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Abstract

Palmate-leaved morning glory ([pomoea cairica (L.) Sweet) is a fast-growing perennial herbaceous
twining vine that was recently discovered to invade mangrove wetlands in China. To understand the
mechanism of its successful invasion, we compared the salt tolerance of a halophytic line from Zhuhai
and a non-halophytic line from Guangzhou under salt stress. We measured morphological, physiological,
and biochemical parameters related to growth, ion homeostasis, photosynthetic pigments, chlorophyll
fluorescence parameters, oxidative stress, and apoptosis in both lines. Monitoring apoptosis showed that
the halophytic line had a delayed protoplast apoptosis compared with the non-halophytic line. We also
found that the halophytic line had higher stems that regenerated; lower water loss, Na* uptake, and
membrane damage; a higher density and area of salt glands; and better photosynthetic performance than
the non-halophytic line. The halophyte prevented salt-related damage by reducing water loss and
secreting excess sodium ions (Na*) through its lower stomatal density and higher density and area of salt
glands. The halophytic line also maintained a better balance of Na*, potassium ions, nitrogen, and
phosphorus under salt stress. The halophytic line had higher activities of antioxidant enzymes, including
superoxide dismutase, peroxidase, and catalase, and non-enzymatic antioxidants of proline and
anthocyanins, which indicate a stronger oxidative stress response. Our results suggest that the halophytic
line adapts to higher salt tolerance than the non-halophytic line by enhancing its salt exclusion, osmolyte
adjustment, and photosynthetic efficiency, which could explain its successful invasion in the mangrove
wetland ecosystem.

Introduction

A rapidly growing number of alien invasive species is causing increasing damage to China's agriculture,
forestry, and livestock industries (Ding Hui et al. 2009) with annual economic losses that exceed

$100 billion (Gu et al. 2006). In hotspots of introduced species, such as coastal zones, biological
invasions are becoming a major driver of the decline of biodiversity and loss of ecological services in
communities, such as coastal forests (Bellard et al. 2016; Slingsby et al. 2017). Mangroves are unique
higher plant communities that are widely distributed in the intertidal zones of tropical and subtropical
regions. They are unique wetland forest ecosystems in the coastal zone. With high productivity and
biodiversity, the abundance of biological resources and species in the mangrove wetland ecosystem is
among the highest in the natural environment (Lin et al. 1997; Saenger et al. 2019; Wang et al. 2022).
However, the mangrove wetland ecosystem has been severely degraded, and one of the reasons for the
degradation is the invasion of alien species, including smooth cordgrass (Spartina alterniflora) and bitter
vine (Mikania micrantha) (Jackson et al. 2001; Biswas et al. 2007; Guan et al. 2011; Ren et al. 2014;
Zhang et al. 2021). Palmate-leaved morning glory (Jpomoea cairica) is a typical invasive plant in South
China, which has caused severe damage to ecosystems and local economies (Liu et al. 2012; Zhu and
Shuangtao 2012). This plant has been listed as one of the worst invasive alien species in China (Bai et al.
2013). In our previous study, /. cairica was reported to invade mangroves along the southeastern coast of
China (Liu et al. 2012; Yuan et al. 2020). Compared with other habitats, the soil of mangroves is more
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saline (Chen and Xu 2007; Yokoi et al. 2012; Morimaru et al. 2017; Fu et al. 2022). Therefore, salt
tolerance is a limiting factor for invasive plants to invade mangroves.

The most extensive and profound effect of an external salt environment on plants is to inhibit plant
growth and development (Munns and Tester 2008; Naz et al. 2022). For example, salt alters many
functional and biochemical processes in plants, which can lead to reduced growth, productivity, and even
death. Tissue dehydration, ion-specific toxicity, nutrient shortages, and hormonal/enzymatic imbalances
are the primary mechanisms that are affected by salt stress (Polash et al. 2019; Zeeshan et al. 2020; Wei
et al. 2022). As a result, salt stress leads to a variety of physiological and molecular changes and
impedes plant growth by impairing photosynthesis, which reduces the resources available and
suppresses cell division and expansion (Hao et al. 2021). Photosynthesis is the primary driver for plant
growth and development and is one of the physiological processes of plants that is the most sensitive to
stress (Lawlor 1995; Yang et al. 2009; Allakhverdiev 2020). Changes in photosynthesis are directly related
to the chlorophyll fluorescence parameters of photosystem Il (PSIl) (Guo et al. 2001). Analysis of the
chlorophyll fluorescence parameters can rapidly determine the photochemical efficiency of plant PSII
without damage, and it is an important method to diagnose whether PSll is functional and analyze the
mechanism of plant’s response to stress (Baker and Rosenqvist 2004; Baker 2008). Therefore, monitoring
different chlorophyll fluorescence parameters can provide important information on changes in the plant
photosynthetic dynamics under a wide range of environmental stresses (Baker 2004). The osmotic
potential is another important indicator that is related to salt stress (Blum 2017; Hessini et al. 2019).
When the osmotic potential in the plant exceeds the external environment, it is difficult for the plant to
absorb enough water, which causes a physiological water shortage in the plant, also known as osmotic
stress (Zhu 2016). Salt tolerance in plants is implemented at both the organ and cellular levels. The
stomata play a key role in the survival of plants in adverse environments. A reduction in stomatal density
may delay the accumulation of toxic ions and signaling molecules that inhibit growth in the leaves
through a reduced transpiration flow under salt stress, thus, facilitate adaptation to salinity stress
(Barbieri et al. 2012; Orsini et al. 2012; Hasanuzzaman et al. 2023). Salt glands actively secrete excessive
amounts of ions out of the plant cells to avoid toxicity (Yuan, Leng, and Wang 2016).

