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Abstract 
 

Neopyropia yezoensis is a type of red macroalgae that is becoming economically 
important owing to increasing demand. A high-growth-rate mutant, NyEMS, was 
recently developed using ethyl methanesulfonate to meet this demand. However, the 
high-growth-rate mechanisms of NyEMS have not yet been identified because of the 
poor understanding of N. yezoensis biomolecules. In this study, NyEMS was subjected 
to comparative transcriptome analysis using RNA-seq. As a result, total of 7,933 
differentially expressed unigenes were identified. From the transcriptome analysis, it 
was demonstrated that increased proteasome expression and repressed 1-
aminocyclopropane-l-carboxylate (ACC) production could be responsible for the 
enhanced growth rate of the mutant. Additionally, genes involved in vitamin B6 
biosynthesis were up-regulated, while those related to phycobilisomes were down-
regulated in the mutant, which could be responsible for its characteristic features. 
Moreover, 1,281 SNPs and 12,963 cSSRs were identified from assembled data. To 
determine possible biomarkers, primer pairs were designed from the identified cDNA-
derived simple sequence repeats. This study expands our understanding of the genetic 
mechanisms of N. yezoensis for future research and will be helpful in the development 
of N. yezoensis biomarkers.  

 

Introduction 
 

Porphyrella, a genus of red macroalgae (Bangiales), 
is an economically important sea crop. Porphyrella 
grows in intertidal zones, which generates abiotic 
stresses including nutrient starvation, desiccation, and 
osmotic stress as well as variation in light intensity and 
temperature (Davison and Pearson 1996; Sun et al., 
2015). 

Some Porphyrella species such as Neopyropia 
yezoensis, Neopyropia tenera, and Neoporphyra 
haitanensis are cultivated as sea vegetables in East Asian 

countries, including Korea, Japan, and China (Niwa et al., 
2005; Wang et al., 2013). 

Porphyrella production continues to increase with 
the growing market demand, and 1,141,710 tons of 
Porphyrella were produced globally in 2014, compared 
to 52,940 tons in 1990 (FAO 2018; Jiang et al., 2018). 
Therefore, there is a need to develop new Porphyrella 
cultivars to improve production and meet this increasing 
demand. 

One method to meet this increased demand 
involves the development of fast-growing Porphyrella 
strains. A high-growth-rate N. yezoensis mutant, NyEMS, 
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was isolated by mutagenesis using ethyl 
methanesulfonate (Lee and Choi 2018). The NyEMS 
mutant had a specific growth rate that was three times 
higher than that of wild-type N. yezoensis (NyWT). 
However, it is difficult to interpret the mechanisms 
behind this higher growth rate because the available 
genetic information for N. yezoensis is insufficient, 
despite the availability of published drafts and plastid 
genomes for the species (Nakamura et al., 2013; Wang 
et al., 2013).  

High-throughput RNA sequencing (RNA-seq) via 
next-generation sequencing is a suitable approach to 
transcriptome analysis when an accurate reference 
genome is unavailable (Chu and Corey 2012; Garber et 
al., 2011, Grabherr et al., 2011). RNA-seq was used to 
interpret whole-transcriptome expression profiles of 
selected tissues or cells, and then to analyze the 
interesting metabolic pathways, regulations, and gene 
expression (Rama Reddy et al., 2015). Studies using this 
method have already altered the view of the extent and 
complexity of eukaryotic transcriptomes (Wang et al., 
2010). Next-generation sequencing technology may 
facilitate the analysis of non-model organisms using the 
available bioinformatics analysis tools and assembly 
programs that do not require a reference genome (de 
novo assembly) (Feldmesser et al., 2014). De novo 
transcriptome assembly has been used for various non-
model organisms, including algae (Bryant et al., 2017; 
Carvalho et al., 2018; Im et al., 2015). 

Recently, different types of biomarkers were 
developed in plants, including seaweeds. Biomarkers 
have been used to identify species, to understand the 
metabolic changes in the cells, and to select specific 
genotypes during breeding. Some types of genetic 
variations such as single nucleotide polymorphisms 
(SNPs), amplified fragment length polymorphisms, 
randomly amplified polymorphic DNA, and 
microsatellites (or simple sequence repeats, SSRs) can 
be used as biomarkers (Ganal et al., 2009; Kim and Misra 
2007; Sun et al., 2006). Of these, SSRs and SNPs are 
simple, stable, convenient, and abundant as well as 
highly reproducible and polymorphic (Park et al., 2009; 
Sun et al., 2006). SSRs and SNPs not only distinguish 
species or strains, but also contribute to molecular 
mechanisms and traits (Li et al., 2019; Tang et al., 2016). 
There were several reports on the development of SSR 
and SNP biomarkers in plants (Singh et al., 2013; Thakur 
and Randhawa, 2018). Previous studies have attempted 
to develop SSR and SNP markers for N. yezoensis; 
however, there have been few studies on N. yezoensis 
biomarkers (Huang and Yan 2019a, 2019b). 

