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ABSTRACT

Polychaetes are often used in toxicological studies to understand mechanisms of resistance
and for biomarker detection, however, we know of only a few genetic pathways involved in
resistance. We found the marine polychaete Ophelina sp.1 (Opheliidae) in sediment
containing high copper levels and investigated this phenomenon by measuring metal
accumulation in the worms and changes in gene and protein expression. We sequenced
the transcriptome of Ophelina sp.1 from both the impacted and reference sediments using
454-sequencing and analysed their proteomes using differential in gel electrophoresis
(DIGE). We used the sequenced transcriptome to guide protein identification. Transcripts
coding for the copper chaperone, Atox1, were up-regulated in the worms inhabiting the
high copper sediment. In addition, genes coding for respiratory proteins, detoxification pro-
teins and cytoskeletal proteins were significantly altered in metal-exposed worms; many of
these changes were also detected in the proteome. This dual approach has provided a better
understanding of heavy metal resistance in polychaetes and we now have a wider range of
suitable indicator genes and proteins for future biomarker development.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

cous secretion [4-6]. Moreover, individuals of some species
living in metal-polluted environments adapt to the conditions

Polychaetes (Annelida) are widespread in the marine environ-
ment; they are known to inhabit all the oceanic habitats of the
world, from shallow estuaries to deep-sea hydrothermal
vents [1]. Consequently, polychaetes often come into contact
with wastes generated by human activity. Among the most
toxic of these wastes are metals, which can be detrimental
to polychaetes even at low concentrations [2,3]. However, cer-
tain polychaetes have mechanisms to resist the toxic effects
of the metals. This may be achieved through changes in
gene expression, using symbiotic bacteria or increasing mu-

and develop greater metal tolerances than individuals living
in clean sediments [7]. The resistance mechanisms used by
polychaetes in contaminated environments may lead to the
development of useful sub-lethal biomarkers of metal pollution.

One poorly understood aspect of metal resistance in poly-
chaetes is the genetic component [8]. Despite polychaetes
often being used in toxicological studies, the molecular mech-
anisms of polychaete resistance remain largely unknown. Ge-
netic resistance mechanisms have traditionally been difficult
to study in polychaetes because of a lack of baseline genetic

* Corresponding author at: Charles Darwin University, Darwin, 0909, Australia. Tel.: +61 8 8946 6555, +61 0408002582 (Mobile); fax: +61

8 8946 6847.
E-mail address: matthew.neave@cdu.edu.au (M.J. Neave).

1874-3919/$ - see front matter © 2012 Elsevier B.V. All rights reserved.

doi:10.1016/j.jprot.2012.03.031


http://dx.doi.org/10.1016/j.jprot.2012.03.031
mailto:matthew.neave@cdu.edu.au
http://dx.doi.org/10.1016/j.jprot.2012.03.031

2722

JOURNAL OF PROTEOMICS 75 (2012) 2721-2735

information, forcing researchers to focus only on charac-
terised pathways. These studies have found the alteration of
genes involved in oxidative stress responses, including the
glutamate cysteine ligase gene, glutathione S-transferase genes
and superoxide dismutase genes [8-11]. While the techniques
used in these studies provide valuable information about those
specific processes, they do not necessarily provide enough infor-
mation for obtaining a general picture of transcriptome changes.
Techniques such as ‘next generation’ sequencing, or massively
parallel sequencing, have great potential to expand sequence
databases for non-model organisms [12]. These techniques can
sequence hundreds of thousands of messenger RNA transcripts
and provide an accurate count of messenger RNA abundance
[13]. This means that animals, previously studied because of
their ecological relevance, can now also be analysed in func-
tional genomic studies, even if rich genetic resources are una-
vailable [14].

Since the expression of genes in the transcriptome does
not always reflect changes in protein concentration [15,16],
complementary protein studies may provide a more compre-
hensive understanding of expression. Protein expression in
polychaetes under metal stress is largely studied using bio-
chemical measurement methods [3]. These studies target
and measure a single characterised protein, often finding
that polychaetes exposed to metals contain greater concen-
trations of metallothionein-like proteins and oxidative stress
proteins, such as glutathione S-transferase, superoxide dis-
mutase and catalase [17-19]. Few researchers have examined
the changes in large regions of the polychaete proteome
when under metal stress. One technique, which can be used
to examine a large number of proteins, is differential in gel
electrophoresis [DIGE; 20]. This technique can be used to accu-
rately and quantitatively examine differences in protein ex-
pression associated with stresses and discover novel protein
biomarkers [21]. The DIGE technique has previously been lim-
ited by the difficulty of identifying proteins from organisms
without a well-characterised genome; however, many more
proteins can be identified when this technique is used in con-
junction with ‘next generation’ sequencing data.

In this study, we coupled ‘next generation’ pyrosequencing
of polychaete transcriptomes with DIGE analysis of polychaete
proteins to obtain a comprehensive insight into the changes
associated with metal stress. Our approach was to analyse poly-
chaetes collected from the field in impacted and reference
sediment, thus providing a complex but rigorous test of the con-
sequences of metal stress in the real world. We predicted that
the transcriptome and proteome would be altered in poly-
chaetes exposed to elevated levels of metals. We also wanted
to determine whether transcript abundance was correlated with
protein abundance and whether any genes could potentially be
developed as biomarkers of metal pollution.

2. Materials and methods
2.1. Study sites
Cullen Bay Marina, hereafter referred to as Cullen Bay, is a

constructed lock in Darwin Harbour, Australia (Fig. 1). During
the wet season of 1998-1999, an introduced species of mussel,
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Fig. 1 - Map of the study sites, Darwin, Australia.

Mytilopsis sallei (Récluz, 1849), infiltrated Cullen Bay [22]. To
eradicate the mussel, copper sulphate and sodium hypochlo-
rite were used to sterilise the harbour [22]. Cullen Bay still con-
tains high levels of copper resulting from this treatment [23],
and is a useful site to test for the effects of metals on gene
and protein expression in polychaetes. A reference site for
this experiment was located to the east of Darwin, at Dinah
Beach. Despite this site being close to the city, previous chem-
ical studies have shown the region to be relatively unpolluted
[24].

Cullen Bay has been recolonised by many marine inverte-
brates since the copper treatment, including opheliid poly-
chaetes [25]. Opheliids are sub-surface burrowers in sandy or
muddy sediments [26] and are generally considered to be
non-selective deposit-feeders [27]. These polychaetes are likely
to be exposed to metals, as they indiscriminately ingest sedi-
ment, and they are constantly in contact with the sediment,
which is primarily where metals accumulate [28]. An opheliid
polychaete, Ophelina sp.1, was chosen as an appropriate species
to test for changes in gene and protein expression in the pres-
ence of elevated metal levels.

2.2. Sample collection

Samples were collected over approximately 3 weeks, from
April 30 to May 21, 2010. Both sites were sampled using a
stainless steel Van Veen sediment grab, which recovered ap-
proximately 5 L of sediment from the sea floor. The sediment
was hand sorted and the Ophelina sp.1 specimens removed
and placed in RNAlater (Qiagen, Hilden, Germany) for tran-
scriptome analysis, or taken to the laboratory for protein anal-
ysis. An additional eight specimens were collected from
Cullen Bay and two were collected from Dinah Beach to deter-
mine the metal levels in their tissues.

If a grab contained an Ophelina sp.1 specimen, the sur-
rounding sediment and porewater were then sampled for
chemical analysis. This chemical sampling was conducted
on the first two grabs that contained an Ophelina sp.1 speci-
men for each sampling week; therefore, six chemical samples
were taken over the three-week sampling period at each site.
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For porewater analysis, the sediment was placed into 50 mL
acid-washed falcon tubes. For sediment analysis, 0.5L por-
tions of sediment were placed into zip-lock bags. The samples
were then transported to the laboratory on ice.