Previous research on /. cairica has primarily focused on its invasion in terrestrial ecosystems. /. cairica
has high rates of stem growth and photosynthesis, can reproduce asexually, and grows vegetatively
(Huang et al. 2008; Shen et al. 2011; Liu et al. 2012; Hou et al. 2014; Yu and Li 2019). Compared with
native companion species, /. cairica is more resistant to abiotic stressors, such as heat and drought
resistance among others, which enables it to rapidly invade tropical and subtropical terrestrial
ecosystems (Wu et al. 2004; Zhu et al. 2009; Wang et al. 2011; Tognon et al. 2012; Chen et al. 2022). The
stress resistance of /. cairica primarily originates from its high antioxidant capacity and stability of its
photosynthetic system. Under adverse conditions, /. cairica enhances its antioxidant capacity by
overexpressing /cSROT (SIMILAR TO RCD-One), while enhancing its photosynthetic system stability by
overexpressing /cOr (ORANGE) (Yuan et al. 2020; Chen et al. 2022). However, the mechanism of its
invasion in coastal wetland ecosystems remains unknown. Therefore, understanding the responses of /.
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cairica to salt stress and its associated mechanisms of tolerance may help explain its adaptation to
mangrove wetlands.

In this study, we investigated halophyte lines in the mangrove wetland ecosystem and non-halophyte
lines in the inland ecosystem and compared their responses to salt stress. The results provide evidence
for how /. cairica maintains its ability to invade during the process of diffusing from non-salt to salt
habitats.

Materials and methods

Plant material and growth conditions

The non-halophytic line of /. cairica was collected from the Biological Park of South China Normal
University, Tianhe District, Guangzhou City, China (23.13 ° N, 113.35 ° E). The halophytic line of /. cairica
was collected from the Qi'‘ao Mangrove Wetland Park in Gaoxin District, Zhuhai City, China (22.43 ° N,
113.62 ° E). Stems of /. cairica that were 10 cm long and had two nodes were selected for cultivation in
one-half Hoagland nutrient solution (pH = 5.7) that contained 0.48 mmol/L, 50 mmol/L and 100 mmol/L
of Na* (Hoagland &Arnon, 1950). NaCl was used to provide Na*, and the control was treated in this
manner. The solution was updated every 4 d. After 2 weeks of cultivation, the root lengths were
measured. Seedlings cultivated in 0.48 mmol/L Na* were transplanted into flowerpots that contained
clean sand that had been filtered through a 10-mesh sieve. One-half Hoagland nutrient solution (150
mmol/L Na*) was used for the salt treatments, while 0.48 mmol/L Na* was used for the control.

Plant harvest and growth parameters

Nondestructive growth parameters, including the root length, tendency of the main stem to grow, leaf
number during the salt treatment, branch number, and number of flowers, were measured every 10 days
for a total of 60 days. The plant harvest and growth parameters were measured as described by Luo et al.
(2021) and Kumar et al. (2021). After harvest, the fresh weight (FW) of the aboveground parts and roots
was determined. The enzymes in the plant tissue were inactivated by heating at 105°C for 40 min and
then drying to a constant weight at 75°C for 12 h to calculate the dry weight (DW). The water content
(WC) was calculated using the following formula: WC = (FW — DW)/ FW x 100. Furthermore, the root to
shoot ratio was calculated by the root dry weight/shoot dry weight as previously described (Luo et al.
2021).

Detection of apoptosis

Four-week-old leaves of /. cairica were obtained and cut into strips of 0.74—-1.25 mm, immersed in an
enzymolysis solution, and digested for 5-6 hours. The digestive solution that was obtained was passed
through a 50 pm sieve, washed with 0.5 M mannitol, and purified in 15% sucrose. The protoplasts were
resuspended in modified KM8P liquid media (Kao and Michayluk, 1974). Cell apoptosis was detected
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through Annexin V-FITC/PI (Sangon Biotech (Shanghai) Co., Ltd., Shanghai, China) double staining flow
cytometry (Galbraith et al. 1983; Dong et al. 2017).