Therefore, the present study aimed to understand 
the mechanisms underlying the high growth rate of 
NyEMS via transcriptome analysis using RNA-seq. RNA-
seq data were assembled de novo, and differentially 
expressed genes (DEGs) between NyWT and NyEMS 
were identified and analyzed. Furthermore, SNPs and 
SSRs were identified from the assembled transcriptome, 
and potential biomarkers were identified using SSRs. 

Materials and Methods 
 
Cultivation of N. yezoensis 
 

The mutant strain NyEMS was isolated from wild-
type NyWT in a previous study; it was found to have a 
higher growth rate than the wild-type (Lee and Choi 
2018). NyWT and NyEMS were obtained from the 
Seaweed Research Center (National Fisheries Research 
and Development Institute, Haenam, Republic of Korea) 
and cultivated in 0.22 μM filtered Provasoli Enriched 
Seawater (PES) medium (Provasoli 1963) at 10°C under 
a 10h light:14h dark cycle with circulating filter-sterilized 
air. The PES medium was replaced with fresh medium 
weekly. 
 
RNA Sequencing and de novo Assembly 
 

NyWT and NyEMS were harvested after 4 weeks of 
cultivation, and the harvested algae were frozen in 
liquid nitrogen. There were 3 samples of NyWT and 
NyEMS for RNA sequencing. RNA extraction and 
sequencing were performed in triplicate using the 
Illumina Nextseq 500 platform at the Insilicogen 
Company (Yongin, Republic of Korea). To prepare RNA 
samples, gametophytes of N. yezoensis were first 
cleaned with sterilized water. After drying with 
hygroscopic filter paper, the samples were ground into 
powder with liquid nitrogen. RNA was extracted using 
RNeasy Plant Mini Kit (Qiagen, Hilden, Germany). The 
quality and quantity of the purified RNA were 
determined by measuring the absorbance at 
260 nm/280 nm (A260/A280) using a Nanodrop® ND-1000 
spectrophotometer (LabTech, Holliston, MA, USA). RNA 
quality was further verified using a 2100 Bioanalyzer 
RNA Nanochip (Agilent, Santa Clara, CA), and all samples 
had RNA Integrity Number (RIN) values greater than 6.  

The cDNA libraries were constructed following the 
manufacturer’s instructions (Illumina). Briefly, poly(A) 
RNA was isolated from 5 μg of total RNA using Oligo (dT) 
magnetic beads. Following purification, the mRNA was 
fragmented into small pieces and the cleaved RNA 
fragments were used for first stand cDNA synthesis 
using reverse transcriptase and random primers. This 
was followed by second-strand cDNA synthesis. These 
cDNA fragments were then purified with a QiaQuick PCR 
extraction kit (Qiagen, Hilden, Germany). The cDNA 
fragments were then connected with sequencing 
adapters. After agarose gel electrophoresis, the suitable 
fragments were selected as templates for PCR 
amplification to create the final cDNA library (Xie et al., 
2013). The library was sequenced using Illumina HiSeq 
2500 at Macrogen (Seoul, Republic of Korea). 

Raw data were trimmed using Trimmomatics v0.32 
(Bolger et al., 2014) to remove adapter sequences and 
low-quality data, and FastQC v0.11.8 (Andrews 2010) 
was then used to confirm the quality of the reads. N. 
yezoensis sequences were primarily distinguished from 
trimmed reads using the draft N. yezoensis genome 
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(Nakamura et al., 2013) and BBmap/BBsplit (Bushnell 
2014). 

The top 10 putative contaminant sequences 
(Marivita cryptomonadis, Lewinella cohaerens, 
Maribacter dokdonesis, Haliea salexigens, 
Sphingomonadales bacterium EhC05, Maribacter, 
Bacillus, Maribacter sp. MAR_2009_60, Porticoccus 
hydrocarbonoclasticus, and Marinobacter sp. C18) were 
eliminated from the non-mapped reads of the N. 
yezoensis draft genome. Mapped reads from the N. 
yezoensis draft genome and non-mapped and 
decontaminated reads were assembled in Trinity v2.8.5 
(Grabherr et al., 2011) following the de novo assembly 
workflow using paired-end reads. Each of the samples 
was compared pairwise to identify differences across 
samples (Wei et al., 2011). Contaminant sequences 
were re-identified and removed using BLASTn (Camacho 
et al., 2009) and Python2.7 in-house scripts (Eric, 2011). 
BLASTn was performed with match length ≥200 bp, 
identity percentage ≥95%, and an e-value cut-off of 
1×10−5. 

The open reading frame was identified using 
TransDecoder (Haas et al., 2013), and contigs were 
clustered by CD-HIT-EST (Li and Godzik 2006). CD-HIT-
EST-2D was used to generate shared sequences 
between NyWT and NyEMS, and this shared sequence 
data were used in later analyses (Yong et al., 2014). 
NyWT and NyEMS are separately assembled from each 
sample, and then CD-HIT-EST-2D is used to identify 
shared sequences. The threshold for CD-HIT-EST-2D 
generating shared sequences was 0.7-1.0. 
 
