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Abstract Freshwater molluscs have found strategic

applications in public and veterinary health. Additionally,

they have been used as bioindicator organisms towards

environmental biomonitoring of polluted waters. The

freshwater pulmonate, Physa acuta has been extensively

studied as a potential biomarker in aquatic habitats with

heavy metal, chemical, and microbial stressors. Lack of

genomic resources is the bottleneck towards the study of

candidate genes responsible for the unique adaptation of

the mollusc to contaminated aquatic habitats. We have

reported an EST survey of functionally relevant stress and

defense related genes from P. acuta in our earlier study. In

continuation of the same, we generated 1108 high-quality

ESTs from a normalized cDNA library, pooled from the

RNA isolated from the whole body tissue of CdCl2 exposed

specimens of P. acuta. After clustering and assembly, we

finally obtained 730 unique sequences representing 114

contigs and 616 singletons. Annotation of EST sequences

revealed that 65.2, 62.8, and 35.9 % show significant

homology to NCBI non-redundant database, Molluscs

amino acid database, and NCBI KOG database, respec-

tively. The functional characterization of the ESTs in Cd

treated P. acuta group showed a greater proportion of

signal transduction, cytoskeleton, and extracellular struc-

ture relevant genes compared with the control group. A

large proportion of transcripts of cadmium treated P. acuta

fell under the poorly characterized group of genes. These

EST resources provide valuable information on Cd-specific

transcript expression of P. acuta and could be utilized by

scientists for developing new biomonitoring markers.

Keywords Physa acuta � Cadmium � EST � KOG
analysis � Biomarker

Ji Eun Jeong, Bharat Bhusan Patnaik and Yong Seok Lee contributed

equally.

& Yong Seok Lee

yslee@sch.ac.kr

1 Department of Life Science and Biotechnology, College of

Natural Sciences, Soonchunhyang University, 22

Soonchunhyangro, Shinchang-myeon, Asan,

Chungchungnam-do 336-745, Republic of Korea

2 Department of Applied Biology, College of Natural

Resources and Life Science, Dong-A University, 550-37

Nakdongdaero, Sahagu, Busan 604-714, Republic of Korea

3 Trident School of Biotech Sciences, Trident Academy of

Creative Technology (TACT), Bhubaneswar, Odisha 751024,

India

4 Korea Zoonosis Research Institute, Chonbuk National

University, 567 Baekje-daero, deokjin-gu, Jeonju-si,

Jeollabuk-do 561-756, Republic of Korea

5 East Sea Fisheries Research Institute, NFRDI,

Gangneung 210-861, Republic of Korea

6 College of Agriculture and Life Science, Chonnam National

University, 300 Yongbong-Dong, Buk-gu, Gwangju 500-757,

Republic of Korea

7 Institute of Environmental Research, Kangwon National

University, 1 Kangwondaehak-gil, Chuncheon-si,

Gangwon-do 200-701, Republic of Korea

8 Research Institute, GnC BIO Co., Ltd., 621-6 Banseok-dong,

Yuseong-gu, Daejeon 305-150, Republic of Korea

123

Genes Genom

DOI 10.1007/s13258-015-0334-x

http://crossmark.crossref.org/dialog/?doi=10.1007/s13258-015-0334-x&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s13258-015-0334-x&amp;domain=pdf


Introduction

The depression in the health of aquatic ecosystems can be

explained to a mixture of contaminants including toxic

chemicals, pesticides, and heavy metals. Heavy metal

contamination still forms a major threat to organismal

heath due to their potential bioaccumulation and toxicity to

many aquatic organisms. An anthropogenic increase in the

commonest heavy metals such as Pb, Cd, Hg, Cr, Cu, and

Zn leads to a dose-dependent accumulation in aquatic

organisms, impacting their behavioral responses and

reducing the fitness for survival (Boyd 2010). Toxicity

testing as a measure of the sublethal effects is still being

widely used to assess the effect and fate of the heavy

metals in an organism. Generally, the sublethal impact of

heavy metal pollution has been defined by study of bio-

chemical, physiological, histological, and morphological

responses of an organism, and hence is a sensitive indicator

of toxicity (Luoma and Rainbow 2008; Barry 2011).