Detection of membrane integrity in the root cells

Membrane integrity in the /. cairica root cells was detected using a slightly modified method described by
Lequeux et al. (2010). The roots of the two /. cairica lines in Guangzhou and Zhuhai were treated with 100
mmol/L NaCl for 12 h, stained with 0.25% Evans blue solution for 15 min, and then washed three times
with ultrapure water before they were photographed. The surface of these roots after staining with Evans
blue was observed under a microscope (DM3000, Leica, Wetzlar, Germany). The roots were immersed in 3
mL of pure N, N-dimethylformamide (N, N-dimethylformamide, DMF, analytical grade [Sigma-Aldrich, St.
Louis, MO, USA]) for 30 min, and the absorbance of the extract at 600 nm was measured by spectroscopy
(DU730 UV/Vis Spectrophotometer, Beckman Coulter Inc., Brea, CA, USA).

Determination of the content of proline (Pro)

The Pro was measured as described by Shi et al. (2016). A total of 0.1 g of sample was added to 3 mL of
3% sulfosalicylic acid, incubated for 10 min in a boiling water bath, and then cooled and centrifuged at
6,000 g for 10 min. After that, 1T mL of the supernatant was collected and mixed with 4 mL of extraction
buffer (distilled water: glacial acetic acid: acidic ninhydrin = 1:1:2). The mixture was boiled for 1 h and
cooled at room temperature. After that, 2 mL of toluene was added, and the phases were left to separate
for 2 h. After full extraction, the red toluene phase was subjected to a colorimetric analysis at 520 nm.
The content of Pro was calculated from a standard curve.

Determination of the absorption spectrum and content of anthocyanins in the leaves

The leaves of /. cairica were extracted in HCl: MeOH: H,0 (1:1:98) at 4 °C for 12 h and then centrifuged at
4500 rpm for 5 min. The absorption spectrum of the supernatant was scanned from 400 nm to 700 nm.
The absorption values at 535 nm and 650 nm were recorded. The total content of anthocyanins in the
leaves was calculated using the standard anthocyanin-3-glucose (extinction coefficient [(31.6 mmol-L~
=T em™ 1)) (Hoch et al. 2003).

Determination of the antioxidant enzyme activities

The antioxidant enzymes were extracted from 0.1 g of leaves as described by Zhang et al. (2021).
Peroxidase (POD) and superoxide dismutase (SOD) were assayed as described by Chen et al. (2022). The
catalase (CAT) was assayed as described by Aebi (1984). The reaction mixture (3 mL) contained 2.9 mL
of 30 mM H,0, (Guangzhou Chemical Reagent Factory, Guangzhou, China) and 0.1 mL of enzyme
extract. The decrease in absorbance was recorded at 240 nm. One unit of enzyme activity was defined as

1 nmol H,0, dissociated-min~".

Determination of the contents of relative electrical conductivity (REC) and malondialdehyde (MDA)
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The REC was measured using a DJS-1D conductivity meter (Leica, Shanghai, China). A total of 0.1 g of
leaf material was placed in 10 mL of deionized water in a test tube and soaked for 2 h at 25 °C to
measure the electrical conductivity R1. After this, the sample was boiled for 30 min, and once the
temperature had dropped to room temperature, the conductivity R2 was measured. The content of REC
was calculated using the formula R1/R2 x 100% (Cao et al. 2007; Fan et al. 2022). The content of MDA
was measured as described by Chen et al. (2022).

Measurement of the chlorophyll fluorescence parameters

After 30 d of treatment, the chlorophyll fluorescence parameters were measured using a portable
modulating chlorophyll fluorescence instrument PAM-2500 fluorometer (Walz, Effeltrich, Germany) as
described by Chen et al. (2022). Approximately 20 treated seedlings were adapted in the dark for at least
20 min before the chlorophyll fluorescence was assessed. The parameters included the maximum
efficiency of PSIl photochemistry (Fv/Fm), effective quantum yield of PSII (Y[ll]), photochemical
quenching coefficient (qL), electron transport rate (ETR) and non-photochemical chlorophyll fluorescence
quenching (NPQ). Five replicates per cultivar were assessed from both the treated and control plants.

Measurement of stomatal density

The abaxial leaf surface was coated with clear nail varnish as described by Tao et al. (2021). The dried
layer of the nail varnish was then peeled off using tweezers and placed on a glass slide. The imprints
were subsequently observed under an optical microscope with a 10x objective. A certain number of
pictures of the field of view were taken, and the number of all the stomata in the field of view was
counted using ImagedJ (NIH, Bethesda, MD, USA). ImageJ was used to calculate the stomatal density (the
number of stomata per unit of leaf area in the field of view) with the number of stomata/the area of the
field of view (0.1590 mm?). The sample size for each treatment and genotype was 75 (three epidermal
samples per leaf x five fields of view per sample x five biological replicates). The highest and lowest
values were discarded in the analyses, and the remaining data were averaged.

Measurement of the density and area of salt glands

In combination with a slight modification of a previous method (Tao et al. 2021), the back of leaf blade
was coated with clear nail polish. The dried nail polish layer was then peeled off with tweezers and
placed on a glass slide. These blotches were then observed under a 5x objective light microscope, and
the field of view was photographed many times. The number of all the salt glands in the field of view and
the area of the salt glands were counted using ImageJ, which was used to calculate the density of salt
glands (the total number of salt glands per unit leaf area in the field of view) and their area as previously
described (Yuan et al. 2022; Zhao et al. 2023).

