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Abstract
Background: Ulva compressa, known as the green tide forming species, was reported that can adapt to hypo-salinity conditions such as
estuaries and brackish lakes. To understand the underlying molecular mechanisms of hypo-salinity stress tolerance, a genome-wide
gene expression profiles in U. compressa was performed using digital gene expression profile (DGE).

Results: The RNA-seq data were analyzed based on the comparison of differently expressed genes involved in specific pathways under
hypo-salinity and recovery conditions. Under the long-term hypo-salinity stress, the recovery of photosynthesis and energy metabolism
could provide sufficient energy for the tolerance under long-term hypo-saline stress. Multiple strategies were performed to maintain the
osmotic homeostasis. Additionally, several long non-coding RNA were detected as differently expressed genes during the stress, which
could play important roles in the osmotolerance.

Conclusions: Our work will serve as an essential foundation for the understanding of the tolerance mechanism of U. compressa under
the fluctuating salinity conditions. 

1. Background
The excessive growth of green macroalgae have been reported in oceans around the world(1–3). Since 2007, massive green tide formed
by Ulva species occurred in Yellow sea of China during the summer(4). Ulva spp. are able to tolerate various stress conditions such as
temperature, light and salinity stress and grow rapidly when the condition is favorable to their growth(5). The green macroalgae
blooming near the coastal area can be destructive to the local marine habitats and also cause major impacts on the economy of marine
industries(6).

The green macroalgal species Ulva compressa, well known as green tide forming macroalgae, is widespread worldwide and it is
dominant along coasts during spring and summer. Like other Ulva species, U. compressa can adapt to different stresses. Some of those
have been widely studied such as desiccation and heavy metal stress(7–9). U. compressa are also frequently found in brackish
environments such as estuaries and brackish lakes(10), where salinity were significantly varied because of freshwater inputs from rivers,
rainfall and tidal period. In laboratory, U. compressa were tolerant to a wide range of salinities (5–50 psu) and maintained high growth
rate at extreme salinity conditions (5psu and 50psu)(11). Therefore, U. compressa is a good model to explore the adaptation mechanism
of macroalgae to fluctuated salinity.

As a pervasive abiotic factor, fluctuating salinity can cause ionic, salinity and oxidative stress, which have a strong effect on cellular
function and organismal development in photosynthetic organisms. Under salinity stress, the hypo/hyper-osmolarity disturb the turgor
pressure, ion distribution and organic solutes in the cell, generating reactive oxygen species (ROS), which otherwise cause oxidative
destruction to cell (12–16). Long-term exposure to hyper/hypo salinity environments restrict cell division and may result in stunted
growth (17). As the dominant vegetation in the intertidal and subtidal, macroalgae must be able to withstand changes in salinity (rain,
evaporation). Recently, with the improvement of RNA sequencing approaches, transcriptomic analysis has started to be used in
investigating the molecular response under the hyposalinity stress in algae. In the broadly halotolerant green alga, Picochlorum strain
SENEW3, the main strategy towards hyposalinity stress is maintaining salinity equilibrium by suppressing the synthesis pathway of
some osmolytes such as proline, trehalose and sorbitol(18). In brown alga Saccharina latissima, the low salinity stress induced
antioxidant responses and repress the gene expression of photosynthesis(19). The inhibitory effect of hyposalinity stress on
photosynthesis were also observed in another green alga Dunaliella salina (20). In Ulva species, however, only studies of biomedical and
physiological response have been performed to reveal their response and adaptation to salinity stress. In Ulva fasciata, the long-term
hypo- and hyper-salinity treatment reduced growth rate and caused oxidative damage to cells(21). The affection of carbon and nitrogen
metabolism were also observed in Ulva pertusa during hypo- and hyper-salinity treatment(22). And the accumulation of free proline
suggested that proline could be an important osmolyte in this species. Likewise, the dimethylsulfoniopropionate (DMSP) production was
induced by hyper-salinity stress in Ulva fenestrata, indicating that DMSP could also be the osmolyte in Ulva species(23). To better
understand the mechanism of acclimation to fluctuated salinity, transcriptional regulation of related pathways still need to be explored.

In this work, digital gene expression (DGE) of 27 samples were performed in order to investigate the gene expression and regulation in
response to hyposaline stress and recovery from stress in U. compressa. By comparing the RNA-seq data of hyposaline stress and
recovery, we identified some key genes and pathways involved in responses to salinity stress in U. compressa. The findings of the
present study will lay the foundation for elucidating the molecular mechanisms of salinity reduction and provide useful information for
further study of U. compressa.
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2. Method
2.1 Plant materials

The algae were collected from the Ulva blooming area near estuaries of Jiangsu Province. Living material was brought back to
laboratory and cleaned using sterilized seawater and a soft brush. Then those samples were identified using DNA barcoding. The thallus
identified as U. compressa were cut into small piece to release spores. After the spores grew into small thallus, they were picked out as
unialgal culture and kept in bubbling natural seawater with Provasoli’s enrichment solution medium (PES) under 50 μmol photons m-2s-1

at 20 ± 1°C and a 12:12 light: dark (L: D) photoperiod.