Functional Annotation and Differentially Expressed 
Genes (DEGs)  
 

Functional annotation was conducted using a 
modified Trinotate workflow (Bryant et al., 2017). The 
NCBI non-redundant (NR), Swiss-prot, Pfam, and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) databases 
were used for functional annotation. Amino acid 
sequences were identified using TransDecoder, and 
BLASTp was performed to identify descriptive 
annotations in Swiss-prot and NR using BLAST+ 
(Camacho et al., 2009) and DIAMOND aligner (Buchfink 
et al., 2015), respectively, with e-value cut-offs of 
1×10−5. Conserved amino acid domains were annotated 
using Pfam and hmmscan with e-value cut-offs of 1×10−5 
(Finn et al., 2011). Gene Ontology (GO) was annotated 
and classified in Swiss-prot. 

Unigene expression levels were estimated as 
transcripts per million (TPM), and RSEM (Li and Dewey 
2011) was used to estimate gene abundance with 
shared sequences and trimmed reads. DEseq2 (Love et 
al., 2014) was used to identify DEGs, with a false 
discovery rate significance score of ≤ 0.05 and an 
absolute value of log2 ratio ≥ 1. BaCelLo (Balanced 
subcellular Localization predictor; 
http://gpcr2.biocomp.unibo.it/bacello/) and TargetP 
(http://www.cbs.dtu.dk/services/TargetP) were used to 

predict subcellular localization of DEGs. 
 
Mining Candidate Biomarkers 
 

Single nucleotide polymorphisms and cDNA-
derived SSRs (cSSRs) were identified for biomarker 
development. BWA-MEM v0.7.17 (Li 2013) and 
FreeBayes v1.2.0 (Garrison and Marth 2012) were used 
to mine SNPs with trimmed reads and shared sequences 
between NyWT and NyEMS. Putative SNPs were filtered 
by the phred-scaled quality score (QUAL; with a cut-off 
higher than 0.3) and the total read depth (with a cut-off 
higher than 30).  

Next, cSSRs were identified using the 
MicroSAtellite identification tool (MISA) (Beier et al., 
2017), which is commonly used to mine SSRs in plants. 
MISA parameters were set to their defaults. Contigs 
containing SSRs were randomly selected, and primers 
were designed using BatchPrimer3 (You et al., 2008). 
Twelve pairs of primers were randomly selected and the 
results were confirmed with PCR. PCR was performed 
using the cDNA of NyWT and NyEMS as templates and 
pfu-x DNA polymerase (Solgent, Daejeon, Republic of 
Korea) and PCR mixtures were produced according to 
the manufacturer’s instructions. PCR for cSSR 
amplification was conducted under the following 
conditions: denaturation at 98°C for 5 min, followed by 
30 cycles of denaturation at 95°C for 30 sec, annealing 
at a suitable temperature for the respective primer pair 
for 90 sec, and amplification at 74°C for 30 sec; the cycle 
ended after a final extension at 74°C for 30 sec and a 
final elongation at 74°C for 10 min. The PCR products 
were confirmed by electrophoresis using 1.5% agarose 
gel, before being analyzed for sequencing. 
 
Quantitative Real-time PCR (qRT-PCR) 
 

N. yezoensis was harvested after 4 weeks of 
cultivation. The gametophytes were dried with paper 
towels before being ground in a mortar and pestle with 
liquid nitrogen. Following the manufacturer’s 
instructions, total RNA was extracted from the resultant 
algal powder using the RNeasy Plant Mini Kit (Qiagen, 
Hilden, Germany), and genomic DNA was excluded using 
the RNase-Free DNase Set (Qiagen). The extracted total 
RNA was confirmed using a Biodrop and 1.2% agarose 
gel. RIN was confirmed using 2100 Bioanalyzer (Bustin et 
al., 2009). Complementary DNA (cDNA) was synthesized 
using a PrimScript 1st strand cDNA Synthesis Kit (TaKaRa, 
Tokyo, Japan) with oligo dT primers following the 
manufacturer’s instructions. The amount of RNA used as 
a template for retro transcription was 0.9 μg following 
to manufacturer’s instructions. qRT-PCR was conducted 
using TB GreenTM Premix Ex TaqTM (Ti RNaseH Plus) 
(TaKaRa) and the Illumina Eco Real-Time system. For 
qRT-PCR, 20-μl reaction mixtures containing the 
following were used: 10 μl 2× TB Premix Ex Taq (Ti 
RNaseH Plus), 0.4 μl forward primer, 0.4 μl reverse 
primer, 6.8 μl RNase-free water, 0.4 μl ROX Reference 
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Dye, and 25 ng/2 μl cDNA. Amplification efficiency of the 
primers was 87.3-103.5%. All reactions were conducted 
in triplicate. PyGAPDH was used as an internal control, 
and the PyGAPDH primer set used in the present study 
was previously published by Kong et al., (2015) 
(Genbank accession no. AB303420.1; F-primer, 5′-
GGTGCGTCCAAGCATCTGA-3′; R-primer, 5′-
TGGGTGTAGTCCTGGTCGTTC-3′). The primer sets were 
designed from randomly selected unigenes using the 
Primer3 website (Untergasser et al., 2012). 

