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Abstract

Salt stress is one of the most important stresses that affect coastal vegetation. A halophyte Carex pumila plays a crucial role
in the maintenance of fragile ecosystems in coastal areas. Thus, understanding the mechanism of C. pumila responses to
salt stress is a prerequisite for the conservation and utilization of this species. After treatment with 200, 300, 400, 500 mM
NaCl for 60 h, C. pumila leaves displayed a decline in the relative water content and an increase in salt injury index.
Osmolyte accumulation, as a function of osmotic adjustment, and antioxidant enzyme activities were maintained under
salinity, even at a high NaCl concentration. High NaCl concentrations severely affected the photosystem II, the JIP-test
indicated a significant decrease in performance indexes and quantum efficiencies and an increase in phenomenological
fluxes. Metabolic analyses showed the changes of 39 metabolites, including 16 kinds of organic acids, 9 kinds of amino
acids, 9 kinds of sugars, 3 kinds of sugar alcohols, and 2 amines. The identified metabolites were mainly involved in the

glycolysis, pentose phosphate pathway, and tricarboxylic acids cycle.
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Introduction

The coastal zone has its special vegetation ecosystem
that plays an important role in coastal soil and water
conservation and most beach plants act as “bioshields”
for beach protection, inhibition of coastal erosion, and
sandstorms reduction (Dahdouh-Guebas and Koedam
2006). However, coastal beaches are narrow and isolated
fragmented habitats that limit the size of plant populations
and allow plant populations to be naturally constrained
in gene exchange and survival (H&dmmerli and Reusch
2003, Feagin et al. 2010). Coastal habitats are fragile,
and, currently, the coastal beach plants are increasingly
suffering from serious human encroachment (Rodgers
et al. 2009, Iwasato and Nagamatsu 2018) and affected by
various abiotic stresses including salt stress.

Many coastal halophytes have formed different
salt tolerance mechanisms during long-term adaptive
evolution. The effects of salinity on plants include reduced
growth, ion toxicity, osmotic stress, mineral deficiencies,

nutritional disorder, photosynthetic imbalance, and
combinations of these effects (Evelin ef al. 2009, Jenkins
etal. 2010, D’ Amelia et al. 2018, Morton et al. 2019). Salt
stress causes oxidative damage by excessive production of
reactive oxygen species (Zheng et al. 2009, Zhu et al. 2019),
and superoxide dismutase (SOD) is a major scavenger of
07, as it catalyzes the dismutation of superoxide radical
anions into O, and H,O, (Scandalios 1993). The produced
H,0: is then dismutated into H>O and O, by CAT and POD
(Parida et al. 2004, Garg and Manchanda 2009). Salt stress
also affects plant photosynthesis, including the function
of chloropplasts (Allakhverdiev et al. 2000, Zhang et al.
2018). Metabolomics, as the end products of cellular
regulatory processes, are crucial functional genomics tools
for understanding plant response to salt stress (Lu et al.
2002, D’ Amelia ef al. 2018). Plants regulate the content of
multiple metabolites to protect them from the detrimental
effects of salinity (Kumari et al. 2015). Many studies
have revealed that small soluble metabolites, including
amino acids, such as proline, pipecolic acid, sugars,
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such as glucose, fructose, sucrose, trehalose, raffinose,
and fructans, sugar alcohols, such as sorbitol, mannitol,
glycerol, inositol, and methylated inositols, polyamines,
such as putrescine, spermidine, and spermine participate
in plants response to abiotic stresses (Mansour 2000, Stitt
and Hurry 2002, Chen and Murata 2008, Ferchichi et al.
2018).

Carex pumila, (commonly known as draft sedge) is a
widely distributed herb that is adapted to the coastal beach
habitats (Burgess 1984). C. pumila is widely distributed
for example in New Zealand, Australia, Chile, China,
Japan, and Korea. As a clonal plant, C. pumila has large
underground rhizome system, which plays an important role
in the protection of coastal sands and soils. Unfortunately,
because of the special nature of coastal habitats as well as
other abiotic stress effects, the C. pumila population has
gradually declined in China's coastal regions and has even
disappeared in some regions. Sand dune vegetation has
often been considered to be non-halophytic (Rozema et al.
1983), this is because sand salinity of the coastal zone is
normally around 1 % (Hope-Simpson 1955) and sand is
a highly porous medium which allows rapid salt leaching
by rainwater. However, rain leaching is less effective in
dry summer weather and in arid regions. Salinity may
also be high in dune hollows, of up to 3 - 5 % NaCl
(Sykes and Wilson 1989). As a halophyte, C. pumila has
been previously reported by Sykes and Wilson (1989) to
survive up to 2 % salt for a prolonged period. However, the
physiological and metabolic mechanisms of salt tolerance
in C. pumila have not been reported. Thus, understanding
the mechanism of C. pumila response to salt stress is
important for the conservation and utilization of C. pumila
and for breeding of salt-tolerant crops.

