were

identified within 19 354 contigs (Data S9. Ostrea lurida

SNPs). A subset of these putative SNPs (27 818) was

(A) (B)

Fig. 2 Percent coverage of O. lurida transcriptome (panel A) and H. kamtschatkana transcriptome (panel B) in comparison with the

transcriptomes of closely related species. The C. gigas database has the most coverage of the O. lurida transcriptome (52.8%) and the

H. kamtschatkana database covers the least (1.9%). The H. midae database has the most coverage of the H. kamtschatkana (35.8%) and

the R. philippinarum database covers the least (6.0%). There are a total of 82 312 contigs in the C. gigas transcriptome database, 72 597 in

the P. fucata database, 28 304 in the D. rerio database, 22 761 in the H. midae database, 32 606 in the R. philippinarum database, 8641 in the

H. kamtschatkana database, and 41 136 in the O. lurida database.

(A) (B)

Fig. 1 Functional classification of O. lurida contigs (panel A) and H. kamtschatkana contigs (panel B) based on GO Slim terms associated

with Biological Processes. Other biological processes and other metabolic processes are not shown.

© 2012 Blackwell Publishing Ltd
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within annotated genes, corresponding to 6328 protein

descriptions. In the H. kamtschatkana transcriptome, 6596

putative SNPs were identified within 3378 contigs (Data

S10. Haliotis kamtschatkana SNPs). A subset of these puta-

tive SNPs (1038) was within annotated genes, corre-

sponding to 442 protein descriptions. The functional

distribution of SNPs among contigs (as determined by

GO and GO Slim terms) was not significantly different

from the annotation of the entire transcriptome for both

O. lurida and H. kamtschatkana.

Discussion

This research effort has increased the amount of genomic

data available in O. lurida and H. kamtschatkana. At the

time the project was undertaken there were only a few

hundred publicly available sequences for the species

combined. Here we provide 8641 H. kamtschatkana and

41 136 O. lurida contig sequences representing the larval

transcriptomes. The O. lurida contigs represent a more

complete transcriptome as compared to the H. kamtschat-

kana data set. This is not unexpected as approximately

three times more reads were sequenced for O. lurida

compared to H. kamtschatkana. Evidence to support the

(A) (B)

(D) (C)

Fig. 3 Phylogenetic trees of hsp82 (panel A), hsp70 (panel B), transmembrane protein 85 (panel C), and cathepsin-L (panel D). Each tree

includes sequences for all species (O. lurida, H. kamtschatkana, C. gigas, H. midae, P. fucata, R. philippinarum, and D. rerio) except when the

sequence for a particular species did not fit in the alignment. Bootstrap consensus support is shown at the nodes.

Table 3 Summary of unique genes and their functional catego-

ries for O. lurida and H. kamtschatkana. For each species, the total

number of contigs corresponding to unique genes in enriched

biological processes are given. Total number of contigs (for

enriched and non-enriched biological processes) are in bold

Number of Contigs in

Category

O. lurida H. kamtschatkana

Number Unique Genes 1315 243

RNA metabolism – 5

Stress response 65 3

Cell adhesion 156 –

Cell organization and biogenesis 241 –

Developmental processes 328 –

Protein metabolism 268 –

Signal transduction 114 –

Transport 39 –

© 2012 Blackwell Publishing Ltd
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relative completeness of the O. lurida transcriptome

includes the fact that the number of contigs from de novo

assembly is similar to what has been reported in other

species. Specific examples include Ciona intestinalis spe-

cies B (27 426 contigs; Cahais et al. 2012), Lepus granaten-

sis (38 540 contigs; Cahais et al. 2012) and Radix balthica

(>20 000 contigs; Feldmeyer et al. 2011). Furthermore,

using OrthoDB, we found evidence that over 90% of the

proteins shared across Metazoa were present in the O. lu-

rida transcriptome. Together, these data suggest that 14

gigabases of ultra short read (~36 bp) high-throughput

transcriptome sequencing can produce a robust tran-

scriptome. It would be expected that more sequences

and longer read length would increase the number of full

length sequences and facilitate identification of tran-

scripts expressed at a minimal level. Although not com-

plete in nature, both transcriptomes characterized here

provide a wealth of information, evidenced in part by

the number of sequences that did not have a significant

match in cross-species comparisons.

