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  Abstract       The most prominent biological characteristic of  Porphyridium   purpureum  is their unique 
extracellular sulfated polysaccharides that plays an important protective role against salt stress. Adaptation 
to stress is associated with metabolic adjustments. However, the molecular mechanisms underlying such 
metabolic changes remain elusive. This study presents the fi rst transcriptome profi ling of  P .  purpureum . 
A total of 8 019 assembled transcripts were identifi ed, annotated, and classifi ed into diff erent biological 
categories and pathways based on a BLAST analysis against various databases. The in-depth analysis 
revealed that many of the diff erentially expressed genes in  P .  purpureum  under salinities of 68 and 0 involved 
polysaccharide metabolism. A comparison of the gene expression levels under diff erent salinities revealed 
that the polysaccharide synthetic pathway was signifi cantly upregulated under the 68 salinity condition. The 
increased expression of the  FBP ,  pfkA ,  CS ,  pgm ,  USP ,  UGP2 ,  galE , and  MPI  transcripts in the polysaccharide 
synthetic pathway and the increase in  ATP2  and  ATP6  transcripts in the energy metabolic pathway revealed 
the molecular mechanism of high-salt adaptation. This sequencing dataset and analysis could serve as a 
valuable resource to study the mechanisms involved in abiotic stress tolerance in Rhodophyta. 

  Keyword :   transcriptome; salinity; polysaccharides; osmotic adjustment; enzyme activity 

 1 INTRODUCTION 

  Porphyridium  Nägeli is a relatively unique single-
celled red algal genus that is widely distributed in soil 
and on moist walls.  Porphyridium  can also grow in 
seawater media, indicating that  Porphyridium  has 
high salt resistance. In addition, single-celled algae 
often collect to form red or light brown fl akes. 

  Porphyridium  can survive stressful conditions, 
such as drought, high salt, extreme temperatures, and 
high light intensities (Tannin-Spitz et al., 2005). 
Extracellular sulfated polysaccharides play a role in 
protecting the algae against the external environment 
(Arad and Levy-Ontman, 2010). Sulfated 
polysaccharides mainly consist of galactan polymers 
containing sulfate residues, and the main sugars of the 
polymers are xylose, glucose, galactose, and uronic 
acid in diff erent ratios (Heaney-Kieras and Chapman, 
1976; Percival and Foyle, 1979; Gloaguen et al., 
2004). Most of the polysaccharides remain attached 
to the cell (bound part) during growth in liquid 

medium, while the outer part dissolves from the cell 
surface into the medium (soluble part), which 
becomes progressively more viscous. Based on this 
unique rheological property (viscoelasticity) of 
polysaccharides, they are increasingly useful in 
commercial applications as gelling agents, thickeners, 
stabilizers, and emulsifi ers (Arad et al., 1985). In 
addition,  Porphyridium  polysaccharides have unique 
biological activities, such as antiviral, antitumor, 
hypolipidemic, anti-radiation, and antibacterial 
eff ects as well as antioxidant activity as free radical 
scavengers (Tannin-Spitz et al., 2005; Chen et al., 
2010). Many studies have been performed on the 
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biological activities of the polysaccharides 
(Talyshinsky et al., 2002; Wijesekara et al., 2011). 
Therefore,  Porphyridium  polysaccharides have broad 
potential for further development into products in the 
health food, pharmacy, and cosmetic industries 
(Wijesekara et al., 2011). 

 In-depth research has been conducted on the 
physiological and biochemical characteristics, growth 
environment, and nutritional conditions of 
 Porphyridium . Research on the genomic and 
molecular regulation of  Porphyridium  has also made 
progress with the development of sequencing 
technology and the wide application of high-
throughput sequencing. A total of 116 genes encoding 
carbohydrate-active enzymes (CAZymes) has been 
identifi ed in the  P .  purpureum  genome database, 
including 31 glycoside hydrolases (GHs), 83 
glycosyltransferases (GTs), and 2 carbohydrates, and 
the genome characteristics are consistent with their 
complex extracellular polysaccharide structure 
(Bhattacharya et al., 2013). The chloroplast genome 
of  P .  sordidum  was published in 2016, which contains 
the key coding genes of photosynthesis and the carbon 
fi xation reaction pathway. That study provided a 
theoretical basis for the carbon metabolic and 
polysaccharide synthetic pathways in  Porphyridium  
(Lee et al., 2016). High salt concentration is a 
signifi cant chemical stress for microalgae. Microalgae 
adapt to salinity stress through osmotic adjustment 
(Mishra et al., 2008), and research on salinity and 
polysaccharide accumulation in microalgae has 
received increasing attention (Nuutila et al., 1997). 

 We have previously reported that  P .  purpureum  
contains high polysaccharide contents (Lu et al., 
2020).  P .  purpureum  grows normally in high-salt 
conditions, and contains a high polysaccharide 
content compared to algae inhabiting freshwater 
conditions (Lu et al., 2020). However, the molecular 
mechanism of  Porphyridium  polysaccharide synthesis 
under diff erent salinities is not completely understood. 
The transcriptome is the main method to study gene 
expression and elucidate transcriptional regulation in 
organisms. Transcriptome analysis is a powerful tool 
for studying complex molecular mechanisms (Nan et 
al., 2018), and RNA sequencing is an effi  cient method 
to analyze transcriptome data.  

 In this study, we reveal the adaptation and metabolic 
mechanism of  Porphyridium  under diff erent salinities 
at the molecular level by transcriptome analysis, and 
the transcriptome profi le of  P .  purpureum  is proposed. 
The coding gene contents and functional annotations 

were analyzed in a BLAST analysis, the signifi cantly 
diff erentially expressed genes (DEGs) under diff erent 
salinities were selected, and the diff erential expression 
levels were determined. The results will provide the 
basis for studying the molecular mechanism of the 
synthesis of  Porphyridium  polysaccharides under 
diff erent salinity conditions. 

 2 MATERIAL AND METHOD 

 2.1 Algal strain and cultivation 

 Previous studies have shown that  Porphyridium  
has high salt resistance and can even survive in high-
salt environment of 35–46 (Golueke and Oswald, 
1962). In the study, the original algal strain of 
 Porphyridium   purpureum  FACHB-806 was purchased 
from the Freshwater Algae Culture Collection at the 
Institute of Hydrobiology (Wuhan, China), collected 
from moist soil (Wuhan, Hubei province, China), but 
can grow under salinities ranging from 0 to 68 as a 
freshwater red algae (Lu et al., 2020). The  P . 
 purpureum  was cultured in KOCK medium (http://
algae.ihb.ac.cn/english/mediumDetail.aspx?id=13). 
The components of the medium are shown in 
Supplementary Table S1.  