2.3. Chemical analysis

The concentrations of Al, P, V, Cr, Fe, Mn, Co, Ni, Cu, Zn, Ga,
As, Mo, Cd, Pb and U were analysed in both the porewater
and sediment samples. The porewater samples were first cen-
trifuged in falcon tubes for 15 min at 3000x g. The supernatant
was then removed and passed through a 0.45 um syringe filter,
before being analysed for the element concentrations by in-
ductively coupled plasma mass spectrometry (ICP-MS, Agilent
7500ce). The sediment samples were separated into two grain-
size fractions, using a 63 um sieve, which were then dried and
weighed. The element concentrations were analysed from the
<63 um fraction after a nitric acid digestion at 100 °C for 30 min,
130 °C for 30 min and 200 °C for 30 min, by ICP-MS (Agilent
7500ce). The concentration of total organic carbon (TOC) was
also analysed from the <63 pm sediment fractions. The sedi-
ments were first reacted with concentrated hydrochloric acid
to remove inorganic carbonates, then combusted in a LECO
furnace at 1400 °C in the presence of strongly oxidising iron/
tungsten chips. The evolved carbon was then measured using
infrared detection. Quality control for each of the analyses in-
cluded 4 blanks, 2 spikes and 5 duplicates in every 50 samples
analysed. In addition, certified reference materials were added
to ensure reliable results. For the sediment digestions, PACS-1
and MESS-3 were included and the porewater analysis included
CASS-4 (Institute for National Measurement Standards, National
Research Council of Canada). The total organic carbon analysis
included Quasimeme reference materials.

To determine the metal concentration in the tissues of
Ophelina sp.1, entire polychaetes were digested in 2mL of
nitric acid and 2 mL of high pure water using a microwave
digestion technique. The microwave was run at 400 W and
200 °C for 15 min, before a 30 min cool down. The resulting di-
gests were analysed for the concentrations of Fe, Mn, Co, Ni,
Cu, Zn, As, Cd, Pb and U by ICP-MS (Agilent 7500ce). Quality
control included duplicates of the following certified reference
materials: DORM-2, AGAL-3 and 1566b oyster (Institute for
National Measurement Standards, National Research Council
of Canada).

2.4. RNA extraction and 454 sample preparation

At both Cullen Bay and Dinah Beach, 10 Ophelina sp.1 speci-
mens were collected and immediately submersed in RNAlater
(Qiagen, Hilden, Germany). The samples were placed on ice
and taken back to the laboratory for messenger RNA (mRNA)
extraction. The mRNA was extracted from each worm accord-
ing to the methods of McGrath et al. [29] with some modifica-
tions. Briefly, the total RNA was extracted using the Qiagen
RNeasy Mini Kit (Hilden, Germany) according to the manufac-
turer’s instructions. To reduce contaminating DNA, the sam-
ples were then precipitated using lithium chloride (Ambion,
Austin, TX, USA). The pellets were resuspended in 15 uL of
RNase-free water and separated on a 1.5% agarose gel ran at
100V for 45 min in 1x TBE buffer (45 mM Tris, 45 mM Boric

acid, 1 mM EDTA). The areas between the 28S and 18S and be-
tween the 18S and 5S ribosomal RNA bands were expected to
contain mRNA and were excised from the gel under UV illumi-
nation. The mRNA was then extracted from the gel using the
Promega SV Gel and PCR Clean-up System (Madison, WI,
USA). The mRNA extracted from the 10 worms at each site
was combined to create a single mRNA library for both Cullen
Bay and Dinah Beach. The two samples were sequenced using
a Roche GS FLX (454) sequencer at the Australian Genome
Research Facility in Brisbane, Queensland, using the standard
454 sequencing chemistry. All mRNA sequence data are avail-
able in the National Centre for Biotechnology Information
(NCBI), Sequence Read Archive under the accession number
SRA043945.

2.5. 454 data analyses

Raw 454 reads were assembled into contigs and filtered for
quality using the default parameters in the programme GS
De Novo Assembler, version 2.3 (Roche). Open reading frames
(ORFs) were extracted from the contigs using ‘GetORF’ in the
European Molecular Biology Software Suite [EMBOSS; 30]. ORFs
were defined as the sequence between a start and stop codon
consisting of at least 50 nucleotides. The ORFs were annotated
using BlastX within the standalone BLAST package (www.ncbi.
nlm.nih.gov/blast). The BlastX searches were conducted against
the NCBI non-redundant (nr) protein database (www.ncbi.nlm.
nih.gov, date accessed: 08.02.2011) with an e-value cut-off of
1073, To determine the functional group of each ORF, they
were queried against the eukaryotic orthologous groups data-
base [KOG; 31] with an e-value cut-off of 1073, In addition, the
Ophelina sp.1 ORFs were compared to the protein coding gene
models of Capitella teleta Blake, Grassle and Eckelbarger, 2009,
which is the only polychaete with a sequenced genome (http://
genome.jgi-psf.org/Capcal/Capcal.home.html). The Capitella
teleta gene models were converted to a blast database using
‘makeblastdb’ within the standalone blast package.

To estimate differences in gene expression between the
Ophelina sp.1 specimens in Cullen Bay and Dinah Beach, the
bioconductor package ‘DESeq’ was used [32]. DESeq uses a
negative binomial distribution, which may be more appropri-
ate than other methods for modelling biological variation [33].
Uniquely expressed genes were defined as having at least 200
reads and only being detected at one of the sites. In addition,
genes with greater than 10 fold expression differences, and a
p-value<0.05 were considered differentially expressed. Only
these large differences in expression were considered ‘significant’
because the samples were combined into one mRNA library at
each site, reducing our ability to examine intra-site variability.

2.6. Sequence alignments

Transcripts with interesting expression changes across the
two sites were further analysed to check for the presence of
key amino acid residues and metal-binding sites. The Ophelina
sp.1 transcripts coding for Atox1 and globin proteins were com-
pared to homologues in various other polychaete and non-
polychaete species (Table 1). These sequences were aligned
with characterised NCBI nr database sequences using clustalW
in MEGA (Molecular Evolutionary Genetics Analysis) software
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Table 1-Atox1l and globin homologues shown in the

multiple alignments ( ).
Species Protein GenBank Acc.
Homo sapiens Atox1 NP_004036.1
Oncorhynchus mykiss Atox1 NP_001154173
Drosophila melanogaster Atox1 NP_730672
Caenorhabditis elegans cuc-1 NP_498707
Opbhelina bicornis Myoglobin AAX73248.1
Alvinella pompejana Hemoglobin I CAI56311
Arenicola marina Hemoglobin A2 CAJ32741.1
Hemoglobin B2 CAI56309.1
Hemoglobin B1 AM109951.1
Lumbricus terrestris Hemoglobin A2 P02218.2
Hemoglobin A1l P08924.1
Hemoglobin B2 P13579.1
Hemoglobin B1 P11069.3
Riftia pachyptila Hemoglobin A2 P80592.1
Hemoglobin Al CAD29154.1
Hemoglobin B2 CAD29159.1
Hemoglobin B1 CAD29156.1
Sabella spallanzanii Hemoglobin B2a CAC37410.1
Hemoglobin B2b CAC37411.1

[34]. Protein structure was added and important amino acid
residues were highlighted using GIMP (GNU Image Manipula-
tion Program; www.gimp.org).

