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With high-throughput Solexa sequencing technology, we profiled Porphyra yezoensis transcriptomes from 8 different samples. 
More than 1200 megabases from 13333334 quality paired-end reads were generated, which were assembled into 31538 unigenes. 
Blast analysis showed that 56.7% unigenes were novel, which represented the specific genes of Porphyra and/or rhodophytes. 
Several hundreds of unigenes related to stress tolerance were discovered, including genes related to desiccation- (211) and high 
light-tolerance (31), flavonoid biosynthesis (10), reactive oxygen scavenging (48) and other stress-tolerance processes (208), 
which indicated there existed complex and diversity modes of stress tolerance in this species. A complete set of essential genes 
involved in the C3-(57) and C4-(44) carbon fixation pathway (except pyruvate phosphate dikinase) were discovered, which not 
only proved that they were actively transcribed but also clearly outlined the panoptic view of carbon fixation in Porphyra. More-
over, by statistically analyzing the types, proportions and frequencies of the interspersed repeats (TEs) and simple sequence re-
peats (SSRs), we discovered that the top three types of TEs were all retrotransposons and the trinucleotide was the absolute pre-
dominant type among SSRs, promoting our understanding of structural characteristics of the transcriptome. This study substan-
tially improved the global view of the Porphyra genome and provided a valuable resource for future research. 

Porphyra yezoensis, red algae, transcriptome, Solexa sequencing technology, expressed sequence tags, functional analysis, 
transposable elements, microsatellites 
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Porphyra is a genus of marine red algae with considerable 
economic value. For hundreds of years, it has been culti-
vated in east Asian countries, such as China, Korea and Ja-
pan, where it remains one of the largest aquaculture indus-
tries today [1]. Porphyra has important fundamental and 
applied researching values [2]. The species in this genus 
reproduce both sexually and asexually. They perform a het-
eromorphic life cycle, in which a macroscopic foliose hap-
loid thallus phase (gametophyte) and a microscopic diploid 
filamentous conchocelis phase (sporophyte) alter each other 
[3]. The entire life cycle can be completed in the laboratory 
within 2–3 months. The haploid genome of Porphyra is 

relatively small in size (2.7×1085.3×108 bp) [4]. These 
features make it a good material for studying genetics and 
genomics. Moreover, Porphyra is a model organism of the 
intertidal zone. It has been undergoing profound environ-
mental changes including desiccation, osmotic shock, in-
tense sunlight exposure, high and/or freezing temperatures 
and other changes on a continuing basis [5]. Therefore, this 
alga is an ideal research tool to investigate the mechanisms 
of environmental tolerance. 

The whole genome sequence of P. yezoensis is not 
available currently, making it difficult to investigate the 
alga integratively. Expressed sequence tags (ESTs) are im-
portant for studying the structure and function of functional 
genome. ESTs have played significant roles in accelerating 
gene discovery, improving genome annotation, elucidating 
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phylogenetic relationships, facilitating breeding programs 
by providing SSR and SNP markers, analyzing large-scale 
gene expression and rapidly identifying transcripts involved 
in specific biological processes [6]. During the last few 
years, EST analysis of P. yezoensis has been conducted in 
many laboratories [7–9], and approximately 22000 ESTs 
have been deposited into the dbEST database at NCBI. 
However, most of the ESTs in the dbEST database are re-
dundant.  

Next-generation high-throughput RNA sequencing tech-       
nology is a powerful and cost-effective tool for increasing 
the transcript complexity. The sequencing platforms, such 
as the Illumina/Solexa Genome Analyzer, GS FLX Titanium 
System and ABI/SOLiD Gene Sequencer, can sequence in 
parallel massive amounts of cDNAs [10]. They have been 
successfully used to investigate the transcriptomes of a wide 
range of organisms including Pseudosciaena crocea, zebrafish, 
Aspergillus oryzae, rice, mouse and human [11–16]. The 
next-generation sequencing technologies have also been 
used in other functional genomics researches including ge-
nome annotation, small ncRNA profiling and aberrant tran-
script detection, which are areas previously covered by mi-
croarrays [17]. In this study, we profiled the transcriptome 
of P. yezoensis using Illumina/Solexa sequencing technol-
ogy with the aim to characterize its functional genome. 