Lately, increased recognition has been given to the use of

bioindicator organisms for a systematic interpretation of

water quality index and biomonitoring of aquatic ecosys-

tems with metal contamination. A rational approach to

using bioindicator organisms towards heavy metal biore-

mediation has been to screen the transcriptome for the

differential expression of genes towards exploitation in

developing new environmental biomonitoring markers

(Koedrith et al. 2013; Regier et al. 2013; Leung et al.

2014).

Freshwater molluscs are found sensitive to many con-

taminants in aquatic ecosystems including the heavy metals,

and are excellent water quality indicators. They have been

used as bioindicators for environmental impact assessment

of their environment (Pihan and Vaufleury 2000; Byzitter

et al. 2012; Shuhaimi-Othman et al. 2012). The freshwater

gastropods are even recommended to act as focal species in

establishing the impact of water pollution in freshwater

ecosystems (Lefcort et al. 2004; Amiard-Triquet 2009). The

use of such molluscs as sentient and ideal test organisms in

several biomonitoring studies are routinely being explored

due to their worldwide distribution, sedentary life style, and

filter-feeding habit making them susceptible to pollutant

bioaccumulation (Rittschof and McClellan-Green 2005;

Moolman et al. 2007). In this regard, detailed studies

exploring physiological and molecular biomarkers form an

interesting facet of conventional biomonitoring as they are

used as end-points in assessing the effects of environmental

contaminants especially the impact of heavy metals on the

molluscs. For arriving at candidate genes that could be

established as potential biomarkers in the freshwater mol-

luscs, many works have focused on expressed sequence tag

(EST) and RNA-Seq based transcriptomics under sublethal

toxic conditions of pollutants including the heavy metals.

The EST and RNA-Seq profiles with the valuable addition of

microarrays provides an overview of the expressed gene

profiles that could be developed as a survival, physiological,

and immunological biomarker for biomonitoring studies

(Gagnaire et al. 2007; Milan et al. 2011; Rivetti et al. 2015).

We have reported earlier massive profiling of ESTs from

a widely established bioindicator species of freshwater

mollusc, Physa acuta and characterized the potential bio-

marker genes (Lee et al. 2011). In continuation of the same,

we herein report an EST-based transcriptomic study that

characterizes the differential gene expression signatures in

the whole body of P. acuta exposed to Cd with respect to

the non-treated control. P. acuta can dwell on anthro-

pogenically harsh conditions and is regarded as an excel-

lent model for aquatic toxicity monitoring (Karuthapandi

et al. 2013). Some studies have reported the utility of P.

acuta as an index organism in environmental impact

assessment with relation to the ecotoxicological assays

with herbicides (Lopez-Doval et al. 2014), Cd exposure

(Wadaan 2007; Hossain and Aditya 2013), and immunity

against microbial stressors (Guo and He 2014). This is the

first report on the EST transcript sequence assembly in P.

acuta upon exposure to Cd with the annotation of potential

up- and downregulated marker genes using the NCBI nr

database, molluscs amino acid database and the updated

KOG database.

Materials and methods

Sample

The specimens of the freshwater pulmonate, Physa acuta

were collected from Yangjeong, three bridges, Jinae-ri,

Dong-myeon, Chuncheon-si, Gangwon-do, Korea (100

specimens collected from a single-point) and immediately

transported to the laboratory. The specimens were main-

tained in aerated natural lake water for use in EST analysis.

The tissue sampling for experiments was conducted in

accordance with the International Guiding Principles for

Biomedical Research involving animals (1985) (http://

www.ncbi.nlm.nih.gov/books/NBK25438/).

Cadmium exposure experiment

The specimens of P. acuta in the experimental group were

exposed to CdCl2.2.5 H2O (Sigma Chemical Company,

St. Louis, MO) for a duration of 8 h, with a final con-

centration of 500 parts-per-billion (ppb). The appropriate

concentration of Cd2? in the inorganic form and the

exposure times in case of P. acuta had been standardized.
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Cd concentration of 50 ppb for a duration of 4–8 h was

sufficient for the expression of metallothionein gene

(stress-related marker) in P. acuta (Jo et al. 2009). A

higher concentration of Cd (500 ppb) for a duration of 8 h

was selected for the present study to get reliable results.

Three replicates were maintained for both the control and

Cd treated group. No mortality was observed throughout

the experimental period. After 8 h exposure, the whole

body of control and Cd treated group was collected

(maintained as three biological replicates) and stored at

-70 �C till further experiments.

