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Abstract Antarctic hairgrass (Deschampsia antarctica

Desv.) is the only natural grass species in the maritime

Antarctic. It has been studied as an extremophile that has

successfully adapted to marginal land with the harshest

environment for terrestrial plants. However, limited genetic

research has focused on this species due to the lack of

genomic resources. Here, we present the first de novo

assembly of its transcriptome by massive parallel

sequencing and its expression profile using D. antarctica

grown under various stress conditions. Total sequence

reads generated by pyrosequencing were assembled into

60,765 unigenes (28,177 contigs and 32,588 singletons). A

total of 29,173 unique protein-coding genes were identified

based on sequence similarities to known proteins. The

combined results from all three stress conditions indicated

differential expression of 3,110 genes. Quantitative reverse

transcription polymerase chain reaction showed that several

well-known stress-responsive genes encoding late embryo-

genesis abundant protein, dehydrin 1, and ice recrystallization

inhibition protein were induced dramatically and that genes

encoding U-box-domain-containing protein, electron transfer

flavoprotein-ubiquinone, and F-box-containing protein were

induced by abiotic stressors in a manner conserved with other

plant species. We identified more than 2,000 simple sequence

repeats that can be developed as functional molecular mark-

ers. This dataset is the most comprehensive transcriptome

resource currently available for D. antarctica and is therefore

expected to be an important foundation for future genetic

studies of grasses and extremophiles.
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Abbreviations

AOX Alternative oxidase

DEG Differentially expressed gene

DHN Dehydrin

EC Enzyme commission

EST Expressed sequence tags

GC Guanine–cytosine

GI GIGANTEA

GO Gene ontology

IRIP Ice recrystallization inhibition protein

IVD Isovaleryl Co-A dehydrogenase

KEGG Kyoto Encyclopedia of Genes and Genomes

LEA Late embryogenesis abundant protein

PEPC Phosphoenolpyruvate carboxylase

ProDH Proline dehydrogenase

qPCR Quantitative reverse transcription polymerase

chain reaction

SSR Simple sequence repeat

TIM Inner membrane translocase subunit

Introduction

The Antarctic is one of the most severe natural habitats,

especially for terrestrial plants. Specific environmental
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conditions have restricted the number of native flowering

plants to only two species: Colobanthus quitensis (Caryo-

phyllaceae) and Deschampsia antarctica Desv. (Poaceae).

Climate change, which is occurring more intensely and

rapidly in the polar regions than elsewhere has already had

a significant impact on terrestrial ecosystems. The D. ant-

arctica population size has increased in response to global

warming more rapidly than that of bryophytes (Lewis

Smith 1994). Because of its successful adaptation to cli-

mate change and rapid spread, D. antarctica has been

studied in a wide range of biological fields and has been

suggested as an ecological marker of global warming and a

valuable resource for the discovery of genes associated

with stress tolerance (Xiong et al. 2000; Lee et al. 2008;

John et al. 2009).

Stress acclimation and the acquisition of stress tolerance

requires the orchestration of responses induced by multiple

different abiotic stressors such as cold, drought, and high

salinity, which can influence the development of plants and

threaten crop yields worldwide. These abiotic stressors are

often interconnected, and induce similar cellular damage

(Shinozaki et al. 2003). Plants have evolved conserved

mechanisms in terms of molecular, cellular, and physio-

logical responses, such as the production of stress proteins,

upregulation of antioxidants, and accumulation of com-

patible solutes, during their adaptation to unfavorable

environmental conditions (Kreps et al. 2002; Iordachescu

and Imai 2008; Gill and Tuteja 2010). Extensive studies

have found that D. antarctica has a conserved mechanism

of tolerance to various abiotic stressors. First, D. antarctica

has a photosynthetic system that is adapted to low tem-

peratures: maximal photosynthetic activity occurs at 13 �C

in D. antarctica, and 30 % of its maximal photosynthetic

capacity is retained at 0 �C (Edward and Lewis Smith

1988; Xiong et al. 2000). Second, both the amino acid

proline and non-structural carbohydrates (sucrose and

fructans), which confer a high degree of stress tolerance

toward cold, accumulate in leaves during the growth period

(summer) (Zuñiga et al. 1996; Bravo et al. 2001). Third,

antifreeze compounds are produced in the non-acclimated

state, and their levels increase after cold acclimation,

indicating that the plant secretes antifreeze proteins into

apoplasts (Bravo and Griffith 2005). In addition, D. ant-

arctica has potent recrystallization inhibition activity,

which inhibits the growth of small into potentially dam-

aging large ice crystals at low temperatures (John et al.

2009).

A number of sequences and molecular markers from

organisms across the three domains have improved our

understanding of the genetic basis of traits and fine-scale

genetic variation. Nevertheless, we lack genomic resources

for most non-model organisms, and whole-genome

sequencing is still largely impractical for most eukaryotes.

Transcriptome analysis is an attractive alternative to whole-

genome sequencing because the majority of eukaryotic

genomes comprise non-coding DNA; furthermore, mRNA

sequences lack introns and intragenic regions, which makes

data analysis more difficult. In recent years, there have been

significant advances in DNA sequencing technology.

Among the currently used high-throughput techniques,

pyrosequencing is a useful method for de novo transcrip-

tome analysis of non-model species (Novaes et al. 2008;

Vera et al. 2008; Parchman et al. 2010).

In our previous study, we presented the first snapshot of

the D. antarctica transcriptome by comparing field-grown

and greenhouse samples (Lee et al. 2008). Although a

number of genes have been revealed to be inducible under

Antarctic field conditions, the scale of that study was limited,

and we could not specify the primary cause among the sev-

eral abiotic factors that affect gene expression in the Ant-

arctic. Thus, this study aimed at large-scale discovery of

genes differentially expressed by independent abiotic

stressors under a controlled environment. Here, we present

the results of transcriptome analysis of D. antarctica grown

under abiotic stress conditions. More than 370,000 sequence

reads were generated by 454 pyrosequencing and assembled

into 60,765 unigenes (28,177 contigs and 32,588 singletons).