This study was designed to investigate the mechanism
of C. pumila response to salt stress. We particularly
focused on the modulations of antioxidant enzymes
activities, photosynthesis, and metabolisms. This study
provides some insights into the possible mechanisms of
salt tolerance ability in C. pumila.

Materials and methods

Plants and growth conditions: The C. pumila used
in this study was collected from wild fields of Taohua
Island, Zhejiang Province, China (latitude 29°48'59"N and
longitude 122°17'43"E). The average salinity of habitat is
about 1.231 %, and the salt content of seawater is about
2.4 %. About 15 cm rhizome were reserved and planted
in triangular bottle (150 cm® and wrapped in foil) with
Hoagland's nutrient (Hoagland and Arnon 1950, Shahverdi
et al. 2019) in incubator (CIMO-GZX-250BSH-III,
Shanghai, China), which was set at a temperature of
26 °C, an irradiance of ~250 umol(photons) m? s, a 16-h
photoperiod, and a ~60 % relative humidity. The nutrient
solution was replaced every 5 d and aerated 3 times per
day for 30 min. One-month-old C. pumila healthy plants of
a similar size were used for the next salt treatments.
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Salt treatments and experimental design: The plants
were subjected to five salinity levels: 0 (control), 200, 300,
400, and 500 mM NacCl. Salinity was increased every 8 h
by increments of 100 mM NacCl until final salinity was
achieved. After that, plants were exposed to the final NaCl
concentrations for 60 h. During the period of salt exposure,
the plants were maintained in the incubator under the same
environmental conditions as mentioned above. At the end
of the experiment, all leaves were sampled from the plants
and then immediately frozen in liquid nitrogen and stored
at -80 °C for further analyses. The salt treatments were
arranged in a randomized complete block design with
three replicates.

Salt injury (DI) index was scored for visible symptoms
on a 1 - 4 scale as follows: 1 - no injury; 2 - browning
on shoot-tips and leaf edges or slightly curling or
drooping; 3 - serious leaves curling or drooping or/and
wilting; 4 - dead. Following this scale, salt injury index
(DI) was calculated according to the following formula:
DI = >(ni x 1)/N, where ni is the number of explants
receiving the mark “i” (from 1 to 4) and N is the total
number of explants in each NaCl concentration (Sivritepe
et al. 2008).

Quantification of electrolyte leakage: The relative
electrolyte leakage (EL) was expressed as the ratio of
initial conductivity to the conductivity after boiling and
measured by a conductivity meter (Mettler Toledo-FE30-
Plus, Shanghai, China). About 0.1 g of leaves was washed
three times with deionized water and cut to about 0.5 cm
long fragments. The fragments were transferred into a
centrifuge tube (50 cm?) which was filled with 15 cm?® of
deionized water, and then the initial conductivity (CA) was
measured after being shaken for 24 h at room temperature.
The samples were then heated to 95 °C for 30 min, and
total conductivity (CB) of the bathing solution was then
measured after cooling. Electrolyte leakage was calculated
from the following equation: EL [%] = (CA/CB) x 100.

Relative water content: The surface of the leaves was
quickly washed with deionized water, the fresh mass
(FM) was measured immediately and the dry mass (DM)
was weighed after drying at 80 °C for 15 h. Relative
water content (RWC) was calculated from an equation:
RWC [%] = (FW-DW)/FM x 100.