2.2 Experimental design and sampling

A global transcriptome for U. compressa was generated as a reference because of the limited genome information of this species. The
material included samples from different treatments. After the treatment, the samples were frozen in liquid nitrogen and stored in -80°C.

For DGE analysis, the gametophytes were transferred from normal condition to hyposaline condition (5 psu) for three days. During this
period, four time spots (1h, 6h, 24h, 3d) were chosen to harvest samples. For the salinity recovery, the algae were changed back to
natural sea water (30 psu) after a three-day pre-incubation in low-salinity condition (5psu). The same time spots were used to harvest
samples. Three independent replicates were used for each treatment. After every treatment, all samples were stored in -80°C for RNA
isolation.

2.3 RNA isolation, sequencing and transcriptome assembly

Total RNA was extracted by the Plant RNA Kit (Omega, U.S.) following the manufacturer’s protocol. The quality of RNA was examined
using Qubit 2.0 Fluorometer (Life Technologies, CA, USA) and the Bioanalyzer 2100 system (Agilent Technologies, CA, USA). After library
preparation, the libraries were sequenced on an Illumina Hiseq XTen platform. Together, the library from the pooled RNA sample was
sequenced with the 125-bp pair-end reads for de novo transcriptome analysis. The other twenty-seven libraries were sequenced with the
75-bp single-end reads for DGE analysis.

The quality of the Illumina reads was checked using FastQC. Reads were cleaned by removing adapters, low quality reads (Phred score
<33) and short reads (<50 nucleotides) with Trimmomatic(24). De novo transcriptome assembly was performed using Trinity (v2.5.1)
with all parameters set default(25). Then transcript abundance was estimated by RSEM(26) and transcripts with low expression level
(TPM<5) were removed. Transcriptome annotation was performed with a Blastx search against the NCBI-nr and the Swissprot database
with an E-value cut-off of 10-5. The interproscan and GO annotation were performed on the Blast2GO (27). And KEGG pathways were
assigned to the transcripts using the online KEGG Automatic Annotation Server, (http://www.genome.jp/kegg/kaas/). The single-
directional best hit (SBH) method was used for KEGG Orthology (KO) assignment.

2.4 Metabolic network reconstruction

Using the annotation from Blast2GO, especially the EC number, a genbank file was created with in-house Python scripts. This file was
given as an input to Pathway Tools version 22.0(28). Using the gene annotations, Pahtway Tools predicted biochemical reaction and
metabolic pathways. This information was stored in a Pathway Genome DataBase (PGDB). Using the PADMet toolbox version 2.6(29),
the PGDB was converted into a file compatible with the so-called "PADMet format", which was used to create a wiki website (https://gem-
aureme.genouest.org/ucomgem/index.php/Main_Page). The website integrates both the prediction of Pathway Tools (genes,
metabolites, reactions, pathways) and gene expression data.

2.5 Differentially expressed genes identification and functional enrichment analysis

Single-end reads were mapped to the reference transcriptome using Bowtie2 and expression of transcripts were calculated by RSEM(30).
Then DESeq2 was used for the differential expression analysis by comparing control and treatment samples(31). A corrected P-value of
0.05 and |log2fold-change| > 1 were set as the threshold for significant differential expression.

GO and KEGG enrichment analysis of differentially expressed genes was performed using the TBtools software(32). GO terms and KEGG
pathways with corrected P-values below 0.05 were considered significantly enriched by differentially expressed genes.

2.6 Prediction of long non-coding RNAs and their targetgenes
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As described by Li et al (33), three criteria were used to identify long non-coding RNAs: 1) the transcripts that have no hits with known
protein-coding genes on the same strand; 2) the transcripts have no coding potential according to the result of Coding Potential
Calculator (CPC)(34), and Coding-Non-Coding Index (CNCI)(35); 3) the transcripts have no hits with known protein domains in Pfam
database(36). The transcripts complied with all of three criteria were considered as reliable lncRNAs. Differentially expressed (DE)
lncRNAs were pair-wisely identified setting false discovery rate < 0.05 and |log2fold-change| > 1.

For construction of lncRNA-mRNA trans-regulation network, DE lncRNAs, together with DE genes, were subjected to the standard
procedure of WGCNA(37). In the network, linked lncRNAs and genes were considered as co-expressed genes and potentially in trans-
regulation.