We identified numerous simple sequence repeats (SSRs) that

will facilitate development of functional markers in the

dataset, making it possible to link these genomic data with

existing genetic information on D. antarctica. We also

identified stress-responsive genes that were differentially

expressed under various abiotic stress conditions and the

enzymes involved in carbon fixation (which may be adapted

to extreme environmental conditions). This transcriptome

dataset is a valuable genetic resource for D. antarctica,

which has adapted to an extreme natural environment, and

may prove valuable for the discovery of novel genes asso-

ciated with stress tolerance.

Materials and methods

Plant materials and abiotic stress treatment

Deschampsia antarctica Desv. (Poaceae) plants growing

under natural conditions were collected in the vicinity of

the Korean King Sejong Antarctic Station (62�1402900S;

58�4401800W), on the Barton Peninsula of King George

Island in January 2007. The plants were transferred to the

lab and grown hydroponically supplemented with 0.59

Murashige and Skoog (MS) medium containing 2 %

sucrose under a 16:8 h light: dark cycle with a light

intensity of 150 lmol m-2 s-1 at 15 �C (Control condi-

tion), a temperature that results in high Rubisco activity in

D. antarctica (Pérez-Torres et al. 2006). Five individual
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plants of 3–4 tillers, with the longest tiller 5 cm in length,

were used in each experiment. For the low temperature

stress treatment (cold), plants were transferred to a low

temperature chamber and incubated at 4 �C. The temper-

ature necessary to induce D. antarctica cold stress

molecular responses was determined in two preliminary

experiments. First, the average soil surface temperature of

the D. antarctica habitat on the Barton Peninsula on King

George Island was recorded as 4.4 �C (Fig. S1). Data were

obtained over 71 days between December 9, 2008 and

February 18, 2009. Additionally, two representative envi-

ronmental stress-responsive genes (DaURA5 and DaURA6;

Lee et al. 2008) were induced 5- to 30-fold at 4 �C com-

pared to at 15 �C (Fig. S2). Therefore, we selected 4 �C as

the cold stressor to elucidate the genes responsible for cold

resistance under laboratory conditions that mimic field

temperatures. For dehydration (PEG) stress, plants were

transferred to a dehydration test solution prepared at

-0.6 MPa by dissolving 30 % PEG6000 in 0.59 MS

medium using the formulae of Michael and Kaufmann

(1973). Plants were transferred to 0.59 MS medium con-

taining 300 mM NaCl for salt (NaCl) stress. Because

DaURA5 and DaURA6 expressions were induced 5- to

30-fold at 4 �C and 24 h after cold treatment as compared

at 15 �C (Fig. S2). The expression of DaURA6 subse-

quently decreased, thus we determined that 24 h after the

stress treatment was the most appropriate time point to

induce D. antarctica stress-responsive genes. All stress

treatments were performed over a 24-h period. Three bio-

logical replicates were performed for each stress treatment

process; plant samples were then subjected to quantitative

reverse transcription polymerase chain reaction (qPCR)

analysis.

RNA extraction, cDNA preparation,

and pyrosequencing

Total RNA for 454 sequencing was extracted from leaf

tissues of plants grown under cold, PEG, NaCl, or control

conditions (0.59 MS, 15 �C) and purified using the

RNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA),

according to the manufacturer’s instructions. mRNA was

isolated from 50 lg of the total RNA sample using the

FastTrackTM MAG Micro mRNA Isolation Kit (cat#

K1580-01, Life Technologies, Gaithersburg, MD, USA),

according to the manufacturer’s protocol. Isolated mRNA

was quantified using the Agilent RNA 6000 NANO CHIP

(cat.# 5067-1511, Agilent Technologies, Palo Alto, CA,

USA), and 200 ng of this material was used in the cDNA

Rapid Library Preparation protocol. The first step of cDNA

Rapid library preparation was mRNA fragmentation using

ZnCl2 and heat treatment. Then, we reverse transcribed the

cleaved RNA fragments primed with random hexamers

into first-strand cDNA using reverse transcriptase and

random primers. Next, we removed the RNA template and

synthesized a replacement strand to generate double-

stranded (ds) cDNA. The ds cDNA ends were polished

(blunted), and short adapters were ligated onto both ends.

The adapters provided priming sequences for both ampli-

fications. Sequencing of the sample library fragments and

the ‘‘sequencing key’’, a short sequence of four nucleotides,

was used by the system software for base calling, following

purification and size selection using AMpure beads.

Finally, the quality of the cDNA fragment library was

assessed using a 2100 BioAnalyzer (Agilent Technolo-

gies), and the library was quantitated to determine the

optimal amount to use as input for emulsion-based clonal

amplification. Each of the four samples (control, cold,

PEG, and NaCl) was run on a quarter-plate according to the

manufacturer’s instructions.

Sequence assembly and annotation

Sequence assembly was performed using the standard

GS-FLX protocol (Macrogen, Seoul, Korea). Low-quality

and low-complexity reads and adapter sequences were

trimmed to a 100 bp parameter using SeqClean (http://

compbio.dfci.harvard.edu/tgi/software/) and Lucy software

(Chou and Holmes 2001). All reads from the four libraries

were pooled, clustered, and assembled into unigenes

(contigs and singletons) using TGICL as produced by

CAP3 with default parameters (Pertea et al. 2003). The

assembled sequences were subjected to BLASTX or

BLASTN searches against the non-redundant protein and

nucleotide databases (nr) with an E-value threshold of

1 9 10-3 and an HSP length cutoff of 33 using the Blas-

t2GO platform (Conesa et al. 2005). The transcript set of

D. antarctica was analyzed for similarity/sequence con-

servation against Brachypodium expressed sequence tags

(ESTs) at the Munich Information Center for Protein

Sequences (http://mips.helmholtz-muenchen.de/plant/

brachypodium) and EST databases of other plants at

NCBI (http://www.ncbi.nlm.nih.gov/staff/tao/URLAPI/

remote_blastdblist.html) by TBLASTX with an E-value

threshold of 1 9 10-5. Files containing the sequences and

quality scores of reads were deposited in the NCBI Short

Read Archive (Accession Number SRA051881). Gene

ontology (GO) terms were assigned to each unique gene

based on the GO annotations of the corresponding homo-

logs in the UniProt database. GO mapping and annotation

were performed with an annotation cutoff of E \ 1 9

10-10. GO enrichment analysis was performed using

AgriGO, a web-based GO analysis toolkit (Du et al. 2010)

and Fisher’s exact test (P \ 0.05). The pathway assign-

ments were mapped according to the Kyoto Encyclopedia

of Genes and Genomes (KEGG) database (Kanehisa and
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Goto 2000). Enzyme commission (EC) numbers were

assigned to the sequences with a cutoff value of

E \ 1 9 10-10. The sequences were mapped to specific

biochemical pathways according to the corresponding EC

distribution in the KEGG database.

