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Abstract. Freshwater mussels (Unionidae) are among the most endangered groups of organisms in the
world, and their conservation and recovery are priorities throughout North America, especially the
southeastern USA. We used a ribonucleic acid sequencing (RNA-seq)-based approach to develop
molecular resources for Villosa lienosa, the little spectaclecase. We sequenced barcoded samples
(Illumina HiSeq 2000 platform) and assembled (Trans-ABySS) 778,234 contigs (average length = 707.5
base pairs [bp]) from 162 million filtered reads. We identified 23,742 unigene hits against the National
Center for Biotechnology Information nonredundant database and 36,582 microsatellites with sufficient
flanking sequence for primer design. Microsatellite validation indicated a 36% polymorphic rate (16/44
tested markers) in the tested population (26 individuals; mean = 5 alleles/marker). Analysis of
differentially expressed genes between heat-stressed and untreated controls enabled us to identify 604
genes involved in stress-response pathways. Real-time polymerase chain reaction validation of geneexpression results using individual samples confirmed RNA-seq patterns (r = 0.847, p , 0.001). RNAseq is a powerful tool for rapid development of molecular resources in nonmodel species, and our
study is the first large-scale transcriptome project in freshwater mussels. The validated microsatellite
set and stress-associated genes are being used in parentage analysis and health-assessment surveys to
support mussel conservation.
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Freshwater mussels (Unionidae) are among the
most endangered groups of organisms in the world
(Lydeard et al. 2004). North America, particularly the
southeastern USA, is a hotspot of freshwater mussel
diversity and an area of special concern because of

habitat degradation caused by changes in land use
(stream alteration and impoundment), effects of
introduced species, and losses of host fish necessary
for mussel life cycles. The number of species and sizes
of mussel populations have declined precipitously
during the last 30 y to the extent that .½ of the
freshwater mussel species in North America are now
recognized as extinct or imperiled (Williams et al.
1993, Christian et al. 2007, Hoftyzer et al. 2008).
Conservation and recovery of freshwater mussel
species is a priority throughout North America,
especially in the southeastern USA (Neves et al.
1997, Gidiere and Borden 2007, Strayer and Dudgeon
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2010). However, efforts aimed at captive propagation
and reintroduction are hindered by significant gaps in
our understanding of mussel assemblages, spatial
arrangements of populations, naturally occurring sex
ratios and male spawning contributions, and genetic
variability within wild populations (Roe et al. 2001,
Jones et al. 2006, Berg et al. 2007).
Molecular markers and tools can be useful for
accurate identification of mussel species (Campbell et
al. 2008, Boyer et al. 2011), assignment of parentage
(Christian et al. 2007), surveys of population genetic
diversity (Eackles and King 2002, Jones et al. 2004,
Geist et al. 2009, Galbraith et al. 2010), and analysis
of gene expression (Chaty et al. 2004). However,
molecular resources for mussel research have developed slowly, and investigators have relied heavily on
use of degenerate or conserved primers and adaptation of small marker sets from closely related species.
As a result, molecular information beyond a handful
of mitochondrial sequences is lacking for most mussel
species (but see Inoue et al. 2010, Dı́az-Ferguson et al.
2011, Williams and Moyer 2011). Such is the case with
Villosa lienosa, the little spectaclecase, a mussel with a
widespread distribution throughout Gulf of Mexico
river drainages (Williams et al. 1993, Haag et al. 1998,
Gangloff 2003). Villosa lienosa is common in small
Coastal Plain streams. Thus, it is an ideal model
species for studying mussel population and reproductive structure and responses to environmental
perturbations. These studies require or can be
significantly strengthened by molecular tools.
Next-generation sequencing combines nanotechnology, massive reaction parallelization, and microfluidics to achieve savings in reagent costs, labor, and
time associated with nucleic acid sequencing. Previous techniques required construction of deoxyribonucleic acid (DNA) libraries, normalization, extensive
cloning, and individual plasmid purification, but
next-generation sequencing largely eliminates the
need for these steps and has shortened genome
projects by years. The result has been to open the
door for cost-effective application of recent advances
in genomic sequencing to critical ecological species
and questions (see Ekblom and Galindo 2011). We
used next-generation-based ribosomal nucleic acid
sequencing (RNA-seq) to capture a significant portion
of the V. lienosa transcriptome (expressed portion of
the genome), thousands of potential marker loci, and
stress-related expression signatures in a single lane of
an Illumina HiSeq next-generation sequencing run.
Our results are the first transcriptome sequence of a
unionid mussel, significantly deepening the pool of
molecular resources available for this taxon, and serve
as a guide for similar studies in related taxa.
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Methods