RNA extraction, cDNA analysis and sequencing

Total RNA was isolated from the pooled whole body

sample (n = 40) of P. acuta using TRIZOL reagent (In-

vitrogen Life Technologies, Carlsbad, CA) following

manufacturer’s instructions. The quantity and quality of

total RNA was confirmed using a NanoDrop spectropho-

tometer (Thermo Scientific, USA). From the total RNA,

mRNA was purified using Magnosphere UltraPure mRNA

purification kit (Clontech Laboratories Inc. Mountain

View, CA) following manufacturer’s protocol. The purified

mRNA was utilized as a template for first-strand cDNA

synthesis using the ZAP express cDNA synthesis kit

(Agilent Technologies, Santa Clara, CA) using an oligo-dT

linker primer including the XhoI site, and then EcoRI

adapters were ligated at both ends. After digestion, size

fractionation was accomplished using Sepharose CL-2B

gel-filtration medium to remove partial cDNA. Only the

long length cDNA (sizes from 1,000-4,000 bp) were liga-

ted into pBK-CMV vector and packaged using the Giga-

pack III Gold cloning kit (Stratagene, CA, USA). The

constructed library titer was 1.4 9 106 pfu/ml (packaging

product: 500 ul). The cloned fragments were excised, and

the packaged phages were rescued as phagemid particles as

described by the manufacturer and used to infect E. coli

strain before sequencing. For sequencing, single plasmid

colonies were transferred to terrific broth (TB) medium

supplemented with antibiotics, and incubated at 37 �C
overnight. The plasmids were purified by NucleoGen

Plasmid Purification kit and single-pass sequencing was

conducted on an ABI3730 XL DNA Analyzer (Applied

Biosystems, Foster City, CA) using the M13 universal

primer (M13R: CAGGAAACAGCTATGACC) and the

BigDye Terminator Cycle Sequencing Kit.

EST assembly and bioinformatics analysis

The chromatogram files obtained from the sequencer were

clustered using the Phred/Phrap/Consed software package

(Ewing and Green 1998; Ewing et al. 1998). The base-

calling and quality assessment of the 30 DNA EST

chromatogram files was conducted using Phred with low

quality bases of \Q20 and \99 % accuracy removed.

Cross-match (http://www.phrap.org) program and Repeat-

Masker (http://www.repeatmasker.org/) were used for

removal of vector sequences and to mask repeat sequences,

respectively. The poly-A tails were deleted using the

trimmest program of the Emboss package (Rice et al.

2000). Sequences longer than 100 bp were grouped as

contiguous sequences or contigs and singletons using the

Phrap program with a high stringency level (95 %

sequence identity with 20 bp overlap). The high-quality

EST sequences of Cd-treated P. acuta have been deposited

into the dbEST division of GenBank with accession num-

bers HX971792-HX972899 (1108 entries).

The unigenes from the EST sequencing project was

annotated using the NCBI non-redundant database, the

molluscs amino acid database (Lee et al. 2004; Kang et al.

2014), and NCBI eukaryotic orthologous group of proteins

(KOG) database (Tatusov et al. 2003). Matches with

e-value of 1e-5 for BLAST search against Molluscs data-

base and NCBI nr database were considered as significant

hits.

Results

EST information on P. acuta

We conducted an EST sequencing project to delineate the

presence of cadmium toxicity specific transcripts in the

environmentally relevant index organism, P. acuta. This is

in continuation to the first massive profiling and annotation

of cDNA sequences for potential biomarker genes in P.

acuta (Lee et al. 2011). For the EST study, two distinct

cDNA libraries were constructed with mRNA extracted

from the whole body of P. acuta. The cDNA sequences of

the normal, healthy snails (control) were clustered, assem-

bled, and annotated with the updated versions of NCBI nr,

Molluscs, and KOG database. Therefore, we were able to

register significantly more hits for P. acuta cDNA sequen-

ces when performing BLAST with the annotation data-

bases. This is in comparison to our first report wherein the

P. acuta ESTs were annotated on the basis of the earlier

version of databases. The cDNA library of P. acuta exposed

to Cd stress showed unique transcript abundance in com-

parison with the non-treated control. In total, we generated

and sequenced 1,196 and 1,108 high-quality ESTs from

control and Cd-treated group, respectively. These ESTs

were reported after removal of low-quality sequences,

poly(A) tails, vector and adapter sequences, as well as the

contaminant bacterial sequences. The general information

about the ESTs produced in the current study for the control

and Cd-treated groups is shown in Table 1.
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The ESTs of P. acuta determined by 50-end sequence and
single-pass sequencing strategy show an average length of