The density of salt glands was calculated as the total number of salt glands divided by the leaf area of
six replicate observations as described by Ding et al. (2010) and Leng et al. (2018). There were 35
samples per treatment and line (seven fields of view per biological replicate x five biological replicates).
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The total area of salt glands was measured using ImageJ for 15 individual salt glands at different
locations with a sample size of 75 per treatment and line (five biological replicates per treatment, five
fields of view per biological replicate, and five fields of view for a total of 15 total salt glands).

Determination of the contents of nitrogen, phosphorus, potassium, and sodium in the roots, stems, and
leaves

After 60 d of cultivation, the plants were harvested and divided into three parts, including the roots, stems,
and leaves. All the materials were heated for 1.5 h at 110 °C and at 75 °C for 2 d until stable. The shoots
and roots were crushed and passed through a 20-mesh sieve. After dehydration, carbonization, and
oxidation by digesting with H,SO,-H,0, as previously described (Smith 1979), the organic matter in the
sample was destroyed and transformed to inorganic salts. After dilution with acid, an atomic absorption
spectrophotometer (AA-7000, Shimadzu Corporation, Kyoto, Japan) was used to measure the contents of
N, P, potassium, and sodium in each sample.

Statistical analysis

All the experiments in this study were repeated three times independently, and the values are shown as
the mean + SD. The data were analyzed using a one-way analysis of variance (ANOVA) or two-way
ANOVA. The subsequent multiple comparisons were examined based on the least significant difference
(LSD) test. P<0.05 was considered a significant level. The data were analyzed using SPSS 21.0 (IBM,
Inc., Armonk, NY, USA). The figures were prepared using Origin 2019 (OriginLab, Northampton, MA, USA).

Results

Growth of the two lines under salt stress

With the increase in the concentration of salt treatment, the rooting length of the non-halophytic line
decreased significantly (Fig. Ta—b). To track the growth of two lines under salt stress, the seedlings were
treated with salt after transplantation, and the stem length, number of leaves, number of branches and
number of flowers of each plant were assessed (Fig. 1c—f). After 10 d, the stems of the halophytic line
under salt treatment were significantly shorter than those in the control group. In the control group, the
stems of non-halophytic lines gradually grew longer. At 50 d, the main stem length from longest to
shortest was significantly different between the non-halophytic line in the control, the halophytic line in
the control, the halophytic line in the saline treatment, and the non-halophytic line in the saline treatment
(Fig. 1c). After 20 d, there were significantly more leaves in the control group than in the salt treatment,
but there was no significant difference between the non-halophytic and the halophytic lines in both the
control and salt treatments (Fig. 1d). At 20 d, the halophytic line in the control group flowered first. At the
end of the experiment, there were significantly more flowers in the control group of the halophytic lines
than in the salt treatment. In contrast, there was no difference in the number of flowers between the
control and salt treatment in the non-halophytic lines (Fig. 1f). Under salt treatment, there were
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significantly more branches in the non-halophytic line than in the halophytic line. However, there was no
significant difference between the two lines in the control group (Fig. 1€). The analytical results indicated
that the halophytic and non-halophytic lines may have adapted to their respective habitats. The non-
halophytic line is more adapted to the non-salt environment, while the halophytic line is more adapted to
the saline environment.

The elevated concentration of NaCl significantly inhibited the growth of non-halophytic and halophytic
lines (Fig. 2a—d). The halophytes grew better than the non-halophytes in both the control and treatment
groups. There was no significant difference between the two lines, but the roots of the non-halophytic line
were more sensitive to salt, and their root FW was lower in the non-halophytic lines than in the halophytic
lines under the salt treatment (Fig. 2e). In addition, the elevated concentration of NaCl had a greater
impact on the aboveground biomass and total biomass of the non-halophytic line, with rates of inhibition
of 43% and 45%, respectively. In contrast, the rates of inhibition of the aboveground biomass and total
biomass of the halophytic line by the elevated concentration of NaCl were 31% and 37%, respectively
(Fig. 2f-g). In terms of water content, the halophytic line differed from the non-halophytic line by a
significantly lower decrease after the salt treatment compared with their controls. The halophytic line
exposed to salinity had a significantly higher root-to-shoot ratio than its competitor. In contrast, there was
no detectable difference in the control groups (Fig. 2h—i).

Effect of salt stress on the chlorophyll content and fluorescence characteristics of the two lines

The contents of total Chl, Chl a, and Chl b decreased to 69% and 73%, 67% and 74%, and 73% and 71% of
the control, respectively, after the salt treatment. In addition, the halophyte had higher contents than the
non-halophyte in both the control and salt treatments, but the differences were not significant. The
halophyte had a higher Chl a/Chl b ratio than the non-halophyte after the salt treatment (Fig. 3a-d).

