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Advances in DNA sequencing technology have provided opportunities to produce new transcriptomic re-
sources for species that lack completely sequenced genomes. However, there are limited examples that
rely solely on ultra-short read sequencing technologies (e.g. Solexa, SOLiD) for transcript discovery and
gene expression analysis (i.e. RNA-Seq). Here we use SOLiD sequencing to examine gene expression patterns
in Pacific oyster (Crassostrea gigas) populations exposed to varying degrees of anthropogenic impact. Novel
transcripts were identified and RNA-Seq analysis revealed several hundred differentially expressed genes.
Gene enrichment analysis determined that in addition to biological processes predicted to be associated
with anthropogenic influences (e.g. immune response), other processes play important roles including cell
recognition and cell adhesion. To evaluate the effectiveness of restricting characterization solely to short
read sequences, mapping and RNA-Seq analysis were also performed using publicly available transcriptome
sequence data as a scaffold. This study demonstrates that ultra-short read sequencing technologies can effec-
tively generate novel transcriptome information, identify differentially expressed genes, and will be impor-
tant for examining environmental physiology of non-model organisms.

© 2011 Elsevier Inc. All rights reserved.
1. Introduction

High-throughput DNA sequencing technologies are providing new
opportunities to generate genomic resources for non-model organ-
isms. A widely used approach is transcriptome sequencing, which
has the benefit of providing increased coverage as a result of the re-
duced representation of the genome. A primary platform being used
to generate transcriptomic resources in non-model species is the
Roche 454 GS-FLX (454) followed by de novo assembly of sequence
reads. This approach has been used to characterize transcriptomes
of diverse taxa including plants (e.g. Novaes et al., 2008), insects
(e.g. Vera et al., 2008), corals (e.g. Meyer et al., 2009), molluscs (e.g.
Craft et al., 2010) and fish (e.g. Fraser et al., 2011). One benefit of
using the 454 platform is that reads are longer compared to other
common high-throughput sequencing systems, such as the Illumina
Genome Analyzer IIx (Solexa) and Applied Biosystems SOLiD
(SOLiD). Compared to the approximately 350 bp read length from
the 454 platform, Solexa and SOLiD provide ‘ultra-short reads’ that
are commonly less than 75 bp. The benefits of the ultra-short read
platforms include increased number of reads and decreased cost. Se-
quencing on these platforms can be up to 30 times less expensive
compared to 454 sequencing (Shendure and Ji, 2008). Recently, re-
searchers have begun to examine the applicability of using Solexa
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and SOLiD for generating de novo transcriptomes in non-model spe-
cies. For example, a transcriptome was generated for the snail
(Radix balthica) using Solexa (Feldmeyer et al., 2011). A study in sock-
eye salmon (Oncorhynchus nerka) used SOLiD to compare results of de
novo assembly versus mapping to public expressed sequence tag
(EST) databases (Everett et al., 2011). Everett et al. (2011) deter-
mined that assemblies using public EST databases had a higher per-
centage of mapped reads and higher coverage than de novo
assemblies. These studies demonstrate that current sequence assem-
bler performance is sufficient for producing accurate and functionally
informative transcriptomes generated from ultra-short read
platforms.

In addition to assembling transcriptomes, high-throughput se-
quencing can also be used to directly examine gene expression levels,
a method referred to as RNA-Seq. In RNA-Seq, high throughput se-
quencing reads generated from cDNA libraries are aligned to a com-
mon reference sequence or scaffold (e.g. whole genome) to produce
a transcriptome map that includes transcript abundance for each
gene. RNA-Seq provides similar information as hybridization based
microarray analysis, however, RNA-Seq has an increased dynamic
range compared to hybridization-based methods (Wang et al.,
2009). Furthermore, RNA-Seq is not limited to analysis of known se-
quences like qPCR and microarray technology, which makes RNA-
Seq especially appropriate for non-model species.