Sampling, RNA and DNA isolation
We collected 10 male freshwater mussels (Villosa
lienosa) from Chewacla Creek (lat 32u3299.500N, long
85u29948.190W) near Auburn, Alabama (USA), in
August 2010. We transported mussels to the Molluscan and Crustacean Ecology laboratory and held them
at 10 6 2uC for 4 mo. In late December, we brought 5
of the 10 mussels up to 29 6 2uC over a 6-d period. We
collected tissues including adductor muscle, mantle,
and gill from all 10 mussels, placed them individually
in 5-mL RNA laterTM (Ambion, Austin, Texas), held
them at 4uC for 1 d, and stored them at 280uC until
analysis. Immediately before analyses, we ground the
tissue samples separately to a fine powder in the
presence of liquid N2. We extracted total RNA with
the RNeasy Lipid Tissue Mini Kit (Qiagen, Valencia,
California) with DNase I (Invitrogen, Grand Island,
New York) treatment according to the kit protocol.
Following quantification and quality checking, we
selected 2 individuals from each treatment group and
pooled equal amounts of RNA from their component
tissues. We used these 4 samples to prepare and
sequence cDNA libraries. Libraries were individually
barcoded (indexed) and combined within a single
lane of an Illumina HiSeq 2000 100-base pair (bp)
paired-end (PE) run (see Illumina sequencing below).
We collected 26 V. lienosa mussels from a 0.5-km
reach of Chewacla Creek and preserved them in 97%
alcohol. We collected ,20 mg of tissue from the foot
of each mussel and transferred it into 600 mL of
digestion buffer and 10 mL of 100 mg/mL Proteinase
K. We isolated DNA with the Gentra Puregene Tissue
Kit (Qiagen) following manufacturer’s instructions.
DNA concentration and purity were estimated on an
Ultrospec 1100 Pro spectrophotometer (GE Sciences,
Pittsburgh, Pennsylvania ) and by electrophoresis on
a 1.5% agarose gel.
Illumina sequencing
We prepared sequencing libraries with 2.14 to
3.25 mg of starting total RNA and processed them
with the Illumina TruSeq RNA Sample Preparation Kit
according to the TruSeq protocol. We amplified the
libraries with 15 cycles of polymerase chain reaction
(PCR), and TruSeq indices 1 to 4 were contained in the
Illumina adaptors. The final, amplified library yields
were 30 mL of double-stranded product (19.8–21.4 ng/
mL) with an average length of 268 bp, indicating a
concentration of 110 to 140 nM. After quantitation
with KAPA Library Quant Kits (Kapa Biosystems,
Woburn, Massachusetts) and dilution, the libraries
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were clustered 4 per lane and sequenced on a HiSeq
2000 instrument with 100-bp PE reads at the HudsonAlpha Genomic Services Laboratory (Huntsville,
Alabama). We processed the image analysis, base
calling, and quality-score calibration with Illumina
Pipeline Software (version 1.5; Illumina, San Diego,
California) and exported FASTQ-read files containing
the sequencing reads, quality scores, and PE-reads
information for trimming and assembly. We processed
raw reads for initial trimming in CLC Genomics
Workbench (version 4.7.2; CLC bio, Aarhus, Denmark)
by removing adaptor sequences, ambiguous nucleotides (‘‘N’’ at the end of reads), and low-quality
sequences (quality scores , 20 or read length , 15 bp).
De novo assembly with various assemblers
We used the de Bruijn graph method as the
primary algorithm in RNA-seq assembly. Briefly,
reads are broken into smaller DNA sequences (kmers, k denotes the sequence length in bases)
(Zerbino and Birney 2008). Assembly is done by
capturing overlaps of length k 2 1 between these kmers and generating contigs (series of overlapping
DNA sequences). Several sequence contig assembly
algorithms and software programs have been developed to assemble RNA-seq reads (Martin and Wang
2011). Given the importance of assembling long,
accurate contigs to capture mussel genes and molecular marker loci and to identify differential expression correctly, we compared 3 de Bruijn graph-based
assembler software packages for de novo transcriptome assembly: ABySS (version 1.2.5; Birol et al. 2009,
Simpson et al. 2009), Velvet (version 1.1.04; Zerbino
and Birney 2008), and CLC Genomics Workbench
(CLC) (version 4.7.2). ABySS and Velvet are the 2
dominant assemblers for RNA-seq and produce
multiple-k-mer assemblies. CLC is a commercial
software program that uses an optimized high-speed
single k-mer assembly module.
Forty-seven ABySS assemblies were produced with
k-mer sizes from 50 to 96, erode-strand E = 0, and
scaffold option off. The minimum number of pairs
needed to consider joining 2 contigs was set to 10. All
k-mer assemblies were scaffolded and merged into 1
assembly by Trans-ABySS (version 1.2.0; Robertson
et al. 2010). Seven Velvet assemblies were produced
with k-mers equal to 50, 55, 61, 67, 75, 85, and 97 when
the range of k-mer size was set from 50 to 99 and
insert length was set to 268. Contigs from all 7
assemblies were used as input to produce a final
assembly using the AssemblyAssembler (version 1.3)
module of Velvet. One assembly was produced with
CLC (version 4.7.2) with k-mer set to 24 (maximum
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FIG. 1. Schematic presentation of mussel transcriptome
analysis. NGS = next generation sequencing, SSR = simple
sequence repeats, UPRER = endoplasmic reticulum unfolded protein response. CLC, ABySS, Tran-ABySS, CD-HIT,
and CAP3 are molecular analysis tools (see Methods
for details).

