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Abstract

On the Qinghai-Tibetan Plateau, the high-altitudinal gradients can negatively affect plant
distribution and limit plant growth and reproduction. Leymus secalinus (Georgi) Tzvel. is an
important forage crop on the Qinghai-Tibetan Plateau and has an excellent ability to fix sand
and improve soil. To evaluate the effect of altitude on the physiological characteristics of

L. secalinus on the Qinghai-Tibetan Plateau, we measured the lipid peroxidation; chlorophyll
a (Chl a), chlorophyll b (Chl b), total carotenoid (Car), soluble protein, proline and soluble
sugar contents; and the activities of superoxide dismutase (SOD), catalase (CAT) and per-
oxidase (POD) in leaves from eight different altitudes in Minhe County and Huangzhong
County. The leaves were collected at the initial bloom stage, and the average vertical dis-
tance between two adjacent collection sites was approximately 100 meters. The reduction
in Chl aand Chl b contents and the increase in Car contents can allow plants to weaken
their light absorption and avoid photodamage to the chloroplast. The decrease in malondial-
dehyde (MDA) content associated with lower lipid peroxidation, and the changes of CAT,
SOD and POD activities reflect a higher reactive oxygen species (ROS) scavenging capac-
ity in high-altitude plants. The increase in proline and soluble sugar contents with elevation
suggests that proline and soluble sugar may play a key role in the osmotic adjustment of
plants in alpine regions. The results suggested that altitudinal gradients negatively affect

L. secalinus on the Qinghai-Tibetan Plateau and that the adaptation mechanism and sur-
vival strategies of L. secalinus were attributed to the combined effects of multiple protective
strategies.

Introduction

In natural environments, plants must overcome many abiotic stresses, such as drought, salt,
cold, ultraviolet radiation (UV) and altitude, to complete their life cycles [1]. Altitudinal gradi-
ents cause the climate and environment to differ greatly within a short vertical distance by
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decreasing air temperature, total atmospheric pressure and partial pressure of all atmospheric
gasses and by increasing radiation in the forms of incoming solar radiation, outgoing night-
time thermal radiation, and UV radiation [2, 3]. Plants growing along high-altitudinal gradi-
ents experience interacting stresses, including weathering, dehydration and low temperature
[4]. Due to the influence of altitude, the growing period of plants is shortened by low tempera-
tures at high altitudes, and light limitation at high altitudes reduces plant growth and repro-
duction compared to the light conditions that occur at low altitudes [5].

The Qinghai-Tibetan Plateau, the highest plateau in the world, plays an important role in
climate change in Asia and even the whole world [6]. However, the grassland ecosystem on the
Qinghai-Tibetan Plateau has become increasingly degraded during recent years with the
increase in human activity, overgrazing and climate change [7]. The environment of the Qing-
hai-Tibetan Plateau is adverse for plant growth. The high-altitudinal gradient can limit plant
growth and reproduction via strong solar UV-B radiation, resulting in a reduction in the pho-
tosynthetic rate by bleaching chlorophyll a (Chl a) and damaging the photosynthetic apparatus
[8]. With increasing altitude, the mean fractions of total biomass allocated to aboveground
plant parts decreased to promote carbon gain and nutrient uptake [9]. In addition, the dra-
matic change in adaptability within the plant that developed gradually over a long period of
time to allow survival in adverse environments not only is manifested in the morphological
structure of the plant but also includes the antioxidant defenses, hormone levels, osmotic
adjustment, and increased saturation level of cell membrane lipids in the plant; such adapta-
tion is the result of a long-term evolutionary process in concert with stress conditions [10, 11].

Leymus secalinus (Georgi) Tzvel. is a perennial rhizomatous grass that has strong resistance
to saline-alkaline soils, drought, cold, and trampling and is distributed widely in China and in
Mongolia and Japan [12]. This grass occurs in grasslands, sandy grasslands, mountain slopes,
farmlands and roadsides and is a typical clonal plant (the branching type of belowground rhi-
zomes is sympodial) in moving sand dunes that is known to have an extraordinary ability to
fix sand dunes [13]. L. secalinus is utilized not only as an excellent forage crop but also for soil
improvement and as genetic material to improve crop resistance by hybridization with wheat
or other cereal crops [14].