 Based on the principle of controlling a single 
variable, two salinity conditions were set by changing 
the artifi cial seawater in the KOCK medium. Among 
them, the 0 salinity group (freshwater conditions) 
replaced the artifi cial seawater with distilled water, 
and the 68 salinity group (high-salinity conditions) 
replaced the water with twice the concentration of 
artifi cial seawater. The  P .  purpureum  that grew to the 
logarithmic phase was inoculated into a 500-mL 
Erlenmeyer fl ask containing 300 mL of KOCK 
medium of diff erent salinities, and then placed in a 
room with a 12-h/12-h photoperiod; illumination was 
60 μmol/(m 2 ∙s), and the culture temperature was 
(25±2) °C. The algal solution was shaken three times 
per day. 

 The 0 salinity group was labeled P0_1, P0_2, and 
P0_3, and the 68 salinity group was labeled P68_1, 
P68_2, and P68_3.  P .  purpureum  cells cultured for 15 
days were collected by centrifugation, washed in 
distilled water, frozen quickly in liquid nitrogen, and 
the samples were sequenced. 

 2.2 Enzyme activity 

 Kinases and phosphorylases are critical for 
polysaccharide synthesis (Yan, 2016). The citrate acid 
cycle provides energy for polysaccharide synthesis. 
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Moreover, ATPases are mainly related to ion transport 
(Hong et al., 2018). Therefore, fructose-1,6-
bisphosphatase, phosphofructokinase, citrate synthase 
(CS), and ATPase were selected to determine enzyme 
activities and to explore the eff ects of salt stress on key 
enzyme activities during polysaccharide synthesis. 
The enzyme activities were measured using a fructose-
1,6-bisphosphatase (FBP) kit, a phosphofructokinase 
(PFK) activity detection kit, a CS activity detection 
kit, and an ATPase activity detection kit from Solarbio 
(Beijing, China) to compare the eff ects of the diff erent 
salinities on enzyme activities in the polysaccharide 
metabolic pathway. 

 2.3 RNA extraction and preparation of the cDNA 
library  

 Total RNA of each sample was extracted according 
to Xu (2016). RNA integrity and contamination were 
monitored by 1% agarose gel electrophoresis. RNA 
purity was checked using the NanoPhotometer 
spectrophotometer, and RNA integrity was assessed 
using the Agilent 2100 Bioanalyzer (Agilent 
Technologies, Palo Alto, CA, USA). 

 A total of 1.5-μg sample RNA was taken as the 
starting material to construct the library, and the 
NEBNext ®  UltraTM RNA Library Prep Kit for 
Illumina (NEB, Ipswich, MA, USA) was used to 
construct the library. First, polyT oligo-attached 
magnetic beads were used to enrich the mRNA with 
polyA tail, and the resulting mRNA was randomly 
interrupted with the divalent cations in the NEB 
fragmentation buff er. Subsequently, fragmented 
mRNA, random hexamer primers, and M-MuLV 
reverse transcriptase were used to synthesize the fi rst-
stranded cDNA, and RNase H, DNA polymerase I, 
and dNTPs were used to synthesize the second-
stranded cDNA. Next, the purifi ed double-stranded 
cDNA was treated by end-repair, A-tailing, and 
sequencing adapter connections, and the AMPure XP 
system (Beckman Coulter, Brea, CA, USA) was used 
to select cDNA fragments of 250–300 bp in length. 
The polymerase chain reaction (PCR) was performed, 
the products were purifi ed using the AMPure XP 
system, and the library was obtained. 

 After constructing the library, the library was 
diluted to 1.5 ng/μL, and the Qubit2.0 Fluorometer 
was used for the preliminary quantifi cation. 
Subsequently, the insert size of the library was 
assessed on the Agilent 2100 Bioanalyzer, and 
quantitative real-time PCR (qRT-PCR) was used to 
accurately quantify the eff ective concentration of the 

library (eff ective concentration of the 
library>2 nmol/L) to ensure the quality of the library. 
After pooling diff erent libraries, the libraries were 
sequenced on an Illumina Hiseq platform, and 150-bp 
paired-end reads were generated. Finally, the sequence 
information of the test fragment was obtained. 

 2.4 Transcriptome analysis 

 Raw data (raw reads) were directly obtained by 
high-throughput sequencing and contained the joint 
and lower quality reads. The raw reads were fi ltered 
with fastp (version 0.19.7) to ensure high quality. Raw 
reads in the FASTQ format were processed through 
in-house perl scripts. In this step, clean data (clean 
reads) were obtained by removing reads containing 
adapters, reads containing ploy-N (N indicates that the 
base information cannot be determined), and low-
quality reads (number of bases with Qphred value ≤20 
accounted for more than 50% of reads) from the raw 
data. The Q20 (corresponding to sequencing quality 
with a 99% accuracy rate), Q30 (corresponding to 
sequencing quality with a 99.9% accuracy rate), GC 
content, and sequence repetition level of the clean 
reads were calculated, and all downstream analyses 
were based on clean high-quality data. 

 Trinity was used to assemble the clean reads into 
transcripts for the transcriptome analysis without a 
reference genome (Grabherr et al., 2011), and Corset 
was used for hierarchical clustering of the transcripts 
(Davidson and Oshlack, 2014). The transcripts were 
aggregated into clusters according to shared reads 
between the transcripts, and the transcripts with 
expression diff erences between samples were 
separated from the original cluster to establish a new 
cluster according to the transcript expression level 
and the H-Cluster algorithm. Each cluster was fi nally 
defi ned as a “gene”. The longest cluster sequence was 
used for subsequent analysis, and the transcript and 
cluster sequence length were counted. 

 After transcriptome assembly, the transcripts were 
functionally annotated to obtain comprehensive gene 
function information. Gene function was annotated 
based on a BLAST (Altschul et al., 1997) search 
against the following seven databases: Nr (NCBI 
non-redundant protein sequences), Nt (NCBI non-
redundant nucleotide sequences), Pfam (Protein 
family), KOG/COG (Clusters of Orthologous Groups 
of proteins), Swiss-prot (A manually annotated and 
reviewed protein sequence database), Automatic 
annotation ServerKO (KEGG Ortholog database), 
and the gene ontology (GO). 
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 2.5 Quantifi cation of gene expression levels and 
diff erential expression analysis 

 The clean reads of each sample were mapped to the 
reference sequence (assembled transcripts), the read 
count for each gene was obtained, and gene expression 
levels were estimated by RSEM (Li and Dewey, 
2011). Next, the read count for each gene was 
converted into FPKM (expected number of Fragments 
Per Kilobase of transcript sequence per Millions base 
pairs sequenced) (Trapnell et al., 2010) to obtain the 
gene expression patterns under the diff erent salinities. 
The correlation coeffi  cients within and between 
groups were calculated based on the FPKM values of 
all genes in the sample to test the reliability of the 
experiment and the rationality of sample selection. 
DESeq was used to detect signifi cant DEGs among 
diff erent samples (Anders and Huber, 2010), and then 
the number of DEGs (including upregulated and 
downregulated) was statistically analyzed. Finally, 
KOBAS was used to perform the KEGG pathway 
enrichment analysis on the DEGs (Mao et al., 2005). 