2.7. Protein extraction

Atboth Cullen Bay and Dinah Beach, 12 Ophelina sp.1 specimens
were collected and taken to the laboratory alive for immediate
protein extraction. Individual specimens were homogenised in
200 pL of cold sample buffer (7 M urea, 2 M thiourea, 4% (w/v)
CHAPS, 30 mM Tris, 40 mM DTT, pH 8.3) using plastic micro-
pestles. The lysate was centrifuged at 12,000xg for 10 min,
and the supernatant was removed. The solubilised proteins
were then probe sonicated to shear any DNA, and purified
using the GE Healthcare protein purification kit (Amersham
Biosciences, Piscataway, NJ, USA). The samples were then resus-
pended in DIGE labelling buffer (7 M urea, 2 M thiourea, 4% (w/v)
CHAPS, 30 mM tris, pH 8.3). The protein concentration of each
sample was obtained using the 2-D Quant Kit (Amersham
Biosciences, Piscataway, NJ, USA). The concentration of each
sample was obtained in duplicate and in 2 different dilutions
to ensure accurate protein quantification.

2.8. CyDye labelling and differential in gel electrophoresis

A 24 ng sample of each protein extract was labelled with 100 pmol
of CyDye DIGE Fluor minimal dye Cy3 or Cy5 (GE Healthcare,
Piscataway, NJ, USA) resuspended in fresh dimethylformamide
(DMEF). Half of the samples from each site were labelled with
Cy3 and the other half with Cy5 to ensure site comparisons
were not compromised by different dye binding rates. An inter-
nal control of pooled protein extracts was labelled with CyDye
DIGE Fluor minimal dye Cy2 (GE Healthcare, Piscataway, NJ,
USA). The labelling reactions were carried out at 4°C for
30 min and then quenched with 10 mmol lysine.

Since the three dyes (Cy2, Cy3 and Cy5) fluoresce at different
wavelengths, proteins, which are labelled with different dyes,
can be run on the same gel. Differential in gel electrophoresis

was performed 12 times, with each sample containing a labelled
protein extract from Cullen Bay, Dinah Beach and the internal
control. The volume of each of the combined samples was in-
creased to 450 pL with rehydration buffer (7 M urea, 2 M thiourea,
4% (w/v) CHAPS, 30 mM Tris, 40 mM DTT, 1% (v/v) pH 3-11NL
pharmalytes (GE Healthcare, Piscataway, NJ, USA), pH 8.3) and
actively rehydrated at 30 V for 12 h on 24 cm pH 3-11 non-linear
IPG strips (GE Healthcare, Piscataway, NJ, USA). Proteins were
focused for 1h at 100V, 1h at 500 V, 1 h for 1000 V, and finally
7 h at 5000 V for a total of 30 kVh. The IPG strips were then equil-
ibrated in two steps using equilibration base buffer (6 M urea,
0.075M Tris.HCl, 2% (w/v) SDS, 20% (v/v) glycerol). The strips
were first placed in equilibration base buffer with added 1%
(w/v) DTT for 15 min, then placed in equilibration base buffer
with added 2.5% (w/v) iodoacetamide for a further 15 min. The
strips were embedded on top of 14% SDS-PAGE gels using 1%
agarose in standard Laemmli running buffer (192 mM glycine,
25 mM Tris, pH 8.3, 0.1% (w/v) SDS) containing a small amount
of bromophenol blue. SDS-PAGE was performed in the standard
Laemmli running buffer at 2 W/gel for 45min, 5W/gel for
30 min, then 15 W/gel until the dye front reached the bottom
of the gels (approximately 4 h). The gels were imaged using a
Typhoon 9400 Variable Mode Imager (Amersham Biosciences,
Piscataway, NJ) for each of the fluorescent dyes. The different
gels and dyes were compared to each other using Progenesis
SameSpots, version 4.1 (Nonlinear Dynamics). The internal con-
trol, which was identical across the 12 gels, was used to precisely
match the gels. Differentially expressed proteins were recorded
if the p-value was <0.05 and the protein concentration was
more than 1.5 times altered.

2.9. Protein identification

Several replicate gels were run as previously, except that the
gels contained 500 ug of unlabelled pooled protein extract.
After electrophoresis the gels were stained with 0.1% (w/v)
Coomassie Brilliant Blue G-250 in 17% (w/v) ammonium sul-
phate, 34% (v/v) methanol and 3.6% (v/v) ortho-phosphoric
acid for 3 days. Gels were destained in 1% (v/v) acetic acid for
1h and imaged with a LI-COR Odyssey Imaging System. Pro-
teins were targeted for identification if their expression was
significantly altered at Cullen Bay, and they were sufficiently
abundant, therefore, 21 protein spots with altered expression
were selected for identification. We also targeted highly abun-
dant proteins for identification to generate a protein ‘refer-
ence’ map for this potentially important polychaete species.
Consequently, a further 25 highly expressed proteins were
selected for identification, increasing the total number to 46.
The target proteins were excised and destained in 50 mM
ammonium bicarbonate and 50% (v/v) acetonitrile. The gel
pieces were then dehydrated in acetonitrile and rehydrated
in 10 ng/pL trypsin in 50 mM ammonium bicarbonate and
incubated at 37 °C for 16 h. Peptides were extracted from the
gel pieces using 50% (v/v) acetonitrile and 0.1% TFA by soni-
cating the samples for 10 min followed by concentration to
2pL in a speed-vac. A 0.5 pL aliquot was taken from each
sample and combined with 0.5puL of matrix (10 mg/mL «-
cyano-4-hydroxycinnamic acid/25 mM diammonium citrate/
50% acetonitrile/0.1% TFA) and allowed to dry. Tryptic peptide
mass fingerprints (PMFs) and MS/MS spectra were obtained
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using an Autoflex II MALDI-TOF/TOF (Bruker Daltonics, GmbH,
Bremen, Germany). PMFs were queried against the National
Centre for Biotechnology Information NCBI nr protein data-
base and the Swissprot database using MASCOT accessed
via the Australian Proteomics Computational Facility. Searches
were performed using all species, trypsin as enzyme, 2 mis-
cleavages, and mass tolerance of 0.5 Da, and modification of
Cys with carbamidomethylation (fixed) and Met with oxida-
tion (variable) also included. Similarly MS/MS data were also
searched. For MS/MS spectra that were not matched in
MASCOT, spectra were de novo sequenced. Using this tech-
nique, the amino acid sequences of several peptides from
each protein were obtained. The amino acid sequences were
then queried against the translated Ophelina sp.1 mRNA tran-
scripts obtained from the transcriptome analysis using blastp
in the standalone BLAST package. Only translated transcripts
with significant homology to a database protein (e<10~3) were
used as a database for the amino acid sequences. This ensured
that the transcripts were protein-coding mRNA and that they
were translated into the correct reading frame. Identification
was assigned to a protein when the amino acid sequences
were both identical and unique to a translated transcript.

2.10. Atox1 western blots

Western blots were used to validate the up-regulation in
Cullen Bay polychaetes of an mRNA transcript with homology
to the copper chaperone, Atox1l. The same protein extracts
from the DIGE experiments were used for western blot analy-
sis. After the DIGE experiments, 5 Cullen Bay samples and 7
Dinah Beach samples contained enough protein for use in
the western blot experiments. A 100 pg protein extract from
each sample was separated using Mini-Protean TGX—Any
kD precast gels (BioRad, USA). The proteins were then trans-
ferred to 0.2 uM nitrocellulose membranes (BioRad, USA)
using the Trans-Blot Turbo Transfer System (BioRad, USA).
The Atox1 protein was detected using a mouse monoclonal
antibody to Atox1 amino acids 1-69 (Abcam, Cambridge, UK)

and the WesternDot™ 625 Western Blot Kit (Invitrogen, Paisley,
UK), according to the manufacturer’s instructions with some
minor modifications. The primary antibody was used at a con-
centration of 0.1 pg/mL and the incubation times for the pri-
mary and secondary antibodies were reduced to 30 min. A
positive control (Atox1 human, Abcam, Cambridge, UK) was run
with the polychaete samples. The western blots were imaged
under UV illumination and the relative intensities were obtained
using ImageJ [35].