Identification of full-length cDNAs and SSRs

Putative full-length cDNAs were identified by comparison

of BLASTX reports from the UniProt databases using Full-

Lengther (Lara et al. 2007) and an ORF prediction algo-

rithm based on BLAST alignment to locate protein-coding

regions, with a cutoff value of E \ 1 9 10-5. The Perl

script program MISA (MIcroSAtellite; http://pgrc.ipk-

gatersleben.de/misa/) was used to identify SSRs with the

following minimum length criteria: ten repeat units for

mononucleotides, six repeat units for dinucleotides, and

five repeat units for all higher-order repeats (Thiel et al.

2003).

Differential gene expression profiling

We counted the number of raw reads that assembled into

the consensus contigs, because the abundance of ESTs

supporting a particular consensus sequence indicates the

abundance of that transcript in the sampled tissue. To select

differentially expressed genes (DEGs) under each experi-

mental condition, the permutation T test was used after

normalization of raw read counts with library sizes. The

paired T test was used to evaluate the significance of dif-

ferences in contig read counts between the control and

treatment groups. The permutation test was used, since the

distribution of the differences in read counts may not fol-

low a normal distribution (Edgington 1995). Read counts

for each contig in the permutation test were permuted

1,000 times by group-wise shuffling, and raw P values

were converted to Q values for multiple test correction.

Contigs with a Q value of false discovery rate \0.01 were

identified as differentially expressed genes (Storey 2002).

qPCR analysis

Total RNA was extracted from leaves of plant samples and

purified using the RNeasy Plant Mini Kit (Qiagen),

according to the manufacturer’s instructions. cDNA was

synthesized from 1 lg total RNA extracted from samples

using Superscript II (Invitrogen, Carlsbad, CA, USA).

Gene-specific primers were designed according to the

sequences of the contigs and are listed in Table S1. Two

reference genes, DaCYP and DaEF1a1, were used as

internal controls: DaCYP forward primer 50-GCGCATC

ACCTTCCAAATTTCCCA-30 and reverse primer 50-ATA

GAAGCTACCGTGCCTGGTTGT-30, DaEF1a1 forward

primer 50-TTTGTCCACTGCTACACTCGTGGT-30 and

reverse primer 50-TCGAAGGCTGACGGACATAACCA

A-30 (Lee et al. 2010). qPCR was performed in triplicate

with biologically replicated samples using SYBR� Premix

Ex TaqTM DNA polymerase (Takara, Seoul, Korea) and the

Mx3000P Real-Time PCR System (Stratagene, La Jolla,

CA, USA).

Results

Pyrosequencing of the D. antarctica transcriptome

To better understand the stress response of D. antarctica,

we performed 454 GS-FLX sequencing of cDNAs from

controls, and cold-, PEG-, and NaCl-treated leaf tissues (as

defined above). A total of 370,169 reads, averaging 212 bp,

were generated from a pyrosequencing run. Trimming of

the raw sequences (removal of primers, poly-A tails, etc.)

gave 285,848 high-quality reads comprising 78.5 Mbp of

sequence (Table 1). After pooling and clustering, these

reads were assembled into 60,765 unigenes comprising

28,177 contigs and 32,588 singletons. The generated con-

tigs measured 415 bp on average, with 6,553 (23 %) of

them being longer than 500 bp, and 5,276 (18.7 %) of them

being made up of more than 10 reads (Tables S2, S3). The

average guanine–cytosine (GC) content of the assembled

contigs was 48.94 %. The GC content distribution pattern of

all D. antarctica unigenes was bimodal (range 30–75 %), and

the proportions of assembled contigs with GC contents in the

range 40–60 and 65–75 % were higher and lower, respec-

tively, than those of singletons (Fig. S3).

Identification of SSRs

The discovery of molecular markers for D. antarctica is of

great interest because it represents a potentially useful

resource for determining the historical path of its coloni-

zation and functional genetic variation in the traits related

to its adaptation. Among the various molecular markers,

SSRs are highly polymorphic, and thus can be developed

easily as molecular markers and provide rich resources of

diversity. EST-SSRs are tandem repeats of 2- to 6-bp DNA

core sequences (also known as microsatellites in tran-

scribed sequences), which can be rapidly developed from

an EST database at low cost (Morgante et al. 2002). To

identify D. antarctica SSRs, 60,765 unigenes were exam-

ined for microsatellites containing motifs between one and

six nucleotides in size. We identified a total of 2,064 SSRs

in 1,916 unigenes (3.2 %) with a frequency of 1 SSR per

9.1 kb of sequence (Table 2). About 47 % of the SSRs

were trinucleotides, 27 % were mononucleotides, 22.7 %
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were dinucleotides, and the remaining *3 % were tetra-,

penta-, and hexanucleotides.

Functional annotation of D. antarctica unigenes

All unigenes were blasted against the GenBank nr protein

database using the BLASTX algorithm. Among them,

29,173 (48 %) had at least one significant alignment to an

existing model with an E-value cutoff of 1 9 10-10

(Table 3). As expected, the most abundant sequences in the

D. antarctica transcriptome corresponded to genes encod-

ing photosynthesis-related proteins such as Rubisco small

subunit, Rubisco activase, chlorophyll a/b-binding protein,

PSII, and oxygen-evolving enhancer protein (Table S4).