All experiments were performed in triplicate, and 
the relative expression levels were described using the 
log2 2(-∆∆Ct) method, as outlined by Livak and Schmittgen 
(2001). 

 

Result 
 

De novo Transcriptome Assembly and Functional 
Annotation of Shared Sequences Between Wild-type 
and Mutant 
 

The total raw reads measured approximately 69 
Gbp, with an average length per read of 151 bp. Data on 
the shared sequences between NyWT and NyEMS were 
generated, further information is provided in Table 1. In 
total, 226,293 unigenes were found among the 
sequences shared between NyWT and NyEMS (Table 1). 
For the shared sequences, the N50 was 615 bp and the 
N10 was 1,347 bp, which were sufficient for analysis. 

In total, 188,176 unigenes (83.16 %) were 
annotated in at least one database from shared 
sequences. Moreover, most unigenes of shared 
sequences were annotated in NCBI-nr, with 178, 902 
unigenes (79.06%), followed by Pfam, GO, Swiss-prot, 
and KEGG with 129,540 unigenes (57.24%), 123,044 

unigenes (54.37%), 116,908 unigenes (51.66%), and 
101,519 unigenes (44.86%). The construction of shared 
sequences helped reduce the amount of data, making it 
more suitable for analysis. The shared sequences 
contained 8,114 and 47,547 contigs that were 
annotated as proteins of Porphyrella and of eukaryotes 
without Porphyrella, respectively. 
 
Analysis of Differentially Expressed Genes (DEGs) and 
Gene ontology (GO) Term Enrichment 
 

Differentially expressed genes (DEGs) were 
detected and used for further analysis to examine the 
mechanisms underlying the high growth rate of the 
mutant. The DEGs were detected with a false discovery 
rate ≤ 0.05 and a log2 fold change ≥ 1 (Figure 1 and Figure 
2). Shared sequences were identified; in total, 7,933 
DEGs were identified by the analysis (6,552 up-regulated 
unigenes and 1,381 down-regulated unigenes) and 
some genes related with proteasomes, ethylene 
production, antioxidants, and phycobilisomes were 
found (Table 5-7). 

Eighteen GO terms were enriched in DEGs from 
shared sequences (Figure 3). “Protein metabolic 
process” (GO:0019538), “macromolecule biosynthetic 
process” (GO:0009059), and “cellular macromolecule 
biosynthetic process” (GO:0034645) were the most 
enriched GO terms in the biological process category. In 
contrast, “intracellular” (GO:0005622), “intracellular 
ribonucleoprotein complex” (GO:0030529), and 
“ribosome” (GO:0005840) were the most enriched GO 
terms in the cellular component category. “Nucleic acid 
binding” (GO:0003676), “DNA binding” (GO:0003677), 
and “kinase activity” (GO:0016301) were the most 
enriched GO terms in the molecular function category. 

Table 1. Statistical data of non-redundant contigs assembled by Trinity in shared sequences between wild-type (NyWT) and mutant 
Neopyropia yezoensis (NyEMS). 

Results Shared seq. 

Number of Trinity genes 226,293 
Number of transcripts 267,320 
GC (%) 54.48 
Contig N10 1,347 
Contig N50 615 
Median contig length 474 
Average contig 580.92 
Total assembled bases 155,290,389 
 
 
 

Table 2. Summary statistics of mined cDNA-derived single sequence repeats (SSRs) from shared sequences between wild-type 
(NyWT) and mutant Neopyropia yezoensis (NyEMS), as determined by MISA. These results were provided by MISA for SSR detection. 

Searching item Results 

Total number of sequences examined 270,518  
Total size of examined sequences (bp) 156,782,316  
Total number of identified SSRs 12,693  
Number of SSR-containing sequences 10,645  
Number of sequences containing more than one SSR 1,638  
Number of SSRs present in compound formation 1,411  

 



 
Turkish Journal of Fisheries & Aquatic Sciences TRJFAS21732 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Identification of SNPs and cSSRs 
 

In total, 1,281 SNPs were identified in the shared 
sequences, and 179 and 153 SNPs were detected in only 
NyWT and NyEMS, respectively. Moreover, 12,963 
cSSRs were identified by MISA from shared sequences 
(Table 2). The cSSRs were classified by repeat motifs 
based on mono-, di-, tri-, penta-, and hexa-nucleotides. 
Tri-nucleotide repeat motifs were most commonly 

found in the shared sequence data, with CGA (727 
counts), GAC (448 counts), and ACG (353 counts) being 
the three most common tri-nucleotide repeat motifs. 
Interestingly, 18 penta-nucleotides and 84 hexa-
nucleotides motifs were also counted in the mined 
cSSRs, and 6 hexa-nucleotide motifs were repeated 
more than 10 times (Table 3). 