3. Results
3.1. Chemical composition of the sites and polychaetes

In the sediments at Cullen Bay, the concentration of two
metals, copper and zinc, exceeded ISQG-Low sediment quality
guidelines [Table 2; 36]. The concentration of copper was ap-
proximately 7 times higher, and the concentration of zinc
was over 2 times higher, in Cullen Bay sediments compared
to Dinah Beach. All other metal concentrations in the sedi-
ments were below the ISQG-Low sediment quality guidelines.
In the Dinah Beach sediments, the metal concentrations were
all below the ISQG-Low sediment quality guidelines [36], indi-
cating that this site was an appropriate reference site.

In the porewaters at Cullen Bay, copper and zinc concen-
trations were above marine water guideline values for the
protection of 95% of species but below the values for the pro-
tection of 90% of species [36]. In the porewaters at Dinah
Beach, all metal concentrations were lower than the guide-
lines for the protection of 99% of species [36].

The Ophelina sp.1 specimens at Cullen Bay contained over 4
times more copper, and approximately 1.4 times more zinc,
than Ophelina sp.1 specimens inhabiting Dinah Beach (Table 2).
These results may be confounded, however, because the tissue
digests also included sediment-bound metals from the gut of
the worms. Ideally the animals would be kept alive in the lab-
oratory until the digestive tract is empty. Unfortunately we

Table 2 - Metal concentrations in the sediments (dry weight), porewaters and Ophelina sp.1 tissue (wet weight) at the two

study sites, Cullen Bay and Dinah Beach. The standard error is included.

Cullen Bay Dinah Beach Cullen Bay Dinah Beach Cullen Bay Ophelina Dinah Beach Ophelina
sediment sediment porewater porewater sp.1 sp.1
ppm ppm ppb ppb ppm ppm
Al 55,800+467 56,600+£458 5.61+3.9 2.24+0.238
P 471+9.6 418+35.8 429+45.5 34.5+6.48
\Y% 58.7+0.703 60.1+0.828 1.63+0.15 0.816+0.0347
Cr 26.1+0.87 27.1+1.71 0.1+0.00491 0.0689+0.00713
Fe 30,000+455 33,600+£930 474+37.3 2400+426 2050+161 3390+169
Mn 227+0.917 138+6.79 755+82.6 1130+100 18.7+1.59 19.1+1.98
Co 9.58+0.0485 6.88+0.587 0.252+0.0191 0.404+0.0754 0.802+0.0647 1.05+£0.117
Ni 20.5+0.116 17.8+0.892 0.599+0.0558 1.32+0.172 2.05+0.172 2.68+0.676
Cu 140+2.73 19.9+2.47 1.82+0.569 0.656+0.293 46+7.65 9.05+4.71
Zn 235+10.6 89.1+16.1 12.5+0.836 5.3+0.771 43.1+£5.99 31.4+5.29
Ga 16.6+0.116 16.1+£0.124 0.018+0.00803 0.0473+0.00778
As 18.5+£0.359 12.3+£0.379 3.71+1.18 8.09+0.552 30.5+8.19 31.4£2.21
Mo 1.84+0.0471 1.75+0.0664 6.83+1.13 5.69+1.54
Cd 0.0858+0.00124 0.148+0.0265 0.0137+0.00373 0.0396+0.0296 0.0478+0.0273 0.0569+0.0223
Pb 20.7+0.186 22.7+2.14 0.0731+0.0216 0.0734+0.023 1.3+0.0921 2.34+0.585
U 2.49+0.0446 1.78+0.045 2.42+0.167 4.68+0.988 0.143+0.00857 0.188+0.07
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could not do this, so the samples were a mixture of metals in
the tissue and metals from the sediment in the gut of the
worms. To overcome this problem, the sediment metal con-
centrations were plotted against the tissue metal concentra-
tions (Fig. 2). Any metals which fall markedly above the line
of best fit are at a higher concentration in the tissues than
would be expected if the tissue digest results were only a re-
flection of the sediment in their gut. In Fig. 2, As, Cu and Zn
appear to be accumulating in the polychaete tissues, while U,
Co, Pb and Ni may be actively excreted.

3.2, Transcriptome sequences

Of 647,439 total RNA fragments sequenced, 421,105 reads fully
assembled into 6477 contigs at Cullen Bay and 5960 contigs at
Dinah Beach (Table 3). In these contigs, over 10,000 open read-
ing frames (ORFs) were detected (Table 3). The ORFs were then
translated into amino acid sequences and queried against
protein databases using BlastX. At both Cullen Bay and Dinah
Beach, approximately 20% of the ORFs (corresponding to 40%
of the contigs) were significantly matched to a protein on
the NCBI non-redundant database. A similar number of ORFs
were matched to a protein group in the eukaryotic orthologous
groups database (KOG). When the ORFs were queried against
the sequenced polychaete genome of Capitella teleta, the signifi-
cant matches increased to approximately 33% (corresponding
to over 60% of the contigs).

The 25 functional groups in the KOG database provided
general functions for the Ophelina sp.1 ORFs (Fig. 3). The per-
centage of genes in each functional group was similar for
both the Cullen Bay and Dinah Beach Ophelina sp.1 specimens
(Fig. 3). The functional group that contained the most genes
was ‘cytoskeleton’. This group was dominated by genes coding
for myosin, tubulin and actin. Some functional groups showed
slight differences: Cullen Bay worms expressed more genes
coding for extracellular structures and cell motility, and more
genes involved in replication, recombination and repair. The
Ophelina sp.1 specimens from Cullen Bay expressed 6 genes
for DNA repair and nucleotide excision repair, while in Dinah
Beach worms only 2 DNA repair genes were detected.
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Fig. 2 - Regression analysis of metal concentrations in Ophelina
sp.1 tissues plotted against metal concentrations in sediments.
Both axes were log-transformed and a line of best fit for both
sites was plotted. Standard error bars are included.

Table 3 - Sequencing, assembly and annotation results

for Ophelina sp.1 transcriptomes from Cullen Bay and
Dinah Beach.

Cullen Dinah
Bay Beach
Sequencing results
Total reads 350,369 297,070
Assembly results
Reads assembled to contigs 223,856 197,249
Singleton reads 62,333 56,803
Contigs 6477 5960
Average contig size (bp) 370 467
Gene annotation
Predicted open reading frames (ORFs) 11,936 14,533
ORFs with NCBI nr match (e<10-3) 2462 2731
ORFs with KOG match (e <10-3) 2380 2814
Capitella teleta gene match (e<10-3) 3911 4851

3.3. Gene expression

Uniquely expressed genes were defined as having at least 200
reads and only being detected at one of the sites: 14 charac-
terised genes meet these criteria (Table 4). Two genes similar
to the oxygen transport proteins, hemoglobin B1 and cytochrome
c oxidase VIb-like, were only detected at Cullen Bay. In addition,
the copper transport and antioxidant protein Antioxidant 1
(Atox1) was only detected in Cullen Bay polychaetes. At Dinah
Beach, the uniquely expressed genes were involved in repro-
duction, digestion and antimicrobial activity. Transcripts coding
for the peptide regulating enzyme, alanine aminopeptidase,
were also much more abundant at Dinah Beach.

Differential expression of genes at the two sites was
recorded when there were at least 10 times more copies of a
gene at one of the sites and the p-value was <0.05. Most of
the genes meeting these requirements were up-regulated at
Cullen Bay and again coded for many cytoskeletal proteins
(Table 5). Sulfotransferase 1C-like and p-thymosin were also
up-regulated at Cullen Bay.

