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The cultivation of hyposaline-tolerant varieties of the red alga Pyropia
haitanensis is not only conducive to expanding the area of intertidal seaweed
cultivation, but also contributes to preventing eutrophication of coastal waters.
Research on the mechanism of hyposaline tolerance of P. haitanensis is an
important prerequisite for breeding hyposaline-tolerant varieties. Here, we
used proteomics and targeted metabolomics technologies to identify the key
proteins and metabolites in thalli of P. haitanensis that changed under two
hyposaline stress treatments: 0%., LSS 0; 5%., LSS 5. Responses of thalli of P.
haitanensis to hyposaline stress included to inhibit protein synthesis, recruit
molecular chaperones, and enhance the removal of misfolded proteins to
maintain the dynamic balance of protein folding and removal; the response
was similar under hypersaline stress. Glycolysis was the main energy supply
pathway, and thalli actively maintained the stability of the cell membrane under
hyposaline stress, which was distinct from the response to hypersaline stress.
Compared with the LSS 0 treatment, P. haitanensis exhibited a more adequate
energy supply, more stable endoplasmic reticulum environment and more
intact membrane system under the LSS 5 treatment. The results improve
understanding of the hyposaline tolerance mechanism of intertidal seaweed
and provide a theoretical basis for the development of hyposaline-
tolerant varieties.
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Introduction

Because of its delicious taste and high nutritional value,
Pyropia/Porphyra (recently named by Neoporphyra) is widely
cultivated and has become one of the most important cultivated
seaweeds in the world, creating considerable economic benefits.
Pyropia can absorb nutrient elements such as N and P from
seawater during cultivation (Pedersen et al., 2004), thus
providing significantly economic and ecological benefits.
However, in the cultivation process, the growth of thalli is
limited by water flow and nutrients. The estuarine area
environment not only has smooth water flow but is also rich
in nutrients, which is very suitable for Pyropia/Porphyra
cultivation. Because of the inflow of river water, precipitation
and other reasons, the salinity in the estuary environment
fluctuates greatly (Bricker et al., 2008). Therefore, breeding a
strain of Pyropia/Porphyra with hyposaline tolerance and
cultivating it in the estuary area would be valuable for
improving the yield and quality of thalli and alleviating
eutrophication in estuaries (He et al., 2018).

Pyropia haitanensis, a species native to China, accounts for
approximately 70% of the total annual output of Pyropia in
China (Fishery Department of China, 2021). To acclimate to
hyposaline stress (5%o), P. haitanensis was able to prevent the
accumulation of large amounts of reactive oxygen species by
enhancing the activity of antioxidant enzymes and content of
antioxidant substances; the thalli were found to maintain the
homeostasis of protein folding by up-regulating the expression
of heat-shock protein (HSPs)-related genes; It was also able to
retain the balance of osmotic pressure inside and outside the
cells by down-regulating the expression of genes related to the
synthesis of osmotic substances such as proline, glutamic acid,
and trehalose, ultimately ensuring the survival of the organism
under hyposaline stress (Wang et al., 2020). However, under
hyposaline stress, the response mechanism that enables P.
haitanensis to maintain protein synthesis, membrane system
homeostasis and energy supply is still unclear. Since P.
haitanensis mainly lives in the intertidal zone, it will
periodically experience hypersaline stress along with the
tidal changes. After rehydration at high tide, P. haitanensis
was still able to quickly return to the normal physiological
state and showed strong resistance to hypersaline stress
(Blouin et al., 2011; Lu et al, 2016). Our previous studies
proved that P. haitanensis can maintain its homeostasis by
transporting Na® across the cell membrane, accumulating
osmotic substances, and increasing antioxidant enzyme
activities under hypersaline stress (Wang et al., 2019). P.
haitanensis can maintain vital cellular functions under
hypersaline stress by enhancing its own energy metabolism
and protein processing ability through changes in the
proteome (Wen et al., 2020). However, there have been few
studies of the similarities and differences in the response
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mechanisms of P. haitanensis to hypersaline and
hyposaline stresses.