Malondialdehyde content was determined by the
thiobarbituric acid (TBA) method according to Liu
et al. (2016). About 1 cm? of crude enzyme solution was
added into 2 cm® of malondialdehyde (MDA) reaction
buffer, which included 0.5 % (v/v) TBA and 20 % (v/v)
trichloroacetic acid. The mixture was heated at 95 °C
for 30 min and then cooled to room temperature before
being centrifuged at 12 000 g and 20 °C for 10 min. The
absorbance (A) of the supernatant at 532 and 600 nm was
measured using a spectrophotometer (7U-1810, Beijing,
China). The MDA content was calculated as [(Ass - Agoo)
xL)] /1 x € x FM, where L was the volume of the extract
solution; I indicates the thickness of the cuvettes; € was the
coefficient of absorbance of 155 mM' cm™.



Enzyme extraction and activities: To extract crude
enzymes, about 0.3 g of leaves were ground to a fine
powder in liquid nitrogen and then mixed with 4 cm? of
pre-cooled 150 mM sodium phosphate buffer (pH 7.0). The
homogenate was transferred to 10-cm? centrifuge tube for
centrifugation (12 000 g, 4 °C, 20 min). The supernatant
was collected for subsequent assays.

The superoxide dismutase (SOD; EC 1.15.1.1)
activity was measured according to the inhibition of
photochemical reduction of nitroblue tetrazolium (NBT)
(Fan et al. 2014). The reaction mixture (3 ¢cm?) contained
2.2 cm?® of phosphate buffer (50 mM, pH 7.8), 0.1 cm® of
3 uM EDTA-Na,, 0.2 cm® of 195 mM methionine (MET),
0.2 cm?® 0of 1.125 mM NBT, 0.2 cm?® of 0.06 mM riboflavin,
and 0.1 cm® of enzyme extract. The reaction mixture was
kept 30 cm below the light source for 60 min. All reactants
without NBT which served as light blank (CKO0) were
kept along with samples. The reaction mixture without
enzyme extract incubated in the dark served as a dark
blank (CKmax). The NBT reduction was estimated by
monitoring the change in absorbance at 560 nm. The
amount of enzyme extract that produced 50 % inhibition
of NBT reduction was considered as 1 unit (U) of SOD
activity.

The catalase (CAT; EC 1.11.1.6) activity was estimated
by Fan et al. (2014) method with some modifications.
Activity was measured in terms of the degradation of
hydrogen peroxide. The reaction mixture contained
1.9 cm® of phosphate buffer (50 mM, pH 7.4), 1 cm® of
45 mM H,0,, and 0.1 cm® of enzyme extract. Activity
was measured by the decrease in absorbance at 240 nm
at 1-min intervals for 3 min. A unit of CAT activity was
defined as the absorbance change of 1 unit per minute.

The peroxidase (POD; EC 1.11.1.7) activity was
measured by the method described by Fan et al. (2014).
The reaction mixture contained 0.05 cm?® of crude enzyme
solution, 1 ¢m?® of guaiacol (0.25 %, dissolved in 50 %
ethanol), 1.85 cm? of acetic acid buffer (pH 5.0), and
0.1 cm® of 0.75 % (v/v) H,O,. Absorbance at 460 nm at
I-min intervals was measured for 3 min. A unit of POD
activity was defined as the absorbance change of 1 unit
per minute.

Chlorophyll a fluorescence transient (OJIP) curves:
The shape of the OJIP curve is very sensitive to
environmental stresses. The OJIP transients of cells after
salt stress treatments were measured using pulse-amplitude
modulation (PAM) fluorimeter (PAM 2500, Heinz Walz,
Effeltrich, Germany) with a high time resolution (10 ps).
In this study, the leaves were kept in dark for 20 min before
the measurements were started. The OJIP transients were
triggered by a red radiation of 3000 umol(photons) m? s’!
by the PAM 2500 through an array of light-emitting
diodes. The fluorescence was subsequently measured and
digitized between 10 ps and 300 ms. The OJIP transients
were analyzed by the JIP-test method described by Liu
et al. (Liu et al. 2016).

Metabolite extraction and derivatization: Extraction
and derivatization of metabolites from samples for gas
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chromatography - mass spectrometry (GC-MS) analysis
were performed by using a modified method that was
previously outlined by Hu et al. (Hu et al. 2016). For
each sample, about 0.3 g of fresh leaves were ground
to a fine powder in liquid nitrogen, transferred into a
centrifuge tube (15 cm?), and then extracted in 4.2 cm? of
80 % (v/v) aqueous methanol under intensive oscillation
(200 g) at 25 °C for 2 h. After extraction, 60 mm? of ribitol
solution (2 mg cm™) as an internal standard was added
and incubated in a metal bath at 70 °C for 15 min. The
tube was centrifuged at 12 000 g and 20 °C for 5 min,
the supernatant was decanted to new 10-cm?® tubes, and
4.5 cm?® of water and 2.25 cm® of chloroform were added.
The mixture was vortexed and centrifuged at 8 000 g for
15 min. The supernatant was the polar phase, which was
collected for derivatization.