Sequences with significant similarities to metallothio-

nein type 1, glyceraldehyde-3 phosphate dehydrogenase,

S-adenosyl methionine decarboxylase, elongation factor

1-alpha, and non-specific lipid transfer protein 2 were also

included in the ten most abundant sequences. As 27,396

(45 %) of all unigenes did not match any sequence in the nr

protein database in BLASTX searches (E-value cut-off

\1 9 10-3), we performed a BLASTN search against the

EST nucleotide database (E-value cut-off \1 9 10-3).

Among them, 19,709 sequences (32 %) matched the EST

database, whereas 7,687 sequences (13 %) did not match

any known sequences in the existing database (Table 3).

Putative full-length cDNAs were identified by alignment

of the BLAST results using the UniProt database. There-

fore, sequences were considered full-length when they

included both 50 and 30 termini of the coding region of a

protein in the UniProt database. Analyzing the fraction of

full-length sequences in the transcriptome with the pool

of 18,816 contigs with BLASTX matches, 4,337 contigs of

the predicted transcripts were assigned as full-length or

putative full-length sequences in the transcriptome (Table

S5).

The D. antarctica unigene dataset was analyzed to

identify sequences conserved in other plant species. The

top-hit species distribution of BLAST matches to the nr

protein database is shown in Fig. 1. The majority of the

sequences (94 %) showed the best matches with grass

species, predominantly with Brachypodium distachyon

(37.4 %) and Hordeum vulgare (33.4 %) (Fig. 1a). The

D. antarctica unigene dataset was also compared to EST

datasets of other plant species in TBLASTX searches

(E-value cut-off\1 9 10-5) (Fig. 1b). The largest number

of D. antarctica transcripts (71.1 %) showed significant

similarity with B. distachyon, followed by Triticum aes-

tivum (69.7 %), H. vulgare (66.5 %), Oryza sativa

(62.5 %), Zea mays (59.9 %), Sorghum bicolor (55.2 %),

and Glycine max (51.2 %); the least similarity was with

Arabidopsis thaliana (49.1 %). As expected, D. antarctica

transcripts showed more significant similarity with mono-

cot ESTs (55–71 %) than with dicot ESTs (49–51 %). In

addition, they showed more significant similarity with

ESTs from species of subfamily Pooideae in the BEP clade

(B. distachyon, T. aestivum, and H. vulgare) than

with those of subfamily Ehrhartoideae in the BEP clade

(O. sativa), or with those from the PACMAD clade

(Z. mays and S. bicolor).

GO distribution of the D. antarctica transcriptome

The unigene sequences with BLAST matches were

assigned GO terms and EC numbers using the Blast2GO

platform. A total of 26,467 unigenes (44 %) were assigned

at least one GO term and were classified into different

functional categories using the complete set of GO terms.

Figure 2 shows the functional classification of D. antarc-

tica unigenes into high-level GO terms within three cate-

gories: molecular function, biological process, and cellular

Table 1 Total number of reads for each tissue sample, as obtained by

454 sequencing

Total

reads

Total bp Average

length

High-quality

reads

Control (Con) 103,142 21,967,920 213 72,977

Low temperature

(cold)

76,554 15,460,786 202 45,084

Dehydration (PEG) 89,537 18,617,959 208 57,477

High salt (NaCl) 100,936 22,462,610 223 76,035

Total 370,169 78,509,275 212 285,848

Table 2 Statistics for SSRs identified in the D. antarctica
transcriptome

Parameter Value

SSR mining

Total number of sequences examined 60,765

Total size of examined sequences (bp) 18,841,100

Total number of identified SSRs 2,064

Number of SSR containing sequences 1,916

Number of sequences containing more than 1 SSR 138

Number of SSRs present in compound formation 120

Frequency of SSR One per 9.1 kb

Distribution of SSRs in different repeat type

Mononucleotide 558 (27.0 %)

Dinucleotide 468 (22.7 %)

Trinucleotide 971 (47.0 %)

Tetranucleotide 46 (2.2 %)

Pentanucleotide 11 (0.5 %)

Hexanucleotide 10 (0.5 %)
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component. Several branch child terms for antioxidant

activity and the stress response were found, which included

genes implicated in catalase (e.g., CL1Contig222) and

superoxide dismutase (e.g., CL4750Contig1) as well as pre-

dicted transcription factors with putative roles in stress

responses (e.g., CL1378Contig2) from the molecular func-

tion category, frequent sub-classification into the response to

osmotic stress (e.g., CL9324Contig1: ABC transporter), and

regulation of the response to stress (e.g., CL3108Contig1:

SIZ1) from the biological process category. The abundance

of stress-related annotations is not surprising, considering

that a significant portion of the sequence reads were gener-

ated from tissues subjected to abiotic stressors.

Identification of DEGs by expression profiling

In principle, the higher the number of ESTs assembled in a

particular contig, the higher the number of transcripts in a

given tissue sample. To identify DEGs induced by abiotic

stress in D. antarctica, the number of sequencing reads that

supported the consensus contigs assembled from all

libraries were counted and divided into four categories

depending on the library of origin. The permutation T test with

a multiple testing correction indicated that 2,097 transcripts

were upregulated and 1,013 transcripts were downregulated

under at least one abiotic stress condition compared to the

control sample, with a Q value\0.01 (Table S6). Among the

upregulated genes, 55 (2.6 %), 58 (2.8 %), and 81 (3.9 %)

genes were in response to cold–NaCl, cold–PEG, and PEG–

NaCl combinations, respectively. Only 21 transcripts (1.0 %)

were upregulated in all three libraries. Among the downreg-

ulated genes, 273 (26.9 %), 208 (20.5 %), and 326 (32.2 %)

genes were in response to cold–NaCl, cold–PEG, and PEG–

NaCl combinations, respectively, and 154 were common to all

three stress conditions (15.2 %) (Fig. 3; Table S6).