In China, grassland degradation in arid and semiarid areas has become a serious environ-
mental problem due to climate variability and human disturbance [15]. If no effective mea-
sures are taken to solve the forage shortage that has accompanied the increase in herbivorous
livestock on the Qinghai-Tibetan Plateau, then grazing, a fundamental practice used by local
people to satisfy their daily needs for a very long period of time, will exacerbate the degrada-
tion. High-yielding and high-quality herbs, such as L. secalinus, adapted to the harsh condi-
tions in this region are urgently needed to balance the relationship between ecological
environmental protection and livestock development. However, little is known about the phys-
iological adaptability of L. secalinus under the complex environmental stresses on the Qinghai-
Tibetan Plateau. The aim of this study was to explore the possible changes in physiology in
L. secalinus along different altitudinal gradients on the Qinghai-Tibetan Plateau by measuring
the contents of MDA, Chl a, Chl b, Car, soluble protein, proline and soluble sugar, and the
activities of SOD, CAT and POD.. The results may reveal the adaptation mechanism and sur-
vival strategies of L. secalinus under complex environmental stresses in alpine regions.

Material and methods
Ethics statement

This research was approved by the Grassland Station of Minhe County and Huangzhong
County in China.
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Experimental design and sample collection

The experiment was conducted in Minhe County (MH, 35°45'~36°26' N, 102°26'~103°04’ E)
and Huangzhong County (HZ, 36°13/~37°03' N, 101°09'~101°54’ E). Although these two
counties are both located in the northeast of the Qinghai-Tibet Plateau in Qinghai Province of
China, MH has a plateau continental arid climate with an annual average temperature of
9.4°C, average annual precipitation of 362.8 mm and annual accumulated sunlight of 2404.8 h,
while the HZ has an alpine semiarid climate with an annual average temperature of 6.2°C,
average annual precipitation of 398.9 mm and annual accumulated sunlight of 2617.3 h. The
soil in the eight experimental sites is chestnut soil. The soil properties including pH, organic
matter, available nitrogen, available phosphorus, and available potassium are 8.02, 16.80 g kg™,
90.67 mg kg, 22.50 mg kg™, and 165.76 mg kg ' at MH and 7.90, 18.10 g kg ™', 103.64 mg kg,
20.80 mg kg'', and 170.72 mg kg ™' at HZ, respectively. To evaluate the effect of altitudinal gra-
dients on L. secalinus, four populations with the same natural habitat in MH or HZ were cho-
sen as individual experiment sites (Table 1). The average vertical distance between two
adjacent experimental sites was approximately 100 meters, and all the sites were located in nat-
ural grassland without grazing or any other human interference.

Samples were collected in July of every year from 2014 to 2016 with the five-point sampling
method. Twenty-five expanded and intact flag leaves of a similar age in the initial bloom stage
were harvested as one biological replicate, and five samples were collected at each site. Then,
the leaves were wrapped in aluminum foil, immediately immersed in liquid nitrogen, and
stored at -80°C for laboratory analysis. All the assays were repeated four times.

Determination of lipid peroxidation

Lipid peroxidation was measured using the thiobarbituric acid (TBA) method described by
Heath and Packer, with some modifications [16]. The leaves were ground in 8 ml of 10% (w/v)
trichloroacetic acid (TCA) with a mortar. The mixture was centrifuged at 4,000 x g for 10 min
at4°C, and 2 ml of the supernatant was mixed with 2 ml of 6% TBA in 10% TCA. The mixture
was heated at 100°C for 15 min and then cooled quickly to room temperature in an ice bath.
The cooled mixture was centrifuged at 4,000 x g for 10 min. The absorbance of the supernatant
was measured at 450, 532, and 600 nm. Malondialdehyde (MDA) content was calculated with
the equation MDA (umol L) = 6.45 (A532—Agg0) — 0.56A 450 and expressed as nmol g~ dry
weight (DW; fresh leaves were dried at 80°C for 48 h).