value is 31) automatically based on the total bp of the
input data. Additional trimming was done in the 3
final assemblies from various assemblers, and contigs
,200 bp in length were discarded because of a low
annotation rate (Gotz et al. 2008). CD-HIT (version
4.5.4; Li and Godzik 2006) and CAP3 (Huang 1999)
were used to remove assembly redundancy by setting
global sequence identity in CD-HIT to 1, and the
minimal overlap length and % identity in CAP3 to
100 bp and 99% (Fig. 1).
Gene identification and annotation
We used the final Trans-ABySS assembly contigs as
queries against the National Center for Biotechnology
Information (NCBI) nonredundant (nr) protein database, the UniProtKB/SwissProt database, and the
RefSeq Invertebrates protein database. We used Basic
Local Alignment Search Tool (BLASTX) for this
process. We set the cut-off Expect value (E = the
likelihood that the matching sequence is obtained by
chance) to 1e–5 and returned only the top 10 hit
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results of each query. Initially, we assigned the top
gene identifications (gene ID) and names to each
contig. We replaced hypothetical or uncharacterized
top BLAST results with more informative hits from
the top 10 list when available.
We implemented gene ontology (GO) annotation
analysis with the UniProtKB/SwissProt and nr
BLAST results in Blast2GO (version 2.5.0; Gotz et al.
2008), which is an automated tool for the assignment
of GO terms. We imported the UniProtKB/SwissProt
BLAST result and the unique, additional part of the nr
BLAST result into Blast2GO. The final annotation file
was produced after completion of gene-ID mapping,
GO term assignment, annotation augmentation, and
generic GO Slim processing. We categorized the
annotation result with respect to functional terms by
biological process, molecular function, and cellular
component.
Transcript-level gene expression analysis of heat stress
We used the modified assembly of ABySS/TransABySS as the pseudo-reference against which
trimmed reads were mapped for analysis of gene
expression. We calculated reads per kilobase of exon
model per million mapped reads (RPKM) (Brockman
et al. 2008) as the original expression value, normalized to ensure that samples were comparable (Allison
et al. 2006, Brockman et al. 2008). We calculated the
expression fold change based on the modified
expression value between the heat and control
groups. We used the Baggerly test (a weighted t-type
test statistic; Baggerly et al. 2003) to test the
significance of the expression fold change. We used
the RNA-seq module and the expression analysis
module in CLC to run this analysis. We set the
threshold of gene expression selection to p , 0.05,
mapped reads . 5, weighted proportions of fold
change § |2|, and we divided the significantly
differentially expressed genes into up- and downregulated groups (Fig. 1).
Functional enrichment, pathway analysis, and real-time
PCR validation
We did functional enrichment analysis in Ontologizer (Alexa et al. 2006, Falcon and Gentleman 2007)
with the UniProtKB gene-association file (http://
www.geneontology.org/). We used the gene identification list produced by the UniProtKB/SwissProt
BLAST results as the population data set input to the
Ontologizer program. We linked the up- and downregulated results from expression analysis to the
UniProtKB/SwissProt BLAST results and input the
gene identification list of up- and down-regulated
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genes as the study set. We used the Parent–Child–
Union algorithm (Grossmann et al. 2007) to identify
the overrepresented GO terms in the study set.
Briefly, we treated each GO term independently and
took into account parent–child relationships. We
measured the overrepresented GO terms with respect
to the presence of their parental terms. We used a
Benjamini–Hochberg false discovery rate test (FDR;
Benjamini and Hochberg 1995) to calibrate the p-value
and manually filtered uninformative upper-level GO
terms.
In total, we selected 22 significantly expressed
genes based on functional enrichment and pathway
results and designed primers with Primer3 (available
from: http://frodo.wi.mit.edu/primer3/input.htm).
We converted 6 muscle RNA samples (derived from
6 mussels), including the 4 samples used in sequencing and 1 each from the heat and control groups, to
cDNA using the iScriptTM cDNA Synthesis kit (BioRad Laboratories, Hercules, California). We diluted
all cDNA products to 250 ng/mL and used them in the
quantitative real-time PCR (q-RT-PCR) reaction with
the SsoFastTM EvaGreenH Supermix on a CFX96 RTPCR Detection System (Bio-Rad Laboratories). The
thermal-cycling profile consisted of an initial denaturation at 95uC (30 s), followed by 40 cycles of
denaturation at 94uC (5 s), and an appropriate
annealing/extension temperature (58uC, 5 s). We used
an additional temperature-ramping step to produce
melting curves of the reaction from 65 to 95uC. We set
the housekeeping gene 18S as the reference gene and
calculated relative fold changes with the Relative
Expression Software Tool (version 2009; Pfaffl et al.
2002) based on the cycle threshold (Ct) values
generated by q-RT-PCR.
Microsatellite-marker identification and verification
We implemented the microsatellite-marker mining
process in Msatfinder (version 2.0.9; Thurston and
Field 2005) with a repeat threshold of 8 dinucleotide
repeats or 5 tri-, tetra-, penta-, or hexanucleotide
repeats. We randomly selected 47 markers with
primer sequences from the mining result. We did
the PCR validation on 26 individuals from which
DNA had been isolated previously. We added an M13
forward tail sequence, 59-GAGTTTTCCCAGTCACGAC39, to the 59 end of all forward primers and
labeled them with IRD700 or IRD800 fluorescent label,
which can be detected by the automated DNA
sequencer (model 4200L, LI-COR Inc., Lincoln, Nebraska). The PCR cycling process included 2 annealing cycles, one consisting of 20 cycles with annealing
temperature 57uC followed by another consisting of
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Summary of Illumina sequencing data of the freshwater mussel transcriptome.

