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Abstract Microalgal Chlamydomonas species are abun-

dant in polar regions and provide a novel model system for

investigating the physiological characteristics and mecha-

nisms related to multiple stresses. As part of an effort to

understand the adaptation mechanism of polar organisms,

we analyzed the transcriptome of an arctic microalgal

strain, ArF0006, from the KOPRI Culture Collection of

Polar Microorganisms (KCCPM). ArF0006 was isolated

from ice-covered freshwater from the Arctic and, therefore,

showed optimal growth at low temperatures. It was iden-

tified as a Chlamydomonas sp. based on morphology; this

was confirmed by molecular phylogenetic analysis. A total

of 64,712 reads were generated from pyrosequencing and

assembled into 45,443 contigs and 19,424 singletons.

Contigs ranged from 100–4,673 bp, with an average of

665 bp. Functional annotations of contigs with a high

number of reads were related principally to cold response

or photosynthesis. Also, several fatty acid and TGA bio-

synthesis-related genes and putative homologs of anti-

freeze protein were identified. A comparison of ArF0006

with Chlamydomonas reinhardtii, Ostreococcus tauri, and

Arabidopsis thaliana was performed, and RT-PCR analysis

verified the effect of growth temperature on gene expres-

sion pattern. Therefore, ArF0006 transcriptome analysis

provided useful genetic information regarding cold toler-

ance that could be useful for bioindustrial applications.

Keywords Arctic Chlamydomonas sp. � ArF0006 �
Pyrosequencing � Transcriptome � Cold adaptation �
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Introduction

Microorganisms are remarkably diverse and predominant in

many Arctic and Antarctic habitats and represent the most

abundant cold-adapted life-forms (Morgan-Kiss et al. 2006).

As polar regions undergo dramatic territorial changes under

the current warming climate, they provide valuable infor-

mation for assessing the biological and biogeochemical

impacts of environmental change. For example, much

attention has been paid to polar-living phytoplankton

because of their role in global warming as a carbon sink

(Wohlers et al. 2009; Peck et al. 2009). Also, recent studies

reported phytoplankton blooms underneath the Arctic sea ice

caused by ice thinning (Arrigo et al., 2012). To understand

how polar microorganisms thrive in this tough habitat by

overcoming environmental pressures, it is necessary to

investigate the physiological traits and genetic adaptations

that render them tolerant to temperature extremes.

Cold generates various biochemical and molecular

changes in living organisms. Examples include the evolution

of cold-shock proteins, the modulation of the kinetics of key

enzymes, and the development of more fluid biological

membranes through the accumulation of polyunsaturated

fatty acyl chains (Kodama et al. 1995; Loppes et al. 1995;

Suga et al. 2002; Morgan-Kiss et al., 2006; Hayward et al.,

2007). Also, cold-adapted organisms have developed

defense mechanisms, including prevention of ice crystalli-

zation, because these crystals can penetrate the cell mem-

brane. Antifreeze proteins (AFPs) have been shown to bind

directly to the ice surface, inhibit the growth of ice crystals,
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and reduce damage to frozen tissues; such proteins have been

described only in species inhabiting cold environments

(DeVries 1986; Storey and Storey 1996; Griffith et al. 1997;

Tyshenko et al. 1997; Davies et al., 2002; Duman et al. 2004;

Janech et al. 2006; Morgan-Kiss et al. 2006; Raymond et al.

2008, 2009; Young and Fletcher 2008; John et al. 2009;

Gwak et al. 2010; Kiko 2010). A recent comparative study of

extremophile and mesophilic Chlamydomonas suggested

that phenotypic plasticity involves an acclimation process

(Pocock et al. 2011). Most polar microorganisms are exposed

not only to freezing temperatures but also to osmotic stress

and desiccation (Morgan-Kiss et al. 2006). Therefore, they

are good sources for the discovery of novel biochemical

pathways and genes responding to environmental stress

(van den Burg 2003; Laybourn-Parry and Pearce 2007).

To better understand molecular adaptations in polar spe-

cies, we selected the Arctic freshwater microalgal strain

ArF0006, Chlamydomonas sp., from the KOPRI Culture

Collection of Polar Microorganisms (KCCPM). ArF0006 is

advantageous for investigating the adaptation of microalgae to

freezing environments: firstly, Chlamydomonas reinhardtii

whole genome information is available in NCBI so the gen-

ome of ArF0006 could be compared to that of its mesophilic

counterpart. Secondly, ArF0006 shows optimal growth at

around 15 �C, whereas the mesophile C. reinhardtii exhibited

maximum growth rates at 28 �C and is unable to grow below

10 �C (Vitova et al. 2011; our unpublished data).