Primer pairs were designed from the identified 
cSSRs using BatchPrimer3. Twelve primer pairs were 

 
Figure 1. Hierarchical clustering heatmap of differentially expressed genes between wild-type (NyWT) and mutant Neopyropia 
yezoensis (NyEMS). The purple and yellow colors represent the down-regulated and up-regulated unigenes, respectively. 
 

 
Figure 2. Hierarchical clustering heatmap based on log2-transformed count data for relationships among samples using Pearson’s 
correlation coefficients. Purple and yellow colors represent the coefficients between samples. 

 



 
Turkish Journal of Fisheries & Aquatic Sciences TRJFAS21732 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

randomly selected and used for PCR to identify a 
biomarker capable of distinguishing between NyWT and 
NyEMS. Eight primer pairs generated amplicons (Table 
4); only one primer pair (NyCBM2) produced amplicons 
that showed different patterns (Figure 4). The other 
primer pairs generated the same amplicons between 
NyWT and NyEMS.  

 
Validation of Transcriptome Analysis Using qRT-PCR 
 

Eighteen unigenes were selected and used in qRT-
PCR to validate the RNA sequencing results 
(Figure 5 (A)). The genes that were described in the 
discussion were also validated and the results were 
presented in Figure 5 (B). All genes showed similar 
expression patterns in the DEG analysis. 

Discussion 
 

NyWT and NyEMS were cultivated and prepared 
for mRNA sequencing under the same conditions. To 
eliminate the contaminants of various symbionts from 
N. yezonesis for downstream analysis, shard sequences 
were identified between NyWT and NyEMS (Gao et al., 
2015; Ngan Tran and Choi 2020). 

Assembled transcripts of shared sequences had 
lower GC content than the reported GC content of N. 
yezoensis genome which is approximately 64% 
(Nakamura et al., 2013; Wang et al., 2020). However, N. 
yezoensis genomes of mitochondria and chloroplast 
have low GC content of 32.7% and 33.1%, respectively 
(Nakamura et al., 2013; Xu et al., 2019). In this study, we 
did not remove organellar genomes from the assembled 

Table 3. Summary statistics from MISA of the number of repeat motifs from mined cDNA-derived single sequence repeats in shared 
sequences between wild-type (NyWT) and mutant Neopyropia yezoensis (NyEMS). 

Motifs  ≤6 >6, ≤10 >10 Total 

mono-nucleotide 0 1,603 2,441 4,044 
di-nucleotide 749 534 28 1,311 
tri-nucleotide 6,309 799 38 7,146 
tetra-nucleotide 84 3 3 90 
penta-nucleotide 13 5 0 18 
hexa-nucleotide 58 20 6 84 

 
 
Table 4. List of primer sequences used for single sequence repeat markers. 

Name Forward primer (5’-      -3’) Revers primer (5’-      -3’) Ta (°C) 

NyCBM1 TTCTTTGTGTCCAACTTCTTC AAGCGACCCATATAAGACTTC 52 
NyCBM2 ACAGCAACAACCACAAATG TCGTCAATAATGCCTGATG 52 
NyCBM3 GTGGAAGGAGGAGATGATG AGTCAAACTCGGCCACCA 55 
NyCBM4 GATCTCCAGCATGAACATC AGGCGTCGAAGTAGCTTTC 55 
NyCBM5 GTGGTGGAGGTGATGTGTA GGAGGAACGAAGGAGGTC 55 
NyCBM6 CGTTCATTGGTATCAGACTTC AAGATCGTCGTTGAACTCAG 55 
NyCBM7 GAGGTTTGGGAACGGTGT CACGACTGGTAGTAGTGCA 52 
NyCBM8 CGACAACAACCTCAACAAC CTGTTGCGACAATTGTGTT 52 

 
 
Table 5. List of Neopyropia yezoensis unigenes annotated as relating to proteasomes. 

Unigene Fold change Description E-value 

NyEMS_unigene_251545 1.72 Proteasome subunit beta type-7-B 1.4E-122 
NyEMS_unigene_230732 1.57 26S proteasome regulatory subunit 7 2.1E-89 
NyEMS_unigene_254931 2.83 26S proteasome regulatory subunit 8 homolog B 3.1E-73 
NyEMS_unigene_179268 2.22 Putative 26S proteasome non-ATPase regulatory subunit 8 homolog B 2.7E-09 
NyEMS_unigene_32572 2.16 20S core proteasome subunit beta 6 8.0E-57 
NyEMS_unigene_249440 1.86 26S proteasome regulatory subunit 6B homolog 9.8E-161 
NyEMS_unigene_10616 1.78 Probable 26S proteasome regulatory subunit rpn6 2.8E-65 
NyEMS_unigene_263145 1.78 26S proteasome non-ATPase regulatory subunit 8 homolog A 8.6E-26 
NyEMS_unigene_252040 1.77 26S proteasome regulatory subunit 8 homolog A 4.4E-119 
NyEMS_unigene_20464 1.61 26S proteasome regulatory subunit 6B homolog 2E-198 
NyEMS_unigene_236852 1.58 26S proteasome regulatory subunit 1.2E-89 
NyEMS_unigene_80889 1.57 Proteasome subunit alpha type-2 1.4E-78 
NyEMS_unigene_64315 3.99 26S proteasome regulatory subunit 7 2.3E-63 
NyEMS_unigene_254932 4.46 26S proteasome regulatory subunit 8 homolog A 2.3E-22 
NyEMS_unigene_78613 3.28 Proteasome subunit alpha type-7 3.6E-15 
NyEMS_unigene_17647 2.82 Proteasome subunit beta type-5 1.9E-66 
NyEMS_unigene_14513 2.53 Proteasome subunit, partial 4.4E-38 
NyEMS_unigene_170864 1.52 Proteasome subunit alpha type 5 2.6E-38 
NyEMS_unigene_193947 1.56 26s proteasome non-atpase regulatory 1.3E-44 
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transcripts to investigate all changes in gene expression 
in the whole algae, which would cause the low GC 
content of the assembled transcripts. 