Result
Number of reads
Average read length
(base pairs [bp])
Number of reads after
trimming
% kept after trimming
Average read length
after trimming (bp)

Heat stress 1

Heat stress 2

Control 1

Control 2

39,489,838
100
39,264,927

39,230,928
100

42,040,158
100

42,406,428
100

163,167,352

39,029,227

41,746,326

42,218,892

162,259,372

99.4
97.8

99.5
97.3

99.3
96.2

Total

99.6
97.6

De novo assembly and redundancy filtration of
different assemblers

15 cycles with annealing temperature 53uC. We
analyzed and scored the PCR products following
standard protocols and previous research (Reece et al.
2004). We used POPGENE (version 1.3.2; Yeh and
Boyle 1999) to estimate number of alleles/locus,
heterozygosity (observed and expected), and conformance to Hardy–Weinberg equilibrium (HWE).

Trans-ABySS.—Forty-seven assemblies (k-mer sizes
50–96) were generated in ABySS totaling 25 million
contigs. Assemblies ranged from 45,000 contigs to
1.03 million contigs with N50 (statistical index of
length N where 50% of all bases in the sequences are
in a sequence of length L . N) sizes from 475 to
774 bp. The combined assembly using Trans-ABySS
generated ,1.8 million contigs with average length
of 619 bp and N50 size of 1191 bp (Table 2). The
Trans-ABySS assembly contained 64.3% of contigs
.200 bp and 17.2% of contigs .1000 bp. All contigs
,200 bp were removed from further analysis because
they are known to give poor downstream results
(Gotz et al. 2008, Feldmeyer et al. 2011, Garg et al.
2011). Multiple-k algorithms have the potential to
produce redundant assemblies (Robertson et al. 2010)
that, if not removed, may cause errors in subsequent
analyses. To alleviate this problem, we first relied on

Results
Illumina RNA-seq sequencing
Illumina sequencing generated ,163.2 million 100bp reads, including ,78.7 million reads from the heatstress group and ,84.4 million reads from the control
group. After initial trimming to remove any adaptor
sequences, low-quality bases, and short reads, a total
of ,162.2 million reads (99.45% of total reads) encompassing ,15.8 billion bp were generated (Table 1).
Raw reads were archived at NCBI Sequence Read
Archive (SRA) under Accession SRP009061.

TABLE 2. Summary of de novo assembly results of Illumina sequence data using various assemblers. N50 = statistical index of
length N where 50% of all bases in the sequences are in a sequence of length L . N.
Result
Contigs (§100 base pairs [bp])
Large contigs (§1000 bp)
Maximum length (bp)
Average length (bp)
N50 (bp)
Contigs after length filtering
(§200 bp)
% contigs after length filtering
Average contig length after length
filtering (bp)
Contigsa
Average length (bp)a
Contigsb
Average length (bp)b
Reads mapped to final
reference (%)
a
b

Trans-ABySS

Velvet

1,806,746
309,815
20,534
619
1191
1,193,893

501,764
39,261
20,315
440
1198
356,346

64.3%
860.3

71.0%
552.7

1,177,801
856.4
778,234
707.5
148,378,497 (91.4%)

229,188
612.0
193,016
627.9
120,921,555 (74.5%)

After CD-HIT-EST
After CD-HIT-EST + CAP3
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1,311,097
43,127
33,548
266
305
438,104
33.4%
521.1
438,070
521.2
437,283
521.8
138,638,637 (85.4%)
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TABLE 3. Mussel contig annotation based on Basic Local Alignment Search Tool (BLAST) homology searches against various
protein databases. Putative gene matches were at E ƒ 1e–5. Hypothetical gene matches denote those BLAST hits with
uninformative annotation. * indicates quality unigene hits with more stringent parameters, including score § 100, E ƒ 1e–20. nr
= National Center for Biotechnology Information nonredundant database, UniProt = UniProtKB/SwissProt database,
Invertebrate = RefSeq Invertebrates protein database, GO = gene ontogeny, bp = base pair.