3.4. Atox1 alignment

Transcripts coding for the copper chaperone, antioxidant 1
(Atox1), were only found in Cullen Bay polychaetes (Table 4).
This protein might be a useful biomarker, as its up-regulation
suggests that it may play a role in copper homeostasis, so it
was analysed further. The translated amino acid sequence of
the Ophelina sp.1 Atox1 homologue was aligned with Atox1 ho-
mologues in human (Homo sapiens), rainbow trout (Oncorhynchus
mykiss), fruit fly (Drosophila melanogaster) and nematode (Caenor-
habditis elegans) (Fig. 4). The Atox1 homologue in Ophelina sp.1
contained 15 conserved amino acids across the region, includ-
ing the two cysteine residues that bind copper [37].

3.5. Protein expression
Across all of the samples and sites, a total of 576 proteins were

seen on the 2 DE gels (Fig. 5). Of these proteins, the expression
of 77 was significantly (P<0.05) and more than 1.5 times altered at
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Fig. 3 - The percentage of genes from Cullen Bay and Dinah Beach Ophelina sp.1 specimens in each of the 25 functional groups

of the KOG database.

Cullen Bay: 50 were up-regulated and 27 were down-regulated.
Of 46 protein spots excised from the gels, only 24 could be con-
fidently identified (Fig. 5 and Table 6). Many of these were cyto-
skeletal proteins, including actin, myosin, paramyosin and
intermediate filament proteins. Other proteins were pepti-
dases, globin molecules and proteins containing LIM domains.
Many of these proteins were not differentially expressed across
the sites but were abundant and important inclusions for build-
ing a protein ‘reference’ map.

Only 9 of the proteins that were identified (Table 6) were
differentially expressed at the sites. The expressions of the dif-
ferentially expressed proteins were compared to the mRNA
transcript expression levels and many similarities were ob-
served (Table 7). All of the protein spots that were significantly
up-regulated at Cullen Bay had corresponding mRNA tran-
scripts that were also up-regulated. There was less agreement
between the protein spots that were down-regulated: two of
the down-regulated proteins were significantly up-regulated
in the transcriptome. The hemoglobin chain B1 was less

abundant in the proteome of worms at Cullen Bay; however,
mRNA transcripts coding for this hemoglobin chain were more
abundant at Cullen Bay. A protein spot identified as paramyosin
(spot #20) was down-regulated at Cullen Bay, although a spot
similarly identified as paramyosin (spot #14) was up-regulated
at Cullen Bay. The transcript coding for paramyosin was also
up-regulated at Cullen Bay. This suggests truncation or degra-
dation of the large paramyosin protein.

3.6. Atox1 western blots

mRNA transcripts that coded for a protein homologous with
Atox1 were up-regulated in Cullen Bay polychaetes, but this
protein was not detected in the DIGE protein experiments
(Table 6). One reason might be that DIGE is unlikely to resolve
small proteins such as Atox1 [38]. Western blots were used to
validate the up-regulation of this protein in Cullen Bay
worms. A single band of the correct weight for the Atox1 pro-
tein was detected in 3 Cullen Bay worms from 5 tested and 2
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Table 4 - Gene homologues that were only detected at one of the sites with a minimum of 200 transcript copies.

Gene homologue Amino acid Organism GenBank Cullen Dinah

identity (%) Acc. reads reads
Slow myosin heavy chain 63 Dicentrarchus labrax CBN81811.1 1703 0
Myosin II heavy chain 67 Ilyanassa obsoleta AAD13782.1 1527 0
Hemoglobin B1 40 Riftia pachyptila CAD29156.1 538 0
Intermediate filament protein 68 Phascolion strombus CAB38180.1 398 0
Cytochrome c oxidase subunit VIb-like 57 Drosophila mojavensis XP_002008311.1 384 0
acidic ribosomal protein 65 Culex quinquefasciatus XP_001857537.1 302 0
Atox1 59 Aedes aegypti XP_001656348.1 210 0
Ovulatory protein-2 precursor-like 47 Strongylocentrotus purpuratus XP_001202083.1 0 2482
Alanine aminopeptidase-like 34 Saccoglossus kowalevskii XP_002738530.1 0 1096
Lysozyme 67 Eisenia andrei ABC68610.1 0 697
Ribosomal protein rpl21ap 76 Eurythoe complanata ABW23224.1 0 609
Microspherule protein-like 32 Strongylocentrotus purpuratus XP_797067.2 0 565
ATP synthase subunit beta 85 Acyrthosiphon pisum NP_001119645 0 412
Peritrophic matrix protein-like 36 Tribolium castaneum NP_001161929.1 0 239

Dinah Beach worms from 7 tested. The Atox1 protein in Cullen
Bay worms was generally at higher concentrations than in
Dinah Beach worms (Fig. 6).

3.7. Polychaete globin alignment

Four different sequences coding for globin proteins were
detected in the Ophelina sp.1 transcriptomes: one coded for in-
tracellular myoglobin and three for extracellular hemoglobins
(Fig. 7). The amino acid sequences were identical in Cullen Bay
and Dinah Beach Ophelina sp.1 specimens. One of the globin
chains was differentially expressed at the sites in both the tran-
scriptome and proteome of the worms, warranting further anal-
ysis. The globin amino acid sequences were aligned with the
globin sequences of several different annelid species (Fig. 7).
Each of the Ophelina sp.1 extracellular hemoglobin chains was
then categorised based on the presence or absence of several
key amino acid residues and the overall sequence similarity.
One Ophelina sp.1 globin chain was categorised into the A family
of globin chains. This was confirmed by the presence of a lysine
residue (K) at position A9, a tryptophan residue (W) at position
B10 and residue deletions between the A an B helices [Fig. 7;
39]. Another two globin chains were categorised as part of the

B family of globins based on the presence of an aspartic acid res-
idue (D) at position A4, a tryptophan residue (W) at position A16,
a phenylalanine residue (F) at position B10 and insertions
between the A and B helices and between the F and G helices
[Fig. 7; 39]. The further division of the globin chains into A and
B subtypes was completed with the help of a phylogenetic tree
(not shown). The Ophelina sp.1 hemoglobins were best cate-
gorised as chains A2, Bla and Blb. No hemoglobin chains
matching to Al or B2 were detected. The globin chain that was
up-regulated in the transcriptome was identified as extracellu-
lar hemoglobin chain Bla. This transcript was confirmed as
coding for the same protein that was down-regulated in the pro-
teome by identical amino acid matches from two peptide frag-
ments (Fig. 7).

4, Discussion

Several genes and proteins in specimens of Ophelina sp.1 col-
lected from Cullen Bay were differentially expressed com-
pared to the reference site. These different expression levels
may be caused by contaminants in the surrounding sediment,
as Ophelina sp.1 is a subsurface deposit-feeding polychaete

Table 5 - Gene homologues that were differentially expressed at one of the sites by at least 10 fold. Fold changes are relative

to Cullen Bay. Positive numbers indicate up-regulation and negative numbers indicate down-regulation.