 2.6 Quantitative real-time polymerase chain 
reaction (qRT-PCR) validation 

 A cDNA library was used as the template. Takara 
TB Green Premix Ex Taq TM  II (Tli RNaseH Plus) was 
used as the fl uorescent dye for qRT-PCR. Ten genes 
from the DEG pool with smaller  p -values were 
screened and selected, including  FBP ,  pfkA ,  CS ,  pgm , 
 USP ,  UGP2 ,  galE ,  MPI ,  ATP2 , and  ATP6 .  Actin  was 
selected as the internal control gene according to a 
previous study (Xu, 2016). The sequences of the qPCR 
primers are shown in Supplementary Table S2, and the 
qPCR reaction system is shown in Supplementary 

Table S3. The amplifi cation procedures were 95 °C for 
20 s, 40 cycles of 95 °C for 10 s, 52 °C for 10 s, and 
72 °C for 30 s, followed by a dissolution stage of 
95 °C for 15 s, 60 °C for 1 min, and 95 °C for 15 s. 
The specifi city of the qPCR products was estimated 
based on a melting curve analysis. The expression 
values of each gene were calculated using the method 
proposed by Pfaffl   (2001). 

 2.7 Construction of the protein-protein interactive 
network  

 The protein-protein interaction (PPI) analysis of 
DEGs was based on the STRING database of known 
and predicted PPIs (http://string-db.org/). The DEG 
sequences were BLASTed to the  Cyanidioschyzon  
 merolae  genome to obtain the predicted PPIs of the 
DEGs. The BLAST settings for constructing 
interaction networks were e-value=1e-10 and max_
target_seqs=1. The network was constructed 
according to the known interactions of the selected 
reference species, and the PPIs of these DEGs were 
visualized in Cytoscape (Shannon et al., 2003). 

 3 RESULT 

 3.1 Key enzyme activity 

 As shown in Fig.1, FBP and pfkA in the glycolysis 
cycle, CS in the citric acid cycle, and ATPase were 
selected to determine enzyme activities. The results 
showed that the activities of FBP, pfkA, CS, and 
ATPase were higher in P68 than in P0 ( P <0.05).  

 3.2 Transcriptome sequencing and assembly 

 The raw reads from all samples were fi ltered, 
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and their corresponding clean reads, ratios, and 
base numbers were obtained (Table 1). The Q30 
quality of the clean reads was>95% with similar 
GC content. The sequences were submitted to the 
NCBI Sequence Read Archive (Accession numbers: 
P0_1: SRR13735959, P0_2: SRR13749649, P0_3: 
SRR13749648, P68_1: SRR13749647, P68_2: 
SRR13749646, P68_3: SRR13749645). 

 The assembled length distribution and splicing 
length distribution of the unigenes are shown in Fig.2 
and Table 2. The mean length of a unigene was 
2 455 bp (shortest: 301 bp, longest: 31 045 bp, N50: 
5 172 bp, and N90: 946 bp). A total of 8 019 unigenes 
were generated by assembling the clean reads. The 
unigenes with the largest length interval were 
>2 000 bp, while the shortest was 1 000–2 000 bp. 
Transcripts with lengths of 300–500 bp, 500–
1 000 bp, 1 000–2 000 bp, and >2 000 bp accounted 
for 26.28% (2 107), 22.16% (1 777), 14.14% (1 134), 
and 37.42% (3 001) of the total transcripts, respectively. 

 3.3 Gene annotation 

 Annotation provides information on the expression 

and function of unigenes. A total of 8 019 unigenes 
were annotated against seven annotation databases to 
obtain comprehensive gene function information 
(Fig.3a). The numbers of unigenes in the Nr, Nt, KO, 
Swiss-prot, Pfam, GO, and KOG databases were 
5 329 (66.45%), 880 (10.97%), 2 690 (33.54%), 
5 293 (66.00%), 5 737 (71.54%), 5 737 (71.54%), 
and 2 888 (36.01%), respectively. Databases, 
including Nr, Nt, Pfam, GO, and KOG were selected 
to prepare the Venn diagram, and 569 common genes 
were commonly shared within the fi ve annotation 
databases (Fig.3b). Based on the Nr annotation results 
(Fig.3c), the species with the most homologous genes 
to  P .  purpureum  were  Gracilariopsis   chorda  (12.2%), 
followed by  Chondrus   crispus  (10.1%),  Galdieria  
 sulphuraria  (8.2%),  Porphyra   umbilicalis  (7.3%), 
and  Dorcoceras   hygrometricum  (4.5%). 

 GO is an international standardized gene functional 
classifi cation system that comprehensively describes 
the properties of genes and their products in any 
organism. A total of 5 737  P .  purpureum  annotated 
unigenes were classifi ed into three categories 
according to the GO assignments and were assigned 
at least one GO term (Fig.4a). The three categories 
were biological processes (BP, gene number: 15 456), 
cellular components (CC, gene number: 6 717), and 
molecular functions (MF, gene number: 8 928), 
respectively. These genes were further classifi ed into 
functional subcategories. Genes corresponding to the 
“BP” group (Level 1) were divided into 25 
subcategories, among which “cellular process” (Level 
2) was the largest term with 4 001 genes. Genes 
corresponding to the “CC” group (Level 1) were 
divided into 5 subcategories, among which “cellular 
anatomical entity” (Level 2) was the largest term with 
2 958 genes. Genes corresponding to the “MF” group 

 Table 1 Statistics of RNA-sequencing quality of  P .    purpureum    samples under diff erent salinities 

 Sample  Raw read  Clean read  Clean base  Error (%)  Q20 (%)  Q30 (%)  GC content (%) 

 P0_1  23 633 590  23 377 046  7.01G  0.02  98.38  95.37  58.13 

 P0_2  20 296 630  19 974 075  5.99G  0.02  98.45  95.34  58.02 

 P0_3  21 583 307  21 166 737  6.35G  0.02  98.7  95.89  57.88 

 P68_1  22 205 163  21 749 469  6.52G  0.02  98.45  95.38  57.99 

 P68_2  21 360 223  20 821 546  6.25G  0.02  98.51  95.46  58.16 

 P68_3  22 983 382  22 542 131  6.76G  0.02  98.34  95.11  58.08 
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 Fig.2 Length distribution of unigenes in  P .    purpureum  

 Table 2 Splicing length distribution of unignes in    P .    purpureum  

   Min 
length 

 Mean 
length 

 Median 
length 

 Max 
length  N50  N90  Total 

nucleotide 

 Unigene (bp)  301  2 455  1 079  31 045  5 172  946  19 684 293 
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(Level 1) were divided into 12 subcategories, among 
which “binding” (Level 2) was the largest term with 
3 591 genes.  

 The annotated unigenes were aligned to the KOG 
database to predict and classify possible functions 
and to further evaluate the completeness of our 
transcriptome library. A total of 2 888 unigenes were 
annotated based on KOG, and 3 220 genes belonging 
to 25 categories were obtained (Fig.4b). Among these 
categories, the largest group was genes for the 
“Translation, ribosomal structure and biogenesis (J)” 
cluster, which comprised 14.89% of the annotated 
unigenes. The second group was genes for the 
“Posttranslational modifi cation, protein turnover, 
chaperones (O)” cluster, which comprised 13.95% of 
the annotated unigenes. 