718 bp and 732 bp for the control and Cd-treated group,

respectively. The average length of insert sizes obtained

indicates that most of the reads may extend into the coding

region. The ESTs of control group were assembled into 62

clusters of 71 contigs and 504 singletons, whereas the ESTs

of Cd-treated P. acuta grouped into 99 clusters of 114

contigs and 616 singletons. Therefore, the number of uni-

genes (contigs and singletons taken together) recognized

from the ESTs were more in Cd- treatment group when

compared with the control group. The unigenes number was

found greater in the Cd-treatment group compared to the

control group, even though the ESTs generated and ana-

lyzed were higher in the control group. Further, all the ESTs

from the control and Cd-treatment group were matched

against the NCBI non-redundant, Molluscs, and KOG

database, with the cutoff value of\1e-5 and\1e-10 used as

a threshold against BLASTx. In the Cd-treatment group,

65.2, 62.8, and 35.9 % ESTs show significant matches to

NCBI non-redundant database, Molluscs amino acid data-

base, and NCBI KOG database, respectively in comparison

with the control group (matches of 59.6, 57.4, and 30.3 %,

respectively to NCBI non-redundant, Molluscs, and NCBI

KOG database).

Functional prediction of ESTs using KOG analysis

The gene function of the identified EST sequences of con-

trol and the Cd-treatment group were predicted through a

local BLAST (BLASTx, E\ e-10) search against the NCBI

KOG database. About 362 and 398 ESTs from the control

and Cd-treatment group, respectively show significant hits

to the KOG database. These were uniquely classified into 24

categories compiled to four main KOG classes (Fig. 1). Cd-

treatment shows an abundance of EST transcripts of three

categories (T; Signal transduction mechanisms, Z;

Cytoskeleton, and W; extracellular structures) compared to

the control. About 11.8 % of the transcripts were poorly

characterized in the Cd-treated group compared to a minor

1.4 % in the control group. Moreover, a greater proportion

of ESTs (18.1 %) in the Cd-treated group show assignments

belonging to multiple categories. A significant proportion of

the ESTs corresponded to inorganic ion transport and

metabolism (34.8 %) and translation, ribosomal structure,

and biosynthesis (25.1 %) genes in the control P. acuta. The

distribution of P. acuta ESTs into many significant cate-

gories under KOG database implies a broader gene diversity

and function and understands adequate representation of the

complete transcriptome.

Differential transcript abundance in response

to cadmium shock

To assess P. acuta EST sequence abundance, we targeted

the assemblage of contig sequences of both control and Cd-

treated group and annotated using BLAST. We find that

that the contigs corresponding to L-amino acid oxidase-

like, RRNA intron-encoded homing endonuclease, and

elongation factor-1-alpha-like isoform show an increase in

transcript abundance among the ESTs from Cd-treated P.

acuta compared to the control. We also find a list of

eighteen down-regulated transcripts including superoxide

dismutase, cathepsin-L like cysteine peptidase, G-type

lysozyme, and metallothionein including others in the EST

profiles of Cd-treated P. acuta compared to the control. A

list of upregulated and downregulated transcripts after Cd

exposure have been shown in Tables 2 and 3, respectively.

All the EST transcripts reported show a minimum four-fold

response to Cd treatment in comparison with control.

Table 1 General information on the EST sequences from control and cadmium treated Physa acuta

Description Control group Treatment group

(Treated with

cadmium for 8 h)

Sequence analysis

Number of clone that used for sequence analysis after sequencing

(basecalling (Phred C20)/vector masking/ESTs C100 bp)

1196 1108

Clustering and assembling

Number of clusters 62 99

Number of contigs 71 114

Number of singletons 504 616

Annotation

Against NCBI nr database 713 722

Against mollusks database 686 696

Against KOG database 362 398
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Discussion