Gene homologue Amino acid Organism GenBank Fold change relative
identity (%) Acc. to Cullen Bay
Extracellular serine proteinase 58 Thermus sp. Rt41A P80146 97.81
Myosin regulatory light chain 74 Riftia pachyptila AAG16892.1 51.70
Probable protein brickl 90 Sus scrofa XP_003132409.1 -33.00
Sodium-dependent phosphate transport protein 53 Sus scrofa XP_003128941.1 -29.50
Antistasin-like 43 Haliotis discus discus ACJ12609.1 27.39
Phosphatidylinositol glycan anchor-like 68 Ornithorhynchus anatinus XP_001508401.1 -24.00
B-thymosin 63 Triatoma infestans ABR27867.1 23.87
Sulfotransferase 1C-like 64 Canis familiaris XP_531771.1 22.88
Protein phosphatase regulatory subunit 3B-B 43 Xenopus laevis NP_001085518.1 22.47
TEPP protein 73 Lottia gigantea DAA06552.1 22.42
Placenta-specific gene 8 protein-like 44 Oncorhynchus mykiss ACO08545.1 12.88
Paramyosin 57 Haliotis discus discus BAJ61596.1 12.39
Alcohol dehydrogenase 76 Camponotus floridanus EFN64102.1 11.28
Ribonuclease h1-like 33 Caligus rogercresseyi ACO11369.1 10.68
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and is constantly in contact with the sediment [26,27]. In the
sediment at Cullen Bay, the concentrations of copper and
zinc were significantly higher than at the reference site and
copper appeared to be accumulating in the tissues of Ophelina
sp.1. Arsenic also accumulated in polychaete tissues but, as
the levels were similar at the two sites, it was not likely to
cause differential expression between the sites. Based on the
chemical analysis, the metal most likely to cause different ex-
pression at Cullen Bay was copper. An excess of copper in cells
can result in the production of reactive oxygen species (ROS),
which cause oxidative stress and DNA damage [41,42]. Copper
can also damage the iron-sulphur dehydratase protein family
when in high concentrations [43]. Copper levels in Cullen Bay
were above the ISQG-low guidelines for sediment quality [36],
and it is likely that changes in the expression of certain genes
and proteins in Ophelina sp.1 were related to dealing with the
excess copper.

In the Ophelina sp.1 specimens in Cullen Bay, a gene coding
for a protein similar to the copper chaperone, antioxidant 1
(Atox1), was up-regulated. This protein was also detected
using western blots and was more abundant in Cullen Bay
worms. Atox1 is a protein that has been linked to maintaining
copper homeostasis within cells and may also have antioxi-
dant properties [41,44]. The Atox1 homologue in the Ophelina
sp.1 inhabiting Cullen Bay may be up-regulated in order to
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Fig. 5 — Representative DIGE gel image showing the 24 identified
protein spots and their approximate isoelectric points (pI) and
molecular weights (kD).

deal with the excess copper levels in their cells. One strategy
may be to bind excess intracellular copper and transport it to
the secretory pathway [41]. In support of this suggestion
there is evidence from other systems that Atox1 binds copper
and transports it to ATPases where it is then transported into
the bile for incorporation into secreted copper-dependent pro-
teins [45]. Copper binding in Atox1 occurs via the thiol groups
on free cysteine residues between its first loop and first alpha
helix [37]. The homologue in Ophelina sp.1 also contained
these free cysteine residues, suggesting that it is also capable
of binding copper. In addition, the Atox1 homologue may be
involved in mitigating oxidative stress, which is a likely conse-
quence of excess intracellular copper [41]. Kelner et al. [44]
reported that the highest concentration of Atox1 was in cells
that contained high levels of copper and that Atox1 protected
these cells against oxidative stress. Moreover, when Atox1 is
over-expressed it may be able to substitute for superoxide dis-
mutase and prevent oxidative damage [46].

Atox1 homologues have been detected in many organisms,
from worms to vertebrates, providing the potential for this
protein to be used as a biomarker in many different species
and environments [41,46,47]. Moreover, the Atox1 protein in
Ophelina sp.1 was detected using western blots with commer-
cially available antibodies designed for use in human experi-
ments, removing the need to develop specific antibodies. In
addition, Atox1 may be specifically induced by copper con-
tamination. This is important, as many of the proteins regu-
larly identified as differentially expressed in toxicological
studies are part of a general cellular stress response [38] and
are, therefore, not indicative of specific contamination types.
Biomarkers that are specific for contamination types are im-
portant in understanding cause-effect relationships and are
required for the targeted mitigation of contaminants. There
is, however, some evidence to suggest that Atox1 is inducted
by oxidative stress, which could be caused by a range of fac-
tors. As a consequence, more work is required to determine
if copper specifically induces Atox1.

Several genes coding for intracellular and extracellular glo-
bins were detected in the Ophelina sp.1 transcriptome, including
myoglobin, and the extracellular hemoglobin chain A2 and two
B1 chains. The Ophelina sp.1 hemoglobins contained all five of
the conserved amino acid residues present across the region
and the cysteine residues involved in the formation of the
hemoglobin disulphide bridge [39]. Ophelina sp.1 hemoglobins
did not, however, contain the free cysteine residues thought
to bind sulphide in polychaetes inhabiting sulphide-rich
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Table 6 - Ophelina sp.1 proteins identified by MALDI-TOF/TOF and peptide mass fingerprints (PMF).

Spot Peptide sequence Transcript Gene homologue Organism GenBank Acc. MW (kD) pl
# match
Theor.  Observ. Theor. Observ.
1 QPKQLSDYEAEINLLR Isogroup 00090 Cytoplasmic intermediate Phascolion strombus CAB38180.1 68.9 48 5.65 5.1
filament protein
2 VNTNELR Isogroup 00184 Troponin-C Perinereis vancaurica tetradentata BAB18897.1 17.4 26 4.33 4.0
EFIDGEGTGFVQR
3 Identified by PMF (MOWSE score 90) Beta actin Gerarcinus lateralis AAL40077.1 42.0 24 5.41 4.9
4 TYQVYR Isogroup 00681 Paramyosin Haliotis discus discus BAJ61596.1 99.5 20 5.36 4.5
ELEDALEMER
DYQEISFQF
5 Identified by PMF (MOWSE score 96) Actin Luciola cruciata BAH79108.1 8.3 7 5.74 5.4
6 Identified by PMF (MOWSE score 104) Beta actin Acipenser schrenckii AAV65947.1 14.6 8 5.45 5.5
7 Identified by PMF (MOWSE score 82) Beta actin Acipenser schrenckii AAV65947.1 14.6 10 5.45 5.5
8 Identified by PMF (MOWSE score 83) Skeletal muscle actin Homarus americanus ACI23565.1 41.8 15 5.23 6.0
9 Identified by PMF (MOWSE score 76) Actin Apis mellifera BAA74592.1 14.6 18 5.37 6.0
10 VEIETR Isogroup 00681 Paramyosin Haliotis discus discus BAJ61596.1 99.5 65 5.36 5.4
11 QFASFIDKVR Isogroup 00090 Cytoplasmic intermediate Phascolion strombus CAB38180.1 68.9 80 5.65 5.2
filament protein
12 MSLGGGGS Isogroup 00115 Peptidase s8 and s53 Stigmatella aurantiaca YP_003954556.1 39.6 55 5.45 5.5
GAAGSGSFAAITIQDAAR
13 ATVGAIQGLR Isogroup 02258 Subtilisin-type proteinase Paracoccidioides brasiliensis EEH21742.1 53.3 50 5.79 5.8
14 HTYQVYR Isogroup 00681 Paramyosin Haliotis discus discus BAJ61596.1 99.5 35 5.36 54
ELEDALEMER
DYQEISFQ
15 INNLGDIR Isogroup 01892 Hemoglobin Bla Riftia pachyptila CAD29156.1 12.8 12 5.41 4.8
TWNSP
16 QWQSAER Isogroup 00016 Myosin heavy chain Doryteuthis pealeii AAC24207.1 221.5 13 5.47 5.0
ELEVALDGANR
17 LGLELEIAAYR Isogroup 00090 Cytoplasmic intermediate Phascolion strombus CAB38180.1 67.8 20 5.59 5.1
filament protein
18 DILCPDCG Isogroup 00485 LIM-9-like Saccoglossus kowaleuskii XP_002731816.1 54.8 16 4.95 5.3
19 SYELPDGQVITIGNER Isogroup 00336 Actin Haliotis iris AAX19286.1 41.7 15 5.29 5.8
VWHHTFYNELR
20 HTYQVYR Isogroup 00681 Paramyosin Haliotis discus discus BAJ61596.1 99.5 7 5.36 7.0
21 DLYANTVLSGGTTMYPGIADR Isogroup 00037 Actin Hypsibius klebelsbergi ADK66838.1 41.7 5 5.30 9.5
22 CHDNNFAAR Isogroup 00485 LIM-9-like Saccoglossus kowalevskii XP_002731816.1 54.8 50 4.95 7.4
23 KDILCPDCG Isogroup 00485 LIM-9-like Saccoglossus kowaleuskii XP_002731816.1 54.8 55 4.95 7.6
24 DILCPDCG Isogroup 00485 LIM-9-like Saccoglossus kowalevskii XP_002731816.1 54.8 55 4.95 7.5
HDNNFAAR
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Table 7 - Differentially expressed proteins at Cullen Bay compared to their corresponding transcript regulation.