As shown in Fig. 3e, the Fv/Fm remained stable across both lines under both treatments. Under the salt
treatment, the external quantum yield of PS Il (Y[ll]) of both the non-halophyte and the halophyte
decreased significantly by 35.54% and 29.03%, respectively, when compared with the control (Fig. 3f).
The gL decreased by 16.67% and 10.63% in the non-halogenated and halogenated plants, respectively,
compared with the control. However, there was no significant difference between the control and salt
treatments (Fig. 3g). Under the salt treatment, the NPQ of two lines increased (Fig. 3h). The ETR of both
the non-halophyte and the halophyte in the salt treatment decreased significantly compared with the
corresponding controls; the ETR of the non-halophyte decreased by 35.31%, and that of the halophyte
decreased by 28.97% (Fig. 3i).

Cell damage of the two lines under salt stress

Apoptosis of the leaf protoplast was induced in both lines under salt stress. The non-halophytic line
entered the apoptosis stage earlier than the halophytic line (Fig. 4a-b). Evans blue staining was used to
explore the effect of salt stress on the membrane integrity of the root cells. After 12 h of treatment, the
non-halophyte displayed a darker blue stain on the root tip than the halophyte, which suggested that there
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was more severe cell damage. The values of absorbance of the decolorizing solution at 600 nm indicated
that the non-halophyte suffered greater damage to the cell membrane than the halophyte under salt
stress (Fig. 4c-d). The contents of MDA and REC of the non-halophyte were higher than those of the
halophyte under both the control and salt treatments. Furthermore, the contents of MDA and REC of the
non-halophyte were significantly higher than those of the halophyte in the salt treatment (Fig. 4e-f).

Antioxidant capacity of /. cairica in response to salt stress

The content of Pro in the halophyte was higher than that of the non-halophyte under both the control and
salt treatments, while the content in the halophyte was significantly higher than that of the non-halophyte
in the salt treatment (Fig. 5a). Under the control treatment, the halophyte appeared to accumulate
significantly more anthocyanins than the non-halophyte. The halophyte had a concentration of
anthocyanins that was approximately twice as high. However, there was no significant difference
between the two lines under the salt treatment since the anthocyanin content of the non-halophytic
increased significantly compared with its control (Fig. 5b). The SOD activity of the halophyte under both
the control or salt treatment was significantly higher than that of the non-halophyte. However, the activity
of both lines increased under salt treatment (Fig. 5¢). The POD activity of the halophyte in the control
group was significantly higher than that of the non-halophyte, and the activity in the salt treatment group
increased in both lines (Fig. 5d). The CAT activity increased in the salt treatment. The activity of the
halophyte was higher in the control and salt treatments than in the non-halophyte, but the difference was
not significant (Fig. 5e).

Salt gland diameter and density

The appearance of the stomata and salt glands of the two strains were examined in detail, and their
associated metrics were determined (Fig. 6a-f, and g-m). In both the control and salt treatments, the
number of stomata and stomatal density were higher in the non-halophyte than in the halophyte lines,
and a significant difference was observed in the salt treatment group (Fig. 6a-f). There was no significant
difference in the area of the salt glands between the two lines in either the control or treatments. However,
the area of the salt glands in both lines increased under the salt treatments and was approximately 1.13-
and 1.14-fold that of the control, respectively (Fig. 6k). The number and density of the salt glands
increased in both lines compared with the control. There was a significant difference in these values
between the two lines under the salt treatment, with the halophyte approximately 1.36- and 1.4-fold higher
than that of the non-halophyte, respectively. Secondly, in the control, there was no significant difference in
the number and density of salt glands between the two lines, but the values for the halophyte were higher
than those of the non-halophyte (Fig. 6]-m).

Contents of elements in the roots, stems, and leaves

Under non-saline conditions, significantly less Na* accumulated in the roots, stems, and leaves of the
halophyte compared with the non-halophyte. Na* was absorbed by the roots in excess when the plants

were exposed to salt, and this significantly increased the concentration of Na* in the roots. Compared
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with the control, there was a greater increase in the halophyte. There was no difference between the two
lines in the contents of K* in the root, which were reduced and showed an opposite trend to the Na*. The
subsequent transport by the stem contributed to the accumulation of Na* in the leaves. In the control, the
contents of K* and the K*/Na* ratio of the roots, stems, and leaves of the halophyte were higher than
those of the non-halophyte. The K*/Na* ratios of the roots, stems, and leaves of the two lines decreased
significantly after the salt treatment, but those of the stems and leaves of the halophyte were higher than
those of the non-halophyte. Under salt stress, there was a higher content of K* in the halophyte leaves,
while there were lower contents of Na* in the stems and leaves (Fig. 7a-c).