2.7 Quantitative real-time PCR (qRT-PCR) validation

After RNA extraction, the first-strand cDNA synthesis was performed using First Stand cDNA Synthesis Kit (Roche). The qRT-PCR
reactions were performed in 384-well plates in a LightCycler 480 (Roche Molecular Biochemicals, Mannheim, Germany) with
LightCycler®480 SYBR Green I Master kit (Roche, Germany). The protocol was: 95 °C for 5 min, followed by 55 cycles of 95 °C for 10 s,
60 °C for 10 s, and 72 °C for 20 s. Three biological replicates were performed for each treatment. Ubiquitin conjugating enzyme (UBC)
and translation initiation factor 4A (eIF4a). A 1:10 dilution series of the U. compressa cDNA was prepared and tested for each gene to
determine the amplification efficiency, which was calculated by the LightCycle®480 gene scanning software (version 1.5). the raw data
were divided by the Cq value of corresponding reference genes as a normalization step. And then the relative expression level of treated
samples versus control samples was calculated by comparing the normalized Cq of treatment and control samples according to the
formula: 2-ΔΔCt (ΔΔCt= normalized Cq value of treated sample−normalized Cq value of control sample).

3. Result
3.1 Global transcriptome assembly and annotation

In order to obtain as many transcripts as possible, A mixed library of different abiotic stress conditions was sequenced and assembled
(Additional file 1). A total of 2.17x108 filtered reads (without adaptor and low-quality bases) were obtained and the average GC content
was 57%. After assembly, the global transcriptome contained 19,079 transcripts with the length ranging from 201 to 9,987bp. The mean
length of transcripts was 1,409bp. The annotation of global transcriptome was performed using different database: NCBI non-redundant
protein sequences (Nr), Swiss-prot, Kyoto Encyclopedia of Genes and Genomes database (KEGG), Protein family (PFAM), and Clusters of
Orthologous Groups of proteins (COG). In total, 10,045（52.65%）unigenes were similar to proteins in at least one of these databases.
Among them, 8,362（43.83%）unigenes were annotated in Nr and 6,580（34.49%）unigenes were annotated in Swiss-prot. The metabolic
network reconstructed by Pathway Tools contained 1117 reactions, 1391 metabolites and 741 pathways. The wiki website containing
those reactions, pathways and all the differential expressed genes involved in those pathways is available at: https://gem-
aureme.genouest.org/ucomgem/index.php/Main_Page. In this study, the wiki was used to explore the glycolysis (https://gem-
aureme.genouest.org/ucomgem/index.php/GLYCOLYSIS) and the TCA cycle (https://gem-
aureme.genouest.org/ucomgem/index.php/TCA) pathways.

3.2 Analysis of differentially expressed gene

To explore the gene expression pattern of U. compressa under hypo-salinity stress, a total of 27 RNA libraries generated from three
replicates under the nine treatments were sequencing on a Nextseq500 platform. Raw data generated in each library ranged from 10.0 to
13.2 million reads. After removing low quality data, approximately 9.8-12.1 million clean reads remained, of which around 90% reads
were mapped to the reference transcriptome. DESeq analysis were performed to identify the differentially expressed genes (DEGs) from
read count data of various treatments. The thresholds of DEGs was set as the false discovery rate (FDR)≤0.01 and |log2Ratio|≥1. The
numbers and relationships of DEGs between different stress conditions were shown in Fig.1.

3.3 DEGs related to Photosynthesis

The hypo-salinity treatment caused a differential expression of 56 photosynthesis related genes. According to the heatmap (Fig.3, A),
those genes were divided into two groups. The first group contained 22 genes which were significantly suppressed within 6 hours and
up-regulated after 24 hours, coding for enzymes involved in light harvesting complex (e.g. Chlorophyll a-b binding protein of LHCII type I
and protein CP29), photosystem II complex (e.g. Oxygen-evolving enhancer protein 1), Calvin cycle (e.g. glyceraldehyde 3-phosphate

https://gem-aureme.genouest.org/ucomgem/index.php/Main_Page
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dehydrogenase, fructose-1,6-bisphosphatase and malate dehydrogenase) and photosynthetic electron transport chain (e.g. flavodiiron
protein). The second group contains genes that were upregulated under both short term (1h, 6h) and long term (24h, 72h) of hypo-
salinity stress. Among those genes, 11 DEGs related to the photosystem maintenance or photosynthetic acclimation, such as HCF244
protein, MPH2 acclimation factor, YCF4 protein, HHL1 protein and VIPP protein.

When culture medium was change back to the natural seawater, the recovery of salinity caused a repression of 37 photosynthesis related
genes. Except the genes suppressed under hypo-salinity stress, genes involved in photosystem I and photorespiration were also down-
regulated. Unlike the hypo-salinity condition, these genes were down-regulated through all three days. And the recovery condition induced
10 genes related to the photosystem maintenance or photosynthetic acclimation after 6 hours.