In the present study, we report the transcriptome of

ArF0006. This is to our knowledge the first report of

genetic characterization of an arctic microalga of the genus

Chlamydomonas. The data revealed the existence of stress-

related and cold-adaptive genes, such as fatty acid desat-

urase, putative antifreeze genes, and a large number of

ArF0006-specific genes.

Materials and methods

Algal collection, isolation, and culture conditions

ArF0006 was collected in a small pond near the Dasan Station

located in NyÅlesund, Spitsbergen, Norway (78�550N,

11�560E) in 2005 using a 20-lm mesh and cells were depos-

ited in the KOPRI Culture Collection of Polar Microorgan-

isms (KCCPM). Single cells were manually isolated under a

microscope and then cultured in Tris–acetate phosphate

(TAP) buffer containing 17.5 mM acetate (Harris 1989) under

a 16:8 h light: dark cycle at 4 �C. Cells were shaken at

250 rpm in glass flasks on an orbital shaker. Cells were cul-

tured under various growth conditions and to different phases

of the growth cycle. For the growth assay, 1 ml of cell sus-

pension was filtered on Whatman glass microfiber filters GF/F

(Whatman, Maidstone, Kent, UK). Each filter was incubated

in 1 ml of 100 % dimethyl formamide (DMF) for 30 min at

4 �C and centrifuged at 13,000 rpm for 5 min. Chlorophyll

levels in supernatants were measured using a Trilogy fluo-

rometer (Turner Designs, Inc. Sunnyvale, CA, USA).

Molecular phylogeny

Genomic DNA was extracted using the DNeasy� Plant

Mini Kit (Qiagen, Hilden, Germany). The nuclear SSU

rDNA and chloroplastid rbcL were amplified from total

genomic DNA using PCR and primer combinations

described by Hoham et al. (2002) for SSU rRNA and new

primer combinations (rbcLF1, 50-GCWGGKTTYAAAGC

WGGTGT-30; rbcLF2, 50-CGTGGTGGWYTWGACTTY

AC-30; rbcLR1, 50-TCRTCTCCACCTTCACGAGC-30;
rbcLR2, 50-CGGTCWCKCCAACGCATGAA-30) for rbcL.

PCR products were sequenced using the BigDyeTM ter-

minator cycle sequencing ready-reaction kit (PE Applied

Biosytems [ABI], Foster City, CA, USA); sequence data

were collected using an ABI PRISM 3730 DNA Analyzer.

Final alignments for the SSU and rbcL data consisted of

42 and 19 taxa, respectively. Ambiguously aligned regions

were manually removed from the alignments (Hoham et al.

2002) and 1,738 (SSU) and 1,130 (rbcL) base pairs (bp) were

used for phylogenetic inference. Distance, maximum-like-

lihood, and parsimony analyses were completed in PAUP*

4.0b10 (Swofford 2002). Modeltest 3.7 (Posada and

Crandall, 1998; Posada and Buckley 2004) was used to

determine whether the general time reversible (GTR) model

with a gamma correction for among-site rate variation (C)

and invariant sites (I) was an appropriate model for our data

and was applied for maximum-likelihood analysis. A dis-

tance tree was obtained using the neighbor-joining (Saitou

and Nei 1987) method and subjected to 2000 rounds of

bootstrap resampling (Felsenstein 1985). Unweighted par-

simony and maximum-likelihood analyses (gaps treated as

missing data) were completed under a heuristic search

(starting trees generated from 100 and 10 random sequence

additions, respectively) with TBR branch swapping in effect.

The robustness of internal nodes in the parsimony tree was

estimated with 1000 replicates of bootstrap resampling

(10 random addition replicates per bootstrap replicate).

SSU and rbcL data trees were also generated using

MrBayes 3.0b4 (Huelsenbeck and Ronquist, 2001). The

GTR?C?I model was used and 5,000,000 generations of

four chains were run with sampling every 100 generations

(burn-in subsequently identified at 29,000 and 22,600

generations for SSU and rbcL data, respectively).