ESTs derived from cDNAs have been used to define new

environmental biomonitoring biomarkers in several

organisms (Jenny et al. 2002; Knapen et al. 2007; Rivetti

et al. 2015). Originally, aimed for cataloging transcript

repertoires, ESTs have found applications in the search of

differentially expressed genes in specific tissue types or in

whole genomes of organisms sensitive to environmental

contaminants. Identification of such differentially expres-

sed genes by mining of ESTs have revealed biomarker

relevant transcripts attributed towards the establishment of

bioindicator organisms for pollution abatement and impact

assessment (Lee and Raisuddin 2008). Several molluscs

have been explored for pollution biomonitoring that

includes investigation into biochemical and molecular

biomarkers such as acetylcholine esterase (AChE), Glu-

tathione-S-transferase (GST), heat shock proteins (HSPs),

metallothioneins, vitellogenins, cytochrome P450s (CYPs)

among others (Raisuddin et al. 2007; Lee et al. 2008;

Connor and Gracey 2011). The recognition of the fresh-

water molluscan, P. acuta as an index organism of polluted

environment has been reported (Sanchez-Arguello et al.

2009; Jo et al. 2009). A study has also revealed the cad-

mium biosorption potential for P. acuta and suggested the

use of the snail for pollution abatement (Hossain and

Aditya 2013). In this scenario, we felt the need for an EST

map for P. acuta to screen the biomarker genes. A massive

profiling of EST sequences of the whole body of P. acuta

was generated and annotated into two groups of stress and

defense genes using bioinformatics approaches (Lee et al.

2011). In the present study, we made an attempt to analyze

the differentially expressed EST transcripts of P. acuta as a

means to understand cadmium sensitive biomarkers.

ESTs re-sequenced from cDNA libraries of P. acuta

formed into 62 clusters comprising of 575 unique

sequences. Although this conforms to our earlier report

(Lee et al. 2011), the ESTs generated this time showed a

greater number of matches with the sequence repositories

and databases. This is due to an increase in the number of

Fig. 1 Classification of EST sequences identified in the freshwater

pulmonate, Physa acuta based on sequence homology to entries in

KOG database at E-value\1e-5. The functional annotation of a total

of 760 sequences (control and cadmium treatment group) are shown.

Code description of KOG: J translation, ribosomal structure, and

biogenesis, A RNA processing and modification, K transcription,

L replication, recombination, and repair, B chromatin structure and

dynamics, D cell cycle control, cell division, and chromosome

portioning, Y nuclear structure, V defense mechanisms, T signal

transduction mechanisms, M cell wall/membrane/envelope

biogenesis, N cell motility, Z cytoskeleton, W extracellular structures,

U intracellular trafficking, secretion, and vesicular transport, O post-

translational modification, protein turnover, and chaperones, C energy

production and conversion, G carbohydrate transport and metabolism,

E amino acid transport and metabolism, F nucleotide transport and

metabolism, H co-enzyme transport and metabolism, I lipid transport

and metabolism, P inorganic ion transport and metabolism, Q sec-

ondary metabolites biosynthesis, transport and catabolism, R general

function prediction only, S unknown function, MA multiple

assignment
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profile sequences in the updated versions of the databases.

A greater set of unique sequences showed up in the Cd-

treatment group in comparison with the control. To

evaluate the putative functional attributes of the ESTs in

both the groups, KOG analysis was used. The ESTs from

Cd-treated P. acuta mostly belonged to the cellular

Table 2 The annotated list of upregulated transcripts (contig sequences with more than four-fold increase; 18 records) in cadmium treated Physa

acuta in comparison to non-treated control group

Query ID C T Fold Subject ID E-value Annotation Putative function Source

CL01Contig04 2 24 22 XP_005104083.1 1E-102 PREDICTED: L-amino-acid

oxidase-like

Apoptosis and

Immunity

Aplysia californica

(California sea

hare)

CL01Contig05 0 4 4 XP_005104083.1 5E-41 PREDICTED: L-amino-acid

oxidase-like

Apoptosis and

Immunity

Aplysia californica

(California sea

hare)

CL01Contig10 4 19 15 WP_009939886.1 2E-07 Hypothetical protein

CL01Contig01 0 14 14 XP_003614387.1 9E-39 RRNA intron-encoded homing

endonuclease

Replication,

recombination and

repair

Medicago

truncatula

(barrel medic)

CL09Contig01 1 12 11 XP_005113003.1 0 PREDICTED: elongation

factor 1-alpha-like isoform

X1

Regulation of

Transcription

Aplysia californica

(California sea

hare)