Then, GO analysis was conducted on the subsets of

DEGs and whole unigenes with the complete list of GO

terms. Among the 3,110 DEGs shown in Fig. 3, 2,099

transcripts (1,297 upregulated; 802 downregulated) were

annotated with GO terms (Table 4). While the GO terms of

response to an abiotic stimulus (GO:0009628), response to

cold (GO:0009409), response to water (GO:0009415), and

the starch metabolic stimulus (GO:0005982), and were

enriched in the upregulated transcript group, the GO terms

of ribonucleoprotein complex (GO:0030529), thylakoid

(GO:0009579), photosynthesis (GO:0015979), chlorophyll

binding (GO:0016168), and photosystem I (GO:0009522)

were enriched in the downregulated transcript group.

Table 3 Annotated summary of the D. antarctica transcriptome

Contigs Singletons Unigenes

Significant BLASTX hits (E \ 1 9 10-10) 17,322 (62 %) 12,356 (38 %) 29,173 (48 %)

Sequences with BLASTX hits (E \ 1 9 10-3) 18,816 (67 %) 14,553 (45 %) 33,369 (55 %)

No hits by BLASTX Search (E \ 1 9 10-3) 9,361 (33 %) 18,035 (55 %) 27,396 (45 %)

Sequences with BLASTN hits against est db (E \ 1 9 10-3) 7,740 (27 %) 11,969 (37 %) 119,709 (32 %)

No hit with BLASTN Search 1,621 (6 %) 6,066 (19 %) 7,687 (13 %)

Sequences annotated with GO terms 15,451 (55 %) 11,026 (34 %) 26,477 (44 %)

Sequences assigned with EC numbers 5,854 (21 %) 3,988 (12 %) 9,842 (16 %)

Total 28,177 32,588 60,765

Fig. 1 Sequence conservation of D. antarctica transcripts in other

plant species. a Species distributions of the top seven BLASTX

matches to the nr protein database. b Sequence comparison of D.
antarctica ESTs with reference proteins from other species. Percent-

ages of transcripts showing a significant similarity (E \ 1 9 10-5) to

each transcriptome in TBLASTX searches are presented
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Carbon fixation enzymes

The optimum temperature for photosynthesis in D. ant-

arctica is much lower than that in plants from warm

regions, consistent with the hypothesis that carbon fixation

in D. antarctica may have adapted to the extreme envi-

ronment. To examine the sequences of cold-adapted carbon

fixation enzymes in D. antarctica, we mapped the

annotated sequences to KEGG using the Blast2GO plat-

form. Transcripts encoding enzymes involved in the carbon

fixation pathway in photosynthetic organisms were identi-

fied. We found 21 of the 24 known enzymes in the path-

way, indicating that the gene function assignments were

biologically meaningful and that the EC numbers had been

correctly assigned to annotated sequences (Table 5).

Among the enzyme-coding sequences identified, several

Fig. 2 Functional GO

classification of the

D. antarctica transcriptome.

Sequences with BLASTX

matches were assigned GO

terms and classified into the

following functional categories:

biological process, molecular

function, and cellular

component
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sequences were included in the list of abiotic stress DEGs

(Table S6). The expression of phosphoenolpyruvate car-

boxykinase (CL2236Contig1) was found to be increased

by NaCl and that of PEPC (CL272Contig2) by cold. In con-

trast, the expression of fructose bisphosphatase (CL224Con-

tig3) and that of phosphoglycerate kinase (CL1Contig342) was

reduced by NaCl; and that of alanine transaminase

(CL283Contig2) by cold. Comparative analysis of enzyme-

coding sequences in D. antarctica and the model organisms

Arabidopsis, rice, and barley by BLASTX showed that average

overall sequence similarities were 81.2, 91.8, and 95.6 %,

respectively (Table 5).

qPCR analysis of stress-induced transcripts

To validate the expression profiles obtained by DEG

analysis, qPCR was performed on 43 genes selected due for

their high probability of differential expression by abiotic

stress (Q \ 10-5, Table S6). Among them, 42 (42/43)

resulted in amplicons of the expected size, suggesting that

our assembly process was successful. We also found that

35 genes (35/42, 83 %) were significantly induced by

corresponding abiotic stressors (T test, P \ 0.05, Fig. 4a).

Among the induced genes, not only known stress-respon-

sive genes (CL55Contig1: COR410, CL157Contig5:

DHN1, CL342Contig3: COR413, CL76Contig2: LEA,

CL315Contig2: Lti, CL183Contig1: P5CS) but also genes

of unknown function were included. The digital expression

analysis using the public gene expression database showed

that some of these genes are also induced by abiotic stress

in other plant species such as Arabidopsis and rice; for

example, orthologs of CL3451Contig1 (U-box domain

containing protein), CL1910Contig1 (electron transfer fla-

voprotein-ubiquinone), and CL1855Contig1 (F-box con-

taining protein) (Fig. S4a). These results suggest

conservation of the stress inducibility of these genes and

that they might function in novel plant stress-tolerance

mechanisms.

In contrast, to verify the gene expression profile under

specific abiotic stress conditions, we amplified by qPCR

well-known stress-responsive genes in diverse biological

pathways and compared the results with the in silico data

(Fig. 4b). For example, transcripts of ice recrystallization

inhibition protein (IRIP; CL3383Contig1), actin depoly-

merizing factor-like protein (ADF-like; CL887Contig2),

and GIGANTEA-like protein (GI-like, CL2959Contig2)

exhibited strong ([30-fold) induction by cold. The levels

of transcripts of inner membrane translocase subunit (TIM;

CL2053Contig2) and isovaleryl Co-A dehydrogenase

(IVD; CL1871Contig1) were increased by both NaCl and

PEG. Additionally, several genes showed PEG-specific

induction. The transcripts of dehydrin 1 (DHN1;

CL157Contig4), late embryogenesis abundant protein

(LEA; CL2607Contig1) and mitochondrial alternative oxi-

dase (AOX; CL771Contig2) exhibited specific induction by

PEG. These results were in agreement with the expected

expression profiles obtained by DEG profiling, and with the

fact that the stress response is mediated by various com-

ponents of a number of gene regulatory pathways.