The RNA-Seq approach has been primarily used in organisms with
sequenced genomes, but very recently RNA-Seq has been applied in
non-model organisms. For example, RNA-Seq was used to investigate
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the basis of phenotypic variation between lake trout (Salvelinus
namaycush) ecotypes using the 454 platform (Goetz et al., 2010).
RNA-Seq was also used to identify genes expressed in guppies (Poeci-
lia reticulata) in response to predator cues using Solexa sequencing
(Fraser et al., 2011). SOLiD transcriptome sequence reads have been
used to investigate genes involved in response to temperature and
settlement cues in coral larvae (Acropora millepora) (Meyer et al.,
2011). In the latter two studies, Solexa or SOLiD short reads were
mapped to a scaffold consisting of contigs generated from other
sources (i.e. 454, ESTs). These studies conclude that this approach is
effective in generating accurate and informative gene expression re-
sults. RNA-Seq analysis using one set of ultra-short read data as
both the scaffold and individual reads for expression analysis would
be the most cost efficient, especially for those organisms where geno-
mic resources are limited. To date, a thorough evaluation of the effec-
tiveness of this approach has not been performed.

The primary goal of this study was to evaluate the effectiveness of
utilizing the SOLiD platform to both characterize the transcriptome
and analyze gene expression patterns in the Pacific oyster (Crassos-
trea gigas). As part of this study, gene expression patterns between
oyster populations exposed to varying degrees of anthropogenic im-
pact were compared. RNA-Seq was performed using only the ultra-
short read consensus sequences generated from de novo assembly
as a scaffold. In order to evaluate the effectiveness of using solely
ultra-short read data, RNA-Seq was also performed using publicly
available transcriptome data as a scaffold and the results were com-
pared. This work not only evaluates the use of limited ultra-short
read sequence data for characterizing transcriptomes in non-model
organisms, but also offers insight into the physiological responses of
aquatic invertebrates in natural environments.

2. Materials and methods

2.1. Site selection

Oysters were collected from two locations in Puget Sound, Wash-
ington, USA. The sites were selected based on a difference in per-
ceived degree of anthropogenic impact. The mouth of Big Beef Creek
(BBC) in Hood Canal is a low impact site, and Drayton Harbor (DH),
located in North Puget Sound, is an elevated impact site. The level
of impact refers to water quality as determined by the Washington
State Department of Ecology and Puget Sound Assessment and Mon-
itoring Program (Newton et al., 2002). BBC has a relatively low popu-
lation density compared to DH and routine monitoring by
Washington State Department of Health shows low bacterial loads.
DH is ranked as the number one shellfish growing area impacted by
fecal coliform pollution (WSDOH, 2006). Additionally, the density of
commercial dairies and animal keeping areas in the region surround-
ing DH is significantly higher than BBC (WSDOH, 2006), and a munic-
ipal wastewater treatment plant discharges in proximity to DH.

2.2. Sampling and library construction

Oysters were collected from both sites in April of 2009. At each
site, gill tissue was immediately sampled from 16 oysters using sterile
procedures and stored in RNAlater (Ambion). RNA was isolated from
individual gill tissue samples (~50 mg) using Tri-Reagent (Molecular
Research Center). To eliminate possible DNA carryover, total RNA was
DNase treated using the Turbo DNA-free Kit (Ambion) according to
the manufacturer's “rigorous” protocol. RNA from all individuals at a
site (n=16) was pooled in equal quantities (650 ng) to provide tem-
plate for SOLiD libraries. Pooled samples were enriched for mRNA
using the Ribominus Eukaryote Kit for RNA-Seq (Invitrogen) and
MicroPolyA Purist Kit (Ambion). Libraries were prepared using the
SOLiD Whole Transcriptome Analysis Kit (Applied Biosystems) and
sequencing was performed using the SOLiD3 System (Applied
Biosystems).

2.3. Sequence analysis

All sequence analysis was performed with CLC Genomics Work-
bench version 4.0 (CLC Bio). Initially, sequences were trimmed based
on quality scores of 0.05 (Phred, Ewing and Green, 1998; Ewing et
al., 1998) and the number of ambiguous nucleotides (>2 on ends). Se-
quences smaller than 20 bpwere also removed. De novo assemblywas
carried out using the following parameters: limit=8, mismatch
cost=2 and a minimum contig size of 200 bp. For comparison pur-
poses, quality trimmed reads were also mapped to the 82,312 contigs
in GigasDatabase (version 8) (Fleury et al., 2009). Parameters used for
this referencemapping included: limit=8 andmismatch cost=2. Se-
quences and corresponding annotations from GigasDatabase were
downloaded from the C. gigas Public Sigenae Contig Browser (http://
public-contigbrowser.sigenae.org:9090/Crassostrea_gigas). Reference
mapping, using the same parameters, was used to distinguish mito-
chondrial transcripts using the C. gigas mitochondrian genome (Gen-
Bank: AF177226).