 KEGG pathway analyses help to further understand 
the biological functions and molecular interactions of 
genes. Genes based on the KO annotation were 
classifi ed according to their participating KEGG 
metabolic pathways. There were 2 690 unigenes 
mapped to 34 KEGG pathways in 5 categories 
(Fig.4c): cellular processes (A), environmental 
information processing (B), genetic information 
processing (C), metabolism (D), and organismal 
systems (E). Among them, the pathways represented 
by the most genes were metabolism (1 852, 68.85% 
of the annotated unigenes), followed by genetic 
information processing (710, 26.39%), organismal 
systems (535, 19.89%), cellular processes (304, 
11.30%), and environmental information processing 
(252, 9.37%). 
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 Fig.4 Gene function classifi cation of unigenes of    P .    purpureum  
 a. GO classifi cation of unigenes; b. KOG classifi cation of unigenes; c. KEGG classifi cation of unigenes.  A: cellular processes; B: environmental information 
processing; C: genetic information; D: metabolism; E: organismal systems. Numbers on the right margin of each bar represents numbers of transcripts in the 
corresponding subcategories.
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 3.4 Diff erential gene expression analysis 

 The read count was obtained by comparing the 
clean reads with the reference sequence for each 
sample and then performing the FPKM conversion on 
the read count. The correlation coeffi  cients within and 
between groups were calculated according to the 
FPKM values of all genes in the sample. The 
correlation coeffi  cient heatmap between samples is 
shown in Fig.5. The correlation coeffi  cients between 
the three repeats in P0 and P68 were 0.96 and 0.90 
( R  2 >0.8) respectively, while the correlation 
coeffi  cients between the groups were <0.80. These 
data indicate the high repeatability between samples 
within the group and the reliability.  

 In addition, the gene density distributions under 
diff erent salinities are shown in Fig.6a. Diff erent gene 
expression patterns were detected in P0 and P68, and 
genes with the same expression levels had diff erent 
densities. After analyzing the expression diff erences, 
the overall distribution of signifi cant DEGs in P0 and 
P68 was visually displayed using a volcano map of 
the DEGs (|log2 (fold-change)|>1&padj<0.05) 
(Fig.6b). There were 2 177 upregulated and 729 
downregulated genes in P0 and P68, respectively. The 
gene lists of upregulated (Supplementary Table S4) 
and downregulated (Supplementary Table S5) genes 
are presented. 

 The top 20 enriched KEGG pathways are illustrated 
in Fig.6c, and the enriched pathways were all 
signifi cant with  P -values<0.5 (Table 3). The DEGs 
were mainly enriched in important metabolic 
pathways, including carbohydrate metabolism (amino 

sugar and nucleotide sugar metabolism, galactose 
metabolism, glycolysis/gluconeogenesis, pyruvate 
metabolism, and butanoate metabolism), amino acid 
metabolism (cysteine and methionine metabolism, 
lysine biosynthesis, and tryptophan metabolism), 
metabolism of other amino acids (beta-alanine 
metabolism, taurine and hypotaurine metabolism, 
selenocompound metabolism, and cyanoamino acid 
metabolism), lipid metabolism (biosynthesis of 
unsaturated fatty acids, fatty acid degradation, and 
alpha-linolenic acid metabolism), energy metabolism 
(photosynthesis-antenna proteins and sulfur 
metabolism), metabolism of cofactors and vitamins 
(biotin metabolism and porphyrin and chlorophyll 
metabolism), and signal transduction (peroxisome). 

 The polysaccharide metabolic pathway in 
 P .  purpureum  is shown in Fig.7 to understand the 
metabolic changes in the  P .  purpureum  
polysaccharides under high-salt conditions at the 
molecular level. Polysaccharides form by assembly 
and polymerization of common monosaccharide 
repeating units. The pathways of glycolysis 
(ko00010), galactose metabolism (ko00052), amino 

 Table 3 The top 20 enriched pathways in  P .    purpureum  
sample in P0 and P68 

 Pathway term  Rich 
factor   P -value  Number 

of genes 

 Amino sugar and nucleotide 
sugar metabolism  0.642 857  0.036 139  18 

 Cyanoamino acid metabolism  0.777 778  0.097 22 0  7 

 Sulfur metabolism  0.6 00 000  0.105 525  12 

 Selenocompound metabolism  0.611 111  0.110 491  11 

 Galactose metabolism  0.666 667  0.125 258  8 

 Glycolysis/Gluconeogenesis  0.432 099  0.185 015  35 

 Photosynthesis-antenna proteins  0.8 00 000  0.187 706  4 

 Peroxisome  0.484 848  0.188 223  16 

 Pyruvate metabolism  0.428 571  0.204 167  33 

 Butanoate metabolism  0.583 333  0.207 26 0  7 

 Biotin metabolism  0.529 412  0.218 925  9 

 Cysteine and methionine metabolism  0.452 381  0.224 33 0  19 

 Lysine biosynthesis  0.533 333  0.234 291  8 

 Taurine and hypotaurine metabolism  0.666 667  0.251 474  4 

 Porphyrin and chlorophyll metabolism  0.454 545  0.255 311  15 

 Beta-alanine metabolism  0.500 000  0.257 138  9 

 Biosynthesis of unsaturated fatty acids  0.5 00 000  0.276 338  8 

 Tryptophan metabolism  0.476 190  0.276 833  10 

 Fatty acid degradation  0.448 276  0.289 771  13 

 Alpha-linolenic acid metabolism  0.555 556  0.292 841  5 
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 Fig.5 Correlation tests for the replicates 
 The  R  2  between biological replicates samples is at least greater than 0.8. 
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sugar and nucleotide sugar metabolism (ko00520), 
and the citrate cycle (ko00020) were predicted, and 
the enzymes of the P0 and P68 DEGs are indicated. 
Extracellular D-Glucose is transferred to α-D-
Glucose-6P during glycolysis via the action of the 
sugar PTS system EIIA component (crr, EC: 2.7.1.-). 
Then, β-D-Fructose-6P is produced as a result of 
catalysis by glucose-6-phosphate isomerase (GPI, 
EC: 5.3.1.9). Pyruvate is fi nally produced via the 
catalysis of a series of enzymes. Pyruvate is transferred 
to acetyl-CoA by pyruvate dehydrogenase E1 
component (aceE, EC: 1.2.4.1), pyruvate 
decarboxylase (PDC, EC: 4.1.1.1), and 
dihydrolipoamide acetyltransferase (aceF, EC: 