Database

Putative gene
matches

Annotated
contigs
§ 500 bp

Annotated
contigs §
1000 bp

Unigene matches

Hypothetical
gene matches

Quality unigene
matches*

UniProt
Invertebrate
nr
GO terms

111,049
213,755
248,059
98,419

73,569
146,899
180,224
65,681

43,369
88,517
118,812
38,276

22,785
32,537
46,043
26,328

0
2007
2875
N/A

12,791
17,564
23,742
N/A

Trans-ABySS’s built-in redundancy elimination solutions, but found that additional steps (CD-HIT and
CAP3) were required to identify a unique reference.
These additional steps resulted in a reduced TransABySS average contig size (707.5) and total number
of contigs (778,234) (Table 2).
Velvet.—In total, 1.7 million contigs were produced
in 7 assemblies by Velvet (7 k-mers between 50 and
99 bp), ranging from 3717 contigs to 0.57 million
contigs with N50 sizes ranging from 432 to 839 bp. The
combined assembly, using Velvet’s AssemblyAssembler, generated ,0.5 million contigs with an average
length of 440 bp and N50 of 1198 bp. Contig length
distributions differed from the Trans-ABySS assembly.
Seventy-one percent of contigs were .200 bp, but only
7.8% of contigs were .1000 bp. Approximately 0.3
million contigs were removed during the length and
redundancy filtration steps, resulting in a final average
contig size and contig number of 627.9 bp and 229,188,
respectively (Table 2).
CLC Genomics Workbench.—A single k-mer (k = 24;
automatically selected) procedure generated 1.3 million contigs with average length 266 bp and N50 size
305 bp (Table 2). Only 33.4% of contigs were .200 bp
and 3.3% of contigs were .1000 bp. Because of the
nonredundant single-k approach, only 821 contigs
were subsequently removed during the CD-HIT/
CAP3 procedure. Final average contig size and contig
number were 521.8 bp and 437,283, respectively
(Table 2).
Best assembly selection.—In a comparison of the
assemblies resulting from the 3 approaches (Table 2),
Trans-ABySS stood out for its larger percentage of
large contigs, longest final contig size, and largest
number of contigs after filtering. In addition, 91.4% of
the initial reads mapped to the final Trans-ABySS
reference assembly, compared to 74.5% in Velvet and
85.4% in CLC, illustrating the more comprehensive
nature of the Trans-ABySS assembly. Therefore, we
selected the Trans-ABySS assembly for subsequent
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gene discovery, differential expression analysis, and
microsatellite-marker mining.
Gene identification and annotation
In total, 14.3% (111,049) of the Trans-ABySS contigs
had a significant BLAST hit against the UniProt
database and matched 22,785 unique protein accessions (Table 3). More contigs could be putatively
annotated based on hits against the Invertebrate
(27.5%) and nr (31.9%) databases, albeit with more
uninformative hypothetical protein hits (Table 3). To
evaluate the quality of the assembled genes further,
the number of unique genes (unigenes) matching
protein sequences in public databases were identified
with the more stringent criteria of a BLAST score
§100 and E-value ƒ 1e–20. These criteria allowed
identification of 12,791, 17,564, and 23,742 genes from
the UniProt, Invertebrate, and nr databases, respectively. Analyses of species with the highest number of
quality matches (above criteria) with the assembled
mussel transcriptome in the NCBI nr database were
revealing on several counts (Fig. 2). Close to 14% of
quality matches came against the Florida lancelet
(Branchiostoma floridae), an ancient chordate, followed
by the acorn worm (,8%), and zebrafish (,4%). The
Pacific oyster (Crassostrea gigas) and the Mediterranean mussel (Mytilus galloprovincialis) were the only
representative bivalves accounting for §1% of quality
hits, with ,3.4% of hits cumulatively. That .30,000
proteins from lancelet are available in the nr database
probably explains the abundance of hits to this species
(cf. C. gigas and M. galloprovincialis with 1704 and 1817
entries, respectively). Contigs with unique nr database identities were submitted to the NCBI Transcriptome Shotgun Assembly (TSA) database and are
available under accession numbers JR494687–
JR540729. Corresponding putative annotations are
available in Table S1 (available online from: http://
dx.doi.org/10.1899/11-149.1.s1).
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FIG. 2. Quality unigene match (National Center for Biotechnology Information nonredundant database) distribution by
species. Species accounting for §1% of total quality (score § 100, E ƒ 1e–20) unigene matches are listed by common names
followed by scientific names.