Proteins constitute the biochemical machinery and
functional processes enabling organisms to respond to
changing environmental conditions. A systematic analysis of
proteins through proteomics-based research is an effective way
to elucidate the adaptations of organisms to abiotic stresses
(Chen and Harmon, 2006). Differing from the traditional data-
dependent analyses, data-independent acquisition (DIA)
technology can obtain information about all components in
the sample without omission, greatly improving the data
availability and reducing missing values, and is more suitable
for protein detection with large sample size and complex
systems (Law and Lim, 2013). Traditional quantitative
immunoassay (ELISA, etc.) cannot meet the needs of large-
scale target protein validation, whereas multiple reaction
monitoring (MRM) is characterized by high sensitivity, good
reproducibility and high flux (Kennedy et al., 2014); an
effective research strategy is to use MRM to verify
proteomics data. Additionally, metabolomics technology can
describe the metabolic state of organisms through quantitative
analysis of small molecular metabolites. Compared with
untargeted metabolomics, targeted metabolomics focuses on
the qualitative and quantitative analysis of specific metabolites
(Roberts et al., 2012). Therefore, the current study applied DIA
technology to screen key proteins with regulatory functions in
P. haitanensis thalli under different degrees of hyposaline
stress; proteins were then verified by combining MRM
technology and targeted metabolomics. The similarities and
differences between molecular response mechanisms to
hypersaline stress and hyposaline stress were also determined
by trend analysis. The present results provide data to underpin
research on salt-tolerant molecular mechanisms of Pyropia and
breeding salt-tolerant varieties.

Materials and methods

Thallus material and hyposaline
stress treatments

The P. haitanensis strain Z-61 analyzed in this study was
isolated and purified in the Laboratory of Germplasm
Improvements and Applications of Pyropia at Jimei
University, Fujian province, China (Chen et al., 2008). Three
thalli were cultured in a 500mL aerated flask containing natural
seawater and Provasoli’s enrichment solution at 21 * 1 °C with
a 12-h light: 12-h dark photoperiod (50 - 60 umoL m™> s™*
photons). The medium was changed every 2 days. When the
thalli grew to 20 = 2 cm, they were exposed to hyposaline
treatments by adding water into the natural seawater. In a
previous study, we observed that P. haitanensis can acclimate
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to 5%o hyposaline stress (LSS 5; approximately 85 mM Na*)
treatments, whereas 0% hyposaline stress (LSS 0;
approximately 0 mM Na®) treatments were sub-lethal for
thalli, which can subsequently recover in normal seawater
(control; approximately 500 mM Na"). Therefore, we selected
5% and 0%o as hyposaline stress treatments. After 4-h
hyposaline stress (LSS 0, LSS 5), and normal treatments, the
thalli were harvested and immediately frozen in liquid
nitrogen, and then stored at —80 °C. Each treatment was
completed with three biological replicates.

Proteomic analysis

Methods for protein extraction, protein hydrolysis, and data
analysis were as described previously (Wen et al, 2020).
Thereafter, differentially expressed proteins (DEPs) were
screened by using a fold change (FC) = 1.5 and P< 0.05 as the
criteria for determining significant differences.

Validation of DEPs by multiple reaction
monitoring analysis

The MRM analyses were completed with a QTRAP 6500
mass spectrometer (SCIEX, Framingham, MA, USA) equipped
with the LC-20 AD nanoHPLC system (Shimadzu, Kyoto,
Japan). The generated raw data file was integrated with Skyline
software. All transitions for each peptide were used for
quantification unless interference from the matrix was
detected. A sample spiked with [-galactosidase was used for
label-free data normalization. We used MSstats with the linear
mixed effect model, and the P values were adjusted to control the
false discovery rate at a threshold of 0.05. All proteins with at
least a 1.5-fold difference in abundance (P < 0.05) were
considered significant.

Series test-of-cluster analysis

A series test-of-cluster analysis was performed by Short
Time-series Expression Miner software (Ernst and Bar-Joseph,
2006) on the OmicShare tools platform (www.omicshare.com/
tools). The parameters were set as follows: maximum unit
change in model profiles between time points = 1; maximum
output profiles number = 8; minimum ratio of FC of DEPs = 1.5.