3.4 DEGs related to glycolysis and TCA cycle

After 1 hour treatment, the low salinity stress seemed to induce a downregulation of genes involved in glycolysis, such as Glucose-6-
phosphate isomerase, Phosphoglycerate kinase, 2,3-bisphosphoglycerate-independent phosphoglycerate mutase, Pyruvate kinase and
Pyruvate dehydrogenase(Fig.4). At 24 hours, the expression of these genes increased back to normal. The transcripts of two enzymes in
glycolysis were upregulated in very short time (1h or 6h) after the hypo-salinity treatment. Similarly, the result clearly showed that 5 DEGs
related to TCA cycle have the same expression pattern with glycolysis related DEGs. However, the significantly downregulation of citrate
synthase and isocitrate dehydrogenase was observed at 24h of hypo-salinity stress.

In the salinity recovery process, most of DEGs associated with glycolysis and TCA cycle were significantly upregulated in very short time
(1h or 6h) except Phosphoglycerate kinase and citrate synthase, indicating a quick activation of cellular respiration.

3.5 Cellular transport and osmolytes metabolism

Under the hypo-salinity stress, we detected 10 DEGs related to ion transporter such as sodium antiporter, chloride anion channel, nitrate
transporter and calcium transporter(Table.1). One ABC transporters were repressed at 6h and upregulated after 24h. Regarding the
osmolytes metabolism, a DEG encoding trehalase was upregulated within 72h, which related to the trehalose degradation. In the proline
synthesis pathway, the ornithine aminotransaminase transcript was downregulated within 72h. Similarly, gene coding for the choline
dehydrogenase, which involved in the glycine betaine biosynthesis pathway, was downregulated after 72h.

During the salinity recovery process, 20 transporter genes were significantly differential expressed. Most of these genes were upregulated
after 1h, including some and solute transporters. Unlike hypo-salinity stress, three ion channels and two ABC transporters were repressed
during the recovery process. For the osmolytes metabolism, a DEG encoding 1-pyrroline-5-carboxylate synthetase in proline synthesis
pathway was upregulated after 1h. Three choline dehydrogenase genes were also upregulated after 6h of recovery.

3.6 General stress responses

During the hypo-salinity stress, a M-type thioredoxin gene and a dehydroascorbate reductase were induced after 24h and 72h
separately(Table.2). And a DEG encoding glutathione reductase was upregulated after 1h and kept high expression level throughout the
whole stress process. Several DEGs coding cyclophilin-type peptidyl-prolyl cis-trans isomerase were upregulated within 6h after the hypo-
salinity stress. Besides, two FKBP-type peptidyl-prolyl cis-trans isomerase and a Hsp70 chaperone were also upregulated after 1h of
stress treatment. A DEG coding ornithine decarboxylase was upregulated within 72h of hypo-salinity stress, which could increase the
biosynthesis of putrescine.

After 6h of salinity recovery, four DEGs related to ROS scavenging were significantly upregulated such as glutathione reductase,
thioredoxin and ascorbate peroxidase. Comparing to the hypo-salinity stress, more DEGs involved in the protein modification were
upregulated such as NAC ribosome-associated chaperone and ZEF Hsp40-chaperone. In the polyamine synthesis pathway, six DEGs
were upregulated, which related to the biosynthesis of putrescine, spermidine and thermospermine.

3.7 Long non-coding RNAs prediction and lncRNA-mRNA interaction network

In total, 2297 transcripts were identified as the potential long non-coding RNAs, among which 256 and 208 transcripts were significantly
differential expressed under hypo-salinity stress and recovery process separately (Additional file 2). Since most lncRNAs regulated trans-
target genes, a lncRNA-mRNA trans-regulated interaction network related to the hypo-salinity stress and recovery process(Fig.5). In this
network, DEGs related to photosynthesis, TCA and chaperone were enriched and extracted. As shown in picture, there are 11 mRNA
interacting with 27 lncRNA in the TCA sub-network. In the chaperone sub-network, mRNA and lncRNA had the same number of 22. While
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in the photosynthesis sub-network, 32 mRNA and 18 lncRNA were associated together and these lncRNA have more connectivity
comparing to TCA and chaperone sub-network.

3.8 Validation of RNA-Seq-based gene expression

To validate the expression data obtained from RNA-seq, seven genes were randomly selected from differential expressed genes
(Additional file 3). And qRT-PCR were performed to validate the expression level of each gene under the same stress conditions with RNA-
seq data. As shown in the figure, the qRT-PCR results of all genes have the same trend with the RNA-seq data(Additional file 3).