Some studies focusing on the genetic analysis of N. 
yezoensis have been published previously; and the 
newest genome of N. yezoensis was published in 2019 
and 2020 (Wang et al., 2020; Xu et al., 2019). We aligned 
the de novo assembled transcripts with the newest N. 
yezoensis genome and organelle genome using BLAT 
(Kent 2002) and confirmed that approximately 70% of 
the de novo assembled transcripts were aligned to the 
genome. 

It was difficult to distinguish between the wild-type 
and mutant strains using 18s rRNA sequencing. 
Treatment of EMS causes random mutagenesis, which 
changes nucleotides and large DNA structures including 
insertion and deletion of chromosomal segments. 
Microsatellite regions could be easily changed because 
of simple repeated sequences by mutation (Anmarkrud 
et al., 2008). For these reasons, SSRs were used as 
biomarkers to distinguish wild-type and mutant strains. 
cDNA-derived SSRs were investigated to develop a 
biomarker capable of discriminating between wild-type 
and mutant strains. CGA, GAC, and ACG were the three 

 
Figure 3. Distribution of gene ontology terms for differentially expressed genes in shared sequences between wild-type (NyWT) 

and mutant Neopyropia yezoensis (NyEMS). BP, biological process; CC, cellular component; MF, molecular function. 

 

 

 
Figure 4. The cDNA-derived simple sequence repeat patterns of wild-type (NyWT) and mutant Neopyropia yezoensis (NyEMS) 

using the NyCBM2 primer pair. DNA electrophoresis was performed on a 1.5 % agarose gel. The M lane indicates the 100-bp DNA 

marker, and lanes 1 and 2 indicate identified amplicons from cDNA-derived SSR PCR products using NyCBM2. Lane 1, NyWT; and 

lane 2, NyEMS. 
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most common tri-nucleotide repeat motifs in the shared 
sequences. These three tri-nucleotide repeat motifs 
were not among the 10 most common tri-nucleotide 
repeat motifs reported in a previous study, which 
identified SSRs by sequencing N. yezoensis genomic DNA 
(Huang and Yan 2019b). It is plausible that this 
difference in the results is because we mined the SSRs 
from the transcriptome rather than from genomic DNA. 
Only the NyCBM2 primer pair produced amplicons 
showing different patterns between NyWT and NyEMS 
(Figure 4), indicating that the NyCBM2 primer pair could 
be used as a biomarker to distinguish between NyWT 
and NyEMS; however, additional experiments using 
more Porphyrella species are required to confirm this 
founding. 

Previous proteomic analysis revealed that the 
expression of proteasome subunit α type 5 was up-
regulated in NyEMS compared to NyWT (Lee and Choi 
2018). Proteasome subunit α type 5 was also up-
regulated as per the transcriptome analysis in the 
present study (Table 5). In addition to proteasome 
subunit α type 5, many unigenes annotated as 
proteasome subunits were up-regulated in NyEMS. The 
proteasome is a protein complex that possesses 
proteolytic activity targeted at misfolded or damaged 
proteins. Proteasomes control numerous signaling and 
metabolic pathways and can affect cell proliferation as 
well as expansion and stress responses (Kurepa et al., 
2009; Tanaka 2009). Several small molecules known as 
ubiquitin are attached to the target proteins, and 
ubiquitination signals the shuttling of the target proteins 
to the proteasome. 