1  Materials and methods 

1.1  RNA extraction 

Sporophytes and gametophytes of P. yezoensis were cul-
tured under different conditions (Table 1), harvested and 
weighed separately. Equal amount (in fresh weight) were 
mixed and frozen at 80°C immediately. Total RNA was 
extracted using Trizol (Invitrogen) according to the manu-
facturer’s instructions. Residual DNA was removed away 
with RNase-free DNase I (TaKaRa) at 37°C for 30 min. 

1.2  Construction of cDNA library  

The cDNA library was constructed following the manufac-
turer’s instructions (Illumina). In briefly, Sera-mag Mag-
netic oligo(dT) Beads were used to isolate poly(A) mRNA 
from total RNA. To avoid priming bias, the mRNA was 
fragmented before cDNA synthesis. The first-strand cDNA 
and the second-strand cDNA were synthesized using the 
fragments as templates and random hexamer primers, puri-
fied with QiaQuick PCR Purification Kit (Qiagen) and re-
solved in EB buffer, with them poly(A) and sequencing 
adaptors were ligated after end reparation. The fragments in 
appropriate lengths were retrieved from agarose gel, PCR 
amplified sequenced using Illumina HiSeq™ 2000 (Beijing 
Genomics Institute, Shenzhen, China). 

1.3  Assembly and annotation 

Low quality reads and only sequencing adaptors containing 
reads were removed ahead of assembly. The quality reads 
were assembled into unigenes with SOAPdenovo [18]. The 
unigenes were annotated by aligning with the deposited ones 
in diverse protein databases including NCBI non-redundant 
protein (Nr), UniProt/Swiss-Prot, KEGG and COG. The best 
one was selected from the matches with an E-value of less 
than 105. The unigenes were functionally classified with 
Blast2GO program [19] and WEGO software [20]. To iden-
tify potential novel genes, non-annotated unigenes were 
predicted by ESTScan [21] and translated into peptide se-
quences.  

1.4  Coverage determination 

All ESTs of P. yezoensis were downloaded from the dbEST 
database at NCBI and assembled with TGICL and PHRAP 
(overlap100 bp, identity96%) in order to obtain EST 
unigenes from GenBank. Those longer than 200 bp were  

Table 1  Different samples of P. yezoensis 

Phase Medium Cultivation conditions 

Sporophytes   

Free-living conchocelis filamentoas 
Natural seawater with the Provasoli’s enrichment solution  
medium (PES) 18°C, 24 mol photos m2 s1, light:dark=12:12 

Free-living conchosporangium 
Natural seawater with the Provasoli’s enrichment solution  
medium (PES) 24°C, 24 mol photos m2 s1, light:dark=12:12 

Gametophytes   

Thallus Natural seawater 9°C, 24 mol photos m2 s1, 4 h 

Thallus Natural seawater added with deionized water of equal volume 9°C, 24 mol photos m2 s1, 4 h 

Thallus Natural seawater added with 33 g NaCl per litre 9°C, 24 mol photos m2 s1, 4 h 

Thallus Natural seawater 9°C, 1500 mol photos m2 s1, 4 h 

Thallus Natural seawater 9°C, dark , 4 h 

Thallus Drought 4°C, dark , 4 h 
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searched with BLASTN 2.2.21 [22] (E1.00×107) against 
unigenes from this study and used for calculating coverage. 

1.5  Identification of transposable elements (TE)  

To identify the putative transcriptional TE, the ESTs from 
this study and those from GenBank were screened with Re-
peatMasker (http://www.repeatmasker.org/) using consen-
sus sequences in Repbase as queries. The unigenes were 
also aligned with those in TIGR Plant Repeat Databases 
(http://plantrepeats.plantbiology.msu.edu/index.html) with 
BLASTN at an E-value cut off of 1×105; TEs with amino 
acid homology to known TE ORFs were identified through 
searching against Repbase database and TIGR Plant Repeat 
Databases with E-value cut off of 1×105 and also with Pro-
tein-based RepeatMasking (http://www.repeatmasker.org/ 
cgi-bin/RepeatProteinMaskRequest). 