Determination of leaf photosynthetic pigments

To measure leaf pigments, the leaves were ground in a mortar with 10 ml 95% (v/v) ethanol
and then filtered into a 25 ml volumetric flask. The slurry was re-extracted until the green

Table 1. Location and altitude of the experimental sites.

Site
MHI1
MH2
MH3
MH4
HZ1
HZ2
HZ3
HZ4

https://doi.org/10.1371/journal.pone.0202881.t001

Altitude (m)

1872
1978
2080
2185
2613
2718
2826
2935

Latitude (N) Longitude (E) Location
36°18' 102°45' Minhe County
36°16' 102°44' Minhe County
36°14 102°41 Minhe County
36°14' 102°39 Minhe County
3622 101°45' Huangzhong County
36724 101°43' Huangzhong County
36°28 101°50 Huangzhong County
36°21' 101°44’ Huangzhong County
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color disappeared. The absorbance of chlorophyll a (Chl a), chlorophyll b (Chl b), and total
carotenoids (Car) was measured at 665 nm, 649 nm, and 470 nm, respectively, and their con-
centrations (mg g_1 DW) were calculated according to Wellburn and Lichtenthaler [17] with
the following equations:

Chla = (13.95A; — 6.88A,,,) X volume of supernatant/sample weight/1000

Chlb = (24.96A,,, — 7.32A,;) X volume of supernatant/sample weight/1000

Car = (1000A,,, — 2.05Chla — 114.8Chl b) /245 x volume of supernatant/sample weight/1000.

Determination of soluble protein content and antioxidant enzyme
activities

Approximately 0.2 g of each leaf sample was homogenized on ice with a mortar and pestle in 8
ml 0.1 M sodium phosphate buffer (PBS) (pH 7.8) containing 1% polyvinylpyrrolidone (PVP).
The homogenate was centrifuged at 12,000 x g for 15 min at 4°C. The supernatant was diluted
to 25 ml for the following protein and enzyme assays. The soluble protein content was deter-
mined according to Bradford’s method using bovine serum albumin as a standard [18].

Superoxide dismutase (SOD, EC 1.15.1.1) activity was measured by the nitroblue tetrazo-
lium (NBT) method [19]. The reaction mixture (3 ml) contained 1.5 ml of 50 mM PBS (pH
7.8), 0.3 ml of 130 mM L-methionine, 0.3 ml of 750 uM NBT, 0.3 ml of 100 yM EDTA-Na,,
0.3 ml of 20 uM riboflavin and 0.3 ml of enzyme extract. The reaction was started by placing
tubes below 4000 Ix (light intensity) fluorescent lamps for 30 min, and the absorbance was
measured at 560 nm. One unit of SOD activity was defined as the amount of enzyme that
inhibited the rate of photoreduction of NBT by 50% and was expressed as U mg™" protein.

The activity of catalase (CAT, EC 1.11.1.6) was measured following the method of Maehly
[20], with some modifications [21]. The reaction mixture (3 ml) comprised 1.5 ml 50 mM PBS
(pH 7.0), 0.3 ml 200 mM H,0, and 0.2 ml enzyme extract. The reduction in absorbance of the
reaction solution due to the decomposition of H,O, was measured at 240 nm. One unit of
CAT activity was defined as an absorbance decrease of 0.1 per minute.

The activity of peroxidase (POD, EC 1.11.1.7) was measured according to Zaharieva et al.
[22], with minor modification. The POD reaction solution (5 ml) contained 50 mM PBS (pH
5.5), 2% H,0,, 50 mM guaiacol, and 0.1 ml enzyme extract. Changes in absorbance of the reac-
tion solution at 470 nm were determined every 30 s. One unit of POD activity was defined as
the amount of enzyme needed to decompose 1 mol of H,O, per min at 25°C.