Determination of fatty acids content
Approximately 200 mg of sample (including control, LSS 0,

LSS 5 and 100%o hypersaline treatment) was weighed and the
fatty acids (FAs) content of the thallus was determined as
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described previously (Li et al, 2006). The oil content was
calculated as (S1/S2)xN/M, where S1 = total peak area; S2 =
internal standard peak area; N = internal standard dosage; M =
sample weight.

Determination of organic acids content

Approximately 100 mg of tissue sample was weighed and
lyophilized then ground in a 2-mL Eppendorf tube containing a
5-mm tungsten bead for 1 min at 65 Hz in a grinding mill.
Metabolites were extracted using 1 mL precooled mixture of
methanol, acetonitrile and water (2:2:1 v/v/v) and then placed
for 1 h with ultrasonic shaking in an ice bath. Subsequently, the
mixture was placed at —20°C for 1 h and centrifuged at 16,000 g
for 20 min at 4°C. The supernatants were recovered and
concentrated to dryness in vacuum.

A Shimadzu Nexera X2 LC-30AD HPLC was used for
separation with mobile phase A: 5% acetonitrile aqueous
solution, 10 mM ammonium acetate, pH 9; mobile phase B:
95% acetonitrile aqueous solution, 10 mM ammonium acetate,
pH 9. The sample was re-dissolved in 100 uL 50% aqueous
methanol. The autosampler was kept at 4°C, the injection
volume was 5 pL, the column temperature was 40°C, and the
flow rate was 300 pL/min. The mobile phase gradients were: 0-2
min, B maintained at 95%; 2-9 min, B changed linearly from
95% to 70%; 9-10 min, B changed linearly from 70% to 30%; 10—
11 min, B maintained at 30%; 11-11.5 min, B solution changed
linearly from 30% to 95%; 11.5-15 min, B solution maintained at
95%. One QC sample was set before the start of the sample
queue, then one QC sample added for every three samples, and
one QC sample after the end of the sample queue to test and
evaluate the stability and repeatability of the system.

Results

Data-independent acquisition
identification results

2,425 proteins were identified from 19,878 peptide
fragments (Supplementary Tables 1). To evaluate the
reproducibility of the DIA data, a principal component
analysis was conducted involving the three replicates for each
salt stress treatment Figure 1A showed that the three principal
components were separated clearly, PCA1, 2, and 3 accounted
for 24.6%, 23.6%, and 13.8% of the total variation, respectively.
The correlations among protein quantities between samples
were determined based on Pearson correlation coefficients
(Figure 1B). The results showed that the three repeated
samples under the same treatment had high correlation
(=0.975).
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FIGURE 1

Data-independent acquisition analysis of P. haitanensis exposed to hyposaline stress for 4 h. (A) Principal component analysis, with three
replicate samples per treatment. (B) Heat map presenting sample correlations. CK, control; LSS 0, 0%. hyposaline stress; LSS 5, 5%, hyposaline
stress. (C) Number of DEPs in each comparison. (D) Venn diagram of DEPs (increased abundance). (E) Venn diagram of DEPs (decreased

abundance). Fold change > 1.5 and P < 0.05.

Screening of DEPs under
hyposaline treatments

Compared with the control, a total of 407 DEPs were
identified, including 253 and 242 DEPs under the LSS 0 and
LSS 5 treatments, respectively (Figure 1C). The abundance of 40
proteins increased and 41 decreased under both stresses
(Figures 1D, E). Compared with the LSS 0 treatment, the LSS
5 treatment resulted in more proteins with increased abundance
(117 proteins) and fewer proteins with decreased abundance
(44 proteins).

MRM verification of differentially
expressed proteins

Twenty DEPs were randomly selected from the sequenced
proteome database, and their abundance under different
hyposaline stress treatments was determined with the MRM
method to verify the accuracy of the DIA results. The results
indicated that the MRM abundance trend of 19 proteins was
essentially consistent with the results of DIA (Supplementary
Figure 1).