Discussion

Many wild plant species have evolved tolerance to cold,

drought, and salinity. Such species represent an important

genetic reservoir that can be exploited to improve crop

yields in the face of unpredictable climate changes.

D. antarctica, an Antarctic vascular plant, is an important

extremophile that survives on marginal land and that has

been studied extensively for several decades. An increase

in the D. antarctica population in the maritime Antarctic is

an important parameter for detection of global warming

(Lewis Smith 1994; Alberdi et al. 2002). It is believed that

Fig. 3 Differential gene expression analysis of the D. antarctica
transcriptome following exposure to three abiotic stressors. Venn
diagrams showing differentially expressed transcripts selected using a

permutation T test (Q \ 0.01). Numbers of genes differentially

expressed or shared by the cold, dehydration, or high salinity libraries

are shown. The IDs of the transcripts in each group are listed in Table

S6
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the Antarctic terrestrial environment inhibits successful

colonization by new plant species because it consists of

isolated islands interspersed with glaciers, with an extre-

mely harsh climate. However, several uncontrolled exper-

imental and accidental vascular plant introductions have

occurred in the Antarctic; indeed, Poa annua successfully

colonized King George Island (Chwedorzewska 2009). But

its distribution is restricted to the colonization area, and

D. antarctica remains the representative vascular plant in

the maritime Antarctic. Despite the ecological importance

of D. antarctica, like most other non-model plants, the

genetic and genomic resources necessary for molecular

studies are limited. In this study, we analyzed the D. ant-

arctica transcriptome to generate molecular resources for

further study of this Antarctic vascular plant. Gene anno-

tation revealed that 13 % of sequences (7,687) did not

Table 4 GO enrichment analysis of differentially expressed transcripts in the stress-induced transcriptome

Term ID Category DEGb (%) Wholea (%) P value

Up-regulated

Response to water GO:0009415 P 2 0.8 0.0003

Response to cold GO:0009409 P 2.2 1 0.0011

Starch metabolic process GO:0005982 P 1.1 0.3 0.0017

Response to abiotic stimulus GO:0009628 P 6.6 4.4 0.0025

Response to water deprivation GO:0009414 P 1.7 0.7 0.0027

Starch biosynthetic process GO:0019252 P 0.7 0.2 0.0041

Multidrug transport GO:0006855 P 0.9 0.3 0.0046

Response to temperature stimulus GO:0009266 P 2.9 1.6 0.0051

Oxidoreductase activity GO:0016705 F 1.5 0.6 0.0058

Amylase activity GO:0016160 F 0.6 0.1 0.006

Response to drug GO:0042493 P 0.9 0.3 0.0076

Lipid binding GO:0008289 F 1.5 0.6 0.008

Response to chemical stimulus GO:0042221 P 8.6 6.5 0.0084

Cellular amino acid catabolic process GO:0009063 P 0.9 0.3 0.012

Glutamine family amino acid metabolic process GO:0009064 P 1.2 0.5 0.013

Response to abscisic acid stimulus GO:0009737 P 1.8 0.9 0.014

Down-regulated

Ribonucleoprotein complex GO:0030529 C 14.8 3.7 1.5 9 10-24

Translation GO:0006412 P 15.8 4.2 2.0 9 10-24

Thylakoid GO:0009579 C 9.8 2.8 3.0 9 10-14

Photosynthetic membrane GO:0034357 C 7.9 2.1 9.3 9 10-13

Chloroplast part GO:0044434 C 14.1 5.6 9.9 9 10-13

Chloroplast GO:0009507 C 22.9 12.7 8.4 9 10-11

Photosynthesis GO:0015979 P 6.4 1.7 2.5 9 10-10

Gene expression GO:0010467 P 22.2 12.3 2.5 9 10-10

Photosystem I GO:0009522 C 3 0.4 6.9 9 10-10

Photosynthesis, light reaction GO:0019684 P 4.3 0.9 2.8 9 10-9

Photosynthesis, light harvesting GO:0009765 P 3.2 0.5 4.5 9 10-9

Chlorophyll binding GO:0016168 F 2.3 0.3 1.6 9 10-7

Protein-chromophore linkage GO:0018298 P 2.3 0.3 2.0 9 10-7

Photosystem II GO:0009523 C 2.8 0.5 4.3 9 10-7

Nucleosome GO:0000786 C 2.1 0.5 8.9 9 10-5

Chromatin assembly GO:0031497 P 2.1 0.5 0.00015

Total number of down-regulated DEGs with GO terms: 802

P biological processes, F molecular function, C cellular components
a Total number of ESTs annotated with GO terms in this study: 26,477
b Total number of up-regulated DEGs (differentially expressed genes) with GO terms: 1,297
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match any known sequences in the existing database, even in

BLASTN searches. It is possible that these poorly conserved

transcripts were derived from novel gene clusters, non-cod-

ing RNA genes, or novel spliced exons, which may be specific

to D. antarctica. The overall GC content distribution pattern

was more similar to that of rice, a monocot species, than those

of dicots such as Arabidopsis and soybean, which have uni-

modal distributions (Wang and Hickey 2007).

Molecular markers in the D. antarctica transcriptome could

potentially be applied to several different research fields, such

as evolutionary genetics, comparative genomics, and func-

tional genomics of adaptive traits. The order of D. antarctica

SSRs based on base pairs is tri-, mono-, and dinucleotides

(Table 2). The abundance of the tri-nucleotide repeat motif in

cereal species is very high. It is considered a specific feature of

monocot genomes, and may be due to codon usage bias (Thiel

et al. 2003; Peng and Lapitan 2005). Although 454 sequencing

is less accurate in homopolymer regions (Margulies et al.

2005), it is capable of generating a pilot pool of molecular

markers for comparative mapping and evolutionary studies of

the historical distribution of D. antarctica.