The polar phase supernatant (400 mm?) was transferred
into 1.5 cm?® high-performance liquid chromatography
(HPLC) vials and dried in a vacuum concentrator (Labconco
Corporation, Kansas City, KS, USA) overnight. The dried
residue was redissolved and derivatized under intensive
oscillation (200 g) at 37 °C (in 110 mm?* of 20 mg cm
methoxyamine hydrochloride in pyridine) for 2 h followed
by a 2 h treatment at 37 °C with 60 mm? of N-methyl-N-
trimethylsilyl trifluoroacetamide (MSTFA).

Metabolite data processing and analysis: The metabolites
were measured by using GC-MS (Agilent 78904/5975C,
Agilent Technologies, Palo Alto, CA, USA) system based
on the method of Xie et al. (2014). The 1 mm? of the
derivatized extract was injected into a DB-5MS capillary
(30 m x 0.25 mm x 0.25um, Agilent J&W GC column)
(Xie et al. 2014). The GC temperature was programmed as
follows: 70 °C for 5 min and then an increase by a 5 °C per
min rate to 300 °C and hold for 10 min. Subsequently, after
1 min of injection, the electron current was set at 70 eV,
the injection temperature was adjusted to 280 °C, and the
oven temperature was ramped up to 290 °C. The ion source
temperature was 230 °C. After the solvent delay time of
5 min, the scanning speed was conducted at 0.6 scans s
with a full scan mode (m/z 30/650).

The metabolites were identified by the application
of the Agilent MSD Productivity Chemstation software
and coupled with the commercially available compound
libraries (NIST 11) (Gaithersburg, MD, USA). Relative
quantification of the metabolites was determined according
to the value of internal standard ribitol. The hierarchical
clustering analysis (HCA) was done by using the
MetaboAnalyst webpage (http://www.metaboanalyst.ca/
MetaboAnalyst/) (Xia et al. 2009). Finally, we calculated
the log-transformed response ratio of each identified
substance before statistical estimation.

Statistical analysis: The experiments in this study were
repeated three times and the data shown are the means
+ SDs. The data were analyzed by one-way analysis of
variance (ANOVA) followed by the least significant
difference test at o = 0.05 level using the statistical
software SPSS 20.0.
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Results

Compared with the control, there was no obvious
morphological change at 200 mM NaCl, a few leaves
dropped under 300 mM NaCl. However, the leaves turned
yellow and curly after treatment with 400 and 500 mM
NaCl (Fig. 1 Suppl.). Salt injury index showed no change
at 200 mM NaCl and a considerable increase from 300 to
500 mM NaCl as compared to the control plants. (Fig. 14).
Moreover, leaf RWC decreased with an increase in the
salinity which was especially significant at 300 to 500 mM
NaCl (Fig. 1B).

The content of MDA, a product of lipid peroxidation,
and EL reflect the extent of damage in the cell membranes.
In this study, MDA and EL showed no change in 200 mM
NaCl compared to the control, but gradually increased
with increasing salt concentration. The highest MDA and
EL values were reached at 500 mM NacCl but there was
no significant difference between 400 and 500 mM NaCl
(Fig. 1 C,D).

As compared to the control plants, antioxidative
activities showed no remarkable changes at 200 mM
NaCl (Fig. 2). The SOD activity also showed no change
at 300 mM NacCl but significantly increased at 400 and
especially at 500 mM NacCl (Fig. 24). The POD activities
similarly increased at 300 and 400 mM NaCl and further
increased at 500 mM NaCl (Fig. 2B). The leaf CAT
activities were significantly higher at 300 to 500 mM
NaCl compared with the control, but the changes were not

significant among 300, 400, and 500 mM NaCl treatments
(Fig. 20).