RNA isolation, library preparation, and sequencing

Cells were harvested by centrifugation at 5,0009 g for

10 min at 4 �C. The supernatant was discarded and cell
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pellets were immediately frozen in liquid nitrogen and

stored at -80 �C until further analysis. Total RNA from

the frozen cells was purified using the RNeasy Plant Mini

Kit (Qiagen, CA, USA) according to the manufacturer’s

instructions. cDNA was synthesized from poly(A)-enriched

RNA samples and amplified by PCR to generate a cDNA

library for Genome sequencer FLX Titanium (Roche/454

Life Science).

Assembly and Analysis

Sequencing and assembly were performed at the Macrogen

Inc. Genomic Division (Macrogen, Republic of Korea)

using the standard GS FLX protocol. The reads were

assembled into contigs using the GS de novo assembler

(NEWBLER, Roche/454 Life Sciences) and trimmed of

low-quality and adapter sequences using the seqClean and

Lucy software packages. A total of 64,710 reads were

generated and assembled into 45,443 contigs and 19,424

singletons. Unigenes (contigs ? singletons) were com-

pared to the NCBI non-redundant (nr) database using the

BLASTX algorithm with a cut-off e-value of B 10-3. The

GO terms were assigned to unique genes after annotation to

the homologs in the UniProt database. The amino acids of

putative AFPs were predicted from the DNA sequences and

aligned using the Vector NTI program.

RT-PCR and RACE- PCR

cDNA was synthesized from 1 lg of RNA extracted from

samples grown at 4 and 25 �C. Primers were designed

according to the sequences of the contigs and singletons,

and RT-PCR was performed using EX-Taq polymerase

(Takara, Republic of Korea). To confirm the full lengths of

the putative AFPs contig00093, 02042, and 01058, 30- and

50-end RACE PCR was carried out using gene-specific

primers designed based on the partial sequences of each

gene (Supplemental Table 1).

Results and Discussion

Phylogenetic relationships of ArF0006

The SSU rDNA and rbcL sequences of the Arctic green

alga, Chlamydomonas sp. (strain ArF0006), have been

deposited in GenBank (XXXXX and XXXXX). The

lengths of the SSU rDNA and rbcL sequences of ArF0006

were 1,758 and 1,300 bp, respectively. They share 99.6 %

(1,691/1,698) and 98.3 % (1,109/1,128) identities with

those of Chlamydomonas asymmetrica (SSU, U70788;

rbcL, EF113420). Final alignments for the SSU and rbcL

data consisted of 42 and 19 taxa, respectively. Ambiguously

aligned regions were manually removed from the alignments

(Hoham et al., 2002) and 1,738 (SSU) and 1,130 (rbcL) base

pairs (bp) were used for phylogenetic inference. ArF0006

was closely related to C. asymmetrica and relatively distant

from C. reinhardtii. ArF0006 was grouped together within

the clade including C. asymmetrica, C. maxima, and Hor-

motila blennista with strong-to-moderate support in the SSU

tree (Fig. 1 and Supplemental Fig. 1). It was also related to

the clade consisting of C. asymmetrica, Chlamydomonas sp.

ICE-L, Chlamydomonas sp. ICE-W, and Chloromonas sp.

ANT1 with moderate-to-weak support in the rbcL tree

(Fig. 1).

Effect of temperature on growth rate

ArF0006 was able to grow over a broad temperature range

(4–20 �C), and showed maximum growth at 15 �C (Fig. 2).

ArF0006 was unable to grow at 25 �C, the temperature at

which mesophilic Chlamydomonas reinhardtii showed

maximum growth (Fig. 2). In contrast, Arf0006 was able to

survive in frozen media for weeks (data not shown). Its

physiological ability to survive at freezing temperatures

reflects its successful adaptation to the Arctic habitat.

Highly expressed sequences and expression profiling

To determine the ArF0006 transcriptome that is responsi-

ble for its unique adaptation to the arctic environment, a

whole cDNA library of ArF0006 grown at 4 �C was

sequenced. A total of 64,712 reads were generated, which

were assembled into 45,443 contigs and 19,424 singletons

(Table 1). Contigs were 100–4,673 bp in length, with an

average of 665 bp. A total of 1,922 (80 %) contigs were

assembled with C20 reads, 2,387 contigs were assembled

with C5 reads and three contigs (01809, 02062, and 00595)

were assembled with C400 reads. The longest contig

(00317) was 4,673 bp, aligned by 159 reads.