DEG screens of transcriptomes using next-generation

sequencing technology have reported good correlations

with qPCR and microarray-based analyses (Rothberg and

Leamon 2008; Wang et al. 2009; Wilhelm and Landry

2009). Since several studies have shown that D. antarctica

has high phenotypic plasticity in different habitats and

its phenotype is strongly influenced by abiotic factors

(Gielwanowska et al. 2005; Lee et al. 2008), screening

DEGs specific to stress conditions is important for eluci-

dation of the adaptive mechanisms. In this study, the

expression of a number of genes (5.1 %, 3,110/60,765) was

altered by cold, PEG, or NaCl (Table S6). The majority of

transcriptome changes were stressor-specific and not part

of a general response to abiotic stresses. Among the total of

3,110 DEGs, 5.6 % were shared by all three stressors. The

shared responses were reduced to \1.0 % for upregulated

DEGs. This picture of predominately stress-specific

responses is analogous to that observed in a comparison of

drought- and NaCl-stressed barley (Ozturk et al. 2002) and

Arabidopsis transcriptome changes in response to cold,

mannitol, and NaCl stresses (Kreps et al. 2002).

An important feature of this study was comparison of

multiple stressors to identify potential stimulus-specific

responses. In the case of cold, 585 stimulus-specific DEGs

were identified from 677 total DEGs. Expression of the

IRIP gene (CL3383Contig1), a known contributor to

D. antarctica cryotolerance, was increased by cold in both

Table 5 Identification of carbon fixation enzymes in the D. antarctica transcriptome and three model organisms

Sequence ID Sequence annotation EC number bp % Amino acid identity

corresponding enzymes

in model organisms

Arabidopsis Rice Barley

CL3909Contig1 Ribulose-bisphosphate carboxylase chain EC:4.1.1.39 896 91 98 98

CL20315Contig1 Ketose-bisphosphate aldolase EC:4.1.2.13 347 75 93 95

CL1221Contig1 Malate dehydrogenase (decarboxylating) EC:1.1.1.39 1212 74 92 97

CL18Contig1 Phosphoribulokinase precursor EC:2.7.1.19 1627 81 92 97

CL73Contig2 Sedoheptulose- bisphosphatase EC:3.1.3.37 1270 87 94 98

CL193Contig2 Malate dehydrogenase (nadp ?) EC:1.1.1.82 1318 86 93 96

CL261Contig1 Aspartate aminotransferase EC:2.6.1.1 1304 83 94 –

CL1716Contig1 Malate dehydrogenase (oxaloacetate-decarboxylating) EC:1.1.1.40 946 73 92 95

CL86Contig1 Ribulose-phosphate 3-epimerase EC:5.1.3.1 1305 82 86 –

CL1Contig342 Phosphoglycerate kinase EC:2.7.2.3 1502 88 94 96

CL224Contig3 Fructose-bisphosphatase EC:3.1.3.11 1209 83 91 94

CL31Contig3 Triosephosphate isomerase EC:5.3.1.1 1244 80 89 93

CL515Contig1 NAD-malate dehydrogenase EC:1.1.1.37 1506 74 90 92

CL208Contig1 Pyruvate kinase EC:2.7.1.40 1973 87 94 98

CL272Contig2 Phosphoenolpyruvate carboxylase EC:4.1.1.31 737 85 94 96

CL11Contig1 Transketolase EC:2.2.1.1 2587 83 91 97

CL2087Contig1 Pyruvatephosphate dikinase EC:2.7.9.1 1498 80 91 96

CL302Contig1 Ribose-5-phosphate isomerase EC:5.3.1.6 813 75 92 94

CL2236Contig1 Phosphoenolpyruvate carboxykinase EC:4.1.1.49 633 80 88 96

CL1Contig409 Glyceraldehyde-3-phosphate dehydrogenase EC:1.2.1.13 1648 82 91 95

CL283Contig2 Alanine aminotransferase EC:2.6.1.2 1841 76 89 93
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the in silico expression and qPCR analyses, which is in

agreement with previous reports (John et al. 2009). GI

(CL2959Contig2) encodes a novel nuclear protein that

regulates several developmental processes, including cir-

cadian clock function, light responses, and carbohydrate

metabolism (Dalchau et al. 2011). The possible involve-

ment of GI in the regulation of the cold-stress response has

been reported; GI mRNA expression is specifically induced

by low temperatures in both Brachypodium and Arabid-

opsis (Cao et al. 2005; Hong et al. 2010). In addition, it has

been suggested that GI may function in input pathways to

the clock that transmits both light and temperature signals,

because C-repeat binding factor gene expression is gated

by a circadian clock (Cao et al. 2005). The strong induction

of GI during cold acclimation in D. antarctica is consistent

with the hypothesis of the transcriptional regulation of GI

by the circadian clock and a cold signaling pathway.

Therefore, investigation of the mechanisms by which

Antarctic plants integrate seasonal environmental infor-

mation, including photoperiod, which differs greatly

between seasons (ranges from constant light to constant

darkness), and freezing temperatures, is warranted.

Previous reports proposed that osmotic and salt stress

share signaling components and target genes for activation,

Fig. 4 qPCR analysis of selected D. antarctica genes following

exposure to different abiotic stressors. a qPCR analysis results of 35

stress-induced genes randomly selected from among those with high

expression levels (Q \ 10-5). The genes shown were significantly

induced by abiotic stress (T test, P \ 0.05). White and black bars
indicate control and treatment samples, respectively. The left vertical
axis indicates the relative ratio of the transcript abundance of the

selected gene compared to the abundance of the transcripts of the

internal DaEF1A and DaCYP controls. The right vertical axis is for

genes represented by red, filled bars. b qPCR results of known stress-

responsive genes under cold-, NaCl-, or PEG-stress conditions and

comparison with the in silico data. Grey and red bars indicate the

expression levels of the genes in the control and treatment samples,

respectively. The left vertical axis indicates the relative ratio of the

transcript abundance of the selected gene compared to the abundance

of the transcripts of the internal DaEF1A and DaCYP controls. The

right vertical axis represents the relative ratios of read counts between

the control and treatment samples. Data and error bars represent

means and standard deviations, respectively of three technical

replicates. Total RNA was extracted from samples of plants grown

under control conditions (15 �C, no treatment) or exposed to a low

temperature (cold 4 �C), dehydration (PEG 30 %), or high salinity

(NaCl 300 mM). Three biological replicates were performed for each

experiment; similar results were obtained. The unigene IDs and

primer sequences of the genes tested by qPCR are listed in Table S1
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and that each stimulus provides quite different information

resulting in the need for multiple sensors and complex

signaling mechanisms (Kreps et al. 2002; Xiong et al.