4. Discussion
The study present a profile of the global transcriptomic change during the hypo-salinity stress and salinity recovery treatment in U.
compressa, which can tolerant a low-salinity environment. A whole-transcriptome expression analysis was processed under control and
eight stress treatment conditions to reveal the molecular mechanisms of the hypo-salinity stress tolerance in U. compressa. The analysis
of the DGE demonstrated that the responses of U. compressa under hypo-salinity stress were enhance the genes related to protein repair,
salinity homeostasis, photosynthesis and ROS scavenging. And the biological processes during the salinity recovery mainly focus on
intracellular osmolytes synthesis and DNA repair. Most of the stress-regulated genes are late-response gene, which contributed to the
long-term tolerance of hypo-salinity stress in U. compressa.

4.1 Multiple strategies of osmoregulation

Under salinity stress, the hypo/hyper-salinity disturb the turgor pressure and cause the efflux/influx of inorganic ion and water, which has
a strong effect on the regular biological processes. For example, in yeast, the exposure of cells to hypo-salinity shock results in a rapid
inflow of water, which will cause the cell swelling and rupture(38). Generally, there are two basic responses to adjust the turgor pressure
under salinity stress, ion transport and metabolic changes(39). When suffering from salinity stress, cells can rapidly restore their volume
by activating ion channel on the membrane and transporting ion across the membrane(40). In present study, many genes encoding ion
transporter protein were detected as up-regulated gene in the early stage of hypo-salinity stress, which indicate that active ion
transportation was the main strategy of maintaining the turgor pressure in U. compressa under short-term hypo-salinity stress.

Organic osmolytes are soluble and compatible compounds within cells of almost all organisms, of which the amount changes in
response to salinity stress. Previous studies have identified various osmolytes in different species. Proline is widely believed to be
characteristic osmolytes for most Chlorophyceae(41). When expose to hypo-salinity stress, algae tended to decrease the biosynthesis of
osmolytes to reduce the turgor pressure. In our study, gene encoding ornithine aminotransaminase were significantly downregulated
after 72h of hypo-salinity treatment. Ornithine aminotransaminase (OAT) is a pyridoxal-5′-phosphate-dependent enzyme that has been
proposed to be involved in proline (Pro) and arginine (Arg) metabolism. Overexpression of OAT gene in rice significantly increased proline
accumulation and enhanced the osmotic stress resistance(42). Hence, we infer that the repression of gene coding for OAT might
ultimately lead to the decrease of proline during the hypo-salinity stress to reduce the turgor pressure. Another key enzyme in proline
biosynthesis pathway, Δ1-pyrroline-5-carboxylate synthetase (P5CS), convert glutamate to Δ1-pyrroline-5-carboxylate. In transgenic
potato, the overexpression of P5CS can also result in the Pro accumulation(43). One gene encoding P5CS was significantly upregulated
under the salinity recovery process, which could cause the accumulation of proline and adjust the turgor pressure. In the diatom
Thalassiosira pseudonana, the biosynthesis of glycine betaine via choline dehydrogenase was induced under hypersaline
conditions(44). Here we found one choline dehydrogenase gene was significantly downregulated under the hypo-salinity stress and three
choline dehydrogenase genes showed significantly upregulated in the recovery process, which means the glycine betaine could also
participated in the osmoregulation process as osmolytes in U. compressa. As a natural non-reducing sugar, trehalose is believed to play
osmoprotectant role and carbon source in many species(45). In our study, one trehalase genes was upregulated during the hypo-salinity
stress, which could degrade trehalose to adjust the turgor pressure.

4.2 Energy metabolism

When algae exposed to hypo-salinity stress, ROS production was induced in cells, resulting in the damage to PSII complex and the
decrease in overall activity of photosynthesis(20). In higher plants, hyper-salinity stress inhibited the carbon fixation by curtailing the
activity of ribulose-1,5-bisphosphate carboxylase, which catalyzed the first step of photosynthetic CO2 assimilation(46). Similarly, in
Dunaliella viridis, the activity of Rubisco and the expression of Rubisco large subunit (rbcL) were inhibited by the hypo-salinity stress(47).
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In the present study, 10 genes involved in C3 pathway up-regulated after 24h hypo-salinity stress treatment, indicating that U.compressa
restored the activity of carbon fixation under long-term hypo-salinity stress.

The electron transport chain (ETC) in chloroplast transfers electrons from photosystem reaction center to Calvin cycle via reduction and
oxidation of a series of complexes. After the inhibition of CO2 fixation, most of excitation energy couldn’t be utilized by Calvin cycle,
resulting in the overreduction of the electron transport chain and enhanced generation of ROS(48). A total of six genes encoding electron
transport chain protein were showed significantly upregulated along with the genes in C3 pathway. It is supposed that the repair of over-
reduced electron transport chain was performed to enhance the tolerance of hypo-salinity stress. 