KEGG enrichment analysis of DEPs

KEGG enrichment of the DEPs showed that amino acid
biosynthesis and carbon metabolism contained the most DEPs,
each with 18 proteins, followed by the carbon fixation of
ribosomes and photosynthetic organisms, which contained
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15 and 9 proteins, respectively, under the LSS 0 treatment
(Supplementary Figure 2A). Under the LSS 5 treatment, the
biosynthesis of secondary metabolites contained the most
DEPs, with 37 proteins, followed by carbon metabolism,
amino acid biosynthesis, and carbon fixation by
photosynthetic organisms, with 19, 17, and 8 proteins,
respectively (Supplementary Figure 2B). Accordingly, the
DEPs in the carbon metabolism pathway, protein synthesis
and processing, and fatty acid synthesis pathway were analyzed
in more detail (Supplementary Figure 3).

Compared with the control, LSS 0 treatment inhibited the
expression of 9 elongation factor thermo-unstable (EF-Tu)
proteins and 4 signal recognition particle analogs Fifty-four-
homology (Fth) proteins; LSS 5 treatment inhibited the expression
of 4 EF-Tu proteins and 2 Fth proteins (Figure 2). The proteins
calnexin (CNX), heat shock 70kDa protein (HSP70), heat shock
90kDa protein (HSP90) in the endoplasmic reticulum quality control
(ERQC) category, and BiP in the endoplasmic reticulum-associated
degradation (ERAD) category were down-regulated expression
under the LSS 0 treatment, while were up-regulated expression
under the LSS 5 treatment (Figure 2). Additionally, compared with
the LSS 0 treatment, 10 proteins related to ubiquitin activating
enzyme (E1), ubiquitin binding enzyme (E2), ubiquitin ligase (E3)
and 26S proteasome were up-regulated under the LSS 5 treatment.

Compared with the control, acetyl-CoA carboxylase was up-
regulated in the LSS 5 treatment and down-regulated in the LSS 0
treatment, respectively, while 3-oxoacyl-ACP reductase was up-
regulated under both treatments (Figure 2). Furthermore, 16 DEPs
were annotated in the carbon metabolism pathway under hyposaline
stress. Glucose-6-phosphate isomerase, phosphoglycerate kinase,
enolase, transketolase and phosphoribulokinase were up-regulated
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Response metabolism map of P. haitanensis under hyposaline stress. Red lines represent the carbon metabolism pathway, green lines represent
the protein synthesis and processing pathway, and purple lines represent fatty acid metabolism. Values in the tables are changes in content of
selected proteins; the left, middle and right columns give values for LSS O vs. control, LSS 5 vs. control, and LSS 5 vs. LSS 0 treatments,
respectively. The colors reflect the protein content differences relative to the protein’s abundance under control conditions: red, blue, and white
correspond to increased, decreased, and unchanged protein contents, respectively. Numbers represent log, fold change (FC) values for FC > 1.5

and P < 0.05, which are considered significant.

under both hyposaline treatments. In contrast, triosephosphate
isomerase was down-regulated under both treatments. In addition,
phosphofructokinase, pyruvate dehydrogenase and fructose-1,6-
bisphosphatase were up-regulated only under LSS 5 treatment,
while pyruvate kinase was up-regulated only under LSS 0
treatment. Furthermore, isocitrate dehydrogenase and 2-
oxoglutarate dehydrogenase were down-regulated only under LSS
0 treatment (Figure 2).

Verification of targeted metabolomics

Compared with the control treatment, only the LSS 5 treatment
significantly increased the FAs in P. haitanensis thalli (Figure 3A),
while the unsaturated fatty acid contents (UFA), unsaturated fatty
acid/saturated fatty acid (UFA/SFA) and index of unsaturated fatty
acid (IUFA) values showed no significant differences under the two
hyposaline treatments (Figures 3B-D). Additionally, compared
with the normal treatment and the LSS 0 treatment, the contents
of glucose 6-phosphate and pyruvic acid were significantly
increased under the LSS 5 treatment (Figures 3E-H).