2.3.1.12). Acetyl-CoA serves as the precursor to enter 
the citrate cycle. In addition, α-D-glucose-6P is 
transferred to α-D-glucose-1P via the action of 
phosphoglucomutase (pgm, EC: 5.4.2.2), and 
Galacton is metabolized based on α-D-glucose-1P. 
UDP-Glucose and UDP-Galactose form via UDP-
sugar pyrophosphorylase (USP, EC: 2.7.7.64), UTP-
glucose-1-phosphate uridylyltransferase (UGP2, EC: 
2.7.7.9), and UDP-glucose 4-epimerase (galE, EC: 
5.1.3.2), which is the main branch pathway for the 
synthesis of polysaccharides based on UDP-Glucose 
and UDP-Galactose. β-D-Fructose-6P is transferred 
to D-Mannose-6P via the action of mannose-6-
phosphate isomerase (MPI, EC: 5.3.1.8), and then 
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 Fig.6 Diff erent gene expression patterns in P0 and P68 
 a. density distribution of FPKM in P0 and P68; b. the Volcano plot of diff erential gene expression in P0 and P68; c. enriched KEGG pathways in  P .  purpureum  
specimens collected in P0 and P68. 
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GDP-D-Mannose is generated via the action of 
phosphomannomutase (PMM, EC: 5.4.2.8) and 
mannose-1-phosphate guanylyltransferase (GMPP, 
EC: 2.7.7.13). Finally, UDP-glucose, UDP-galactose, 
and UDP-xylose are transferred and assembled via 
the action of glycosyltransferase to form repeating 
units. The  P .  purpureum  polysaccharides are 
composed of repeating units of these monosaccharides. 

 In the glycolytic pathway, the genes encoding FBP 
(EC: 3.1.3.11), pfkA (EC: 2.7.1.11), phosphoglycerate 
kinase (PGK, EC: 2.7.2.3), aceE, aceF, and PDC were 
signifi cantly upregulated, whereas the expression of 
fructose-bisphosphate aldolase (ALDO, EC: 4.1.2.13), 
triosephosphate isomerase (tpiA, EC: 5.3.1.1), and 
pyruvate kinase (PK, EC: 2.7.1.40) were not 
signifi cantly aff ected under 68 salinity. The expression 
of CS (EC: 2.3.3.1), ATP citrate (pro-S)-lyase (ACLY, 
EC: 2.3.3.8), and succinate dehydrogenase (SDHA, 

EC: 1.3.5.1) increased during the citrate cycle. The 
expression levels of pgm, USP, UGP2, and galE were 
signifi cantly upregulated in the galactose metabolic 
pathway. The expression of UDP-glucuronate 
decarboxylase (UXS1, EC: 4.1.1.35) decreased during 
xylose metabolism. The gene encoding MPI was 
signifi cantly upregulated in the fructose and mannose 
metabolic pathway, while the expression of genes 
related to GDP-D-mannose synthesis under 68 salinity 
was suppressed, particularly, the expression of PMM 
and GMPP decreased.  

 Pathways related to ion regulation were not found 
in any of the enriched KEGG pathways. However, 
energy is needed for osmotic regulation of ions under 
salinity stress. ATPase is a key enzyme for energy 
metabolism (oxidative phosphorylation,  P= 0.838), 
and is mainly related to ion transport (Hong et al., 
2018). Therefore, the expression of genes related to 

D-Glucose (extracellular)

α-D-Glucose-6P

β-D-Fructose-6P

β-D-Fructose-1,6P2

Glyceraldehyde-3P

Glycerate-1,3P2

Glycerate-3P

Glycerate-2P

Phosphoenol-Pyrurate

Pyrurate

Glycerone

α-D-Glucose-1P UDP-Glucose

α-D-Galactose-1P

α-D-Galactose

D-Galactose

UDP-Galactose

Glycolysis Galactose metabolism

Acetyl-CoA

Citrate

Succinate

Fumarate

Oxaloacetate

Citrate cycle

UDP-GlcA

UDP-D-Xylose

AXS

D-Mannose-6P

D-Mannose-1P

GDP-D-Mannose

Galacton

crr

GPI

FBP pfkA pfkC pfp

ALDO

tpiA

gapA gap2

gapN gapor

PGK

gpmA gpmI

ENO

PK

aceE

PDC
aceF

CS

ACLY

SDHA

frdA

USP

USP

UGP2

galE

pgm

lacZ

galT

galK

galM

UGDH

UXS1

PMM

GMPP

MPI

Repeating units

Polysaccharides

 Fig.7 Putative metabolic pathway of polysaccharides synthesis in  P .    purpureum    generated by KEGG 
 The red, green, and orange boxes indicated the ko nodes containing the up-regulated, down-regulated, and up- and down-regulated diff erential gene enzymes. 
The dotted lines represent the omission of some reaction steps. 



Vol. 401610 J. OCEANOL. LIMNOL., 40(4), 2022

ATPase is helpful to understand the molecular salinity 
regulatory mechanism in  P .  purpureum . Two types of 
ATPases are shown (Fig.8). Among them, the genes 
coding F-type H + -transporting ATPase subunit beta 
(ATPeF1B, ATP5B, and ATP2, EC: 7.1.2.2), F-type 
H + -transporting ATPase subunit a (ATPeF0A, 
MTATP6, and ATP6), and F-type H+-transporting 

ATPase subunit c (ATPeF0C, ATP5G, and ATP9) in 
the F-type were signifi cantly upregulated, and the 
gene coding V-type H + -transporting ATPase subunit a 
(ATPeV0A and ATP6N) in the V-type was signifi cantly 
upregulated.  

 3.5 Real-time quantitative PCR analysis 

 Real-time PCR was conducted to validate the 
statistical reliability based on the transcriptome 
sequencing data. Ten DEGs were selected, and their 
expression levels were validated by qRT-PCR (Fig.9). 
The PCR reactions were run in triplicate, and their 
average threshold cycle numbers were used to 
calculate the log2 (fold-change) in expression. The 
transcript abundance rates of  FBP ,  pfkA ,  CS ,  pgm , 
 USP ,  UGP2 ,  galE ,  MPI ,  ATP2 , and  ATP6  in 
 P .  purpureum  were higher in P68 than those in P0. 
These results are consistent with the transcriptome 
sequencing data. 

 3.6 Protein-protein interactions 

 The interactive network involving the upregulated 
 P .  purpureum  transcripts under 68 salinity is shown in 
Fig.10. The results revealed that the transcripts in 
response to salinity were all cross-linked and in a 
closely related network. The nodes with the highest 
degrees were unigenes related to ribosomal proteins, 
followed by oxidative phosphorylation during energy 
metabolism, amino acid metabolism, translation 
factors, the citrate cycle, and ubiqitin C. 