The reaction center of PSII was very sensitive to the environmental stress and easily damaged by the light-dependent destruction. Then
the ROS produced in chloroplast inhibited the repair of PSII by suppressing the synthesis of photosynthesis-related protein, which
prolonged the period of photoinhibition(49). In Arabidopsis thaliana, most of photosynthesis-related genes were suppressed under hyper-
salinity and drought stress(50). In red algae Gracilaria changii, repression of the genes encoding light-harvesting proteins under
hyposaline stress(51). The down-regulation of photosynthesis related genes was also observed in brown algae Ectocarpus siliculosus
under hyposaline(52). In this study, short-term hyposaline stress repressed genes coding light-harvesting proteins and PSII oxygen-
evolving enhancer protein. However, these genes were up-regulated under long-term hypo-salinity stress, together with genes coding
components of photosynthesis reaction center. The upregulation of these genes supposed that the repair of photosystem was activated
by enhancing the expression of photosynthesis-related genes. Moreover, many genes encoding proteins related to the photosystem
assembly and maintenance, such as YCF4 protein, HHL1 protein and TerC protein, were also detected as upregulated DEGs under both
short-term and long-term hypo-salinity stress. In green algae Chlamydomonas reinhardtii and land plants, these proteins are required for
stable accumulation of the PSI and PSII complex(53-55). The generation of photosynthesis-related protein maintained the high rate of
light reaction in U. compressa, providing energy and metabolites needed for the tolerance of hypo-salinity stress. During the salinity
recovery process, the repression of genes coding components of photosynthesis reaction center was observed at 1h and 6h. Comparing
to the hyposaline stress, more genes related to photosystem maintenance and photo protection were significantly upregulated during the
whole process. The result might indicate that the salinity recovery didn’t cause strong damage on the photosynthesis reaction center.

Under the hyposaline condition, algae need sufficient supply of energy to adapt to the stress, including osmolytes accumulation and
protein synthesis(56). In our study, many glycolysis genes were repressed at 1h of hypo-salinity stress. After that, the expression level of
these genes rose back to normal after 24h. Transcripts encoding fructose-bisphosphate aldolase and dihydrolipoyl transacetylase were
significantly up-regulated during the hyposaline stress. Fructose-bisphosphate aldolase catalyzes the reverse cleavage of fructose-1,6-
bisphosphate into dihydroxyacetone phosphate (DHAP) and 3-phosphate glyceraldehyde (G-3-P). In land plant Brassica napus, the
overexpression of fructose-bisphosphate aldolase gene could increase the survival ability under salt stress conditions. Unlike the
glycolysis pathway, two rate-limiting enzymes, citrate synthase and isocitrate dehydrogenases, were repressed after 24h of hypo-salinity
stress, indicating the low activity of TCA pathway. In summary, the recovery of glycolysis activity could provide energy for the stress
tolerance. However, in the recovery process, genes involved in glycolysis and TCA pathway were upregulated, which will provide sufficient
supply of energy for the cell recovery.

4.3 Cellular protection processes

ROS are frequently accumulated when plants expose to abiotic stress, causing oxidative damage to cellular components(57). To avoid
the oxidative damage, plants always activate a set of anti-oxidation mechanism under abiotic stress. Genes encoding glutathione
reductase and thioredoxin were detected during the whole hypo-salinity stress and recovery period. Glutathione reductase catalyzes the
reduction of glutathione disulfide to the sulfhydryl form glutathione, which is a critical molecule in resisting oxidative stress and
maintaining the reducing environment of the cell. In the red algae Gracilaria corticata, the activity of glutathione reductase increased
under both hypo-salinity stress and hyper-salinity(58). The up-regulation of gene encoding glutathione reductase was also observed in
Ulva faciata under hypersalinity(59). Thioredoxin is a small (12 kDa) thiol-active protein important for maintaining intracellular redox
status. Gene coding thioredoxin in U. compressa was induce to protect cell under oxidative stress(60). The upregulation of these two
genes indicates the oxidative stress was induced in both hypo-salinity stress and recovery process. Additionally, we also found an
ascorbate peroxidase gene only induced by the recovery process, indicating that ascorbate peroxidase could play an important role in
ROS scavenging in recovery process.