In total, 244,427 GO terms including 67,845 (27.8%)
cellular-process terms, 126,811 (51.9%) molecularfunctions terms, and 49,711 (20.4%) biological-process
terms were assigned to 26,328 unique gene matches
using Blast2GO. Analysis of the level-2 GO term distribution showed that metabolic process (GO:0008152),
binding (GO:0005488), and cell (GO:0005623) were the
most common annotation terms in the 3 GO categories
(Fig. S1; available online from: http://dx.doi.org/10.
1899/11-149.1.s2). One or more GO terms could be
assigned to 98,419 contigs by linking gene identity and
GO terms to the broader BLAST results against nr and
UniProt databases (Table 3).
Transcript-level gene expression analysis of heat stress
A total of 1934 of the 778,234 (0.2%) assembled
contigs showed significant differential expression
between heat and control groups (Table 4). Among
the differentially expressed contigs, 442 showed fold
changes .|5|. After linking the expression and
BLAST annotation results, 604 unique genes were
identified as responding to the elevated temperature
regimen (Table S1). Functional enrichment analysis
was carried out to identify GO categories overrepresented in the differentially expressed gene set in
comparison with the overall contig (gene) population
(Table S2; available online from: http://dx.doi.org/
10.1899/11-149.1.s3). Functional categories involved
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in unfolded protein binding, response to stimulus,
heat-shock protein binding, and endoplasmic reticulum (ER)-associated processes were all enriched
among up-regulated genes indicating a classic stress
response (Fig. S2; available online from: http://dx.
doi.org/10.1899/11-149.1.s4). Categories involved in
muscle development and use were enriched among
down-regulated genes.
Based on the results of the enrichment and
expression analysis and previous studies on heatshock response (Brun et al. 2008, Liu and Chang 2008,
Haynes and Ron 2010), the components of a relatively
complete heat-shock response and ER unfolded
protein response (UPRER) pathway responding to
the treatment conditions, including caspases and ER
chaperones, such as heat-shock proteins and calreticulin (Fig. 3), were identified.
Primers were designed for significantly expressed
genes selected on the basis of the functional enrichment
and pathway results (20 genes). Three heat-stressed
mussels and 3 control mussels were used for the q-RTPCR. Expression in muscle was analyzed separately to
judge the applicability of the pooled tissue RNA-seq
results to a more typical experiment on single-tissue
gene expression. The fold change generated from the
Relative Expression Software Tool (version 2009; Pfaffl
et al. 2002) based on the Ct-values of the real-time
reaction were compared with the results of the RNAseq expression analysis. Fold changes of the 20 genes
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TABLE 4. Statistics of ribonucleic acid sequencing (RNA-seq) analysis of differential gene expression in freshwater mussel after
heat stress. Values indicate contigs/genes passing cutoff values of fold change § 2 (p , 0.05) and read number/condition . 5.

Variable

Total

Up

Down

Average
read
number

Contigs
Unique genes

1934
604

1158
371

776
233

109.3
128.4

were significantly correlated with those generated
with RNA-seq analysis (r = 0.847, p , 0.001; Fig. 4).
Nineteen of the 20 genes showed the same direction
(up or down) of differential expression as found by
RNA-seq. In some cases, real-time results showed
upregulation relative to gene expression in control
samples but differed substantially from the RNA-seq
results in magnitude of fold change (e.g., HSP70;
Table S3; available online from: http://dx.doi.org/
10.1899/11-149.1.s5), a result that may have reflected
the effect of differing expression levels in the pooled
tissues vs muscle alone. In general, the differentially
expressed list generated from pooled-tissue RNA-seq
contained good candidate genes for stress-related

Fold .5

Fold .10

Fold ,25

Fold ,210

265
46

64
7

157
42

34
5

studies in individual tissues. All tested primers
showed specific amplification of a single product, a
result indicating the reliability and accuracy of the
Trans-ABySS reference assembly.
Microsatellite markers identification and verification
After Trans-ABySS assembly, microsatellites or
simple sequence repeats (SSRs) were mined from
the transcriptome contigs with Msatfinder. From a
total of 65,086 microsatellites, 56.2% (36,582) had
sufficient flanking regions to allow design of primers
(Table 5). These 36,582 microsatellites were distributed across 31,960 contigs. The microsatellite-bearing

FIG. 3. Differential expression of the heat-shock response and endoplasmic reticulum (ER) unfolded protein response (UPRER)
pathway components and putative functional signaling and relationships of differentially expressed genes in Villosa lienosa after
elevated temperature challenge. Putative pathway is based on relevant literature (Schroder and Kaufman 2004, Haynes and Ron
2010) and indicates observed induction of mussel genes with shapes indicating fold change levels (key). ER = endoplasmic
reticulum, HSP = heat-shock protein, HSF1 = heat shock transcription factor 1, Hsc70IP = heat shock cognate 70 kDa proteininteracting protein, BiP = glucose-regulated protein (GRP78), PERK = proteins proline-rich receptor-like protein kinase, Eif2a =
eukaryotic translation initiation factor 2A, IRE1 = serine threonine-protein kinase endoribonuclease, XBP1 = x-binding protein 1,
ATF4 = cyclic AMP-dependent transcription factor 4, UPRE = unfolded protein response elements.
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FIG. 4. Comparison of fold changes between ribonucleic acid sequencing (RNA-seq) expression analysis and real-time
polymerase chain reaction (PCR) (r = 0.847, p , 0.001). RAD54 = deoxyribonucleic acid (DNA) repair and recombination protein,
Tnfsf15 = tumor necrosis factor ligand superfamily member 15, GST2 = sigma class glutathione-s-transferase 2, GIDRP = growth
inhibition and differentiation-related protein, PPP2R1A = medium tumor antigen-associated 61-kD protein, Eif2a = eukaryotic
translation initiation factor 2A, Hsc70IP = heat shock cognate 70 kDa protein-interacting protein, HSP25 = heat shock protein 25,
HSP40 = heat shock protein 40, IRE1 = serine threonine-protein kinase endoribonuclease, HSP90 = heat shock protein 90, XBP1
= x-binding protein 1.