Salt stress also enhanced the accumulation of N in both the roots and leaves. There were significantly
higher concentrations of N in the roots and leaves of the halophyte than in the non-halophyte when
exposed to salt. Compared with the control, the concentration of N in the halophyte increased by 46% in
the roots and 28.9% in the leaves, while those of the non-halophyte increased by 49.1% and 28%,
respectively. The concentration of P in the stems and leaves also increased after salt treatment. The
concentration of P in the stems of the halophyte increased by 69.2%, and that of the non-halophyte
increased by 40.7%. In terms of total content, the concentrations of P in the stems and leaves of the
halophyte were 40.7% and 57.23% higher than those of the non-saline line, respectively, and the
difference was significant. After the salt treatment, the N/P ratio in the roots and leaves of both lines
decreased slightly, while that in the stems increased. Compared with the non-halophyte, the N/P ratio in
the halophyte varied more, indicating that the halophyte is more sensitive to salt stress (Fig. 7d—f).

Discussion

In most cases, alien species tend to select habitats that resemble their native environments for invasion
and colonization (Dietz and Edwards 2006; Vanet al. 2011). Interestingly, as a species that is generally
considered to be a non-halophyte, we found that /. cairica could invade the saline environment. In our
study, by comparing the responses of the halophyte line and the non-halophyte line of /. cairica to salt
stress, it was shown that the halophyte /. cairica has obtained salt tolerance. To our knowledge, this is the
first observation of salt tolerance in this species.

Morphological changes in the two lines under salt stress

Salt tolerance in plants is related to various aspects of plant physiology, biochemistry, morphology, and
molecular mechanisms, which are all related to osmosis, photosynthesis, and nutrient imbalances that
limit plant growth through salt stress and reduce the biomass of all parts of the plant (Flowers and
Colmer 2008; Rahneshan et al. 2018; Chourasia et al. 2022). Our results indicated that the halophyte line
is more capable of growing in saline habitats compared with the non-halophyte line. The stems of the
halophyte appeared to regenerate more strongly, suggesting that they were more effective at reproducing
asexually; this may play a key role in its invasion in saline habitats (Hu et al. 2014; Wang et al. 2017). The
decrease in the number of branches and the advance of the flowering period indicate that the halophyte
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allocates more energy to stem growth and sexual reproduction for both escape and adaptation (Amasino
2010; Liu et al. 2011).

Effects of salt stress on the chlorophyll content and fluorescence properties

Chlorophyll fluorescence parameters are often used to examine the relationship between the
photosynthesis of plants and the environment in which they live and are important indicators that reflect
the physiology of photosynthesis (Zhao et al. 2021; Ran et al. 2022). The Fv/Fm indicates the level of
photoinhibition (Athar et al. 2005). In this study, the Fv/Fm remained stable across both lines under both
treatments, which indicated that there was little photoinhibition; this suggests that both lines can adapt
photosynthetically to salt stress (Ehsen et al. 2019; Bano et al. 2022). The sharper reduction in the Y(Il),
gL, and ETR of the non-halophyte line under NaCl treatment indicates that its PSII reaction center is more
susceptible to damage and inactivated to a greater extent than that of the halophyte. We also observed a
greater increase in NPQ in the non-halophyte under salt treatment, which protected the photosynthetic
apparatus from damage by dissipating excess light energy in the form of heat through non-
photochemical processes (Wei et al. 2006; Moinuddin et al.2017; Abideen et al. 2022). Salt stress may
disrupt the biochemistry of photosynthesis, which decreases the efficiency of PSI and PSIl owing to
disturbances in the integrity of chloroplasts (Ibrahim et al. 2015; Stadnik et al. 2022). Therefore, it can be
suggested that the halophyte is more tolerant to salinity stress owing to its ability to maintain the
contents of chlorophyll and its fluorescence parameters.

Indicators of oxidative stress and cell damage under salt stress

Cells of the halophyte entered the apoptotic stage later than those of the non-halophyte, which indicates
that the halophyte is better at maintaining photosynthesis and cell homeostasis in the saline environment
(Katsuhara et al. 1996; Ameisen 2002). MDA is an important indicator of tolerance to salinity, which
increases the degree of oxidative damage to the membrane (Koca et al. 2007; Ahmad et al. 2015; Feki et
al. 2018). The REC represents the degree of damage to the plant cell membrane under stress (Esfandiari
et al. 2020; Zhu et al. 2021). The halophyte showed a lower degree of cell membrane lipid peroxidation
and a lower increase in the levels of REC and MDA, which indicate that the halophyte is more effective at
maintaining the stability of the cell membrane structure and reducing the oxidative damage to the cells
under salt stress than the non-halophyte. The integrity of the cell membrane of the halophyte was also
higher than that of the non-halophyte, which is also consistent with the characteristics of salt-tolerant
plants (Hasegawa et al. 2000).