Comparative analysis between the
response mechanisms of hypersaline and
hyposaline stress

Compared with the control treatment, a total of 1,094 DEPs
were detected under the LSS 5 and 100%o hypersaline stress (HSS
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100; approximately 1,700 mM Na®) (Wen et al., 2020)
treatments. The DEPs included 242 under the LSS 5 treatment
and 1,009 under the HSS 100 treatment (Wen et al., 2020)
(Figure 4A). Among them, 109 proteins were up-regulated and
14 proteins were down-regulated under both treatments
(Figures 4B, C). Eight model profiles were obtained by the
test-of-cluster analysis, among which Profile 4 (761 proteins,
up-regulated under HSS 100 treatment), Profile 3 (104 proteins,
down-regulated under HSS 100 treatment), Profile 2 (98
proteins, up-regulated under both treatments) and Profile 7
(34 proteins, down-regulated under LSS 5 treatment and up-
regulated under HSS 100 treatment) had significant trend
characteristics (Figure 4D and Supplementary Table 2).

The KEGG enrichment analysis of the proteins in the above
four model profiles revealed that most of the DEPs in each
profile were closely related to amino acid metabolism, energy
metabolism, lipid metabolism, and protein folding and
degradation (Supplementary Figures 4A-D). Further statistical
analysis of the DEPs in each profile showed that, compared with
the LSS 5 treatment, 54 proteins related to amino acid
metabolism, 27 proteins related to energy metabolism, 24
proteins related to lipid metabolism, and 71 proteins related to
protein folding and degradation were up-regulated under HSS
100 treatment (Figure 4E).

Compared with the control treatment, the LSS 5 and HSS
100 treatments significantly increased the total FAs in P.
haitanensis (Figure 5A). However, there was no significant
difference in UFA/SFA and IUFA values of thalli under the
LSS 5 treatment, while UFA/SFA and IUFA values showed a
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significant increasing trend under the HSS 100 treatment
(Figures 5B-D). The SFA in thalli of P. haitanensis were
composed mainly of palmitic acid (C16:0), while the UFA
were composed mainly of eicosapentaenoic acid [C20:5(n-3)],
arachidonic acid [C20:4(n-6)] and palmitoleic acid (C16:1); the
contents of various FAs were also significantly different under
the three treatments (Figures 5E).

Discussion

Protein synthesis and processing
response mechanism

Abiotic stress increases the probability of misfolded or
unfolded proteins in organisms, and if these proteins cannot
be dealt with in a timely way, they will affect normal
physiological activities and even lead to cell death (Liu and
Howell, 2010). Our previous study showed that P. haitanensis
can maintain the homeostasis of re-folding and degrading of
damaged proteins under heat stress, hypersaline stress (Shi et al.,
2017; Wang et al, 2019; Wen et al, 2020). It suggested that
maintenance of protein homeostasis is crucial for P. haitanensis
to adapt to the harsh environment of the intertidal zone.

EF-Tu is an important factor involved in protein synthesis
it can control protein synthesis by catalyzing the extension of

Frontiers in Marine Science

06

amino acid chains on the ribosome (Fu et al., 2012). The
overexpression of chloroplast EF-Tu in transgenic wheat
resulted in improved protection of leaf proteins against
thermal aggregation, reduced damage to thylakoid
membranes and enhanced photosynthetic capability under
2008). Ffh, an analog of SRP54, can

recognize signal sequences in nascent peptide chains and

heat stress (Fu et al,

mediate the binding of ribosomes to the endoplasmic
reticulum membrane, playing an important role in protein
synthesis (Walter and Blobel, 1980). From the persent results,
we suggest that down-regulated expression of EF-Tu and Fth-
related proteins might inhibited protein synthesis of P.
haitanensis to a certain extent (Figure 2). This response
might help to avoid the accumulation of misfolded proteins
in the thalli under hyposaline stress.