contigs had 9,607 putative gene matches to the nr
database from 2,607 unique genes and were usually
found within 39 untranslated regions (UTR) of
captured genes. When these markers were categorized by repeat type (Table 5), 53.3% (34,719)
had dinucleotide repeat patterns, 30.5% (19,834) had
trinucleotide repeat patterns, and 16.2% (10,533) had
a repeat motif of .3 bases.
To validate this large microsatellite set and to
understand better its potential for future parentage
studies, 47 of the putative markers were chosen for
genotyping in a local population of 26 mixed-sex V.
lienosa mussels. Forty-four of 47 (93.6%) of the
markers could be amplified by PCR and 16 (34%)
markers showed scoreable polymorphic patterns in
the tested individuals after polyacrylamide gel electrophoresis (Table 5). Allele numbers ranged from 2
to 10, with an average of 5 alleles/marker. Primer
information and other details of the 16 polymorphic
markers can be found in Table S4 (available online
from: http://dx.doi.org/10.1899/11-149.1.s6).
Discussion
Long time frames and the expense of conducting
large-scale sequencing projects have constrained
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development of genome resources and tools to a
few model species. Molecular research in model
species has been critically important for advancing
our basic understanding of genome structure, gene
function, physiological development, and adaptive
processes, but large gaps remain in application of
these findings to ecological settings and species
(Ekblom and Galindo 2011). The advent of nextgeneration sequencing techniques offers exciting
opportunities to fill these gaps and to explore the
complexities of population structure, community
dynamics, and phenotypic variation on a molecular
level.
The situation of freshwater unionid mussels, which
are among the most endangered groups of organisms
in the world (Lydeard et al. 2004), typifies the dearth
of molecular information available for critical taxa. At
the time of writing, ,9000 nucleotide sequences for
the family were publicly available. We focused on a
relatively abundant member of Villosa, V. lienosa, but
other members of the genus, including Villosa fabalis,
Villosa vanuxemensis umbrans, Villosa nebulosa, and
Villosa choctawensis, are considered imperiled and
several are under consideration for listing as endangered under the federal Endangered Species Act
(Center for Biological Diversity 2011). Before our
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TABLE 5. Statistics of simple sequence repeats (SSRs)
identified from the mussel transcriptome. nr = National
Center for Biotechnology Information nonredundant
database.
Variable
SSR mining
Total number of sequences examined
Total size of examined sequences
(base pairs [bp])
Total number of identified SSRs
Total number of SSRs with primers
Contigs containing SSRs with primers
SSRs with primers associated with
putative gene matches in nr
SSRs with primers associated with
unique gene matches

Number
778,234
550,600,555

Distribution of SSRs in different repeat types
Dinucleotide
Trinucleotide
Tetranucleotide
Pentanucleotide
Hexanucleotide

65,086
36,582
31,960
9,607
2,607

34,719
19,834
10,285
162
86

Summary of SSRs validation
Individuals
Total markers
Amplified markers
Polymorphic markers