Salt stress response of the antioxidant capacity and osmotic defenses

Under salt treatment, the lower degree of cell damage of the halophyte was associated with a higher
antioxidant capacity. The accumulation of Pro is an important adaptive strategy under salt stress that
contributes to the increase in salt tolerance (Slama et al. 2015; Martinez et al. 2016; Shirazi et al. 2018).
Anthocyanins are natural pigments that protect antioxidant enzymes, scavenge free radicals, regulate
cellular osmotic pressure, and stabilize the photosynthetic structure, thus, limiting the inhibition of plant
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growth (Oswin and Kathiresan 1994; Zeng et al. 2010; Sun et al. 2017; Wang et al. 2019; Naing and Kim
2021; Zhao et al. 2023). Antioxidant enzymes are another method that plants can use to scavenge
reactive oxygen species and resist oxidative damage, and they include SOD, POD, and CAT (Gaber 2010;
Gill and Tuteja 2010; Wu et al. 2020; Yang et al. 2020; Ji et al. 2022). In this study, both halophyte and
non-halophyte lines enhanced their antioxidant capacity by increasing the activities of POD, SOD, and
CAT under salt stress. The molecular regulation of the activities of POD and SOD in salt-tolerant plants
increased significantly under salt treatment to maintain the balance of metabolism of reactive oxygen
species, which could be related to the high level of expression of IcSRO1 (Yuan et al. 2020).

Effects of salt stress on the stomata and salt glands

Both halophytes and non-halophytes improve their water use efficiency by reducing the number and
density of stomata under salt stress (Tao et al. 2021). The halophyte line reduced the density of stomata,
decreased their number, and reduced the rate of water loss to improve the tolerance to salt and preserve
the water potential in cells under osmotic stress conditions (Munns et al. 2019, 2020; Zhao et al. 2021).
This is also supported by findings in wheat (Triticum aestivum) (Tao et al. 2021), barley (Hordeum
vulgare) (Kiani-Pouya et al. 2020), and species of cordgrass (Spartina spp.) (Maricle et al. 2009). These
observations emphasize the importance of reducing the stomatal density as a strategy to escape the
stress of saline conditions.

Salt glands play a pivotal role in the secretion of salt in recretohalophytes that secrete excess Na™ to
prevent damage from salt (Yuan and Wang 2020). The halophyte appeared to have more salt glands, a
higher density and a larger area of them, which enables the halophyte to secrete excess salt through the
salt glands to adapt to saline environments (Yuan et al. 2019; Wei et al. 2020; Yuan et al. 2022; Zhao et
al. 2023).

Nutrient management

Salt stress disturbs the ionic balance of cells and activates the ion channels in the cell membranes, which
causes an efflux of K* (Shabala et al. 2006; Kaydan et al. 2007). Therefore, maintaining high levels of K*
and ensuring that the Na* in cytoplasm remains low is a common strategy to facilitate the proper
function of enzymes and metabolic activities (Zhang et al. 2018). The halophyte line exhibits its
advantages in terms of element balance by maintaining a high K*/Na* ratio, which is necessary to
maintain enzymatic activity and is even more important than keeping the levels of Na* low (Sun et al.
2019; Fang et al. 2021; Hongna et al. 2021). With a higher K*/Na* ratio than the non-halophyte line, the
halophyte obtained a more balanced ion content and more stable growth (Rahman et al. 2016; Wu et al.
2021; Zhang et al. 2023). Moreover, the halophyte transports large amounts of salt ions into its stems
and leaves, thereby reducing the negative impacts of excessive ions on the root system (Qin et al. 2018).
These findings have led to suggestions to improve salt tolerance by removing Na* from the stems and

leaves, providing K* to the stems, and retaining K* in the leaf tissue to maintain an optimal K*/Na* ratio
in the stems and leaves.
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The accumulation of N, P and K* in the leaves promotes plant growth and development (Wang et al.
2021), while the maintenance of the K*/Na™* ratio and N/P ratio in leaves; the selective transport of K*, N
and P from the roots to leaves; and the accumulation of Pro in the leaves helps to reduce the toxic effects
of Na* and the damage caused by osmotic stress (Zelm et al. 2020; Pan et al. 2022). After
acclimatization to the salt environment, the halophyte line allocated more nutrient resources to the leaves
to construct morphogenesis and ultimately enhance photosynthesis (Jayaraman et al. 2002; Niemi et al.
2004; Osman et al. 2018). Phosphorus is also related to the structural composition and protein activity of
plants (Ratnayake et al. 1978). The accumulation of P may improve the integrity of the leaf cells in the
halophyte, thereby accelerating the biosynthesis of photosynthetic products.