2002; Zhu 2002). In this study, 81 genes responded to the

PEG–NaCl combination. Of these, IVD (CL1871Contig1)

encodes an isovaleryl CoA dehydrogenase that is located in

mitochondria and oxidizes intermediates of leucine and

valine catabolism (Däschner et al. 2001). Its regulation by

aluminum stress at the proteome level has been reported

previously (Zhou et al. 2009). Another gene was similar to

the mitochondrial import inner membrane translocase

subunit Tim17/Tim22/Tim23 family, which is important

for stress tolerance (Lister et al. 2004). Nevertheless, the

majority of NaCl or PEG changes appeared to be stimulus

specific. PEG induced 892 genes, and NaCl induced 701

genes. Among the PEG-specific genes, LEA and DHN1,

general molecular markers for the water stress response

(Welin et al. 1994), showed a high level of induction by

PEG. Additionally, expression of the gene encoding the

mitochondrial protein AOX (CL771Contig2) was strongly

induced by PEG. AOX is thought to regulate cellular stress

responses by preventing excess mitochondrial reactive

oxygen species production, and is transcriptionally regu-

lated by multiple stressors (Van Aken et al. 2009). Thus,

our findings suggest that the mitochondrial stress response

is involved in stress tolerance in D. antarctica and that the

stress-response system is conserved among plant taxa.

Carbon fixation is the process by which CO2 is incor-

porated into organic compounds during photosynthesis.

Higher plants usually have a broad optimal temperature

range for photosynthesis, which generally corresponds to

the average daytime temperatures in their natural climates

(Salvucci and Crafts-Brandner 2004). The responses of

photosynthesis and growth to changes in temperature differ

between species. It has been proposed that improving

photosynthesis would increase crop yields. There have

been attempts to increase photosynthetic yields through

bioengineered modification of carbon fixation enzymes

(Kajala et al. 2011; Raines 2011). Previous studies reported

that D. antarctica has a much lower optimum temperature

for photosynthesis than other plants from temperate

regions, supporting adaptation of enzyme function and

evolution of the corresponding gene sequences (Edward

and Lewis Smith 1988; Xiong et al. 2000). To identify

differences among carbon fixation pathway components at

the molecular level, we screened genetic sequences from

the transcriptome data and identified 21 enzymes related to

photosynthetic activity in D. antarctica. Among them,

those encoding the enzymes NAD-malate dehydrogenase

and alanine aminotransferase showed relatively low iden-

tity with the coding sequences in other species (Table 5),

suggesting that they contribute to the differences in pho-

tosynthetic abilities among species. It would be interesting

to compare the conservation of these sequences in species

from different habitats and to determine the relationship

between sequence differences and the temperature depen-

dence of photosynthetic activity.

Expression of PEPC found to be increased by both cold

and PEG in D. antarctica. PEPC (EC 4.1.1.31) is an

important enzyme that acts at a crucial branch point in

plant carbohydrate metabolism (O’Leary et al. 2011).

Several reports have described a correlation between the

induction of genes involved in carbon metabolism and

external stimuli, including PEPC. While the regulation of

enzyme activity according to developmental stage or by

external stimuli is known to be mainly mediated at the

post-translational level (Vidal and Chollet 1997), mRNA

expression of the Arabidopsis PEPC family member

Atppc4 is induced by salt and drought stress (Sánchez et al.

2006), and expression of the wheat PEPC gene is induced

by drought and cold stress (González et al. 2003). In maize,

under short-term, moderate water stress induced by sorbi-

tol, the activity of PEPC in maize leaf discs increases by

50 %; proline levels also increase (Rodriguez-Penagos and

Munoz-Clares 1999). Based on these reports, upregulation

of PEPC in D. antarctica appears to be an integral com-

ponent of responses to Antarctic environmental stressors.

Its molecular mechanism of action should be explored.

Transcripts of several D. antarctica genes involved in

photosynthesis, such as chlorophyll a- and b-binding pro-

tein, Rubisco small subunit, and photosystem I reaction

center subunit, were repressed by abiotic stressors. This

agrees with previous transcriptome studies which demon-

strated that plants under drought-, high salt-, and cold-

stress downregulate the expression of genes involved in

photosynthesis (Seki et al. 2002; Wong et al. 2006). The

expression of these genes is significantly decreased in

plants growing in the Antarctic, suggesting that defects in

photosynthetic activity in the Antarctic are associated with

abiotic stressors (Lee et al. 2008). Among other genes

downregulated by abiotic stressors, proline dehydrogenase

gene (ProDH, CL3059Contig1) encodes the first enzyme

of the proline catabolism pathway, which catalyzes oxi-

dation of proline to pyrroline-5-carboxylate in mitochon-

dria. ProDH expression is downregulated by low water

potential, dehydration, and salinity, which is accepted as a

control point that promotes proline accumulation under stress

conditions (Verslues and Sharma 2010). Antisense suppres-

sion of ProDH resulted in increased proline and stress toler-

ance in one study (Nanjo et al. 1999). Further research into the

D. antarctica ProDH expression pattern in the Antarctic

might supply further information regarding the proline bio-

synthesis feedback environmental adaptation strategy.

The generation of a transcriptome dataset provides an

important tool for investigating how a non-model organism

responds to environmental changes, and we hope that it
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will stimulate genomic research. In this study, we con-

ducted a global analysis of the stress-responsive tran-

scriptome of D. antarctica, an Antarctic flowering plant,

through massive parallel pyrosequencing. The D. antarc-

tica stress-response profiles will aid understanding of how

plants can achieve a high level of tolerance against envi-

ronmental extremes and will enable us to address funda-

mental genetic questions underlying adaptation to

environmental challenges during climate change.
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