1.6  Identification of SSRs  

Microsatellites (SSRs) with 2–6 bp repeats were identified 
from both ESTs from this study and ESTs from GenBank 
with MISA program (MIcroSAtellite identification tool) 
[23]. Only perfect repeats were collected. The minimum 
repeat number was 7 for di-, 5 for tri- and 4 for tetra-, penta- 
and hexanucleotides, respectively [24,25]. 

2  Results 

2.1  Transcriptome assembly 

A total of 13333334 quality (with a score of > 20) paired- 
end reads were obtained with an overall length of more than 
1200 megabase, which accounted for 81.0% of the raw data. 
The GC content of the transcriptome was 63.2%. Quality 
reads were assembled into 197227 contigs, and further  

clustered into 40181 scaffolds and grouped into 31538 uni-
genes with a total length of 13211994 nt and a mean length 
of 419 nt (Table 2, Figure 1). 

2.2  Coverage determination 

Before this study, a total of 22074 ESTs of P. yezoensis had 
been deposited in the GenBank. After downloading and 
assembling, a data set consisting of 5475 unigenes was ob-
tained. Of these unigenes, 5013 were longer than 200 bp in 
length, which were used for further analysis. The compari-
son showed that 4507 unigenes from GenBank matched 
with 7246 unigenes from this study, which represented 
89.9% of the ESTs obtained from GenBank. The total 
length of the identical sequences of the two data sets was 
2134453 nt accounting for 70.5% of the ESTs from Gen-
Bank (Figure 2). It indicated that the pool of transcripts se-
quenced well covered the whole transcriptome of P. ye-
zoensis. 

2.3  Unigene annotation and classification 

Of all the unigenes obtained, 12815 (40.6%) significantly 
matched with 66209 in the Nr database. Among them, 311  

Table 2  Statistics of P. yezoensis reads  

Item Data 

Number of total reads 13333334 

Total nucleotides (megabase) >1200 

Contigs 197227 

Scaffolds 40181 

Unigenes 31538 

Mean length of contigs (nt) 138 

Mean length of scaffolds (nt) 355 

Mean length of unigenes (nt) 419 
 

 

Figure 1  Length distribution of contigs, scaffolds and unigenes. 
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Figure 2  Comparison of the proportion of identical sequences in ESTs from this study and ESTs from GenBank. (a) Represents the proportion of identical 
unigene number; (b) represents the proportion of the total length of identical unigenes.  

were homologous with those of P. yezoensis and 55 to those 
of other species in genus Porphyra. Searching against Swiss- 
prot database found 11364 unigenes (36.0%) hit 51387 de-
posited. Searching against COG database found 7067 uni-
genes were assigned to 25 functional categories. The cate-
gories of “translation, ribosomal structure and biogenesis”, 
“general function prediction only” and “cell cycle control, 
cell division, chromosome partitioning” were the first three 
largest (Figure 3). In addition, 166 unigenes were found to 
be involved in “defense mechanisms” including ABC-type 
bacteriocin/lantibiotic exporters, ABC-type multidrug trans-
port system, restriction endonuclease, Na+-driven multidrug 
efflux pump, uncharacterized vancomycin resistance protein, 
beta-lactamase class C and other penicillin binding proteins. 
A total of 8308 unigenes were assigned to at least one path-
way of 120 pathways in total. Of these pathways, metabolic 
(23.8%) and spliceosome (21.3%) contained the most 
unigenes. A total of 2390 unigenes (7.6%) were assigned to 

signed to at least one of 10923 available GO terms. Among 
the unigenes, 1387 were assigned to at least one GO term in 
the biological process category, 1741 in the molecular func-
tion category and 1517 in the cellular component category. 
Enriched GO categories involving more than 1000 unigenes 
belonged to the subcategories of cell, cell part, catalytic 
activity, cellular process, binding and metabolic process 
(Figure 4). 