Spot # Protein identification Protein regulation Transcript expression
at Cullen Bay at Cullen Bay

11 Intermediate filament protein 2.3x up >300x up

14 Paramyosin 2.2x up 12x up

18 LIM-9-like 1.9x up >100x up

1 Intermediate filament protein 1.6x up >300x up

22 LIM-9-like 1.5x up >100x up

2 Troponin-C 2.6x down 1.3x down (not sig)

15 Hemoglobin B1 1.5x down >500x up

19 Actin 1.5x down 1.1x down (not sig)

20 Paramyosin 1.5x down 12x up

environments [48]. This may not be surprising given the rela-
tively low-sulphide, coastal habitat of Ophelina sp.1. One of the
extracellular hemoglobin chains, Bla, was significantly over-
expressed in the transcriptome of Ophelina sp.l inhabiting
Cullen Bay compared to Dinah Beach. This same hemoglobin
chain was, however, down-regulated in the proteome of Ophelina
sp.1in Cullen Bay. It is possible that the hemoglobin protein had
been damaged by copper-induced ROS, which resulted in re-
duced expression in the proteome. In fact, ROS has long been
known to degrade heme proteins [49]. To compensate for this
reduction in the proteome, transcripts coding for the hemoglo-
bin chain may then be up-regulated. Kim et al. [S0] reported an
increase in the expression of a hemoglobin gene in daphnids
under oxidative stress. Although several hemoglobin chains
were detected in the Ophelina sp.l transcriptome, only one
showed altered expression at both the gene and protein level.
This suggests that this particular hemoglobin chain, Bla, is
more susceptible to ROS damage than the other hemoglobin
chains. Fedeli et al. [51] also reported differences in the suscepti-
bility of different trout hemoglobin chains to ROS damage, attrib-
uting the differences to their structural and functional properties.

High levels of cellular copper can catalyse the production
of ROS through Fenton reactions [52], which in turn can
cause DNA damage [42,53]. We found more genes coding for
DNA repair proteins expressed in the Cullen Bay worms, de-
spite the Dinah Beach library containing more genes overall.
This suggests that the Cullen Bay worms were under stress
from ROS and were experiencing greater levels of DNA damage.
Another transcript that was up-regulated at Cullen Bay, and
may be related to reducing oxidative stress, was p-thymosin.
These small proteins are actin regulating and may also be anti-
oxidants and play a role in inflammation control and wound
healing [54,55]. In addition, several up-regulated protein spots
from Cullen Bay samples were identified as homologous to

CB DB +ve

Atox1

17.8 329 26.7 56 169 Relative intensity

Fig. 6 - Western blot detection of Atox1 protein of
approximately 8 kD from Cullen Bay (CB) and Dinah Beach
(DB) polychaetes. A positive control (+ve; human Atox1) is
included and the relative intensities of each band are given.

Lim-9-like proteins—transcripts coding for this protein were
also significantly up-regulated at Cullen Bay. The Lim-9-like
homologue was closely related to DRAL/FHL2 proteins, which
have many functions and may be up-regulated in response to
DNA damage [56,57]. Although the function of the Lim-9-like
homologue in Ophelina sp.1 is difficult to ascertain, the fact
that two Lim-9-like proteins and the Lim-9-like transcript were
all up-regulated at Cullen Bay suggests it may have a role in
mitigating the effects of excess copper. Another up-regulated
gene in Cullen Bay polychaetes was homologous with sulfo-
transferase 1C-like (SULT1C-like). Sulfotransferases detoxify
various drugs and xenobiotics and this particular subfamily,
SULT1, exhibits activity towards phenolic compounds [58,59].
Although these enzymes are not known to respond to metal
contamination, Ling et al. [60] reported that a member of the
sulfotransferase family was up-regulated in fish exposed to cad-
mium. In addition, Hattori et al. [58] reported that a sulfotrans-
ferase was up-regulated in nematodes during their sensitive
‘dauer’ larval-stage, possibly functioning as a defence against
xenobiotics. It is likely that the sulfotransferase in Ophelina sp.1
was up-regulated as part of a general cellular stress response,
rather than a specific response to copper contamination. Tran-
scripts coding for a homologue of alcohol dehydrogenase were
also up-regulated at Cullen Bay. This short-chain dehydroge-
nase may play a detoxification role against reactive compounds.
Oliveira et al. [61] found that alcohol dehydrogenase was up-
regulated in nematodes exposed to arsenic. Another transcript
up-regulated at Cullen Bay was similar to cytochrome-c oxidase
subunit VIb (COI Vib-like), which may be directly related to cop-
per as COI is a copper-dependant enzyme and may help store
excess intracellular copper in the mitochondria [41].

We also detected genes and proteins that were down-
regulated in Cullen Bay Ophelina sp.1 specimens, including
the digestive proteins ATP synthase and a peritrophic matrix
protein, homologous of alanine aminopeptidase (AP), and the
calcium-binding protein troponin-C. The down-regulation
of digestive proteins may be a reflection of reduced food avail-
ability and, consequently, lower metabolic rates in the Cullen
Bay population. Alternatively the higher copper levels may
compromise certain energy pathways, as seen in abalone ex-
posed to endocrine disrupting chemicals [55]. Our results
for AP support the view that this enzyme may have potential
as a general toxin indicator [62]. Another study found
that it was inhibited by a Shiff base compound that contained
copper [63]. The AP presentin Ophelina sp.1 may be inhibited by
xenobiotic compounds at Cullen Bay, however, AP is also
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B2 Arenicola marina DCCTTEDRKEVQTLESEIWSAQFTG-RRVQVAQAVFEDLERRD
B2 Riftia pachypfila -------------- BGNVWSAQFTG-RRIAIAQAVFKDLEANY

B B1 Arenicola marina -CCSYGDQOKVKAQENSLWNTPDSSTSKIIFGKEVFARFFEVD)
*B1a Ophelina sp.1 YCCSADDRKTVAYQ NSSKVKI TIGHAIFDKFLAQD|

B1 Lumbricus terrestris ECCSEEDHRIVQKQEDILWRDTESSKIKIGFGRLLLTKLAKDI
B1 Riftia pachyptila -------------- BoDVSSPDARARSKLSCGHAVFAELFKMV

B2 Sabella spaffanzanij GCCSMEDRQEVLNABEALWSAEYTG-RRVMIAQAAFQKLFEKA
*B1b Ophelina sp.1 HCCSKDDRTLVARQENAIWNSPDSSKVKIIIGNAVFEKFLASD