There were no significant changes in the original
fluorescence with increasing salinity, but the fluorescence
yield at the J, I, and P phases (J-P curve) clearly changed.
The J-P curve was higher in the 200 and 300 mM NaCl
than in the control and the curve at 200 mM NaCl was
higher than at 300 mM NaCl. At 400 and especially
500 mM NaCl, J-P curves were below the control (Fig. 3).

For the effects of salinity on electron transport at the
acceptor side of photosystem (PS) II, ¢Po, Yo, and ¢Eo
were compared under different NaCl concentrations. We
observed that oPo, Yo, pEo were unaffected up to 400 mM
NacCl, but were significantly decreased at 500 mM NacCl.
For the effect of salinity stress on the energy flux (per
reaction center, RC), for electron transport (ET/RC), and
dissipation (DIo/RC), there were no significant differences
up to 400 mM NaCl, but increased DIo/RC and decreased
ETo/RC were observed at 500 mM NaCl (Table 1 Suppl.).

The effects of salinity stress on the number of
phenomenological fluxes for trapping per cross-section
(TRo/CSo) and dissipation per cross-section (DIo/CSo),
were not significantly different up to 400 mM NaCl, but
increased the DIo/CSo and decreased TRo/CSp in 500 mM
NaCl concentration was observed. High salinity stress
(500 mM NaCl) significantly affected the PS II behavior,
as quantified by the performance index; Plags and Plcg
were decreased by 70 and 67 %, respectively, in 500 mM
NaCl compared with the control (Table 1 Suppl.).
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Fig. 1. The effects of salt stress on salt injury index (4), relative water content (RWC, B), electrolyte leakage (EL, C), and malondehyldehide
(MDA) content (D) in Carex pumila leaves under different NaCl concentration (0, 200, 300, 400, and 500 mM) for 60 h. Means + SDs,
n =3, different letters indicate significant differences between treatments (P < 0.05) based on the least significant difference test.
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Fig. 2. Changes in superoxide dismutase (SOD, 4), peroxidase
(POD, B), and catalase (CAT, C) activities in the leaves of Carex
pumila induced by different NaCl concentrations for 60 h. Means
+ SDs, n = 3, different letters indicate significant differences
between treatments (P < 0.05) based on the least significant
difference test.

Based on the analysis by GC-MS, a total of 39 kinds
of differentially accumulated metabolites were identified
and quantified, which included 9 amino acids, 16 organic
acids, 9 sugars, 3 sugar alcohols, and 2 amines (Fig. 4).

The amount of most amino acids and their derivatives
were higher in NaCl-treated plants than in the control
group, and these were important products of amino acid
metabolism and synthesis. The content of organic acids
could be divided into two categories. The first category
was increased under salt stress and these products were
mostly produced by the TCA cycle. The second group was
decreased under salt stress and these were products of fatty
acid metabolism. The content of majority sugars and sugar
alcohols was higher in salinity-treated plants and these
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products are mainly involved in galactose metabolism.
The content of amines was decreased by salt stress and
mainly involved in nitrogen metabolism (Table 2 Suppl.).

Additionally, 17 metabolites comprising eight amino
acids, five sugars, two sugar alcohols, and two organic
acids assigned to glycolysis, tricarboxylic acid (TCA)
cycle, and oxidative pentose phosphate pathway were
identified (Fig. 2 Suppl., Table 3 Suppl.).

Discussion

Halophytes adapt to the salt environment through
regulation of physiology and metabolism (Flowers and
Colmer 2015). In our study, we found that C. pumila can
survive stably in the coastal sandy land, and revealed the
possible salt tolerance mechanism of halophytes based on
its physiological, photosynthetic, and metabolite responses
under salt stress.

Halophytes can tolerate and complete their life cycle
at salt concentrations of 200 mM NaCl (Flowers and
Colmer 2015). In the present study, C. pumila was defined
as an obligate halophyte which can survive in 2 % (about
350 mM NacCl) salinity, despite a decline in plant growth
(Sykes and Wilson 1989). In this experiment, we observed
that 300 mM NacCl induced no obvious morphological
change, salt injury index gradually increased with an
increase in salinity after 300 mM treatment. Plant water
status is highly sensitive to salinity and, therefore, a
dominant factor in determining the plant responses to
stress (Meng et al. 2017). Regulation of water balance
measured by leaf RWC is considered to be one of the most
important adaptation measures to salt stress (Noreen ef al.
2010, Ahmad et al. 2012, Franzini et al. 2019). In this
work, significant declines in RWC were observed at 400
and 500 mM NaCl which was consistent with previous
reports (Hu et al. 2012, Liu et al. 2016, Bela et al. 2018).
This result corresponded with the ability of C. pumila to
survive at the measured NaCl concentration in the field
investigation. The stress time of this treatment was only
60 h, because we considered that C. pumila was mainly
affected by the regular stress from seawater tides. In
our continuous salt stress experiment, it was found that
C. pumila showed obvious morphological (severe water
loss in the leaves) changes under 300 mM salt stress at
about 100 h. However, we still think that C. pumila could
be a very good halophyte for the restoration of the coastal
zone.