In total, 13671 unigenes (43.3%) were annotated, while 
17867 (56.7%) were not. Of the failure in annotation, 5045 
unigenes were predicted to be possibly novel in P. yezoensis 
according to the results of ESTscan program.  

2.4  Gene tags related to the stress tolerance 

In plant, the adaptation or tolerance to the environmental 
stress includes complex mechanisms. In this study, several 
hundreds of gene tags related to the stress tolerance were  

 

Figure 3  COG functional categorization of unigenes. The numbers represent the amount of unigenes included in each functional category.  
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Figure 4  GO classification for unigenes.  

discovered, including desiccation-tolerance related genes 
(211), high light-tolerance related genes (31), genes in-
volved in flavonoid biosynthesis pathway (10), genes re-
lated to other stress-tolerance processes (208) and genes 
encoded a series of reactive oxygen scavenging enzymes 
(48) (Tables 3 and 4). The results not only indicated that 
there existed diversity modes of stress tolerance in P. ye-
zoensis but also provided a batch of gene candidates for 
deciphering the molecular mechanisms of stress tolerance.  

2.5  Gene tags related to the CO2 fixation 

Carbon fixation is an important biological process to all 
photosynthetic organisms. With the help of bioinformatic 
techniques all the essential genes related to C3-pathway (57 
unigenes) were discovered from the transcriptome (Table 5), 
which provided the unequivocal molecular evidence that all 
the C3-pathway genes were actively transcribed and there 
existed C3-pathway in P. yezoensis (Figure 5). It was inter-
esting to note that 44 enzyme-encoding unigenes invovled 
in C4-pathway were found, covering almost all enzymes 
needed for C4-carbon fixation except the pyruvate phos-
phate dikinase (EC 2.7.9.1) (Table 5, Figure 5). The results 
helped us to clearly outline the panoptic view of carbon 
fixation of this species. 

2.6  Active transposable elements (TE)  

The presence of TEs in EST collections indicates they are 
actively transcribed. A total of 614 and 262 transposon-like  

Table 3  Some stress-tolerance related genes in P. yezoensis 

Stress-tolerance related genes Unigenes 

Desiccation-tolerance related genes  

Actin related proteins 164 

Peptidyl-prolyl cis-trans isomerases 23 

Tubulin related proteins 20 

TCP-1 subunit genes 3 

Late embryogenesis abundant(LEA)protein-related 1 

High light-tolerance related genes  

Phycoerythrins 9 
Phycocyanins 4 
Light-harvest proteins 4 

Light inducible protein/nucleases 4 

3-dehydroquinate synthase/O-methyltransferase fusion 3 

Blue-light photoreceptors 2 

Beta-carotene biosynthetic proteins 2 

Chlorophyll binding proteins 2 

Protochlorophyllide reductase chloroplast precursor 1 

Flavonoid biosynthesis  

P-coumarate 3-hydroxylase 2 

Caffeoyl-CoA O-methyltransferase 2 
Flavonoid 3′-monooxygenase 2 

Anthocyanidin reductase 2 
Chalcone synthase 1 
Trans-cinnamate 4-monooxygenase 1 
Other stress-tolerance processes  
Heat shock proteins & cochaperones 96 

Ubiquitin related proteins 84 

Carbonic anhydrases 12 

Glutathione S-transferases 12 
Haloacid dehalogenase-like hydrolases 2 
Vanadium-dependent bromoperoxidase 1 2 
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Table 4  Key enzymes involved in the antioxidant system in P. yezoensis 

Reactive oxygen scavenging enzymes Unigenes 

Superoxide dismutase 10 

Mn-SOD 5 

Cu/Zn-SOD 4 

Fe-SOD 1 

Dehydroascorbate reductase 7 

Peroxiredoxin 6 

Glutathione peroxidase 5 

Catalase 5 

Thioredoxin reductase 4 

Ascorbate peroxidase 4 

Glutathione reductase 3 

Heme oxygenase 2 

Haem peroxidase 2 

Total 48 

 

sequences were found in ESTs from this study (31538 uni-
genes) and those from GenBank (5013 unigenes), respec-
tively (Figure 6). In both ESTs, the top three types were 

related to retrotransposons, of which Gypsy accounted for 
the richest. In ESTs from this study, R1 was the second 
abundant, followed by Copia and CACTA. However, in the 
ESTs from GenBank, Copia was the second abundant, fol-
lowed by R1 and Ngaro. As a whole, the majority of TEs 
were retrotransposons and the remaining were DNA trans-
posons. Only one putative miniature inverted-repeat trans-
posable element (MITE) was found, implying its scarceness 
in P. yezoensis. 