Determination of free proline and soluble sugar content

Proline content was determined spectrophotometrically using the ninhydrin method
described by Bates et al. [23], with some modifications. Leaves were homogenized with 8 ml of
3% aqueous sulfosalicylic acid and centrifuged at 3,000 x g for 10 min. The supernatant (2 ml)
was mixed with 2 ml of acidic ninhydrin reagent and 2 ml of glacial acetic acid. The reaction
mixture was heated in a water bath at 100°C for 1 h. The tubes were placed into ice immedi-
ately to stop the reaction, 4 ml of toluene was added, and the solution was mixed vigorously
for 10~30 s. Absorbance of the toluene layer was read at 532 nm, and the proline content was
calculated using a standard curve and expressed as umol g' DW.

The soluble sugar content was determined following the method of Dreywood [24], with
some modifications. Leaf samples (0.2 g) were extracted with 10 ml distilled water in a boiling
water bath for 30 min and filtered into a volumetric flask. This extraction process was repeated
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twice. Filtrates (0.5 ml) were mixed with 1.5 ml distilled water, 5 ml of 98% sulfuric acid and
0.5 ml freshly prepared anthrone solution (1 g of anthrone dissolved in 50 ml of ethyl acetate).
The reaction mixture was incubated in boiling water for 1 min. After the mixture cooled to
room temperature, the absorbance at 630 nm was measured in a spectrophotometer, and the
soluble sugar content was calculated according to a standard curve of glucose.

Statistical analysis

All the assays described above were repeated at least four times on five biological replicates.
The samples collected in each year were measured individually. Data are shown as the

mean + SD of three years. The data were subjected to analysis of variance (ANOVA) using
IBM SPSS Statistics version 19.0 to test for significant differences, and the least significant dif-
ferences (LSDs) of the means were determined at the level of significance (defined as o = 0.05).
Curve fitting between the physiological parameters and altitudes was performed by means of
nonlinear regression using Sigmaplot 10.0 software (Systat Software, Inc., California).

Results
Changes in lipid peroxidation along altitudinal gradients

To investigate whether altitudinal gradients will change oxidative damage in L. secalinus, we
examined the malondialdehyde (MDA) content in L. secalinus as an indicator of lipid peroxi-
dation. Each of the four sites located in Minhe County (MH) or Huangzhong County (HZ)
was examined, and the sites were then compared (Fig 1). The MDA content first increased and
then decreased with an increase in altitude in MH, and MH3 had the highest MDA content,
which was 1.6 times higher than that in both MH1 and MH4. In HZ, the levels of MDA
showed a significant negative correlation with elevation, and the correlation coefficient was
0.9827.

Changes in photosynthetic pigment content along altitudinal gradients

The effect of altitudinal gradients resulted in a decrease in chlorophyll a (Chl a) and chloro-
phyll b (Chl b) contents and an increase in total carotenoid (Car) contents of L. secalinus in
both MH and HZ (Fig 2). The Chl a and Chl b contents were higher in MH than in HZ (Fig
2A and 2B). The Chl a contents in HZ showed a significant negative correlation with elevation,
and the correlation coefficient was -0.971 (Fig 2A). The Chl b contents also showed a signifi-
cant negative correlation with elevation in HZ, and the correlation coefficient was -0.968 (Fig
2B). However, the Car content of L. secalinus in both MH and HZ increased with altitude (Fig
2C). Overall, the reduction in Chl a and Chl b contents in high-altitude regions (0.70 and 0.33
mg g”' DW every 100 meters above sea level, respectively) was greater than that in low-altitude
regions (0.41 and 0.31 mg g”' DW every 100 meters above sea level, respectively). The increase
in Car content in high-altitude regions (0.04 mg g"' DW every 100 meters above sea level) was
higher than that in low-altitude regions (0.03 mg g”' DW every 100 meters above sea level).