Contigs with a high number of reads ([100 reads)

contained putative genes that were categorized to previ-

ously known stress-responsive genes based on a BLAST

similarity search (Supplemental Table 2.). For example,

the expression levels of homologous genes encoding the

ABC transporter (contig00317), fatty acid desaturase

(contig00093), a leucine-rich repeat containing protein

(contig00076), and HSP70 (contig00063) have been

reported to increase in various organisms when exposed to

cold (Mock et al. 2006; Lee et al. 2008). Also, several

ribosomal proteins and elongation factors known to be

responsible for protein synthesis (e.g., contig00426, 00036,

00048, and contig 02062, etc.) were identified, supporting

active metabolism at 4 �C. Ribosomal proteins have

been reported to play roles as cellular sensors of temper-

ature for the heat- and cold-shock response networks
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(VanBogelen and Neidhardt 1990). We also observed

many typical stress-responsive genes, such as heat-shock

proteins (two contigs and 22 singletons) and genes related

to lipid biosynthesis, in the ArF0006 transcriptome. Tran-

scriptome analysis of Antarctic krill also revealed that the

most highly expressed genes were related to lipids,

metabolism, or chaperones such as HSPs (Clark et al.

2011). RT-PCR analysis was performed to determine the

effect of growth temperature on the expression of the

above-mentioned genes (Supplemental Fig. 2).

Genome annotation and comparison

The 45,443 reads assembled as contigs were blasted against

the NCBI protein database using BLASTX to identify

similar sequences with an e-value cutoff\10-3. A total of

6,835 reads (15 %) did not match any known sequence in

GenBank, suggesting the existence of novel genes in

ArF0006. Only 38,608 reads were assigned to gene ontol-

ogy (GO) numbers. Figure 3 shows the percentage distri-

butions of the three major GO categories. ‘Cellular

component’ (41 %) was the predominant group, while

‘biological process’ and ‘molecular function’ constituted

22 % of the genes. Within the ‘biological process’ cate-

gory, 29 % of the assignments corresponded to metabolic

processes, followed by ‘response to stimulus’ (15 %) and

‘cellular processes’ (15 %). Within the ‘cellular compo-

nent’ category, ‘cell part’ (65 %) was predominant, fol-

lowed by ‘organelle’ (12 %) and ‘unclassified’ (11 %).

Meanwhile, ‘binding’ (32 %), ‘structural molecular activ-

ity’ (25 %), and ‘catalytic activity’ (24 %) were repre-

sented relatively equally within the ‘molecular function’

category (Fig. 3).

To identify differences and overlap between ArF0006

genes and public databases, 21,801 unigenes newly

obtained from ArF0006 were compared against three

Carteria radiosa NIES 432 (D89770) 

Carteria obtusa NES 428 (D89769) 

Chloromonas reticulata (AB022534)

Chloromonas sp. ANT3 (U80809)

Dunaliella bardawil  UTEX 2538 (DQ313194)

Dunaliella salina (AY531529)

Haematococcus zimbabwiensis SAG 26.96 (AB360757)

Stephanosphaera sp. UTEX-LB 2409 (AB360759)

Haematococcus pluvialis (FJ438476)

ArF0006

Chlamydomonas asymmetrica SAG 70.72 (EF113420)

Chloromonas sp. ANT1 (AF089834)

Chlamydomonas sp. ICE-L (AY731086)

Chlamydomonas sp. ICE-W (AY731087)

Protosiphon botryoides UTEX 99 (EF113465)

Chlamydomonas applanata SAG 11-9 (AB360753)

Chlamydomonas pulsatilla CCAP11-44 (AB007323)

Chlamydopodium vacuolatum UTEX 2111 (EF113426)

Chlamydomonas reinhardtii (J01399)

0.01

100/100/100

71/65/50

72/ - / -

73/65/ -

100/100/99

100/100/100

100/100/100

100/100/ -

68/ - / -

83/ - / -

65/ - / -

76/ - / -

99/71/ -

Fig. 1 rbcL alignment tree constructed by Bayesian inference.

Values at branches represent Bayesian posterior probabilities (left
value) and 2000 and 1000 bootstrap replicates for each neighbor-

joining distance and parsimony (middle and right values, respec-

tively). Branches lacking values received \50 % support

Fig. 2 Effect of temperature on the growth rate of ArF0006.