2.7  Characterization and comparison of SSRs    

A total of 1047 perfect SSRs were found in ESTs from this 
study, while 287 SSRs were from those of the GenBank 
(Table 6). On an average, there existed one SSR every 11.6 
and 10.6 kb, respectively, in our data set and in that of 
GenBank. The abundance of SSR types from more to less 
was tri-, di-, tetra-, hexa- and pentanucleotide repeats in 
order. Among all types, the trinucleotide was absolutely the 
predominant type with the ratio of 78.8% on average. It 
reconfirmed the fact that trinucleotide repeats in the coding 
regions would not cause frameshift mutation that could si-
lence genes, but only would increase the variation of genes. 
The most abundant motifs were CCG in tri-, CCCG in tetra-,  

Table 5  Statistics of C3/C4-pathway related enzymes 

Enzyme codes Enzyme names Unigenes 

C3-pathway  57 

EC 1.2.1.13/59 Glyceraldehyde-3-phosphate dehydrogenase (phosphorylating) (GAPDH) 2 

EC 2.2.1.1 Transketolase 8 

EC 2.7.1.19 Phosphoribulokinase 2 

EC 2.7.2.3 Phosphoglycerate kinase (PGK) 3 

EC 3.1.3.11 Fructose-1,6-bisphosphatase (FBPase) 20 

EC 3.1.3.37 Sedoheptulose-bisphosphatase (SBPase) 3 

EC 4.1.1.39 Ribulose bisphosphate carboxylase/oxygenase (Rubisco) 3 

EC 4.1.2.13 Fructose-bisphosphate aldolase 9 

EC 5.1.3.1 Ribulose-phosphate 3-epimerase 4 

EC 5.3.1.1 Triose-phosphate isomerase (TIM) 2 

EC 5.3.1.6 Ribose-5-phosphate isomerase 1 

C4-pathway  44 

EC 1.1.1.37 Malate Dehydrogenase (NAD +) (MD) 1 

EC 1.1.1.39 Malate Dehydrogenase (decarboxylating) (NAD +) (MD) 4 

EC 1.1.1.40 Malic enzyme (ME) 7 

EC 1.1.1.82 Malate dehydrogenase (NADP+) 1 

EC 2.6.1.1 Aspartate aminotransferase (AST) 10 

EC 2.6.1.2 Alanine aminotransferase (ALT) 4 

EC 2.7.1.40 Pyruvate kinase 10 

EC 4.1.1.31 Phosphoenolpyruvate carboxylase (PEPC) 4 

EC 4.1.1.49 Phosphoenolpyruvate carboxykinase (PEPCK) 3 

Total  101 
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Figure 6  Distribution of TEs with transcriptional activity in P. yezoensis. 