26
47
44
16

study, only 104 nucleotide sequences were available
to assist conservation efforts for Villosa species,
including 88 mitochondrial sequences (many redundant) and 16 anonymous microsatellite loci. Only 8
mitochondrial sequences were available from V.
lienosa. Rather than use universal or degenerate
primers or assays with low reproducibility (e.g.,
amplified fragment length polymorphism [AFLP] or
random amplification of polymorphic DNA [RAPD])
for downstream studies, we chose to use RNA-seq
technology to rapidly expand molecular resources for
V. lienosa.
Studies of nonmodel organisms pose challenges to
genomic research. Funding and sample size are often
limited, and sequence assembly in a novel species can
be complicated by lack of reference genomes, low
sequence coverage, and high rates of sequence
polymorphism (Pop and Salzberg 2008, Parchman et
al. 2010). We attempted to address these challenges
while meeting our immediate need for: 1) microsatellite markers for parentage analysis of larval mussels
(glochidia) and 2) gene sequences and preliminary
expression profiles after heat stress. Generation of
barcoded libraries from individual samples is a large
component of next-generation sequencing costs. We
minimized these costs by barcoding only 2 individuals from each treatment condition (baseline and
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elevated temperature) and combined all 4 barcoded
tags into a single lane of Illumina Hi-Seq sequencing.
In previous studies, we pooled multiple individuals
within a single barcoded library to maximize singlenucleotide polymorphism (SNP) capture (Liu et al.
2011).
Reported rates of polymorphism are high in marine
mussels and existing unionid references were lacking.
Therefore, we barcoded samples representing single
individuals to maximize our likelihood of a highquality assembly. We pooled the representative
tissues (muscle, mantle, and gill) from each individual
to maximize the diversity of captured gene transcripts. Our approach yielded 15.8 billion bp of
quality sequence in 162 million reads. Based on
highly conservative criteria, we captured a minimum
of 12,791 unique genes in V. lienosa. We captured
.600 differentially expressed genes by comparing
read counts between the 2 temperature treatments.
Last, we sequenced 36,582 microsatellite loci with
sufficient flanking sequence for primer design.
RNA-seq experimental protocols are still fluid, and
assembly and analysis algorithms are evolving rapidly (Marguerat and Bahler 2010, Robertson et al.
2010). Therefore, we attempted to validate and
confirm our results on several levels. Construction
of a high-quality, nonredundant reference transcriptome is particularly critical for generation of accurate
gene sequences and digital expression profiling.
Therefore, we compared the ability of several popular
software packages to assemble the 100-bp Illumina
reads into a comprehensive contig set. Our analyses
showed that the multiple-k approach is critical to
transcriptome assembly. The larger number of k-mers
(47) used by Trans-ABySS led to a superior assembly
relative to Velvet (7 k-mers) and CLC (single k).
However, additional steps were necessary to remove
the redundancies generated by the multiple-k software (Fig. 1).
Mussel population declines have been linked with
environmental conditions that exceed the organisms’
normal tolerances (e.g., elevated temperatures associated with drought; Golladay et al. 2004, Pandolfo et al.
2010). Expression analysis of transcriptomic responses
to heat stress can identify biomarkers useful for
assessing mussel health in baseline and perturbed
conditions. For example, investigators have used
microarray studies of marine mollusks (Pacific oysters
and blue mussels) to profile the effects of heat shock
(Lang et al. 2009, Lockwood et al. 2010). Our results,
although from a minimal sample set and a single time
point, correspond well with results of these studies.
We captured differentially expressed molecular chaperones, antioxidants, immune factors, cytoskeletal

Cust # 11-149R

2012]

RNA-SEQ FOR A FRESHWATER MUSSEL

components, and apoptosis mediators after exposing
mussels to elevated temperature (Table S1). Unlike
microarrays, RNA-seq does not restrict expression
profiles to previously captured genes and is not
subject to errors caused by cross-hybridization.
Most strikingly, our pathway analysis revealed that
our differentially expressed gene set included the
components of a nearly complete canonical UPRER.
Stress induced by heat leads to the accumulation of
unfolded proteins (Fig. 3). Preferential binding of heat
shock protein (HSP) 70 with these unfolded proteins
releases transcription factor heat shock factor 1 (HSF1)
to further activate HSP molecular chaperones, such as
HSP40, HSP70, heat shock cognate (Hsc) 70IP, and
HSP90. The UPRER is regulated through transmembrane proteins proline-rich receptor-like protein kinase (PERK) and serine threonine-protein kinase
endoribonuclease (IRE1), following disassociation
from ER chaperone, 78 kDa glucose-regulated protein
(GRP78/BiP). These factors ultimately lead to the
transcription of ER chaperones including calreticulin
and calnexin. The UPR also can regulate apoptotic
pathways via IRE1, triggering a cascade of caspase
activation leading to cell death (Schroder and Kaufman 2005, Haynes and Ron 2010). We validated the
expression profiles of many of the described pathway
components in individual tissue samples from additional mussels (Fig. 4), confirming their utility as
targets for future studies of stress responses in
Unionid species.
A key experimental goal was to generate a large
microsatellite resource for use in studying Villosa
species, particularly V. lienosa. We sought to identify
enough polymorphic loci to allow assignment of
parentage to glochidia (Christian et al. 2007). Microsatellites remain the marker of choice for such studies
because the possibility of numerous alleles per loci
reduces the number of markers needed relative to the
number of SNP markers (Tokarska et al. 2009, Hauser
et al. 2011). We succeeded in identifying many
potentially polymorphic microsatellites with RNAseq. A substantial subset of these markers is associated with known gene sequences. Thus, they will be a
useful resource in future population genomic studies
to identify candidate loci associated with adaptation
and divergent selection (Vasemägi et al. 2005, Stinchcombe and Hoekstra 2008). Several of the validated
microsatellites deviated significantly from HWE.
Deviations may reflect the sample population used,
an excess of null alleles, or trait-linked markers under
selection. Further work will be needed to identify the
source of deviations from HWE in these loci before
they are used in population genetic surveys or
parentage analysis.
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We have described the use of a simple, economical
approach for rapid generation of large-scale molecular resources for the freshwater mussel, V. lienosa. We
captured a substantial portion (.46,000 unique gene
matches) of the mussel transcriptome in high-quality
contigs encoding tens of thousands of genes and
microsatellites. In addition, use of mussels exposed to
elevated temperatures allowed enrichment for stressrelated genes and identification of differentially
expressed pathways relevant to heat stress. Validation
using q-RT-PCR confirmed the accuracy of expression
measures based on read counts. The methods used
will be applicable to studies in other nonmodel
species. Ongoing research with the tools developed
here will help to advance our understanding of
mussel physiology and life histories.
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