ArF0006 was grown at 4, 15, 20, and 25 �C under a 18/6 h (light/

dark) photoperiod. X-axis shows days and Y-axis shows chlorophyll-a

contents. Error bars represent standard deviations of three biological

replicates
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reference data sets for selected species: Chlamydomonas

reinhardtii (microalga), Ostreococcus tauri (ancestral mi-

croalga), and Arabidopsis thaliana (land plant) using

BLASTX with a cut-off e-value of B10-3. Chlorophytes

(Chlamydomonas and Ostreococcus) and Streptophytes

(Arabidopsis) diverged from a common green plant

ancestor; thus, they are expected to exhibit marked

genomic information commonality. Of the ArF0006 pro-

teins, 6,967 (35 %) were determined to be homologous to

at least one of the genome references and 4,075 proteins

(21 %) were common to all of these references (Fig. 4).

Unexpectedly, only 6,282 (32 %) of ArF0006 unigenes

were shared with C. reinhardtii, 5,391 (27 %) with

A. thaliana, and 4,995 (26 %) with O. tauri, whereas in

Table 1 Sequences and

assembly of 454 HQ reads and

contigs

Sequence (No.) Bases (bp)

Sequencing (read) High-quality (HQ) reads 64,712 22,867,847

Average HQ read length 353 bp

Reads used in assembly 64,710 22,662,556

Contig Reads assembled as contigs 45,443

Number of contigs 2,377 1,580,438

Average length of contigs 665 bp

Range of contig length 100–4673 bp

Depth on contigs 19.12

Singleton Number of singletons 19,424 6,437,109

Average length of singletons 331 bp

Range of singleton length 50–1,114 bp

Unique sequences (contigs ? singletons) 21,801

Biological process
22%

Cellular 
component

41%

Molecular  
function

22%

No Hits
15%

0 500 1000 1500 2000 2500 3000

growth
reproduction

cell wall organization or biogenesis
reproductive process

multi-organism process
signaling process

locomotion
signaling

biological adhesion
multicellular organismal process
cellular component organization

cellular component biogenesis
establishment of localization

biological regulation
developmental process

Unclassified
cellular process

response to stimulus
metabolic process

Biological process

0 500 1000 1500 2000 2500 3000 3500

antioxidant activity

molecular transducer activity

electron carrier activity

transcription regulator activity

enzyme regulator activity

transporter activity

Unclassified

catalytic activity

structural molecule activity

binding

Molecular function

0 2000 4000 6000 8000 10000 12000 14000

extracellular region

macromolecular
complex

organelle part

Unclassified

organelle

cell part

Cellular component

A B

C D

Fig. 3 Gene ontology assignments for the ArF0006 transcriptome. A pie chart shows proportional distribution of genes in each gene ontology

category (a). The graph shows the percentage of genes observed in each category (b–d)
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C. reinhardtii, 7,201 (52 %) were shared with A. thaliana

and 5,551 (40 %) with O. tauri (Fig. 4). Comparative

analysis of the proteins and ESTs of C. reinhardtii,

O. tauri, A. thaliana or in public databases indicated that a

large number of ArF0006 genes have not yet been detected

or did not show similarities to any other publicly available

genes. Therefore, a large proportion of ArF0006-specific

genes may be an evolutionary consequence, in concert with

its physiological traits. Alternatively, they may represent a

specialized set of genes that are expressed only at 4 �C.

However, the latter explanation seems unlikely because the

optimal growth temperature of ArF0006 was identical to

that of C. reinhardtii, A. thaliana, and O. tauri. Thus the

major of ESTs of each species represent actively expressed,

rather than cold-dependent, genes.

Genes related to fatty acid and TGA biosynthesis

Due to their high lipid content, algae are considered a good

source of biomass for a fossil fuel replacement. The potential

of algae as a source of biomass to replace fossil fuels has been

investigated, due to their high lipid content and the pres-

ence of unusual lipids (Guschina and Harwood, 2006;