The protection of cellular components plays a crucial role in tolerating the abiotic stress by maintaining cellular homeostasis. It is well-
known that heat-shock proteins (Hsps) contribute greatly to cell protection by responding for folding, assembly, translocation and
degradation in many normal cellular processes, stabilizing proteins and membranes, and assisting in protein refolding under stress
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conditions(61, 62). Based on subunit sizes, five major families of Hsps are conservatively recognized: the Hsp70 (DnaK) family; the
chaperonins (GroEL and Hsp60); the Hsp90 family; the Hsp100 (Clp) family; and the small Hsp (sHsp) family(63). In our study, two
Hsp70 genes were detected upregulated in recovery process. Hsp 70 constitute a set of cellular machines that assist the folding of newly
translated proteins, transport of precursor proteins across membranes, scavenging the damaged protein and repair of misfolded
proteins(64, 65). Previous studies showed that the overexpression of Hsp 70 genes result in enhanced tolerance to various abiotic stress
in higher plants(66-69). The upregulation of Hsp70 genes during the recovery of salinity indicates that these genes could play an
important role in cellular protein homeostasis while recovering from hypo-salinity stress. Moreover, one Hsp40 was detected specifically
upregulated in recovery process. Hsp40 protein has been proved that it has the ability to regulate the formation of Hsp70 complex(70).
The upregulation of Hsp40 gene could enhance the function of Hsp70 complex under recovery process. Besides, several FKBP-type and
cyclophilin-type peptidyl-prolyl cis-trans isomerase showed upregulated under hypo-salinity stress. In Pyropia yezoensis, it has been
proved that the purified protein of cyclophilin-type peptidyl-prolyl cis-trans isomerase was able to act against oxidative stress(71). And
the FKBP-type peptidyl-prolyl cis-trans isomerase from chlorophycean microalga, Scenedesmus sp., can also enhance the tolerance of
salinity stress(72).

Polyamines are involved in many fundamental cellular processes. In land plants, common polyamines are putrescine, spermidine and
spermine. Polyamines can activate the signaling pathway related to the stress response and enhance the tolerance of stress(73). The
biosynthesis pathways of polyamine are different between different plant or algae species(74). In our study, only one gene involved in
the putrescine synthesis was significantly upregulated in hypo-salinity stress. However, more polyamine biosynthesis pathways, such as
spermidine and thermospermine, were activated in the recovery process. Thermospermine is an isomer of spermine and also participate
in the stress response of land plant and algae such as diatom Thalassiosira pseudonana and Arabidopsis thaliana(75). The induction of
these genes indicates that polyamines might be essential in the salinity recovery process of U. compressa.

4.4 Stress-related lncRNAs and their regulation network

As a class of endogenous nonprotein-encoding transcripts, lncRNAs have complex and precise regulatory functions in gene expression
of different development stage and stress conditions(76, 77). Recently, many researches have been done on stress-related lncRNA in
land plants. Deng et al. found 44 differentially expressed lncRNA under salt stress in Gossypium hirsutum(78). In Manihot esculenta, 318
lncRNAs were identified responsive to cold and/or drought stress(79). Wang et al. found that lncRNA have various expression pattern in
different tissue of Medicago truncatula under osmotic stress(80). However, few works have been done on the lncRNA in algae. LncRNAs
were identified and reported in two brown algae (Ectocarpus siliculosus and Saccharina japonica) and one green algae (Chlamydomonas
reinhardtii)(81, 82). The function and expression of algal lncRNA are mostly unknown. In our study, 256 and 208 transcripts were
detected as differential expressed lncRNAs in hypo-salinity stress and recovery process. The lncRNA-mRNA co-expression network also
indicates lncRNAs that might be involved in the regulation of photosynthesis, TCA and protein homeostasis, which play important roles
in hypo-salinity stress and recovery process.

5. Conclusions
The combination of de novo transcriptome sequencing and DGE analysis based on the NGS technology is a powerful method for
uncovering the molecular mechanism of the response to the salinity stress in U. compressa. In this study, we sketched the contours of
the transcriptional regulation in U. compressa under hypo-salinity stress and recovery. The maintaining of photosystem and quick
recovery of carbon metabolism provide sufficient energy for other accumulation process. With sufficient energy support, U. compressa
use multiple osmoregulation strategies, such as inorganic ion transport, organic osmolytes transport and regulation of metabolism under
hypo-salinity stress. Besides, active expression of heat shock protein genes and ROS scavenging genes were also considered as the
reason of the tolerance to hypo-salinity stress in U. compressa. Additionally, many lncRNAs were detected in our study, which could play
an important role in the osmotolerance. The transcriptome data generated in the present study can serve as an important resource for
understanding tolerance mechanisms of U. compressa as it thrives in continually changeable environment.
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Tables
Table.1 Log2foldchange value of genes related to osmoregulation under different conditions comparing to control