ILGGLDMCIALLSDDTVLNAQLAHM
LGGLDIAISTLDQPATLKEELDH}
LGGLDMAVSLLGEDDVENAAMAHM
ILGGLDMCIALLDDEPVLNTQLAHMA
LSGLDITISMLDTPDMLAAQLAHH
LGGLDRVISMLDNQATLDADLAHM
[TNGFXxTMINMAFDSDTLSKQLDHE
JANGLDLLINLLDDTLVLQSHLGHHMA

PKRVNVDD----MNSPEFHAHCIRYVNGLDTVIGLLDDPDTLKSQLEHMAQORKERDGIHKTHFDEMSHAFGAVMPQVSS--CENPDARNRCFGSIATKIASLLED
PGAVKGDE----VNSNEFKAHCIRYVNGLDSSIGLLSDPATLNEQLSHMATQRIKARSGVTKGGFSAIAQSFLRVMPQVAS--CEFNPDAY------~-~-~-=-=-==~=~
BGRVKVED----PDSPEFAGHVIRMLTGLDLI INLMGD-DAMDAELAHMNTORILAREGITGTHFTEMFKVLDGSLROQVLE--EYDSLSQRYCFRGLGAALRDGLPA
RQERVNVDN----PYSGEYQAHMLRWY LGGLDLLQSEI DHEAAQRIATREGVSKERMRAFLEIMLEELPKVLN--EFNYDSQRACFVRFFVIVAGRADD
PKRVDIEH----AEGPKFSAHALRILNGLDLAINLLDDPPALDAALDHMAHQBRIEVREGVQKAHFKKFGEILATGLPQVLD-~-DYDALAQKSCLKGILTKISSRLNA
BTRVNVAE----INSPEFNGHVMREMGGLDILINYLDDIPTLESMLDHMAGORIAVRDGVTKAGFGAMATVLMKSMPQVVE--GFNPDAR -~~~ --=-=-—===—-—-—-=
BTRVNVDN----IGSPQFRAHCIRGTNGFDTIINMAFDTDVLEELLTHMGNQRITKYQGMRAAYLTHFRESFAEILPQAIP--CFNTAAQNRCITAMQDKIGASLAA
PURVNVKD----RSSGEWKAHMMRYLGGFDIIVNELYDTAILLEEVSHMRAQRAEREGVTLERMKAFLNIMREELPKALG--EFNDSSQETCFAKFFEKVADYSSN

Fig. 7 - Amino acid sequence alignment of the translated transcripts of Ophelina sp.1 globins with other annelid intracellular globins (I) and annelid extracellular hemoglobin
chains A and B (GenBank accessions are given in Table 1). Letters above the sequence denote the key residues based on the globin structure of Lumbricus erythrocruorin [40].

* denotes the new Ophelina sp.1 sequences generated in this study and the boxes indicate the amino acid sequence derived from MALDI-TOF/TOF sequencing of peptides from
protein #15 (Table 6).
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involved in metabolic pathways and its down-regulation may
be again related to lower metabolic rates at Cullen Bay.
Troponin-C, may have been down-regulated at Cullen Bay
due to competition for its calcium binding sites by exogenous
ions, a phenomenon that has been reported in fish exposed
to cadmium [60].

Many of the transcripts and proteins that were differential-
ly expressed belonged to cytoskeletal families, including:
actin, myosin, paramyosin, intermediate filament proteins
and troponin-C. These cytoskeletal proteins often have al-
tered expression levels in organisms under metal stress, and
it is likely that they are involved in protecting cells using an
unknown mechanism. Miura [64] suggested that cytoskeletal
proteins may be the target of oxidative stress, so the reorgani-
sation of the cytoskeleton may, therefore, be involved in pro-
tecting the cells against damage induced by oxidative stress
[55,65]. Wang et al. [38] suggested that while cytoskeletal pro-
teins may be legitimately involved in stress responses, the na-
ture of these proteins makes them more likely to be identified
by DIGE and mass spectrometry techniques, introducing bias.
When DIGE and mass spectrometry techniques are employed,
the identified proteins are likely to be hydrophilic, medium
sized (10-100 kDa) and abundant [38], precisely what we can
expect from most cytoskeletal proteins. The many cytoskele-
tal proteins identified in the Ophelina sp.1 proteome may be
an artefact of the techniques used. On the other hand, many
differentially expressed transcripts were also identified as
coding for cytoskeletal proteins, even though RNA sequencing
is not generally biassed towards any gene family [13]. The pro-
portion of genes in each of the functional KOG groups, the
largest of which was cytoskeletal, further emphasised this.
The fact that cytoskeletal proteins were over represented in
this study is perhaps not surprising given the muscular phys-
iology of polychaetes.

The up- or down- regulation of a gene does not always
translate into an up- or down- regulated protein [16], never-
theless, we found strong correlations between the gene and
protein regulations, especially for the up-regulated proteins.
However, many of the genes with significantly altered expres-
sions were not identified in the proteome, probably because
far fewer proteins could be studied and identified using cur-
rent proteomic methods when compared to RNA sequencing.

The number of protein spots on the DIGE gels reported in
this study (576) was similar to the number of polychaete pro-
teins in other DIGE studies [66]. From these proteins, 46 were
excised for mass spectrometric analysis and 24 were confi-
dently assigned an identity. The identification procedure
used in this study was unusual in that it relied on generation
of baseline transcriptome data. The amino acid sequences
from the Ophelina sp.1 proteins were first matched to the Ophe-
lina sp.1 transcripts and, if the amino acid sequences matched
a single mRNA transcript sequence with 100% similarity, the
entire translated mRNA transcript was then queried against
protein databases. This approach resulted in far more protein
identifications than would have been possible if the amino
acid sequences were directly queried against the databases.
Using new sequencing technologies to generate genetic base-
line data for non-model organisms in proteomic studies is
likely to be the future for proteomics, especially with the de-
creasing cost of next generation sequencing platforms.

In general, the predicted molecular weights (MW) and iso-
electric points (pl) for the identified proteins were in approxi-
mate agreement with the observed MW and pI, although there
were some notable exceptions. The observed MW for many of
the cytoskeletal proteins, such as myosin, paramyosin, inter-
mediate filament proteins and actins, were lower than the
predicted value. This discrepancy is likely the result of degrada-
tion or truncation of these large muscular proteins. The observed
p! for most proteins was within 1 pH unit of the predicted pI, how-
ever, this was not the case for the Lim-9-like proteins. This may
be because these proteins were identified based on matches to
conserved regions that may be present in many different proteins
and, therefore, the predicted values may not apply to these spe-
cific polychaete proteins. Alternatively, post translational modifi-
cations may have altered their pl.

The 454-sequencing method recovered approximately
6000 Ophelina sp.1 contigs from each site, of which around
40% were significantly matched to an NCBI nr protein and
over 60% were matched to a Capitella teleta gene model.
These significant matches are high considering the simple
and rapid mRNA extraction method used [29]. We expected
that this gel-extraction method would co-purify more con-
taminating ribosomal RNA than other mRNA enrichment
methods and result in fewer contigs with significant database
matches. However, the number of significant matches in this
study is comparable to other RNA sequencing studies on
non-model organisms [14,67,68|.

This study has generated valuable genetic and proteomic
data for future toxicological polychaete experiments, in par-
ticular for toxicological studies in the Australian tropics. The
opheliid polychaete, Ophelina sp.1, was a useful organism to
test for the effects of copper and, coupled with the data gener-
ated in this study, may be valuable in future toxicological
studies in the tropics. Candidates for biomarker development
include: Atox1, hemoglobin chain Bla, B-thymosin, sulfo-
transferase 1C-like, alcohol dehydrogenase, cytochrome-c ox-
idase subunit VIb-like and alanine aminopeptidase.
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