Conclusions

In this study, we investigated the growth, physiological, and biochemical responses of two lines against
salt stress. According to the results, salt stress is reflected in the obvious impairment of photosynthetic
performance and the inhibition of Y(Il), NPQ, ETR, and chlorophyll biosynthesis. An increase in the
concentration of MDA and REC highlighted the lipid peroxidation and oxidative damage to cell
membranes. However, the adverse effects of salt stress could be mitigated by various internal
mechanisms in the cell, such as the accumulation of antioxidant enzymes (SOD, POD, and CAT) and
osmolytes (Pro and anthocyanins) (Fig. 8). The halophyte of /. cairica in Zhuhai and the non-halophyte in
Guangzhou appeared to have different physiological responses to salt stress. The halophyte line was
considerably less inhibited, which demonstrates that it has rapidly adjusted to increase its adaptability to
salt and enhance its invasiveness in mangrove wetland ecosystems. In addition, this adaptability might
be heritable, and it will be investigated further in our subsequent research.
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The growth of different lines of Jpomoea cairica under salt stress that shows the phenotypic adaptability
of the halophyte to salt stress. (a-b) Root growth after 2 weeks of hydroponics, including (a) The
morphology of root, bar=1 cm. (b) Bar graph showing the root length. (c-f) The growth trend of the two
lines within 60 d after transplanting, including. (¢) The tendency of main stem to grow. (d) Leaf number
during the salt treatment. (e) Branch number. (f) Flower number. All the data represent the mean + SD.
The different letters in the bar graphs indicate significant differences at P< 0.05. SD, standard deviation.
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Figure 2

Effect of 150 mmol/L NaCl on the growth of non-halophytic and halophytic lines of jpomoea cairica (a-d)
After 60 d. (€) Fresh weight of the roots. (f)Fresh weight of the aboveground biomass. (g) Fresh weight of
the total biomass. (h) Water content. (i) Root-to-shoot ratio. All the data represent the mean + SD.
Different letters indicate a significant difference at P< 0.05. SD, standard deviation.
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Figure 3

The chlorophyll content and chlorophyll fluorescence parameters of the two lines under salts tress.
(@)Chlorophyll (chl a + b). (b) Chlorophyll a. (¢) Chlorophyll b.(d) Chlorophyll a/b. (€)Maximal efficiency of
PSII photochemistry. (f) Actual quantum yield of PSII. (g) Photochemical quenching coefficient. (h) Non-
photochemical quenching coefficient. (i) Electron transport rate. PSII, photosystem II. All the data
represent the mean + SD. The different letters in the bar graphs indicate significant differences at P <
0.05. SD, standard deviation.
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Figure 4

The non-halophyte suffered more severe cell damage under salt stress than the halophyte. (a-b)
Protoplast apoptosis under the salt treatment detected by Annexin V-FITC/PI double staining flow
cytometry. (@) Flow cytometric estimation of apoptosis. (b) Representative flow cytometry histograms of
the apoptosis. (c-d)Root cell membrane integrity detected by Evans blue staining. A darker stain indicated
lower integrity. (c) Dead cells that were stained blue. (b)The degree of damage to the cell membrane. (f)
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Malondialdehyde (MDA). (g)Relative electrical conductivity (REC). Bar=1 pm; All the data represent the
mean + SD. The different letters in the bar graphs indicate significant differences at P< 0.05. SD,
standard deviation.
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Physiological changes induced by salt in the leaves of [pomoea cairica. (@)Proline (PRO). (b) anthocyanin
content. (c) Superoxide dismutase (SOD). (d) Peroxidase (POD). (e) Catalase (CAT). All the data represent
the mean = SD. The different letters in the bar graphs indicate significant differences at P< 0.05. SD,

standard deviation.
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Effect of NaCl concentrations on the stomata and salt glands of the two lines after 60 days. The bars
indicate the salt gland density based on salt gland number per single leaf area (mm?): (a-d) Stomata. (e)
Number of stomata. (f) Stomatal density. (g9) Salt glands are marked with red arrows. (k) Salt gland
area. (I) Number of salt glands. (m) Salt gland density. Data are the means of 30 replicates (e, f, k |, m) +
SD. Different letters indicate a significant difference at P< 0.05. SD, standard deviation.
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The contents of elements and their allocation in the roots, stems and leaves of the halophyte were more
balanced and conducive to growth than those of the non-halophyte under salt stress. (a) Sodium ion
(Na*) content. (b) Potassium ion (K*) content. (¢) K*/Na™ ratio. (d) Nitrogen (N) content. (€) Phosphorus

(P) content. (f) N/P ratio. All the data represent the mean + SD. The different letters in the bar graphs
indicate significant differences at P< 0.05. SD, standard deviation.
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Schematic representation of the inhibition of growth induced by salinity. WC, Water content; PFW, plant
fresh weight; RFW, fresh weight of roots; RL, root length; MSL, main stem length; BN, branch number; FN,
flower number; LN, leaf number; Chl a, chlorophyll a content; Chl b, chlorophyll b content; TChl, total
chlorophyll content; Chl a/b, chlorophyll a/b; Fv/Fm, Maximal efficiency of PSIlI photochemistry; gL,
Photochemical quenching coefficient; Y(Il) Actual quantum yield of PSII; NPQ, Non-photochemical
qguenching coefficient; ETR, Electron transport rate; MDA, malondialdehyde; REC, relative electrical
conductivity; Pro, proline; SOD, superoxide dismutase; POD, peroxidase. Na*, sodium ion; K*, potassium
ion; K*/Na* sodium and potassium ion ratio; N, Nitrogen; P Phosphorus; N/P, Nitrogen and Phosphorus
ratio.
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