Table 6  Characterization of SSRs in transcribed sequences of P. yezoensis 

 Dinucleotide  Trinucleotide  Tetranucleotide  Pentanucleotide  Hexanucleotide 

 
ESTs from  
this study 

ESTs from 
 GenBank 

 
ESTs from  
this study 

ESTs from 
GenBank 

 
ESTs from 
this study 

ESTs from 
GenBank 

 
ESTs from 
this study 

ESTs from  
GenBank 

 
ESTs from  
this study 

ESTs from 
GenBank 

 ACa) 57b) AG 15  CCG 417 CCG 108  CCCG 9 CCCG 6  AGGGG 4 AGGGG 1  ACCGCC 7 ACCGCC 2 

 AG 29 CG 8  AGC 143 AAC 46  AGGG 7 ACGC 3  AAGGG 2    ACGGCG 7 ACCGCG 1 

 CG 28 AC 5  ACC 87 AGC 44  ACAT 6 CCGG 2  CCGCG 2    ACCGTC 3 ACCGTC 1 

 AT 1    ACG 65 ACC 11  ACGC 6 ACAT 1  AAAAC 1    ACGCCG 3 ACTCGG 1 

      AGG 59 ACG 10  AGCC 5 ACCG 1  ACAGT 1    AGCGGC 3 AGCGCC 1 

      AAG 18 AGG 9  CCGG 5    ACCCC 1    AGGCGC 3 AGCGGC 1 

      AAC 17 AAG 5  ACCG 3    ACGCG 1    AACAGC 2   

      ATC 6 ACT 4  ACCT 2    ACGGG 1    AATAGC 2   

      AAT 1 ATC 1  ACGG 2    CCCCG 1    ACCGGG 2   

           AGGC 2         AGCGCC 2   

           AAAC 1         AGGATG 2   

           AAAG 1         AAAAAC 1   

           AACC 1         AACCCT 1   

           AAGC 1         AACGCC 1   

           ACAG 1         AAGGAC 1   

           ACCC 1         AAGGCC 1   

           ACTC 1         AAGGGG 1   

           ACTG 1         ACAGCG 1   

           AGAT 1         ACCCGC 1   

                     ACCGCG 1   

                     ACGCGC 1   

                     ACTCGG 1   

                     ACTGAG 1   

                     CCCCCG 1   

Total 115 (11.0%) c) 28 (9.8%)  813 (77.7%) 238 (82.9%)  56 (5.4%) 13 (4.5%)  14 (1.3%) 1 (0.4%)  49 (4.7%) 7 (2.4%) 

a) Repeat motif type. b) Total number of a given motif type. c) Percentage of a given motif type in ESTs from this study or ESTs from GenBank.  
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AGGGG in penta- and ACCGCC in hexanucleotide repeats, 
which were obviously rich in GC. Among the total of 143 
dinucleotide repeats, AC, AG and CG were the top three 
motifs while AT motif was very scare. As a whole, the 
transcribed SSRs showed significantly high GC content 
(78.8% in this study and 74.3% in GenBank). Comparison 
of the SSRs from P. yezoensis with those from other plants 
showed that the order of the proportion of EST-SSR types 
was the same among different species, however, the fre-
quency was quite different (Table 7).      

3  Discussion 

3.1  cDNA library and coverage of the transcriptome  

The utilization of Solexa sequencing technology resulted in 
nearly 120 times more nucleotides and 6 times more uni-
genes than those from P. yezoensis ESTs registered in the 
GenBank. Considering the temporal and spatial specificity 
of the pattern of gene expression, in order to reveal as many 
genes of P. yezoensis as possible the cDNA library for se-
quencing was constructed from the mixed samples consist-
ing of both gametophyte and sporophyte at different devel-
opmental stages and under different stress conditions. The 
deep sequence coverage added with a wide range of ex-
pressed RNA under various conditions make it possible to 
detect very rare transcripts and find the maximal genes in 
the genome. Though the actual gene number of P. yezoensis 
still remains unknown, as many as 31538 unigenes provide 
us considerable genomic information for this species. De-
spite a variety of ways were used for annotating the tran-
scriptome, more than half of the unigenes (56.7%) still 
could not be matched with any known genes, which might 
represent the specific genes of P. yezoensis and/or rhodophyta. 

3.2  Cabon fixation pathway 

The calvin cycle (C3-pathway) is a well known metabolic 
pathway for carbon fixation in plants, algae and cyanobac-

teria. The identification of some genes related to C3- pathway 
of P. yezoensis were reported in the past few years [26,27]. 
In this study, with the help of bioinformatic techniques all 
the essential genes related to C3-pathway were discovered 
from the transcriptome, which not only provided the un-
equivocal molecular evidence that all the C3-pathway genes 
were actively transcribed and there existed C3-pathway in P. 
yezoensis but also helped us to clearly outline the panoptic 
view of calvin cycle of this species.  