The 26S proteasome (26SP) contains 19S 
regulatory particles (RPs) attached to both ends of the 
20S core particle (20SP), which is also known as the 

cylindrical 20S proteasome and directly unfolds the 
target proteins (Tanaka 2009). 26SP molecules are 
distributed throughout the cytoplasm and particularly 
the nuclei of eukaryotes, suggesting that nuclear 
proteins require increased proteasome-dependent 
turnover. Proteasome subunit genes are expressed at 
higher levels in nuclear envelopes and mitotic spindles 
during plant cell division within meristems and young 
unexpanded organs and are expressed steadily at lower 
levels in mature tissues (Kurepa and Smalle 2008; 
Kurepa et al., 2009). The 26SP:20SP ratio is strictly 
regulated during development. A decrease in 26SP 
causes 20SP biogenesis, leading to senescence and cell 
death owing to the accumulation of misfolded proteins 
that are otherwise removed by 26SP. In Arabidopsis 
mutants, a decrease in 26SP results in accelerated 
senescence, indicating that 26SP is necessary to prevent 
premature aging (Kurepa et al., 2009). 26SP activity is 
increased by the up-regulation of 26SP genes in NyEMS, 
which may activate cell division and delay senescence. 
Further, delayed senescence could result in longer 
gametophytes in NyEMS owing to improved cell 
longevity, maintaining gametophytes for longer periods 
of time and increasing cell division. 

1-aminocyclopropane-l-carboxylate (ACC) is the 
precursor to ethylene. Ethylene is a gaseous plant 
hormone that regulates root initiation, fruit ripening, 
flower blossoming, and plant responses to biotic and 
abiotic stresses (Liu et al., 2017; Nakatsuka et al., 1997). 
Earlier, ethylene was known to play an important role in 
promoting sexual reproduction in N. yezoensis (Uji et al., 
2016); however, a recent study showed that ACC 
induces sexual reproduction in N. yezoensis 
independent of ethylene (Uji et al., 2020). 

Table 6. List of Neopyropia yezoensis unigenes annotated as relating to ethylene reproduction. 

  Unigene Fold change                    Description E-value 

Ethylene production NyEMS_unigene_20617 −1.48                        1-aminocyclopropane-1-carboxylate synthase 6 1.1E-78 

Reproduction 

NyEMS_unigene_248648 −3.81 ASPO1527 3.0E-201 
NyWT_unigene_2803 −3.00  ASPO2608 1.90E-34 
NyEMS_unigene_48773 −1.81 Aurora kinase A-A 1.1E-134 
NyEMS_unigene_95483 −2.81 Cyclin-U4-1 1.08E-66 

 
 
 

Table 7 List of Neopyropia yezoensis unigenes annotated as relating to phycobilisomes and vitamin B6 biosynthesis. 

 Unigene Fold change Description E-value 

Phycobilisomes 

NyEMS_unigene_263879 −1.95 Allophycocyanin alpha subunit 9.07E-31 

NyEMS_unigene_263878 −2.08 Allophycocyanin beta subunit 6.3E-83 

NyEMS_unigene_160992 −1.31 Phycobilisome 7.8-kDa linker polypeptide, allophycocyanin-associated, core 6.1E-51 

NyEMS_unigene_261854 −1.13 Allophycocyanin gamma subunit 5.2E-85 

NyEMS_unigene_258877 −1.62 Allophycocyanin beta 18 subunit 2.2E-86 

NyEMS_unigene_264236 −1.92 Phycocyanin alpha subunit 2.9E-83 

NyEMS_unigene_264235 −1.69 Phycocyanin beta subunit 2.9E-86 

NyEMS_unigene_91456 −2.10 Phycobilisome 32.1-kDa linker polypeptide, phycocyanin-associated, rod 2 4.4E-170 

NyWT_unigene_549 −2.11 Phycobilisome 31.8-kDa linker polypeptide, phycoerythrin-associated, rod 2E-180 

NyEMS_unigene_22131 −3.37 Phycobilisome 27.9-kDa linker polypeptide, phycoerythrin-associated, rod 9.9E-118 

Vitamin B6 
biosynthesis 

NyEMS_unigene_203220 2.11 Pyridoxamine 5′-phosphate oxidase 7.4E-32 

NyEMS_unigene_189639 −2.23 Pyridoxal 5′-phosphate synthase subunit 1.9E-50 

NyEMS_unigene_111496 1.89 Pyridoxal phosphate-dependent aminotransferase 3.4E-170 
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Figure 5. Results of qRT-PCR used to confirm the validity of the transcriptome analysis. (A) unigenes randomly selected, (B) 
unigenes described in Discussion section. White and gray boxes indicate the results of transcriptome analysis and qRT-PCR, 
respectively. 
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ACC synthase catalyzes S-adenosylmethionine, 
which is derived from methionine, into ACC (Nakatsuka 
et al., 1997). In NyEMS, ACC synthase expression was 
down-regulated (Table 6). Genes related to 
reproduction were also down-regulated in NyEMS 
(Table 6). Both ASPO2608 and ASPO1527 proteins have 
been reported to play roles in sexual and asexual 
reproduction in N. yezoensis (Kitade et al., 2008; Uji et 
al., 2016). As reported in a previous study, aurora kinase 
and cyclin, key regulators of cell division in sexual 
reproductive cells, were down-regulated leading to the 
formation of daughter cells with specific functions (Uji 
et al., 2020, 2016). N. yezoensis experiences a trade-off 
between vegetative growth and reproduction (Burg 
1973; Uji et al., 2020, 2016). Therefore, reduced 
expression of ACC synthase may lead to reduced levels 
of ACC, and the decreased ACC levels may then suppress 
reproduction and enhance vegetative growth in NyEMS. 