Membrane lipid peroxidation characterized by
MDA content and EL has been often used as salt stress
biomarkers (Ahmad et al. 2012, Hossain et al. 2019).
In our study, both markers significantly increased under
300 to 500 mM NaCl, but showed no significant change
at 200 mM NaCl. This result implied that under higher
salinity (300 - 500 mM NaCl), C. pumila exhibited
enhanced lipid peroxidation and oxidative damage.
Such a pattern of MDA accumulation has already been
observed in other halophytes such as Salicornia persica
and S. europaea (Aghaleh et al. 2009).

It is well known that salinity increased accumulation
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Fig. 3. Chlorophyll a fluorescence induction transients (OJIP) in Carex pumila leaves after different salt treatments (0, 200, 300, 400,
and 500 mM NaCl) for 60 h.The leaves were vacuum-infiltrated for 20 min in the dark. O - minimal reliable recorded fluorescence at
20 ps, J - fluorescence intensity at 2 ms, I - fluorescence intensity at 30 ms, P - maximal recorded fluorescence intensity.

of reactive oxygen species (ROS; Hernandez et al. 2002,
Hasanuzzaman et al. 2018), which can damage proteins,
lipids, and nucleic acids (Foyer and Noctor 2005). The role
of antioxidant enzymes (such as SOD, CAT, and POD) in
salt-induced ROS scavenging has been demonstrated also
in halophytes (Shabala 2013, 2016, Muchate et al. 2016,
Rangani et al.). Among all the antioxidative enzymes,
SOD is in the first line of defense converting superoxide
to the less toxic H,O, (Alscher et al. 2002, Bose et al.
2014). Enhanced H,O, content is dismutased to H,O and
O, with the help of POD and CAT (Gao et al. 2020). An
increase in the CAT activity has been shown as a measure
of antioxidant defense in halophytes (Sekmen ef al. 2012,
Hossain et al. 2019). In our experiment, the SOD and POD
activities gradually increased under 300 to 500 mM NaCl
concentrations. It has been reported that exposure to salt
stress in many plant species causes elevated activities of
antioxidant enzymes, e,g, in Vigna radiata (Nazar et al.
2011), Chenopodium quinoa (Amjad et al. 2015), Oryza
sativa (Lee et al. 2001), Triticum aestivum (Amjad et al.
2015), and Sesuvium portulacastrum (Muchate et al.
2016). However, in C. pumila, the CAT activity was
enhanced significantly at 300 mM NaCl and the activity
remained constant until 500 mM NacCl, as observed in
quinoa (Amjad et al. 2015), indicating that CAT had a high
capacity for the decomposition of H,O, generated by SOD.
The tolerance to high salinity in C. pumila derives largely
from the constitutively high antioxidative enzymatic
activities and CAT may be of major significance in the salt
adaptive mechanism.