Hatch-Slack pathway, also known as C4 carbon-fixation 
pathway, has long been studied in higher plants (C4 plants) 
with much higher photosynthetic rate than C3 plants. By 
genome sequencing, all the required genes involved in C4 
photosynthesis were presented in unicellular green algae 
Ostreococcus tauri, the smallest free-living eukaryote yet 
described [28]. In addition, some intermediate products of 
C4-pathway had been detected in diatoms, brown alga, eu-
glenoids, and dinoflagellates, and C4-like photosynthetic 
characteristics were also detected in green algae and diatom. 
In rhodophytes, genes of the key enzymes in the C4 car-
bon-fixation pathway, such as PEPCK and aspartate ami-
notransferase (AST) were abundantly transcribed in P. hai-
tanensis sporophytes by analyzing the ESTs while PEPC 
was not detected [29]. In this study, except for pyruvate 
phosphate dikinase, all genes involved in C4-pathway were 
identified including PEPC, the key enzyme responsible for 
accepting CO2 from air. The metabolic map including all 
detected enzyme genes involved in carbon fixation drawed 
by KEGG showed a nearly complete pathway of carbon 
fixation that was similar to higher plants. Hence, a C4-like 
carbon-fixation pathway might play a special role in fixing 
inorganic carbon dioxide in P. yezoensis. 

3.3  Stress-tolerance mechanisms 

As a model of intertidal species, P. yezoensis has evolved an 
outstanding ability to cope with environmental stress in-
cluding desiccation, high light and nutrient limitation 
caused by the tidal changes. Although the mechanisms that  

Table 7  Comparison among EST-SSRs from different plants a) 

Source Di- Tri- Tetra- Pentanucleotide Total length of EST (kb) Frequency (kb) 

Rice 2 1 3 4 17304 3.4 

Soybean 2 1 3 4 3675 7.4 

Maize 2 1 3 4 6411 8.1 

Tomato 2 1 3 4 4444 11.1 

Porphyra yezoensis 2 1 3 4 13212 11.6 

Arabidopsis thaliana 2 1 3 4 14808 13.8 

Poplar 2 1 3 4 1880 14.0 

Cotton 2 1 3 4 4788 20.0 

a) Proportion of unit is 1 > 2 > 3 >4. Frequency is the average distance of ESTs containing one SSR. 
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protect membranes, photosystems and other cellular struc-
tures remain poorly understood in P. yezoensis [30], some 
clues are revealed by the gene expression when they are 
under stress conditions. The photosynthetic rates are in-
creased in P. yezoensis from exposure to the air at low tide 
[31]. However, with the extension of exposure time under 
high light, excess light will lead to photosystem damage. A 
large number of genes related to light absorbing were found 
in transcribed sequences of P. yezoensis including genes of 
phycoerythrin, phycocyanin, beta-carotene biosynthetic pro-     
tein, chlorophyll binding protein and the like. Beta-carotene 
may do good to transfer excitation energy to heat that will 
be dissipated [32], and the damage done such as the 
accumulation of reactive oxygen species (ROS) are cleaned 
up by reactive oxygen scavenging enzymes [33]. In this 
study, a variety of reactive oxygen scavenging enzymes 
were identified including glutathione peroxidase, catalase, 
superoxide dismutase and the like. Superoxide dismutases 
are important antioxidant defense in nearly all cells exposed 
to oxygen. Four known metalloforms of SOD enzymes have 
been identified: they contain either Fe, Mn, Cu and Zn, or 
Ni, and the first three types (Fe-, Mn-, Cu/Zn-SOD) have 
been reported in eukaryotic algae, whereas, only MnSOD 
has been reported in rhodophytes [34]. In this study, a total 
of ten SOD genes were identified including 5 for Mn-SOD, 
4 for Cu/Zn-SOD, and 1 for Fe-SOD types. The finding of 
new SOD types in P. yezoensis provide us with new clues in 
understanding the reactive oxygen metabolism in rhodo-
phytes further.  