Consensus sequences from the de novo assembly were compared
to the UniProtKB/Swiss-Prot database (http://uniprot.org) in order
to determine putative descriptions. Comparisons were made using
the BLAST algorithm (Altschul et al., 1990). A cutoff E-value of 1E-
05 was used for annotations. Associated GO terms (Gene Ontology
database: http://www.geneontology.org) were used to categorize
genes into parent categories and were assigned a functional group
based on the MGI GO Slim database (URL: http://www.informatics.
jax.org). The MGI GO Slim terms for ‘other biological processes’ and
‘other metabolic processes’ are not included in this analysis.

For RNA-Seq analysis, expression values were measured as RPKM
(reads per kilobase of exon model per million mapped reads)
(Mortazavi et al., 2008) with an unspecific match limit of 10 andmax-
imum number of 2 mismatches. Statistical comparison of RPKM
values between the BBC and DH libraries was carried out using Bag-
gerly's test (Baggerly et al., 2003), and multiple comparison correc-
tion was performed using a false discovery rate. Genes were
considered differentially expressed in a given library when 1) the p-
value was less than or equal to 0.05 and 2) a greater-than-or-equal-
to two-fold change in expression across libraries was observed. Gal-
axy was used for analysis (i.e. table joins) during annotation and
RNA-Seq analysis (Blankenberg et al., 2010; Goecks et al., 2010).
RNA-Seq analysis was performed using two different scaffolds includ-
ing 1) the consensus sequences from de novo assembly of SOLiD
reads and 2) contigs in GigasDatabase.

In order to identify enriched biological themes and GO terms, the
Database for Annotation, Visualization and Integrated Discovery
(DAVID) v6.7 was used (Huang et al., 2009a,b). Specifically, corre-
sponding UniProt accession numbers for differentially expressed
genes were used as the gene list, and compared to a complete list of
the corresponding UniProt accession numbers of the respective tran-
scriptome (i.e. results of de novo assembly or reference mapping) for
the background. Biological Process terms (DAVID ‘BP Level 2’ catego-
ries) were considered significantly enriched when the p-value was
less than 0.05.

3. Results

3.1. C. gigas SOLiD sequencing

After quality trimming, 20.7 and 24.6 million reads (average
length: 40.6 bp) remained from the BBC and DH cDNA libraries, re-
spectively. A majority of the reads (98%) corresponded to nuclear
transcripts with the other 2%mapping tomitochondria protein coding
genes. The quality trimmed reads from each librarywere combined for
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Table 1
Summary of assembly and RNA-Seq statistics for de novo assembly and reference map-
ping (GigasDatabase v8).

De novo
assembly

Reference
mapping

Assembly Mapped reads 8,407,963 29,107,760
Unmapped reads 36,944,698 16,244,901
Contigs 18,510 77,433
Average contig length 276 554
Average contig coverage 62 16
Contigs annotated to GO Slim 3931 7296

RNA-Seq Differentially expressed genes 2991 427
Enriched GO biological process 15 3
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de novo assembly and reference mapping. All sequence data has been
submitted to the NCBI Short Read Archive under accession number:
SRP007621.

3.1.1. De novo assembly
De novo assembly of reads from the combined libraries resulted in

18,510 consensus sequences with an average length of 276 bp. Twen-
ty three percent of the reads assembled using this approach. The av-
erage number of assembled reads per consensus sequence was 454
and the mean coverage was 61.7x (Fig. 1).

3.1.2. Reference mapping (GigasDatabase)
SOLiD reads were also mapped to publicly available C. gigas tran-

scriptomic resources (GigasDatabase v8). Reads from the combined
libraries mapped to 64,645 of the 82,314 contigs in the database.
The average number of reads per contig was 376 and the mean cover-
age was 15.8x (Fig. 1). See Table 1 for a full comparison of results of
the de novo assembly compared to reference mapping.