CL01Contig02 0 9 9 EJY66653.1 1E-86 Hypothetical protein

OXYTRI_13058

Oxytricha trifallax

CL01Contig08 1 9 8 AAR14187.1 2E-99 Ink toxin 3, partial Defense Aplysia punctata

CL16Contig01 0 6 6 XP_005155490.1 0 PREDICTED: ubuquitin c

isoform X5

Post-translational

modification, stress

mechanisms

Danio rerio

(zebrafish)

CL01Contig12 0 6 6 XP_005103540.1 8E-20 PREDICTED: thyrotroph

embryonic factor-like

isoform X2

Aplysia californica

(California sea

hare)

CL22Contig01 0 6 6 XP_005103480.1 1E-88 PREDICTED: serpin B3-like Immunity and defense Aplysia californica

(California sea

hare)

CL14Contig02 1 7 6 XP_005096045.1 0 PREDICTED: alcohol

dehydrogenase-like isoform

X1

Stress signaling Aplysia californica

(California sea

hare)

CL29Contig01 0 5 5 XP_002738831.1 0 PREDICTED: tubulin alpha-

1A chain-like

Cytoskeleton Saccoglossus

kowalevskii

CL31Contig01 0 5 5 XP_005107960.1 0 PREDICTED: 60S acidic

ribosomal protein P0-like

isoform X1

Ribosome biogenesis Aplysia californica

(California sea

hare)

CL36Contig01 0 4 4 Q6QUW1.1 1E-106 RecName: Full = retrograde

protein of 51 kDa

Post-translational

modification

Lymnaea stagnalis

(great pond snail)

CL18Contig02 0 4 4 XP_006664676.1 1E-09 PREDICTED: probable

polyamine transporter

At3g19553-like

Signaling and

metabolism

Oryza brachyantha

(malo sina)

CL47Contig01 0 4 4 XP_005088944.1 3E-43 PREDICTED: HCLS1-

associated protein X-1-like

Signal transduction

mechanisms

Aplysia californica

(California sea

hare)

CL23Contig01 1 5 4 XP_005100704.1 6E-91 PREDICTED: 40S ribosomal

protein S14-like isoform X1

RNA binding Aplysia californica

(California sea

hare)

CL39Contig01 0 4 4 NP_001267760.1 4E-91 Myosin regulatory light chain

(N-terminus)

Calcium ion binding,

2-alkenal reductase

activity

Aplysia californica

(California sea

hare)

The fold increased values are mean of three independent samples (p\ 0.05)
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processes and signaling functional group in contrast to a

large number of metabolism related transcripts in the

control group. This understands the regulation of cellular

signaling factors in P. acuta during abiotic stress

conditions, most specifically in relation to Cd toxicity. It

has been reported of some species that minute amounts of

Cd, even in a non-lethal dose could activate gene tran-

scription through signal transduction pathways mediated by

Table 3 The annotated list of downregulated transcripts (contig sequences with less than fourfold expression; 21 records) in cadmium exposed

Physa acuta in comparison to non-treated control group

Query ID C T Fold Subject ID E-value Annotation Putative

function

Source

CL02Contig02 95 3 -92 P42577.2 1E-107 RecName: full = soma ferritin Ion transport

and

homeostasis

Lymnaea stagnalis

(great pond snail)

CL04Contig01 28 1 -27 XP_005097638.1 5E-19 PREDICTED: fatty acid-binding

protein, heart-like

Cell growth

and

proliferation

Aplysia californica

(California sea hare)

CL04Contig04 9 0 -9 XP_005097638.1 3E-19 PREDICTED: fatty acid-binding

protein, heart-like

Cell growth

and

proliferation

Aplysia californica

(California sea hare)

CL03Contig01 26 3 -23 EPX74656.1 5E-33 Superoxide dismutase Sod1 Oxidative

stress

Schizosaccharomyces

octosporus yFS286

CL03Contig02 19 0 -19 EPX74656.1 5E-28 Superoxide dismutase Sod1 Oxidative

stress

Schizosaccharomyces

octosporus yFS286

CL05Contig02 21 1 -20 XP_001568166.1 1E-13 Proteophosphoglycan ppg4 Immunity and

defense

Leishmania braziliensis

MHOM/BR/75/

M2904

CL07Contig01 18 3 -15 ABK90856.1 0 Cathepsin-L-like cysteine

peptidase, partial

Immunity and

defense

Radix peregra

CL10Contig01 12 0 -12 ABO26684.1 1E-106 Ribosomal protein l18 Transcription Haliotis discus discus