Rismani-Yazdi et al., 2011). Environmental factors, such as

silicon deprivation and nutrient limitation, in the polar

regions stimulate high rates of lipid synthesis in diatoms and

other microalgae (Taguchi et al. 1987). Consistent with this,

our data revealed that large numbers of genes were involved

in the biosynthesis and catabolism of fatty acids, based on the

Kyoto Encyclopedia of Genes and Genomes (KEGG) path-

way assignment linked in the Blast2Go platform. For

example, there were multiple copies of contig02131 (beta-

ketoacyl-ACP synthase), 00116 (enoyl-ACP reductase),

00053 (acetyl-CoA acyltransferase), 02018 (acetyl CoA

synthetase), and 00978 (enoyl CoA hydratase-like). With

regard to singletons, C5SSA (stearoyl-ACP desaturase) and

DHIP4 (acyl carrier protein thioesterase) were identified. In

terms of genes involved in TGA biosynthesis, 00022 (glyc-

erol kinase), 00745 (glycerol-3-phosphate O-acyltransfer-

ase), 00891 (triacylglycerol lipase), and several singletons

were detected.

The genes encoding the candidate fatty acid desaturase

are shown in Table 2. Of them, contig00093 (142 reads)

was selected for further study because its transcript was

detected at high levels at 4 �C. The full-length cDNA of

contig00093 was confirmed by 50 and 30 end RACE anal-

ysis. Protein sequences showed high similarity (94 %) to

the plastid delta 12 fatty acid desaturase of Chlorella vul-

garis (ADB03432) in BLASTX matches. In contrast, the

partial cDNA of contig00039 matched the omega-3 fatty

acid desaturase of Chlorella vulgaris (BAB78717) with

79 % identity. It is interesting that putative desaturases of

Fig. 4 Venn diagram showing genes unique and shared between and

among four species (ArF0006, Chlamydomonas reinhardtii,
Ostreococcus tauri, Arabidopsis thaliana)

Table 2 Putative desaturases discovered in ArF0006

Desaturase GO molecular function (species)

contig00039 Omega-3 fatty acid desaturase [Chlorella
vulgaris]

contig00093 Plastid delta12 fatty acid desaturase

[Chlorella vulgaris]

contig01298 Phytoene desaturase [Dunaliella salina]

contig01947 Phytoene desaturase [Oncidium Gower
Ramsey]

GI1EB1N03C5SSA Stearoyl-ACP desaturase [Muriella
zofingiensis]

GI1EB1N03C6Y4Z Zeta desaturase [Tagetes erecta]

GI1EB1N03C7TPK Sterol 14 desaturase [Chlamydomonas
reinhardtii]

GI1EB1N03C8Q9P Delta-12 fatty acid desaturase [Chlorella
vulgaris]

GI1EB1N03C98UZ Endoplasmic reticulum 18:2 desaturase

[Populus tomentosa]

GI1EB1N03DD0DQ Phytoene desaturase [Dunaliella salina]

GI1EB1N03DGITX Predicted protein [Populus trichocarpa]

GI1EB1N03DIC9 N Delta-12 fatty acid desaturase [Chlorella
vulgaris]

GI1EB1N03DMDW6 Zeta desaturase [Tagetes erecta]

GI1EB1N03DOCRH Zeta-carotene desaturase [Chlamydomonas
reinhardtii]

GI1EB1N03DQBKL Microsomal delta12 fatty acid desaturase

[Chlorella vulgaris]

GI1EB1N03DRMA6 Stearoyl-ACP desaturase [Muriella
zofingiensis]

GI1EB1N03DRS9 J Plastid stearoyl-acyl carrier protein

desaturase [Helicosporidium sp.]

GI1EB1N03DTIBM Fatty acid desaturase [Chlamydomonas
reinhardtii]

GI1EB1N03DUKFH Fatty acid desaturase [Chlamydomonas
reinhardtii]
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ArF0006 matched more closely with those of Chlorella

than those of Chlamydomonas.

Putative antifreeze proteins

Unlike the sea, Arctic freshwater tends to be isolated both

geologically and ecologically, with a low chance of inva-

sion or disturbance. Thus, the habitat restriction of the

arctic freshwater ecosystem may represent a selective

pressure on microorganisms in terms of acquisition of

unique stress-tolerance mechanisms over long periods of

time. We found that at least five contigs (00914, 01058,

01488, 01832, and 02402) and five singletons (C2D3S,

C863E, DERF6, DHQ4C, and DR4YZ) were categorized

as AFP candidates based on similarity searches in other

organisms (Table 3). Contig02402 and 01058 matched

Chlorella ABR01234 with a 38 % identity, indicating a

low sequence similarity, which matched only the Antarctic

ecotype Chlorella vulgaris (Fig. 5). Meanwhile, 02402 and

01058 were 81 % similar when the extended amino acid

sequences of contig01058 were excluded, suggesting that

they are likely isoforms (Fig. 5). Also, the transcript levels

of both genes were increased at low temperatures (Sup-

plemental Fig. 2). Partial sequences of contigs01488 and

01832 matched that of Chlorella ABR01229 with 49 and

54 % identities, respectively. Since their similarities were

lower and these AFPs were not found in the Antarctic

Chlamydomonas CCMP681, further investigation of their

role as antifreeze agents is necessary.