3.1.3. De novo assembly: annotation
A total of 7724 consensus sequences could be annotated, 3931 of

which could be classified using GO Slim terms. The most highly repre-
sented biological process was transport, followed by protein metabo-
lism (data not shown). Of those consensus sequences associated with
transport a majority were involved in protein and ion transport. Com-
paratively, 7296 of the GigasDatabase contigs with mapped reads
were annotated with biological process GO terms. When the associat-
ed GO terms were evaluated, two of the most highly represented bi-
ological processes identified after binning into broader GO Slim
terms included protein and RNA metabolism (data not shown).

3.1.4. De novo assembly: identification of novel transcripts

Short read consensus sequences generated from de novo assembly
were compared to GigasDatabase v8 to identify novel sequences. Ap-
proximately 10% of the sequences (1776) did not have a significant
match (E-value>1.0E-01). Of these, 742 could be annotated (see
Supplementary Table 1) and 690 could be classified using GO Slim.
The 4 most highly represented biological processes included:
Fig. 1. Coverage distribution for de novo assembly and reference mapping. Histograms show
base v8 for the combined C. gigas SOLiD transcriptome libraries.
transport, developmental processes, cell organization and biogenesis,
and cell adhesion (Fig. 2).
3.2. RNA-Seq analysis

3.2.1. De novo-based RNA-Seq
RNA-Seq analysis using the de novo assembled short read consen-

sus sequences as the scaffold identified 2991 differentially regulated
features. Most of these features represented moderately expressed
transcripts (100–10,000 total reads), but 20% were rare transcripts
(b100 total reads). Six consensus sequences were expressed uniquely
in the BBC library and 5 were expressed only in the DH library. None
of the uniquely expressed features could be annotated. Of differen-
tially expressed features with reads in both libraries, 1200 were
expressed higher in the BBC library and 1791 were expressed higher
in the DH library. A subset of the differentially expressed features
(751 in BBC and 313 in DH, respectively) could be annotated (see
Supplementary Table 2). A majority of these annotated features
represented a twofold difference, but overall differences ranged be-
tween 2 and 409 fold.

Functional enrichment analysis identified 15 biological processes
that were overrepresented in the differentially expressed gene set
(Fig. 3). The most significantly enriched process was cell adhesion
(p-value=8E-15), followed by cell recognition (p-value=5E-5).
ing average read coverage for de novo assembly and reference mapping to GigasData-



Fig. 2. Functional classification of novel transcripts identified by de novo assembly of the combined SOLiD transcriptome libraries. Categories represent ‘GO Slim’ terms associated
with Biological Processes.
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3.2.2. Reference-based RNA-Seq
For comparison, RNA-Seq was also performed using GigasData-

base v8 as the scaffold. In total, 427 differentially expressed features
were identified. Of those, 239 were expressed higher in the BBC li-
brary and 189 were expressed higher in the DH library. Of these,
216 contigs could be annotated. Table 1 provides a comparison of
data from both RNA-Seq procedures.

Functional enrichment analysis identified three biological processes
that were enriched in the differentially expressed gene set. Themost sig-
nificantly enriched process was microtubule-based processes followed
by oxidation reduction and cell recognition. One term, cell recognition
(p value=6E-3), overlapped between the de novo based and reference
based RNA-Seq analysis. The other terms were unique to each analysis.

4. Discussion

This study evaluates the effectiveness of using high-throughput,
short read sequencing technology to characterize the transcriptome of
taxa with limited genomic resources. Specifically, SOLiD sequencing
was carried out on cDNA libraries from Pacific oysters from two
Fig. 3. Gene ontology categories overrepresented in the differentially expressed gene set. Co
in the category. Spatial arrangement reflects a grouping of categories by semantic similarit
locations with differing anthropogenic influence. Sequence assembly
and RNA-Seq analysis were carried out using resources generated solely
as part of this study and compared to respective analyses using a public-
ly available transcriptome database. We found that limited ultra-short
read sequence data can provide valuable information about transcrip-
tome activity. Furthermore, we provide new genomic resources for C.
gigas and have identified differences in oysters from areas that have ex-
perienced different degrees of human impact. These combined data sig-
nificantly contribute to what we know about oyster biology but also
offer a framework for efficiently characterizing transcriptomic differ-
ences in species lacking sequenced genomes. Advantages and limita-
tions of using short read sequencing technology for gene discovery
and RNA-Seq analysis are discussed.