The ERQC system recognizes proteins in the endoplasmic
reticulum via CNX and CRT proteins (Helenius and Aebi, 2004);
correctly folded proteins are transported to the Golgi apparatus
via COP 11, while misfolded or unfolded proteins are assisted in
refolding by the recruitment of molecular chaperones (Wang
et al, 2004). Previous studies revealed that heterologous
expression of rice calnexin OsCNX conferred drought
tolerance in Nicotiana tabacum (Sarwat and Naqvi, 2013).
Previous transcriptome analysis found that P. haitanensis up-
regulated the expression of heat-shock protein-related genes in
response to hyposaline stress (Wang et al., 2020). Here, we also
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FIGURE 4
Analysis of DEPs in P. haitanensis exposed to hypersaline and hyposaline treatments for 4 h. (A) Number of DEPs in each comparison. (B) Venn
diagram of DEPs (increased abundance). (C) Venn diagram of DEPs (decreased abundance). (D) The expression patterns of 1,094 proteins
analyzed by model profile. The expression patterns of 1,094 proteins were analyzed and eight model profiles were used to summarize the data.
Each box represents a model expression profile. The upper number in the profile box is the model profile number and the lower one is the
number of proteins contained; four expression patterns showed significant P values (colored boxes, FC > 1.5 and P < 0.05). (E) Effects of
hypersaline and hyposaline treatments on amino acid synthesis, energy metabolism, FA synthesis, protein synthesis and processing of P.
haitanensis (Profile 4: green; Profile 3: blue; Profile 2: red; Profile 7: gray).
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Changes in fatty acids (FAs) and related indexes of P. haitanensis after hypersaline and hyposaline treatments for 4 h. (A) Content of total FAs. (B)
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differences among treatments at P < 0.05, as determined by one-way ANOVA followed by Tukey's test. CK, control treatment.

found differential expressions of HSP70, HSP90 and COPII
proteins in P. haitanensis under hyposaline treatments, which
were down-regulated under the LSS 0 treatment but up-
regulated under the LSS 5 treatment; protein disulfide
isomerase was down-regulated only under the LSS 0 treatment
(Figure 2). These results indicated that P. haitanensis was able to
maintain protein folding and transport correctly folded proteins
to the Golgi apparatus under the LSS 5 treatmen, thus, the thalli
maintained a stable endoplasmic reticulum environment under
the LSS 5 treatment.

Furthermore, the ubiquitin degradation pathway plays a central
role in the removal of abnormal proteins under abiotic stress (Walter
and Blobel, 1980). Under high temperature stress, P. haitanensis can
eliminate damaged or misfolded proteins by inducing the expression
of EI, E2, E3 and other ERAD-related genes to regulate protein
synthesis (Wang et al,, 2018). Similarly, P. haitanensis was able to
maintain endoplasmic reticulum homeostasis under hypersaline
stress by enhancing the expression of ubiquitination-related
proteins and heat-shock proteins (Wen et al,, 2020). Therefore, the
up-regulated expression of El, E2, E3, and 26S proteasome in P.
haitanensis under the LSS 5 treatment suggested that P. haitanensis
could effectively eliminate misfolded proteins and avoid or reduce the
harm caused by endoplasmic reticulum stress (Figure 2).
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Fatty acid metabolism
response mechanism

Maintaining the integrity of the plasma membrane by
changing the composition and proportions of membrane FAs
under salt stress is essential for the normal functioning and
growth of plant cells (Singh et al., 2009; Mansour, 2012; Anbu
and Sivasankaramoorthy, 2013). Previous studies found that the
unsaturation of FAs in membrane lipids was positively
correlated with drought tolerance of olive trees (Sofo et al,
2004); stigmasterol treatment improved the stability of plasma
membrane and photosynthetic efficiency, and thus enhanced salt
tolerance of Linum usitatissimum L. seeds (Bassuany et al.,
2014). Conversely, when the integrity of the plant plasma
membrane is damaged, it increases the sensitivity of plants to
salt stress (Huang, 2006). In the current study, more FAs were
synthesized in P. haitanensis under the LSS 5 treatment than in
the control (Figure 3A). P. haitanensis can also maintained the
composition and ratio of SFAs and UFAs under hyposaline
stress. The TUFA value reflects the fluidity of the plasma
membrane: the larger the TUFA value, the greater the fluidity
of the plasma membranes (Zhang et al., 2009). However, the
IUFA value of P. haitanensis showed no significant difference
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between the control and the hyposaline treatment (Figures 3B
D). Accordingly, P. haitanensis thalli preferred to maintain the
integrity of the plasma membrane by increasing the synthesis of
FAs under hyposaline stress.