The origin of AFP remains controversial. Recent papers

suggested that copepod AFP was generated by horizontal

gene transfer (HGT) (Kiko 2010). Meanwhile, Deng et al.

(2010) reported that the type III AFPs in Antarctic zoarcid

fish evolved from ancestor genes that obtained a new

function and, therefore, provide evidence of gene dupli-

cation under EAC (escape from adaptive conflict). It may

also be possible to explain the evolutionary process of

AFPs by means of multiple mechanisms that satisfy the

conditions relevant to each organism. Discovery of other

novel AFPs in non-model psychrophilic species, such as

ArF0006, would facilitate resolution of this issue.

Conclusion

We report here the transcriptome annotation of a non-model

Arctic freshwater microalga, ArF0006, using 454 pyrose-

quencing. ArF0006 was relatively phylogenetically close to

Chlamydomonas spp. The ArF0006 transcriptome contained

a large number of genes related to the cold response; these are

also found in other psychrophilic species but are not present

in temperate species. Furthermore, a large number of

ArF0006 sequences did match those in other organisms,

Table 3 Antifreeze proteins discovered in ArF0006

Cluster ID GO molecular function (species)

contig00914 Antifreeze glycopeptide AFGP polyprotein

precursor [Boreogadus saida]

contig01058 Antifreeze protein [Chlorella vulgaris]

contig01488 Antifreeze protein [Chlorella vulgaris]

contig01832 Antifreeze protein [Chlorella vulgaris]

contig02402 Antifreeze protein [Chlorella vulgaris]

GI1EB1N03C2D3S Antifreeze peptide 4 precursor, putative

[Brugia malayi]

GI1EB1N03C863E Antifreeze glycoprotein [Boreogadus saida]

GI1EB1N03DERF6 Antifreeze glycoprotein [Boreogadus saida]

GI1EB1N03DHQ4C Antifreeze peptide 4 precursor, putative

[Brugia malayi]

GI1EB1N03DR4YZ Antifreeze glycoprotein [Boreogadus saida]

contig02402
contig01058
ABR01234

contig02402
contig01058
ABR01234

contig02402
contig01058
ABR01234

Fig. 5 Multiple amino acid alignments of ArF0006 AFP candidates, contig02402, and 01058 with Chlorella AFP ABR01234. Black boxes
indicate sequences identical in all; grey boxes indicate sequences conserved in at least two positions
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indicating the presence of ArF0006-specific genes. Since

global climate change has already had a tremendous impact

on the polar ecosystem, the transcriptome of the arctic mi-

croalga, ArF0006, provides valuable genetic information for

ecological and evolutionary studies.
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Wohlers J, Engel A, Zöllner E, Breithaupt P, Jürgens K, Hoppe H-G,

Sommer U, Riebesell U (2009) Changes in biogenic carbon flow

in response to sea surface warming. Proc Natl Acad Sci USA

106:7067–7072

Young HM, Fletcher GL (2008) Antifreeze protein gene expression in

winter flounder pre-hatch embryos: implications for cryopreser-

vation. Cryobiology 57:84–90

Genes Genom

123

Author's personal copy


	De novo transcriptome analysis of an Arctic microalga, Chlamydomonas sp.
	Abstract
	Introduction
	Materials and methods
	Algal collection, isolation, and culture conditions
	Molecular phylogeny
	RNA isolation, library preparation, and sequencing
	Assembly and Analysis
	RT-PCR and RACE- PCR

	Results and Discussion
	Phylogenetic relationships of ArF0006
	Effect of temperature on growth rate
	Highly expressed sequences and expression profiling
	Genome annotation and comparison
	Genes related to fatty acid and TGA biosynthesis
	Putative antifreeze proteins

	Conclusion
	Acknowledgments
	References