4.1. Gene discovery

The number of Pacific oyster consensus sequences generated from de
novo assembly is comparable to similar studies in sockeye salmon
(Everett et al., 2011) and R. balthica (Feldmeyer et al., 2011). However,
as expected,mean contig length (276 bp)was shorter than transcriptome
lor indicates p-value of the enrichment and size is proportional to the number of genes
y.

image of Fig.�2
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characterizations that use 454 pyrosequencing. Recent studies in guppies
(Fraser et al., 2011) and chum salmon (Seeb et al., 2010) produced mean
contig lengths of 464 bp and 412 bp, respectively. In the current study our
average coveragewas 62x compared to 5x reported by Seeb et al. (2010).
Dohm et al. (2008) have indicated greater than 20x coverage is sufficient
tominimize effects of sequencing errors.Wewere able to annotate 42% of
the consensus sequences generated from the de novo assembly. This in-
cluded a large number of transcripts (742 contigs) not present in public
databases. The number of novel sequences identified is slightly higher
than reported in studies using Sanger sequencing for gene discovery in
C. gigas (Gueguen et al., 2003; Roberts et al., 2008). The functional classi-
fication of the novels transcripts identified using SOLiD sequencing was
highly diverse with a large proportion being involved in transport, devel-
opmental processes, stress response, and cell adhesion.

Several genes of interest were identified in the novel contigs,
many of which are associated with response to stress. A number of
these transcripts have been shown to be involved specifically in the
immune response. For instance, a sequence with similarity to dual ox-
idase 2 was identified. In Drosophila melanogaster this protein regu-
lates the production of reactive oxygen species in response to
infectious and commensal microbes (Ha et al., 2009). The mitogen-
activated protein kinase (MAPK) signaling pathway is involved in
phagocytosis and the prophenoloxidase cascade in invertebrates
(Lamprou et al., 2007). A subset of genes involved in this pathway
has been previously identified in a C. gigas (Roberts et al., 2008).
Here we identified a novel sequence in this pathway, mitogen-
activated protein kinase kinase kinase 7 (M3K7). Another important
component of the invertebrate immune system are bactericidal en-
zymes. A transcript similar to myeloperoxidase (MPO), which func-
tions as a bactericide by generating hypochlorous acid (Harrison
and Schultz, 1976), was present in the de novo consensus sequences.
While this protein has been identified in molluscs based on its cata-
lytic activity (Schlenk et al., 1991), this is the first time the nucleotide
sequence has been reported in oysters. An additional sequence of in-
terest possesses homology to a SAM domain and HD domain-
containing protein, which has been shown to be involved in anti-
viral responses in humans (Rice et al., 2009).

Oysters and other coastal invertebrates are frequently exposed to
xenobiotics. One of the first steps involved in the metabolism and
subsequent exclusion of xenobiotics is binding of a ligand (i.e. aro-
matic hydrocarbon) to the aryl hydrocarbon receptor. As part of this
sequencing effort we identified a transcript similar to aryl hydrocar-
bon receptor nuclear translocator (ARNT). ARNT encodes a protein
that forms a complex with the ligand-bound aryl hydrocarbon recep-
tor, and is required for receptor function (Hoffman et al., 1991). Acti-
vation of the aryl hydrocarbon receptor initiates transcription of
cytochrome p450 oxidases. Several genes in this family have been
previously reported in C. gigas (Roberts et al., 2008). Xenobiotic con-
jugates and metabolites are eventually excreted from the cell by
membrane transporters in the multidrug resistance protein family.
A contig generated as part of the de novo sequencing effort identified
a transcript similar to multidrug resistance protein 1. Together the
new sequences identified here demonstrate that limited ultra-short
read sequencing provides an important resource for gene discovery.

When reference mapping was carried out, the proportion of reads
that could be putatively annotated increased. While we have demon-
strated that the sole use of a limited short read sequencing data set
can provide cost-effective, valuable, novel genomic information, an
available scaffold (i.e. EST contigs, genome) can provide benefits with
respect to number of mapped reads and subsequent ability to annotate.