(disc abalone)

CL08Contig01 14 3 -11 ACB70387.1 2E-07 Hypothetical protein – Ornithodoros coriaceus

CL15Contig01 9 0 -9 AAV91525.1 8E-22 Calcium binding protein 1 Signal

transduction

Biomphalaria glabrata

CL11Contig01 10 1 -9 AAZ80785.1 2E-47 Dermatopontin 2 Cell–matrix

interactions

Biomphalaria glabrata

CL13Contig01 10 1 -9 WP_004836549.1 2E-18 Hypothetical protein –

CL25Contig01 6 0 -6 WP_004836549.1 4E-13 Hypothetical protein –

CL12Contig01 9 0 -9 XP_005109029.1 1E-50 PREDICTED: uncharacterized

protein LOC101845039 isoform

X1

– Aplysia californica

(California sea hare)

CL26Contig01 7 0 -7 ADV36303.1 4E-67 G-type lysozyme Immunity and

stress

Physella acuta

CL05Contig01 7 0 -7 CDJ30877.1 2E-09 Hypothetical protein, conserved Eimeria mitis

CL21Contig01 7 0 -7 NP_001191465.1 7E-95 40S ribosomal protein S6 Ribosome

binding

Aplysia californica

(California sea hare)

CL17Contig01 4 0 -4 P55946.1 2E-14 RecName: full = metallothionein;

short = MT

Metal stress Arianta arbustorum

CL42Contig01 4 0 -4 XP_005093610.1 2E-53 PREDICTED: uncharacterized

protein LOC101846799

– Aplysia californica

(California sea hare)

CL35Contig01 4 0 -4 XP_005094237.1 1E-36 PREDICTED: serine

palmitoyltransferase small

subunit A-like

Metabolism Aplysia californica

(California sea hare)

CL38Contig01 4 0 -4 XP_005099283.1 1E-122 PREDICTED: 40S ribosomal

protein S7-like

Ribosome-

binding

Aplysia californica

(California sea hare)

The fold decreased values are mean of three independent samples (p\ 0.05)
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protein kinase C, cAMP dependent protein kinase or

calmodulin (Bhattacharya et al. 2000; Cui et al. 2007). In

addition to the known or hypothetical gene transcripts, a

large proportion of the ESTs from Cd-treated P. acuta

contained no similarity with any sequences in the KOG

database. The ESTs isolated from both the control and Cd-

treated cDNA libraries have been added to the GenBank

database.

To understand the functional relevance of differentially

expressed transcripts, we conducted a BLAST-based

annotation of contigs showing a minimum of 3-fold

expression. A total of eighteen transcripts including

L-amino acid oxidase-like, elongation factor-1 alpha, ink

toxin-3, serpin B3-like etc. were increased, whereas a total

of twenty-one transcripts including soma-ferritin, fatty acid

binding protein-3, calcium binding protein-1, superoxide

dismutase 1 (SOD1), and metallothionein among others

were found to be down-regulated compared to non-treated

control. It was interesting to note a four-fold low expres-

sion of metallothionein transcript of Cd exposed P. acuta.

Normally, metallothionein gene is induced after transient

exposure to Cd, and especially in human cells it is con-

sidered as a marker for exposure in addition to heat shock

proteins (Bhattacharyya et al. 2000; Yamada and Koizumi

2002). Like the metallothionein transcript, SOD enzyme

shows a down-regulation in expression of Cd treatment

which can be explained to a short duration of exposure.

Normally there seems to be a fluctuation in antioxidant

enzyme activities depending on the experimental condi-

tions with a greater activity of SOD upon prolonged

exposure to cadmium (Lopez et al. 2006).

Conclusion

In summary, the EST results provides a baseline informa-

tion to explore the suitability of establishing Cd-specific

biomarkers in the freshwater mollusc, P. acuta. These

ESTs add to the GenBank profile and provides a definitive

tool for exploitation of the transcripts for functional anal-

ysis in environmental bioremediation and impact assess-

ment. Based on the differential transcript profiles, it is

understood that ESTs can be utilized for the study of

expressed transcripts as marker candidates. Our results will

be useful towards the development of a scientific resource

technology for environmental assessment of heavy metals

using Physa acuta as a bioindicator organism in the

freshwater environment.
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