MAAs are a group of UV-protective metabolites in 
aquatic organisms, which have been found in Porphyra spp. 
[35]. However, very little is known about the genes involved 
in the biosynthesis of these compounds. In this study, three 
3-dehydroquinate synthase/O-methyltransferase fusion genes, 
which were proposed to catalyze the formation of deoxy-
gadusol, the core of all MAAs, were found in P. yezoensis 
[36]. Flavonoids are another group of compounds thought to 
protect against ultraviolet radiation in terrestrial plants [37]. 
A pathway of flavonoid biosynthesis including many homo-    
logues genes related to the terrestrial plant was identified in 
P. yezoensis, and this pathway was also found in Ectocar-
pus but was completely absent from diatom or green algal 
genomes [38]. It was worth noting that LI818 family pro-
teins, the light-stress related LHCs, were failed to be identi-
fied in the pool of unigenes. Dittami et al. [39] suggested a 
possibility that LI818 proteins might have originated in an 
ancient chlorophyll a/c-containing organism and could have 
been later transferred to the green lineage, thus, they would 
not be found in red algae. Results in this study provide fa-
vorable evidence for this hypothesis. 

Desiccation stress leads to substantial loss of water in P. 
yezoensis, which threatens the membrane integrity of cell. 
Three TCP-1 subunit genes and a large number of actin and 
tubulin genes were found in this study. TCP-1 forms part of 
cytosolic type II chaperonin CCT that has an important role 

in the folding of actin and tubulin [40]. Active expression of 
these proteins plays an important role in maintaining cellu-
lar integrity during desiccation/rehydration cycles. Late- 
embryogenesis-abundant (LEA) proteins have been found in 
many desiccation-tolerant plant and rehydrating bryophyte 
tissues, and have been suggested to be associated with des-
iccation tolerance [41,42]. One gene encoding LEA protein 
was identified in this study, which implied that drought tol-
erance in a manner analogous to LEA proteins in plant and 
bryophyte might also exist in P. yezoensis. Besides, many 
other stress-tolerance related genes were found including 
genes of heat shock proteins and cochaperones, light induc-
ible proteins, ubiquitin related proteins and the like. The 
found mechanisms together with many other unfound make 
P. yezoensis a good model for environmental tolerance re-
search.  

3.4  TEs and SSRs 

Transposable elements are known to play a prominent role 
in the evolution of genome complexity across eukaryotes by 
disrupting genes, mediating chromosome rearrangements 
and providing alternative promoters, exons, terminators and 
splice junctions [43]. More and more studies show that TEs 
have a capacity for affecting adjacent genes by altering 
transcriptional regulation [44–47], and retrotransposon tran-    
scription has a key influence upon the transcriptional output 
of genome [48]. In this study, many different kinds and 
abundant numbers of TEs were identified in the pool of 
transcripts, which provided the evidence that these elements 
not only played key roles in the diversity of transcripts  
and the complexity of functional genome but also might 
contribute to the adaptation and tolerance to the environ-
mental stress. 

EST-derived SSRs are functional markers for genetic re-
search. They are derived from protein-coding sequences as 
well as untranslated regions (UTRs), and can be transferred 
between species since they are related to genes that are rela-
tively well conserved among taxa [49]. The consistency of 
the types and the proportion was quite well by comparing 
the SSRs from this study with those from GenBank, which 
reflected the actual distribution of SSRs in functional ge-
nome of P. yezoensis. 

The characteristics of EST-SSRs have been investigated 
in many plants based on a variety of distinct mining criteria, 
which often lead to different results even using the same 
data. To facilitate the comparative analysis of the type and 
frequency of EST-SSRs among species, the same motif pa-
rameters were adopted for SSR screening in all data. EST- 
SSRs in different plants showed the same order of propor-
tion from di- to pentanucleotide, implied that it was a gen-
eral character of EST-SSR distribution in plant. However, 
the frequency of EST-SSRs was quite different among 
plants. In P. yezoensis, it exhibited a relatively moderate 
frequency, which was less prevalent than rice, soybean and 
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maize, similar to tomato, but more prevalent than A. 
thaliana, poplar and cotton. It may suggest that the degree 
of genetic variability caused by simple sequence repeats in 
the genes of P. yezoensis is moderate. 
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