Energy metabolism response mechanism

Stable energy metabolism is essential for the life activities of
organisms under both normal and stress conditions. Under
hyposaline stress, the up-regulated expression of
phosphoribulokinase in P. haitanensis would promote the
regeneration of RuBP (Figure 2), which plays an important
role in the Calvin cycle. Hence, a stable supply of substrates is
provided for the subsequent carbon metabolism reactions. In
addition, a large number of DEPs were enriched in the glycolysis
(EMP) pathway, and their expression tended to be up-regulated
overall (Figure 2). Previous research has shown that, under
dehydration stress, Pyropia orbicularis can provide energy
through the EMP pathway (Lopez-Cristoffanini et al.,, 2015).
In this study, the up-regulated expression of phosphoglycerate
kinase (PGK), enolase and pyruvate kinase (PK) also indicated
that the EMP pathway of P. haitanensis responded positively to
hyposaline stress. An increase in phosphofructokinase [PFK, the
rate-limiting enzyme in the EMP pathway (Chitlaru and Pick,
1991)] and PK activities may significantly enhance salt tolerance
of mangrove tree (Suzuki et al., 2005). But the up-regulated
expression of PFK was found under the LSS 5 treatment.
Furthermore, the contents of glucose 6-phosphate (initial
reaction substrate) and pyruvate (final reaction product) under
the LSS 5 treatment were significantly higher than those in the
control and the LSS 0 treatment (Figures 3E, H). All these results
indicated that the EMP pathway was important for energy
supply in response to hyposaline stress. In a difference from
the response to the LSS 0 treatment, the EMP pathway
responded more positively to the LSS 5 treatment and
provided more metabolites and energy for subsequent reactions.

The pentose phosphate pathway (PPP) can not only generate
energy, but also feed its intermediate products, glyceraldehyde 3-
phosphate and fructose 6-phosphate, into the EMP;
Additionally, NADPH produced by the PPP can maintain
photoelectron transmission in Enteromorpha prolifera, and
thus improve the salt tolerance of thalli (Li et al., 2014).
NADPH produced by PPP can also provide reducing power
and then promote the synthesis of plant FAs (Xue et al., 2017).
Moreover, desiccation stress induced up-regulation of the
transketolase gene in P. haitanensis, and this transketolase
gene significantly improved the tolerance of Chlamydomonas
reinhardtii to hyperosmotic stress (Shi et al., 2019). Accordingly,
the up-regulated expression of transketolase fructose-1,6-
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bisphosphatase (FBP) and glucose-6-phosphate isomerase
(GPI) might enable the thalli to meet the demand for carbon
metabolism intermediates under hyposaline stress in a flexible
way under LSS 5 treatment.

Comparison between response
mechanisms to hypersaline and
hyposaline stress

The trend analysis showed that the proteins enriched in
Profile 2 were up-regulated under both hypersaline and
hyposaline treatments, which were mainly involved in
endoplasmic reticulum protein processing, FA synthesis, and
energy metabolism (Supplementary Figure 4). This indicated
that the common response mechanisms of P. haitanensis to
hypersaline and hyposaline treatments are to enhance the energy
metabolism pathways, promote the synthesis of FAs, and
enhance the refolding and clearance of misfolded proteins.
However, P. haitanensis mainly enhanced the TCA cycle to
meet the energy needs of thalli under hypersaline treatment
(Wen et al., 2020), while the thalli responded to hyposaline stress
by enhancing the EMP pathway (Figures 3E-H).