Changes in soluble protein content and antioxidant enzyme activities along
altitudinal gradients

Higher altitudes affected the soluble protein content and the activities of superoxide dismutase
(SOD), catalase (CAT) and peroxidase (POD) in MH and HZ, but these responses varied

along an altitudinal gradient (Fig 3). The protein content of L. secalinus increased significantly
with elevation in MH, but no significant differences were detected in HZ; however, the average
protein content was noticeably higher in HZ than in MH (Fig 3A). The activities of SOD, CAT
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Fig 1. Changes in the MDA level along altitudinal gradients in Minhe (MH = M) and Huangzhong County (HZ = [J). The
trendline, regression formula, coefficient of determination and P-value for sites in MH and HZ are shown. Values are shown as the
mean + SD of three years. Different letters indicate that the mean values are significantly different among the treatments (o = 0.05).

https://doi.org/10.1371/journal.pone.0202881.g001

and POD were measured to better understand how L. secalinus copes with oxidative stress
along altitudinal gradients. As shown in Fig 3B, the SOD activities decreased significantly with
elevation in MH, and the opposite trend was observed in HZ; the correlation coefficients were
-0.9552 and 0.9978, respectively. The CAT activities in MH decreased at altitudes of 1187-
2080 m and then increased significantly with increasing altitude, and a significant increase was
also observed in HZ (Fig 3C). In contrast to the changes in SOD and CAT activities, the POD
activity significantly decreased with an increase in altitude at all the sites in both MH and HZ
(Fig 3D). In addition, the average SOD, CAT and POD activities in MH were higher than
those in HZ.

Changes in proline and soluble sugar content along altitudinal gradients

Proline and soluble sugar are reducing agents and play important roles in controlling osmotic
adjustments. The proline and soluble sugar contents of L. secalinus were affected by altitude
and exhibited similar increasing trends along altitudinal gradients (Fig 4). The proline content
of L. secalinus showed a significant increase in MH, but there was no significant change from
2718 meters to 2935 meters in HZ (Fig 4A). Compared to the small increase in proline content
in HZ (0.26 uM g' DW every 100 meters above sea level), the increase in MH (0.33 uM g™*
DW every 100 meters above sea level) was 1.3 times higher. A large increase in soluble sugar
content was observed in HZ from 2718 meters to 2935 meters (Fig 4B). The highest soluble
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Fig 2. Changes in the chlorophyll a (A), chlorophyll b (B) and total carotenoid (C) contents along altitudinal
gradients. The symbols represent Minhe County (MH = M) and Huangzhong County (HZ = 0). The trendline,
regression formula, coefficient of determination and P-value for sites in MH and HZ are shown. Values are shown as
the mean + SD of three years. Different letters indicate that the mean values are significantly different among the

treatments (o = 0.05).

https://doi.org/10.1371/journal.pone.0202881.g002
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Fig 3. Changes in soluble protein content (A) and superoxide dismutase (SOD) (B), catalase (CAT) (C) and peroxide (POD)
(D) activities along altitudinal gradients. The symbols represent Minhe County (MH = M) and Huangzhong County (HZ = O).
The trendline, regression formula, coefficient of determination and P-value for sites in MH and HZ are shown. Values are shown as
the mean + SD of three years. Different letters indicate that the mean values are significantly different among the treatments (o =

0.05).
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sugar content was observed in HZ4, with an increase of up to 2.0-fold compared to that in
HZ1. The soluble sugar contents in MH did not show as drastic an increase as they did in HZ
and showed no difference among the four sites in MH.

Discussion

Various environmental factors on the Qinghai-Tibetan Plateau, including light intensity, pho-
toperiod, UV intensity, temperature, moisture and oxygen, change along altitudinal gradients
[25]. Oxygen pressure, precipitation, light intensity and radiation intensity increase as the alti-
tude rises. Meanwhile, temperature and gravity are reduced. Therefore, the impact of altitude
on plant growth is the result of the combined action of various factors [26]. The plants grown
on the Qinghai-Tibetan Plateau can change in morphological structure, physiology and metab-
olism in ways that allow them to complete their life cycles, and these changes often have their
own regularity, such as the cell membrane, photosynthetic pigments, antioxidant defense sys-
tem and osmotic adjustments [27, 28]. The adaptation of Kobresia pygmaea to the high-eleva-
tion environment of the Qinghai-Tibetan Plateau via an immense accumulation of metabolites
and proteins related to stresses and life history events mediated by proteins has been con-
firmed [29].