 4 DISCUSSION 

 A transcriptome is a complete set of transcripts in a 
cell that becomes active at a specifi c developmental 
stage or under a specifi c physiological condition, 
which provides information to interpret the functional 
elements of the genome and reveal the molecular 
constituents of cells and tissues (Wei et al., 2011; Sun 
et al., 2015). The fi rst transcriptome profi le of 
 P .  purpureum  is presented in this study, which will 
enrich the repertoire of transcripts in the genus 
 Porphyridium  and provide more molecular data for 
further research on rhodophytes. The mapping 
coverage was only 25.32% when using the 
 Porphyridium   purpureum  CCMP1328 as reference 
genome. We analyze the possible reasons for this. The 
 Porphyridium   purpureum  FACHB-806 was collected 
from moist soil (Wuhan, Hubei Province, China), 
maybe the diff erent collection location and habitats of 
algal strains will impact the mapping coverage to 
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reference genome. Additionally, quality of the 
transcriptome data in this study is not high enough 
compared to the reference genome maybe due to poor 
quality reads or sequencing artifacts. Therefore, 
transcriptome sequencing without a reference genome 
was performed, and the percentage of BUSCO gene 
set was 77.3% (BUSCO was run against the eukaryota 
dataset), which was eff ective and reliable. In addition, 
the result of contamination check shown that the 
transcriptome data were not contaminated with some 
bacterial genes or other eukaryotes, which is shown in 
Supplementary Fig.S1.  P .  purpureum  is a ubiquitous 
species that is widely distributed in freshwater, 
seawater, and moist soil. Previous reports have shown 
that there are 161 483 assembled transcripts in the 
freshwater red alga  Sheathia   arcuata  (Nan et al., 
2018), 18 640 annotated transcripts in the marine red 
alga  Pyropia   yezoensis  (Sun et al., 2015), 24 575 
unigenes in the marine red alga  P .  haitanensis  (Xie et 
al., 2013), and 35 421 assembled transcripts in the 
marine red alga  Bangia   fuscopurpurea  (Wang et al., 
2019), whereas the number of assembled  P .  purpureum  
transcripts was distinctly smaller. The most abundant 
transcripts were in the length interval of 200–500 bp 
in both  Pyropia  and  S .  arcuata , while >2 000 bp 

transcripts were detected in  P .  purpureum . The GC 
content of the unigenes obtained in this study was 
slightly higher than the freshwater red alga  S .  arcuata  
but lower than the marine red alga  Pyropia . 

  Porphyridium   purpureum  has been collected from 
environments ranging from freshwater to hypersaline 
conditions, and its tolerance to a wide range of salt 
concentrations has been demonstrated (Lu et al., 
2020). The transcriptome sequencing analysis was 
performed on  P .  purpureum  at salinities of 0 and 68 to 
explore the molecular response mechanism of 
 P .  purpureum  to freshwater and high-salt environments. 
Transcriptome sequencing is an important tool to 
identify expression patterns and discover genes (Wei 
et al., 2011). We annotated the genes, classifi ed the 
functions of the unigenes, analyzed the pathways, and 
compared diff erences in  P .  purpureum  under two 
salinities. In this study, diff erent gene expression 
patterns were detected under the diff erent salinities, 
indicating the complicated and diverse regulatory 
mechanism in response to salt stress in  P .  purpureum . 

 Cells adapt to environmental stressors using 
diff erent mechanisms (Bohnert et al., 1995). Sorting 
out the mechanisms by which microalgae adapt to 
environmental stress requires molecular and genetic 
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approaches. The metabolic pathways were enriched 
based on the KEGG database to understand the high-
level functions and utilities of the transcripts in 
biological systems. In this study, the top 20 enriched 
KEGG pathways were related to the metabolites of 
 P .  purpureum , mainly carbohydrate metabolism, 
amino acid metabolism, and fatty acid metabolism. 
These results are consistent with a previous report 
(Mishra et al., 2008). Adaptation to stress is associated 
with metabolic adjustments leading to the 
accumulation of metabolites and osmolytes to protect 
cells from oxidative damage (Mishra et al., 2008).  

 The most unique biological characteristic of 
 P .  purpureum  is their special extracellular sulfated 
polysaccharides (Percival and Foyle, 1979). The 
specimens used in this study were cultured at salinities 
of 0 and 68, which were similar to the salinities used 
in a previous study of  Ruppia   maritima  by Aquino et 
al. (2011). Aquino demonstrated that the presence of 
sulfated polysaccharides in plants is an adaptation to 
a high salt environment and that the sulfated 
polysaccharide concentration is positively correlated 
with salinity (Aquino et al., 2011). The trend in 
polysaccharide concentrations revealed by the 
physiological parameters measured in Aquino’s study 
was similar to the transcriptome regulation observed 
in our study. Furthermore, we have previously 
measured the polysaccharide contents of  P .  purpureum  
cultured for 15 days under salinities of 0 and 68, 
respectively (Lu et al., 2020). The results show that 
the polysaccharide content was higher under 68 
salinity, which was consistent with the molecular 
results. The  P .  purpureum  FACHB-806 strain was 
isolated from freshwater. However, the polysaccharide 
content was higher in the high-salt environment, 
which provides ideas for exploring the response 
mechanism of  P .  purpureum  to high-salt stress. 

 The transcriptome analysis of  P .  purpureum  grown 
under diff erent salinities sheds light on the molecular 
mechanisms underlying the high-salt adaption of this 
species. The results revealed a positive correlation 
between gene expression and enzyme activities. The 
regulation of metabolic pathways by related enzymes 
plays a key role in polysaccharide synthesis. 
Phosphoglucomutase (pgm) is the key enzyme in the 
polysaccharide synthetic pathway that transforms 
glucose-6P into glucose-1P (Xu et al., 2012). In this 
study, the pgm transcripts were upregulated at 68 
salinity, which prompted the metabolic pathway to 
proceed in the direction of polysaccharide synthesis. 
UDP-Glucose and UDP-Galactose are precursors of 

polysaccharides generated by galactose metabolism. 
In our study, upregulation of the USP, UGP2, and 
galE transcripts during galactose metabolism in 
response to high-salt stress triggered an increase in 
the precursors, which increased the speed of 
polysaccharide synthesis. However, glucose-6-
phosphate isomerase (GPI) is the key enzyme in the 
glycolytic pathway that transforms glucose-6P into 
fructose-6P (Xu et al., 2012). No signifi cant diff erence 
in the GPI transcripts was observed under the diff erent 
salinities. Overall, the  P .  purpureum  polysaccharide 
synthetic pathway was signifi cantly upregulated 
under the high-salt condition, which plays a key role 
in maintaining cell osmotic regulation (Fu et al., 
2014). In addition, the transcript levels and activities 
of the key glycolytic enzymes FBP and pfkA were 
relatively high at 68 salinity. The CS, ACLY, and 
SDHA transcripts in the citrate cycle were upregulated 
at 68 salinity, and the activity of CS was relatively 
high at 68 as a key enzyme in the citrate cycle, 
indicating that the citrate cycle of the P68 group was 
enhanced and more energy was provided for 
polysaccharide synthesis. 

 Salt stress is complex (Janicka-Russak and Kabała, 
2015). A key factor in the ability of plants to adapt to 
salinity is the control of intracellular ion homeostasis 
(Niu et al., 1993; Munns et al., 2006). Therefore, the 
H + -ATPase that generates an electrochemical proton 
gradient on the plasma membrane is essential. The 
relatively low concentration of Na +  in the cytoplasm 
is maintained through active exclusion of sodium ions 
to prevent excessive accumulation of sodium ions in 
the cytoplasm under salt stress. In this study, the 
upregulated activity and transcription of H + -ATPase 
at 68 salinity indicated the importance of H + -ATPase 
in maintaining ion homeostasis under salt stress. 