In addition to characterizing the transcripts based on

sequence homology, a suite of transcriptome derived

SNPs are reported. Recently there have been several

examples where transcriptome derived SNPs have pro-

vided unique insight into population dynamics. For

example, high-throughput sequencing of the Pacific her-

ring, Clupea pallasii, transcriptome yielded SNPs that

were used to discriminate population structure between

ocean basins (Roberts et al. 2012). Interestingly, one locus

(Cpa_APOB) was a virus response gene and differentia-

tion across populations at this locus suggested a disease

pressure could contribute to the delayed recovery of

Pacific herring (Roberts et al. 2012). In Pacific oysters,

Crassostrea gigas, transcriptome derived SNPs have been

used to create a linkage map and find quantitative trait

loci linked to summer mortality and viral infection

(Sauvage et al. 2010). Another example includes the

application of SNPs derived from the Glanville fritillary

butterfly, Melitaea cinxia, transcriptome (Vera et al. 2008)

that were used in a separate large-scale study to charac-

terize metapopulation structure (Wheat et al. 2011). It

should be pointed out that while there are advantages to

using transcriptome derived SNPs, there are also draw-

backs. Foremost, these markers are characterized at the

genomic level and the absence of introns in the transcrip-

tome can contribute to marker ‘drop-out’ during valida-

tion (Seeb et al. 2011). Although it is beyond the scope of

this effort to validate and use these markers to character-

ize population structure, the annotated SNPs provided

for H. kamtschatkana and O. lurida will be a valuable

resource in future efforts to examine restoration and

conservation activity.

Through phylogenetic analysis and comparative spe-

cies analysis, both O. lurida and H. kamtschatkana contigs

have the overall greatest transcriptome similarity with

closely related species, C. gigas and H. midae respectively.

There was not a consistent or direct relationship between

phylogenetic relatedness and the number of shared

sequences. This is likely related to the incomplete nature

of some of the transcriptome data sets used for compari-

son. For example, in both species the fully sequenced

transcriptome of Danio rerio had a greater number of

sequence matches than some invertebrates. Gene specific

phylogenetic analysis generally demonstrated clustering

along taxonomic lines, although there were some excep-

tions. Similarly, this is likely due to the incomplete nat-

ure of transcripts from some species, which limited the

robustness of the comparison.

Even though most genes were shared across multiple,

related species, both O. lurida and H. kamtschatkana had

significant subsets of expressed genes that did not have

matches in other species based on sequence similarity.

For both species, these contigs were enriched for genes

involved in the environmental stress response. The

sequence dissimilarity across taxa is likely associated

with species specific environmental interactions. In other

words, it would be expected that the constitutively

expressed, housekeeping genes would be conserved,

whereas genes involved in transient processes (e.g.

immune function) could diverge based on environmental

pressure (e.g. disease, temperature). Another explanation

for the relatively large number of unique sequences is

that a majority of the other data sets were not specifically

larval transcriptomes, but were derived from adult tis-

sue. This is supported by the fact that the enriched

biological process with the largest number of genes in

O. lurida was developmental processes. It becomes possi-

ble that both species may possess some genes that have

no homologues across taxa, or potential ‘orphan’ genes

(Tautz & Domazet-Loso 2011). As additional sequence

information is available for related species it is likely

there will be greater attention directed towards these

whole genome level evolutionary questions.

One important aspect of conservation is understand-

ing how an organism responds to environmental change.

As part of this sequencing effort we identified a suite of

genes that are involved in the stress response that could

be used in future studies to assess the physiological state

and fitness of an organism. One group of genes that fits

this description is molecular chaperones. O. lurida and H.

kamtschatkana larvae express genes homologous to high

molecular weight molecular chaperones, including heat

shock protein 70 (hsp70) (Ostrea_lur_contig14040, Halio-

tis_kam_contig8247), hsp83 (Ostrea_lur_contig402, Halio-

tis_kam_contig7441), and hsp90 (Ostrea_lur_contig7674,

Haliotis_kam_contig1648). Chaperones in the HSP70

family are responsible for the proper folding of nascent

polypeptides as well as providing a response to

© 2012 Blackwell Publishing Ltd
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environmental stress in bivalves (reviewed in Hendrick

& Hartl 1993; Kawabe & Yokoyama 2011; Chapman et al.

2011; Navarro et al. 2011; Genard et al. 2012). The HSP90

family, including HSP90 and HSP83, bind to various

receptors and can be associated with signalling proteins

(Hendrick & Hartl 1993; Parcellier et al. 2003). The

expression of HSP90 can also be stress-induced and

increased expression of its transcript is associated with

stress-inducing dietary changes and other environmental

changes in invertebrates (Parcellier et al. 2003; Fu et al.