Salinity affects plant growth as a result of alterations
in many physiological processes including photosynthesis
(Xia et al. 2009, Kalaji et al. 2011, Zhang et al. 2018).
Chlorophyll a fluorescence was regarded as a crucial
tool for investigation of the photosystem II under abiotic
stress conditions (Chen ef al. 2013). In this study, the OJIP
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transient curve declined under high NaCl concentrations
(400 and 500 mM). The Plags and Plcs as a sensitive
indicator of photosynthetic performance based on light
absorption (Bi ef al. 2016, Hu et al. 2016), significantly
decreased under high salinity, which suggested that
salinity stress may inhibit electron transport at the donor
side of PS II. Hagemyer (1999) and Perales-Vela et al.
(2007) reported that to protect the plant growth from
the extremely adverse environmental condition, excess
excitation energy was transformed into thermal dissipation
so as to maintain the energy balance between absorption
and utilization. Thus the P1gs and Plcs value also confirmed
this finding. This result is consistent with the observation
that PS II was highly susceptible to salinity stress (Corney
et al. 2003, Xia et al. 2009). Simultaneously, the quantum
yields of primary photochemistry (@Po), the quantum
yield for electron transport (¢Eo), and the efficiency
per trapped excitation (‘Yo) were also decreased by high
salinity. These parameter can avail reliable information
about electron transport activity at the acceptor side of
PS II (Wang et al. 2011, Zhang et al. 2018). Furthermore,
the specific energy fluxes (DIo/RC and ETo/RC) and
phenomenological fluxes (TRo/CSo and DIo/CSp) of C.
pumila leaves were markedly changed under high salinity
(400 - 500 mM NaCl), and those fluxes had a vital effect
on the photosynthetic activity and also revealing that salt
stress inhibited the energy absorption and dissipation in
C. pumila to reduce the excessive energy production.
However, in this study, the OJIP transient curve were
higher under low NaCl concentration (200 - 300 mM) than
in the control group, but all the JIP-tests had no significant
changes. This result indicated that low salinity may have
little effect on C. pumila in quantum efficiencies and the
activity of PS II reaction center. Therefore, this may also
be the result of continuous adaptation and evolution of
C. pumila in the long-term salt environment.
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Fig. 4. The heat map of hierarchical cluster analysis of 39 metabolites in the leaves of Carex pumila in response to salt stress. The plants
were treated with different NaCl concentrations (0, 300, and 500 mM) for 60 h, CK - control. Mean values were calculated from three

independent experiments.

Metabolomics can perform a comprehensive analysis
of a large number of metabolites, and is one of the fastest
analytical methods for studying species under stress to
determine products involved in metabolic responses
(D’Amelia ef al. 2018, Zhang et al. 2019). Plants respond
to up and down regulation of multiple metabolites under
salt stress, thereby preventing salt damage (Kumari et al.
2015, Ghatak et al. 2018). In this study, we found out that
39 metabolites were differentially expressed compared
with control plants. Among these metabolites, there are
amino acids, such as proline, alanine, arginine, serine,

threonine, which play major roles in osmoregulation during
salt stress (Slama ef al. 2015). Sugars and sugar alcohols
constantly accumulate under salt stress and our experiment
suggested that sugars frequently accumulated in plants
under salinity. Previous studies have reported that sugars
played major roles as osmoprotectant, carbon storage,
and scavenger of ROS accumulation (Kumari ef al. 2015,
Zhang et al. 2019, Li et al. 2020). Sugar alcohols interact
with proteins, enzymes, and membranes for protection
of cellular structures and in signaling (Valluru and Van
den Ende 2011). Organic acids are often considered to
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Fig. 5. The proposed model of Carex pumila physiological, photosynthetic, and metabolic responses under salt stress. The left boxes
represent the control group (CK) and the right boxes represent the salt stress (SS). Different alterations are marked with different
colours; green represents a decrease and red an increase in given characteristics. For the abbreviations - see the text.

mainain the osmotic potential (Rybka and Nita 2015,
Chen ef al. 2019, Wang et al. 2019). Among them, fatty
acids are important phase solvent, especially palmitic acid
and hexacosanoic acid, participating in membrane lipid
bilayer flow and signal transduction (Guo ef al. 2017). The
metabolites exhibited significantly higher content under
salt stress conditions. These results indicated that the
widespread effects of salt treatment on carbon metabolism,
amino acid metabolism, nitrogen metabolism, and fatty
acid metabolism might play some role in salt stress
resistance in C. pumila (Table 3 Suppl.). In our study, it can
be found that under salt stress, many metabolites involved
in a variety of physiological metabolic pathways respond
to the salt environment. Our research only provides an
analysis from the metabolic pathway, and, in the future, it
should be combined with the molecular research to jointly
reveal its salt tolerance mechanism.

Conclusions

This study revealed adaptation mechanisms of the salt-
tolerant halophyte C. pumila. It might be attributed to the
different responses of C. pumila to salt stress, including
alterations of osmotic adjustment, antioxidant system
activity, PS II performance, and metabolic homeostasis
(Fig. 5). This result provides a theoretical basis for the
selection of plant material for breeding of salt-tolerant
plants and for ecological restoration in coastal areas.
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