 5 CONCLUSION 
 The activities of FBP, pfkA, and CS were relatively 

high during polysaccharide and ATPase synthesis at a 
salinity of 68. The transcriptome analysis revealed 
diff erences in the gene expression patterns under 
salinities of 0 and 68. The related genes of the 
polysaccharide synthetic pathway were upregulated 
under the 68 saline condition, suggesting that 
adaptation to the high-salt environment is associated 
with polysaccharides. The increased expression of 
transcripts corresponding to the polysaccharide 
synthetic pathway and ATPase revealed the molecular 
mechanism of high-salt adaption. These results clarify 
that extracellular polysaccharides play a role in 
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osmoregulation in response to high salt in  P . 
 purpureum . 

 6 DATA AVAILABILITY STATEMENT 

 The datasets generated during and analyzed during 
the current study are available from the corresponding 
author on reasonable request. 

 References  

 Altschul S F, Madden T L, Schäff er A  A, Zhang J H, Zhang Z, 
Miller W, Lipman D J. 1997. Gapped BLAST and PSI-
BLAST: a new generation of protein database search 
programs.  Nucleic   Acids   Research ,  25 (17): 3389-3402, 
https://doi.org/10.1093/nar/25.17.3389. 

 Anders S, Huber W. 2010. Diff erential expression analysis for 
sequence count data.  Genome   Biology ,  11 (10): R106, 
https://doi.org/10.1186/gb-2010-11-10-r106. 

 Aquino R S, Grativol C, Mourão P A S. 2011. Rising from the 
sea: correlations between sulfated polysaccharides and 
salinity in plants.  PLoS   One ,  6 (4): e18862, https://doi.
org/10.1371/journal.pone.0018862. 

 Arad S M, Levy-Ontman O. 2010. Red microalgal cell-wall 
polysaccharides: biotechnological aspects.  Current  
 Opinion   in   Biotechnology ,  21 (3): 358-364, https://doi.
org/10.1016/j.copbio.2010.02.008. 

 Arad S, Adda M, Cohen E. 1985. The potential of production 
of sulfated polysaccharides from  Porphyridium .  Plant  
 and   Soil ,  89 (1-3): 117-127, https://doi.org/10.1007/
BF02182238. 

 Bhattacharya D, Price D C, Chan C X, Qiu H, Rose N, Ball S, 
Weber A P M, Arias M C, Henrissat B, Coutinho P M, 
Krishnan A, Zäuner S, Morath S, Hilliou F, Egizi A, 
Perrineau M M, Yoon H S. 2013. Genome of the red alga 
 Porphyridium   purpureum .  Nature   Communications ,  4 (6): 
1941, https://doi.org/10.1038/ncomms2931. 

 Bohnert H J, Nelson D E, Jensen R G. 1995. Adaptations to 
environmental stresses.  The   Plant   Cell ,  7 (7): 1099-1111, 
https://doi.org/10.1105/tpc.7.7.1099. 

 Chen B L, You W L, Huang J, Yu Y, Chen W P. 2010. Isolation 
and antioxidant property of the extracellular 
polysaccharide from  Rhodella   reticulata .  World   Journal  
 of   Microbiology   and   Biotechnology ,  26 (5): 833-840, 
https://doi.org/10.1007/s11274-009-0240-y. 

 Davidson N M, Oshlack A. 2014. Corset: enabling diff erential 
gene expression analysis for de  novo  assembled 
transcriptomes.  Genome   Biology ,  15 (7): 410, https://doi.
org/10.1186/s13059-014-0410-6. 

 Fu X P, Wang D C, Yin X L, Du P C, Kan B. 2014. Time course 
transcriptome changes in  Shewanella   algae  in response to 
salt stress.  PLoS   One ,  9 (5): e96001, https://doi.
org/10.1371/journal.pone.0096001. 

 Gloaguen V, Ruiz G, Morvan H, Mouradi-Givernaud A, Maes 
E, Krausz P, Strecker G. 2004. The extracellular 
polysaccharide of  Porphyridium  sp.: an NMR study of 
lithium-resistant oligosaccharidic fragments. 

 Carbohydrate   Research ,  339 (1): 97-103, https://doi.
org/10.1016/j.carres.2003.09.020. 

 Golueke C G, Oswald W J. 1962. The mass culture of 
 Porphyridium   cruentum .  Applied   Microbiology ,  10 (2): 
102-107.  

 Grabherr M G, Haas B J, Yassour M, Levin J Z, Thompson D 
A, Amit I, Adiconis X, Fan L, Raychowdhury R, Zeng Q 
D, Chen Z H, Mauceli E, Hacohen N, Gnirke A, Rhind N, 
Di Palma F, Birren B W, Nusbaum C, Lindblad-Toh K, 
Friedman N, Regev A. 2011. Trinity: reconstructing a full-
length transcriptome without a genome from RNA-Seq 
data.  Nature   Biotechnology ,  29 (7): 644-652, https://doi.
org/10.1038/nbt.1883. 

 Heaney-Kieras J, Cahapman D J. 1976. Structural studies on 
the extracellular polysaccharide of the red alga, 
 Porphyridium   cruentum .  Carbohydrate   Research ,  52 (1): 
169-177, https://doi.org/10.1016/s0008-6215(00)85957-1. 

 Hong M L, Li J Y, Jiang A P, Ding L, Shi H T. 2018. Salinity 
adaptation in ions adjustments of the red-eared slider 
turtle using liver transcriptomic data.  Genomics   and  
 Applied   Biology ,  37 (10): 4297-4306, https://doi.org/10. 
13417/j.gab.037.004297. (in Chinese with English abstract) 

 Janicka-Russak M, Kabała K. 2015. The role of plasma 
membrane H + -ATPase in salinity stress of plants.  In : 
Lüttge U, Beyschlag W eds.  Progress   in   Botany . Springer, 
Cham. p.77-92, https://doi.org/10.1007/978-3-319-08807-5_3. 

 Lee J, Cho C H, Park S I, Choi J W, Song H S, West J A, 
Bhattacharya D, Yoon H S. 2016. Parallel evolution of 
highly conserved plastid genome architecture in red 
seaweeds and seed plants.  BMC   Biology ,  14 (1): 75, 
https://doi.org/10.1186/s12915-016-0299-5. 

 Li B, Dewey C N. 2011. RSEM: accurate transcript 
quantifi cation from RNA-Seq data with or without a 
reference genome.  BMC   Bioinformatics ,  12 (1): 323, 
https://doi.org/10.1186/1471-2105-12-323. 

 Lu X D, Nan F R, Feng J, Lv J P, Liu Q, Liu X D, Xie S L. 
2020. Eff ects of diff erent environmental factors on the 
growth and bioactive substance accumulation of 
 Porphyridium   purpureum .  International   Journal   of  
 Environmental   Research   and   Public   Health ,  17 (7): 2221, 
https://doi.org/10.3390/ijerph17072221. 