2011; Wu et al. 2011; Zhang et al. 2011b). Global climate

change is expected to significantly alter the temperature

regimes and other environmental factors in the coastal

ocean (IPCC (Intergovernmental Panel on Climate

Change) 2007). Using general stress biomarkers such as

heat shock proteins could be useful in monitoring

resilience and adaptive potential in native invertebrate

populations.

A second set of genes identified in O. lurida and H.

kamtschatkana larval transcriptomes included genes asso-

ciated with oxidative stress and antioxidant activity.

Invertebrate exposure to pathogens and other common

environmental stresses frequently results in increased

expression of genes and proteins associated with oxida-

tive stress. Oxidative stress is caused by proliferation of

reactive oxygen species (ROS), which can promote apop-

tosis in cells (Wang et al. 1998) and lead to cellular aging

and disease (Berlett & Stadtman 1997). A number of pro-

teins scavenge ROS to minimize cellular damage, which

makes them reliable biomarkers of a variety of stresses.

Antioxidant genes identified in O. lurida and H.

kamtschatkana included peroxiredoxin-6 (Ostrea_lur_

contig1185, Haliotis_kam_contig6404), superoxide dismu-

tase (Ostrea_lur_contig1691, Haliotis_kam_contig8349),

catalase (Ostrea_lur_contig24174), cytochrome P450 (Os-

trea_lur_contig24499, Haliotis_kam_contig5816), and glu-

tathione-s-transferase (Ostrea_lur_contig27247, Haliotis_

kam_contig5954). Peroxiredoxin-6 expression changes

have been associated with the bivalve stress response

(David et al. 2007; Genard et al. 2012). Superoxide dismu-

tase and catalase have proven to play roles in H. discus

hannai and C. hongkongensis immune responses (Wu et al.

2011; Zhang et al. 2011c). Cytochrome P450 and Glutathi-

on-s-transferase are up-regulated in invertebrate

responses to contaminants and metals, respectively (Liv-

ingstone et al. 1997; Chapman et al. 2011). All these anti-

oxidant enzymes are reliable indicators of physiological

stress caused by a harmful environment and can be

applied as biomarkers to monitor populations of O. luri-

da and H. kamtschatkana.

Genes that code for proteins that accomplish a wide

variety of roles in the innate immune response were also

identified. These include cathepsins (Ostrea_lur_con-

tig19125, Haliotis_kam_contig4888), tumor necrosis factor

(TNF) receptor (Ostrea_lur_contig22192), Toll-like receptor

(Ostrea_lur_contig811) and mitogen activated protein kinase

(MAPK) (Ostrea_lur_contig10231). Some of these genes,

like TNF receptor and MAPK, act upstream of pathways

that affect the oxidative stress response (Wang et al.

1998). A subfamily of MAPKs, p38 enzymes have proven

to be an important component of invertebrate response

to a variety of environmental stressors, such as oxidative

stress, hypoxia, osmotic stress and immune challenge

(Canesi et al. 2002; Gaitanaki et al. 2004; Travers et al.

2009). TNF receptor is associated with several immune

response pathways and plays a role in the invertebrate

immune response (Betti et al. 2006; DeZoysa et al. 2009).

Similarly, Toll-like receptors also play an integral role in

signalling pathways during an immune response

(reviewed in Barton & Medzhitov 2003). Homologues of

toll-like receptors have been implicated in bacterial

immune response in the Zhikong scallop, Chlamys farreri

(Qiu et al. 2007) and in C. gigas (Zhang et al. 2011a). Cath-

epsins represent a wide class of enzymes, the roles of

which include immune function, repair and apoptosis

(reviewed in Conus & Simon 2010), roles that appear

to be conserved in invertebrates (Griffitt et al. 2006;

Meistertzheim et al. 2007). Although disease mortality is

not considered a major culprit in the decreased popula-

tion levels of O. lurida or H. kamtschatkana, these gene

sequences will be important resources to examine

immune function and resilience. In addition, these gene

sequences could be used in isolating and characterizing

homologues in closely related species. For example, the

pathogen Candidatus Xenohaliotis californiensis has been

identified as a major contributor to the decline of other

Haliotis species such as the black abalone, H. cracherodii

(Friedman & Finley 2003). Gene sequences from H. kamts-

chatkana could easily be used to study differential disease

resistance in populations, which could directly aid in

restoration activity.

In summary, we have characterized genomic resources

for two species of conservation concern that, prior to this

effort, had limited molecular information available.

These data will provide essential information that

could be used for future physiological (i.e. gene

expression) and genetic based research carried out for

planning, implementation and monitoring of conservation

efforts.
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