Phycobilisomes are light-harvesting antennae that 
are dominant in photosystem II in cyanobacteria and red 
algae (Watanabe et al., 2014). Phycobilisomes comprise 
pigmented proteins, known as phycobiliproteins. 
Phycoerythrin, phycocyanin, and allophycocyanin are 
the major classes of phycobiliproteins, with each 
phycobiliprotein exhibiting a different absorption 
wavelength (Grossman et al., 1993). Phycobilisomes 
absorb wavelengths of light that cannot be absorbed by 
chlorophyll and unidirectionally transfer energy to 

chlorophyll a in photosystem II (PSII). NyEMS contains 
less phycocyanin and other similar photosynthetic 
pigments than NyWT does (Lee and Choi 2018). 
Additionally, the expression of phycobilisome rod-core 
linker polypeptide was shown to be down-regulated in 
NyEMS. Genes related to phycobiliproteins were down-
regulated in NyEMS in the present study (Table 7).  

Transcriptome analysis showed that some genes 
related to vitamin B6 biosynthesis were up-regulated in 
NyEMS, similar to the proteomic results of Lee and Choi 
(2018) (Figure 6 and Table 7). Vitamin B6 is an effective 
antioxidant as well as an essential coenzyme for 
metabolic enzymes in organisms (Colinas et al., 2016; 
Tambasco-Studart et al., 2005; Titiz et al., 2006). An 
Arabidopsis mutant with accumulated vitamin B6 was 
shown to be more tolerant to oxidative stress, but 
mutants with reduced levels of vitamin B6 were found 
to be more sensitive to various stressors such as salinity, 
high light intensity, UV-B, and oxidative stress 
(Vanderschuren et al., 2013). Vitamin B6 has six 
different forms: pyridoxine, pyridoxamine, pyridoxal, 
pyridoxine 5′-phosphate, pyridoxamine 5′-phosphate, 
and pyridoxal 5′-phosphate (PLP) (Colinas et al., 2016; 
Tambasco-Studart et al., 2005). PLP is an active form of 
vitamin B6 that acts as a cofactor for many metabolic 
enzymes (Gerdes et al., 2012); it is synthesized by PLP 
synthase in addition to precursors from the glycolysis 
and pentose phosphate pathways. PLP synthase 

 
Figure 6. Description of differentially expressed genes related to vitamin B6 (pyridoxine) biosynthesis. The vitamin B6 biosynthetic 
pathway was described based on the description by Gerdes et al., (2012). De novo biosynthesis of vitamin B6 via the DXP-
independent pathway has been described in the cytosol, and the salvage pathway has been described in chloroplasts. 
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comprises two proteins: pyridoxal phosphate synthase 
protein 1 (PDX1) and PDX2 (Tambasco-Studart et al., 
2005). The expression of PDX1 was found to be 
decreased in the NyEMS transcriptome. The pdx1-
deficient Arabidopsis mutant showed short shoot and 
root growth, a high chlorotic rate in leaves, and a high 
sensitivity to abiotic stress (Titiz et al., 2006). 

However, PLP can also be synthesized from other 
vitamin B6 forms via the salvage pathway in the cytosol 
and chloroplasts (Gerdes et al., 2012). This salvage 
pathway was activated, and pyridoxine (pyridoxamine) 
5′-phosphate oxidase (PPOX) was up-regulated in 
NyEMS in the present study. It has been reported that 
the down-regulation of PPOX decreases the levels of 
vitamin B6 and PLP and represses root growth and seed 
germination (González et al., 2007). Therefore, it is likely 
that the observed increase in PPOX expression 
compensates for the repression of PDX1 and increases 
vitamin B6 levels in NyEMS. The increase in vitamin B6 
enhances the tolerance against photo-stress (Havaux et 
al., 2009). Reactive oxygen species (ROS) generated by 
photo-stress can degrade proteins of PSII, and vitamin 
B6 can protect against destruction of PSII as an 
antioxidant defense. The amount of phycobiliproteins is 
higher in NyEMS than in NyWT. However, the expression 
of pigment-related transcripts and proteins is less in 
NyEMS than in NyWT (Lee and Choi 2018), which might 
be due to insufficient phycobilisome in the algae 
because the degradation of the phycobiliproteins is 
inhibited in NyEMS. 

In a previous transcriptome study for another N. 
yezoensis mutant (Py2K), expression levels of genes 
related to nitrogen availability and capacity of 
antioxidants were increased (Park and Choi 2020). 
However, in this mutant NyEMS, the expression of genes 
was altered to decrease the level of ACC and to increase 
proteasome and vitamin B6 biosynthesis. These 
differences could provide a variety of genetic 
engineering strategies for developing high-growth-rate 
mutants. 

This transcriptome analysis will aid in further 
research into the genetic analysis and the production of 
biomarkers for N. yezoensis. Moreover, it could be 
useful in understanding the mechanisms involved in 
high-growth-rate in this study to develop mutant strains 
in seaweeds, including N. yezoensis   
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