Although both hypersaline and hyposaline treatments
increased the content of FAs in P. haitanensis (Figure 5A),
the thalli maintained the composition and proportion of SFAs
and UFAs under hyposaline stress, while the content of UFAs
significantly increased under hypersaline stress. This suggested
that thalli maintained the integrity of the membrane system
under hyposaline treatment, while they mainly enhanced the
mobility of the membrane system under hypersaline treatment
(Figures 5B-D). Organisms can increase the fluidity of the
plasma membrane by increasing the degree of unsaturation of
individual FAs or by increasing the proportion of UFAs in
response to changes in the external environment. For example,
increased unsaturation index and membrane fluidity of
Saccharomyces cerevisiae lipids enhance their resistance to
salinity and freezing stresses (Rodriguez-Vargas et al., 2007).
In the FA desaturase FAD2 mutant of A. thaliana, the reduced
levels of polyunsaturated FAs in the vacuole and plasma
membrane increased its sensitivity to salt stress (Zhang et al.,
2012). Here, in a difference from the response to hyposaline
stress, the content of C20:5(n-3) in P. haitanensis increased
significantly under hypersaline stress, and the content of its
biosynthetic precursors C18:0, C18:1, C18:3(n-3), and C18:3
(n-6) decreased significantly, which indicated that P.
haitanensis was actively accumulating C20:5(n-3) to cope
with hypersaline stress (Supplementary Figure 5). C20:5(n-3)
is ubiquitous in most marine animals, microalgae, protozoa
and seaweeds, but it can hardly be detected in higher terrestrial
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plants (Sanina et al., 2004). Like other polyunsaturated FAs
(PUFA), C20:5(n-3) plays an important role in maintaining
membrane fluidity (Yano et al., 1998; Valentine and Valentine,
2004). Furthermore, C20:5(n-3) has strong antioxidant
capacity, which contributes to organisms’ ability to resist
oxidative stress (Hidetoshi et al., 2008). For example, an
Antarctic bacterium changed the fluidity of the plasma
membrane by adjusting the content of C20:5(n-3) to cope
with changes in external temperature (Nichols et al., 1997). In
our study, C20:5(n-3) was the largest component of UFAs in P.
haitanensis thalli, suggesting that this FA plays a crucial role in
the normal growth, development, and hypersaline stress
tolerance of the thalli.

The proteins enriched in Profile 3 that were down-regulated
only under hypersaline stress were mainly related to
photosynthesis, photosynthesis antenna proteins, and
biosynthesis of secondary metabolites (Supplementary Figure
4B and Figure 4E), which indicates that hypersaline stress will
have a great impact on photosynthesis and synthesis of
secondary metabolites in P. haitanensis. Previous studies
showed that the influx of Na* into cells under hypersaline
stress would significantly inhibit Fv/Fm of P. haitanensis
(Wang et al,
Profile 4 that were up-regulated only under hypersaline stress

2019). In contrast, the proteins enriched in

were mainly related to amino acid biosynthesis, aminoacyl t-
RNA biosynthesis, protein processing in endoplasmic reticulum,
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ribosome and the TCA cycle (Supplementary Figure 4A and
Figure 4E). P. haitanensis thalli increased the synthesis of amino
acids and proteins under hypersaline stress, which provided
sufficient materials to enable the stress response. In addition, a
large number of proteins related to molecular chaperones and
ubiquitination were up-regulated, which would facilitate the
correct folding of proteins in ERQC and the removal of
misfolded proteins in ERAD in P. haitanensis under
hypersaline stress.

Conclusion

In general, the functions of P. haitanensis responses to
hyposaline stress are to: 1) ensure the dynamic balance between
protein folding and clearance of misfolded proteins; 2) maintain cell
membrane integrity and stability; 3) maintain the supply of energy
via the EMP. Compared with the LSS 0 treatment, P. haitanensis
under the LSS 5 treatment appears to maintain greater energy
supply, more stable endoplasmic reticulum environment and more
complete membrane systems. In contrast, under hypersaline stress,
thalli can maintain their protein synthesis, enhance the fluidity and
integrity of the plasma membrane, and enhance the operation of the
TCA cycle to maintain the energy supply and enable other response
mechanisms. The results of this study help to clarify the various
response mechanisms of intertidal thalli to periodic salinity
stress (Figure 6).
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