4.2. RNA-Seq

Using limited short read data we were able to effectively perform
RNA-Seq analysis in the Pacific oyster. This is one of the first studies de-
scribing RNA-Seq analysis using solely ultra-short read data, alongwith
other very recent publications in the crustacean Pandalus latirostris
(Kawahara-Miki et al., 2011) and insect Plutella xylostella (Etebari et
al., 2011). A similar approach is Tag-Seq, which utilizes short (b30 bp)
tags, generally from the 3′ ends of transcripts to characterize differen-
tially expressed genes. A recent study by de Lorgeril et al. (2011)) uti-
lized Tag-Seq to identify approximately 4000 unique, immune
responsive genes in C. gigas. In the current study, we were able to iden-
tify and annotate 1064 differentially expressed transcripts in C. gigas
populations exposed to varying degrees of anthropogenic impact. Tag-
Seq can be relatively less expensive than RNA-Seq with respect to cov-
erage, however a reference scaffold is required. In addition, because tags
are usually generated from a single end of a transcript, RNA-Seq analy-
sis, as described here, has the advantage of identifying and quantifying
novel transcripts (Cullum et al., 2011). In our RNA-Seq study, 18% of the
differentially expressed transcripts were novel, representing a signifi-
cant contribution to genomic resources. Together these studies demon-
strate how advances in sequencing technology will continue improve
our ability to characterize physiological responses in non-model
organisms.

When comparing differentially expressed genes in oysters from the
two sites, there was a large difference in the number of differentially
expressed genes depending on whether the RNA-Seq was based on de
novo or reference based assembly. Specifically, RNA-Seq performed
using the de novo assembled consensus sequences reported seven-
times as many differentially expressed genes as the RNA-Seq analysis
using GigasDatabase v8. One possible explanation for this discrepancy
is that using the de novo assembly as a scaffold may result in multiple
sequences representing the same gene. In other words, the consensus
sequences are relatively short and fragments representing different re-
gions of the same genemay not overlap. As amajority of these differen-
tially expressed genes could not be annotated, it is difficult to determine
the precise impact of this possibility. However, 889 of the 1064 annotat-
ed, differentially expressed genes were deemed unique based on the
protein identification code of the UniProt ID, suggesting there may be
other factors contributing to this difference. As would be expected,
based on the proportion of differentially expressed genes, the number
of enriched GO biological processes identified was also different be-
tween the two analyses. It is likely that this difference is related to the
scaffold itself, as all genes making up the scaffold are used as the “back-
ground” for the enrichment analysis. Therefore, it is possible that the de
novo based enrichment analysis is more biologically relevant, as the
background is a better representation of the genes expressed under
similar conditions.

RNA-Seq analysis revealed that the set of transcripts differentially
expressed between BBC and DH was most significantly enriched in
genes associated with cell adhesion. In general, cell adhesion can be di-
vided into to two general types. The first is a stable cell–cell adhesion
that is critical for the organization of tissues. The second is a transient
cell adhesion involved in processes such as cell adhesion between he-
mocytes and cell adhesion to pathogens. This transient type of cell ad-
hesion is a critical part of invertebrate innate immunity by way of
recognition of non-self particles, as well as chemotaxis and aggregation
of hemocytes (reviewed by Johansson, 1999). The specific genes that
are contributing to the difference between the two libraries include
integrins, laminins and cadherins, which are expressed approximately
2–4 times higher in the DH library. While the precise biological role
for this increased expression cannot be determined from this study, it
could indicate the presence of specific contaminants in the environ-
ment. For instance, integrin expression increased in response to patho-
gen exposure inwhite shrimp (Litopenaeus vannemai) (Lin et al., 2010).
In addition, estrogen exposure stimulates hemocyte binding to laminin
1 and collagen IV in mussels (Mytilus galloprovincialis) (Koutsogiannaki
and Kaloyianni, 2011). While we can only speculate on the functional
role, it is interesting to note that it is consistent with the environmental
data from this locale, as DH is a site close to urbanwastewater discharge
and intensive agriculture exposure. However, additional research is
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required to determine the role of genes associated with cell adhesion
and environmental exposures in oysters.

5. Conclusions

Ultra-short read sequencing technology, such as SOLiD, provides a
powerful and effectivemeans for gene discovery and expression analysis
in organisms with limited genomic resources. We have shown that it is
technically possible and efficient to use this approach to 1) generate tran-
scriptomic resources, 2) identify novel genes, and 3) perform RNA-Seq
analysis. In terms of gene expression, de novo based RNA-Seq analysis
does not rely on previous transcriptome information and results can be
annotated at the biological process level. As high-throughput sequencing
platforms continue to improve, they will serve as important tools for ex-
amining environmental physiology of non-model organisms.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.cbd.2011.12.003.
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