 Mao X Z, Cai T, Olyarchuk J G, Wei L P. 2005. Automated 
genome annotation and pathway identifi cation using the 
KEGG Orthology (KO) as a controlled vocabulary. 
 Bioinformatics ,  21 (19): 3787-3793, https://doi.org/10. 
1093/bioinformatics/bti430. 

 Mishra A, Mandoli A, Jha B. 2008. Physiological 
characterization and stress-induced metabolic responses 
of  Dunaliella   salina  isolated from salt pan.  Journal   of  
 Industrial   Microbiology   &   Biotechnology ,  35 (10): 1093, 
https://doi.org/10.1007/s10295-008-0387-9. 

 Munns R, James R A, Läuchli A. 2006. Approaches to 
increasing the salt tolerance of wheat and other cereals. 
 Journal   of   Experimental   Botany ,  57 (5): 1025-1043, 
https://doi.org/10.1093/jxb/erj100. 

 Nan F R, Feng J, Lv J P, Liu Q, Xie S L. 2018. Transcriptome 
analysis of the typical freshwater rhodophytes  Sheathia  



Vol. 401614 J. OCEANOL. LIMNOL., 40(4), 2022

 arcuata  grown under diff erent light intensities.  PLoS  
 One ,  13 (5): e0197729, https://doi.org/10.1371/journal.
pone.0197729. 

 Niu X, Narasimhan M L, Salzman R A, Bressan R A, Hasegawa 
P M. 1993. NaCl regulation of plasma membrane H + -
ATPase gene expression in a glycophyte and a halophyte. 
 Plant   Physiology ,  103 (3): 713-718, https://doi.org/10. 
1104/pp.103.3.713. 

 Nuutila A M, Aura A M, Kiesvaara M, Kauppinen V. 1997. The 
eff ect of salinity, nitrate concentration, pH and temperature 
on eicosapentaenoic acid (EPA) production by the red 
unicellular alga  Porphyridium   purpureum .  Journal   of  
 Biotechnology ,  55 (1): 55-63, https://doi.org/10.1016/
S0168-1656(97)00060-6. 

 Percival E, Foyle R A J. 1979. The extracellular polysaccharides 
of  Porphyridium   cruentum  and  Porphyridium   aerugineum . 
 Carbohydrate   Research ,  72 : 165-176, https://doi.org/10. 
1016/s0008-6215(00)83932-4. 

 Pfaffl   M W. 2001. A new mathematical model for relative 
quantifi cation in real-time RT-PCR.  Nucleic   Acids  
 Research ,  29 (9): e45, https://doi.org/10.1093/nar/29.9.e45. 

 Shannon P, Markiel A, Ozier O, Baliga N S, Wang J T, Ramage 
D, Amin N, Schwikowski B, Ideker T. 2003. Cytoscape: a 
software environment for integrated models of 
biomolecular interaction networks.  Genome   Research , 
 13 (11): 2498-2504, https://doi.org/10.1101/gr.1239303. 

 Sun P P, Mao Y X, Li G Y, Cao M, Kong F N, Wang L, Bi G Q. 
2015. Comparative transcriptome profi ling of  Pyropia  
 yezoensis  (Ueda) M.S. Hwang & H.G. Choi in response to 
temperature stresses.  BMC   Genomics ,  16 (1): 463, https://
doi.org/10.1186/s12864-015-1586-1. 

 Talyshinsky M M, Souprun Y Y, Huleihel M M. 2002. Anti-
viral activity of red microalgal polysaccharides against 
retroviruses.  Cancer   Cell   International ,  2 (1): 8, https://
doi.org/10.1186/1475-2867-2-8. 

 Tannin-Spitz T, Bergman M, Van-Moppes D, Grossman S, 
Arad S. 2005. Antioxidant activity of the polysaccharide 
of the red microalga  Porphyridium  sp.  Journal   of   Applied  
 Phycology ,  17 (3): 215-222, https://doi.org/10.1007/
s10811-005-0679-7. 

 Trapnell C, Williams B A, Pertea G, Mortazavi A, Kwan G, 

Van Baren M J, Salzberg S L, Wold B J, Pachter L. 2010. 
Transcript assembly and quantifi cation by RNA-Seq 
reveals unannotated transcripts and isoform switching 
during cell diff erentiation.  Nature   Biotechnology ,  28 (5): 
511-515, https://doi.org/10.1038/nbt.1621. 

 Wang W J, Shen Z G, Sun X T, Liu F L, Liang Z R, Wang F J, 
Zhu J Y. 2019. De novo transcriptomics analysis revealed 
a global reprogramming towards dehydration and 
hyposalinity in  Bangia   fuscopurpurea  gametophytes 
(Rhodophyta).  Journal   of   Applied   Phycology ,  31 (1): 637-
651, https://doi.org/10.1007/s10811-018-1501-7. 

 Wei W L, Qi X Q, Wang L H, Zhang Y X, Hua W, Li D H, Lv 
H X, Zhang X R. 2011. Characterization of the sesame 
( Sesamum   indicum  L.) global transcriptome using 
Illumina paired-end sequencing and development of EST-
SSR markers.  BMC   Genomics ,  12 (1): 451, https://doi.
org/10.1186/1471-2164-12-451. 

 Wijesekara I, Pangestuti R, Kim S K. 2011. Biological 
activities and potential health benefi ts of sulfated 
polysaccharides derived from marine algae.  Carbohydrate  
 Polymers ,  84 (1): 14-21, https://doi.org/10.1016/j.
carbpol.2010.10.062. 

 Xie C T, Li B, Xu Y, Ji D H, Chen C S. 2013. Characterization 
of the global transcriptome for  Pyropia   haitanensis  
(Bangiales, Rhodophyta) and development of cSSR 
markers.  BMC   Genomics ,  14 (1): 107, https://doi.
org/10.1186/1471-2164-14-107. 

 Xu R. 2016. Bioinformatics and Expression Analysis of LHC 
Genes Cloned from  Porphyridium   purpureum . Liaoning 
Normal University, Liaoning. (in Chinese with English 
abstract) 

 Xu X B, Wu T X, Wang F. 2012. The eff ect of exopolysaccharide 
biosynthesis and related enzyme activities of  Grifola  
 frondosa  by the addition of ethanol extracts from 
traditional Chinese medicine,  Gastrodia   tuber .  African  
 Journal   of   Biotechnology ,  11 (15): 3656-3662, https://doi.
org/10.5897/AJB11.3744. 

 Yan Y J. 2016. The analysis of Key Factors in Expolysaccharide 
Synthesis by  Bacillus   mucilaginosus  and the Metabolic 
Regulation. Jiangnan University, Wuxi, China. (in 
Chinese with English abstract) 

 Electronic supplementary material  

 Supplementary material (Supplementary Tables S1–S5 and Fig.S1) is available in the online version of this 
article at https://doi.org/10.1007/s00343-021-1076-z. 