ID Annotation Hypo-salinity Recovery

1h 6h 24h 72h 1h 6h 24h 72h

TRINITY_DN19793_c0_g2_i3 trehalase 1.76 1.42 0.94 1.20 - - - -

TRINITY_DN20824_c0_g1_i1 ornithine
transaminase

-2.43 -1.30 -1.59 - - - - -

TRINITY_DN22965_c1_g3_i1 choline
dehydrogenase

- - - -2.03 - - - -

TRINITY_DN22965_c1_g6_i1 choline
dehydrogenase

- - - - - 1.52 3.74 2.16

TRINITY_DN22965_c1_g2_i4 choline
dehydrogenase

- - - - - 0.95 2.13 1.01

TRINITY_DN22965_c1_g1_i1 choline
dehydrogenase

- - - - - 1.24 3.39 2.61

TRINITY_DN17620_c0_g1_i1 delta 1-pyrroline-5-
carboxylate
synthetase

- - - - 1.27 2.69 2.01 -

TRINITY_DN33429_c0_g1_i1 PAM71
manganese/calcium
cation transporter

- - 1.43 - - - - -

TRINITY_DN14297_c0_g1_i2 BASS small solute
transporter

2.24 1.16 1.70 2.02 - - - -

TRINITY_DN22932_c0_g1_i9 ABC transporter - - 1.34 - -4.32 -4.88 -3.51 -1.08

TRINITY_DN21356_c0_g1_i1                        sodium cation
antiporter

1.29 1.81 1.56 2.06 - - 1.49 1.55

TRINITY_DN16027_c0_g1_i1                        MRS/MGT metal
cation transporter

1.33 - - - 1.94 1.86 - -

TRINITY_DN15809_c0_g1_i2                        VCCN chloride anion
channel

1.30 - 1.47 - -1.91 - - -

TRINITY_DN16432_c0_g1_i1                        MC-type solute
transporter

- - - - 2.67 3.42 - -

TRINITY_DN31363_c0_g1_i1                        sodium cation
antiporter

- - - - 1.20 2.67 1.72 1.08

TRINITY_DN20714_c0_g1_i3                        chloride anion
channel

- - - - -3.48 -2.26 - -1.29

TRINITY_DN19909_c0_g1_i1                        potassium cation
antiporter

- - - - - 1.81 - -

 

Table.2 Log2foldchange value of genes related to general stress responses under different conditions comparing to control
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ID Annotation Hypo-salinity Recovery

1h 6h 24h 72h 1h 6h 24h 72h

TRINITY_DN21066_c0_g1_i2                        M-type thioredoxin
cholroplast

- - 1.26 - - - - -

TRINITY_DN21179_c0_g2_i4                        glutathione reductase 1.69 2.13 1.27 1.80 - - 2.08 1.83

TRINITY_DN21179_c0_g2_i1                        glutathione reductase - - - - - 1.74 - -

TRINITY_DN10934_c0_g1_i1                        Z-type thioredoxin - - - - - 1.32 - -

TRINITY_DN20657_c0_g1_i2                        ascorbate peroxidase - - - - - 1.57 - -

TRINITY_DN18599_c0_g1_i2                        Cyclophilin 1.07 1.38 - - - - - -

TRINITY_DN21758_c0_g1_i3                        Cyclophilin 1.38 - - - - - - -

TRINITY_DN19641_c0_g2_i1                        Cyclophilin 1.06 1.14 - - - - - -

TRINITY_DN20412_c0_g2_i1                        Cyclophilin 1.13 1.28 - - - - - -

TRINITY_DN22159_c0_g1_i1                        Cyclophilin - - 1.98 - - - - -

TRINITY_DN15044_c0_g1_i2                        Cyclophilin - - - - - 1.39 - -

TRINITY_DN22176_c1_g1_i3                        HSP70 chaperone 1.76 - - - 1.93 1.55 - -

TRINITY_DN22176_c1_g1_i14 HSP70 chaperone - - - - 1.10 - - -

TRINITY_DN13473_c0_g1_i1                        FKBP protein folding
catalyst

1.61 1.50 1.78 1.71 1.80 1.36 1.87 2.24

TRINITY_DN22022_c0_g1_i1                        FKBP protein folding
catalyst

1.29 - - - 1.27 - - -

TRINITY_DN19339_c0_g1_i4                        FKBP protein folding
catalyst

- - - - 1.02 3.11 1.86 -

TRINITY_DN22214_c0_g1_i3                        ZRF Hsp40-chaperone - - - - - 1.28 - -

Figures
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Figure 1

Venn diagram of differential expressed genes in different time points of hypo-salinity stress(A) and recovery(B). And summary of DEGs
at different time points(C).

Figure 2

KEGG enrichment result of DEGs in hypo-salinity stress(A) and recovery(B).
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Figure 3

Heatmap of DEGs involved in photosynthesis pathways under hypo-salinity(A) and recovery(B).
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Figure 4

Expression of DEGs involved in the glycolysis and TCA pathways under hypo-salinity(A) and recovery(B).
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Figure 5

Co-expression network of lncRNA(purple) with mRNA involved in the photosynthesis(cyan), TCA(green) and protein homeostasis(red).
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