Stress-induced damage at the cellular level can induce the accumulation of reactive oxygen
species (ROS) and lead to membrane lipid peroxidation [30]. Malondialdehyde (MDA) is a
final product of lipid peroxidation and has been used widely as an indicator of membrane
injury caused by free radicals under various abiotic stresses [31]. Our study found that the
MDA contents in leaves of L. secalinus first increased and then declined along altitudinal gra-
dients in Minhe County (MH); however, these contents showed a significant linear decrease in
Huangzhong County (HZ). The decrease in MDA contents may reflect an enhanced ROS scav-
enging capacity and an alleviation of plasma membrane damage in the high-altitude region,
suggesting that L. secalinus growth on the Qinghai-Tibetan Plateau may have high adaptability
to abiotic stresses.

Photosynthetic pigments, which are involved in the absorption and transformation of light,
directly affect plant photosynthetic capacity and are sensitive to environmental stresses. Water
stress, high light and high temperature can reduce chlorophyll content by slowing chlorophyll
synthesis, accelerating decomposition, or damaging chloroplast structures [32, 33]. In the pres-
ent study, the chlorophyll a (Chl a) and chlorophyll b (Chl b) contents decreased with increas-
ing elevation, and this may be an adaptive response of L. secalinus to avoid oxidative damage
by reducing light absorption and thereby preventing the production of ROS. In addition, the
Chl b content decreased more rapidly than that of Chl a in MH and HZ, which was similar to
the results observed in evergreen woody species [34].

Carotenoids are a multifunctional complex not only involved in photosynthesis and the
composition of light-harvesting complexes (LHCs) but also capable of effectively removing the
accumulated ROS to avoid the damage to chloroplasts caused by photooxidation [35, 36].
Carotenoid (Car) contents are known to decrease at high altitudes, but the opposite case has
also been observed [26]. In this study, the Car contents increased with elevation, and the mag-
nitude of the increase in high-altitude regions was higher than that in low-altitude regions,
suggesting that environmental factors at a higher altitude may promoted the biosynthesis of
Car, which is similar to the patterns detected in the skin tissue of peach grown in low- and
high-altitude areas [37]. Light is necessary for Car biosynthesis, and the increase in light inten-
sity that accompanies an increase in elevation is also conducive to Car synthesis [38]. Hence,
the enhancement in Car contents with increasing altitude may be attributed to the protective
function of the pigments in the dissipation of excess energy and scavenging of free radicals
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[39]. The significant decline in Chl a and Chl b and the increase in Car in high-altitude regions
may be related to the decrease in photosynthesis and increase in photoinhibition [40].

The imbalance of free-radical metabolism under abiotic stresses can trigger an overaccumu-
lation of ROS and cause oxidative damage to plants [41]. To cope with oxidative damage
under various adverse conditions, plants have developed an antioxidant defense system that
includes antioxidant enzymes such as superoxide dismutase (SOD), catalase (CAT) and perox-
idase (POD) [42]. SOD, as a primary scavenger of superoxide anion radicals, can catalyze the
conversion of the superoxide anion radical (O,-") to H,O,, and the increase in SOD activity
was correlated with increased protection from damage associated with oxidative stress [41,
43]. CAT is among the most effective antioxidant enzymes at scavenging H,O, produced by
catalyzing the decomposition of H,O, into water and oxygen [44], and the enzyme plays a cen-
tral role in scavenging ROS and maintaining the physiological redox status of organisms [45].
In this study, the decrease in SOD and CAT activities with elevation in MH suggested that the
activities of these two enzymes were sufficient to modulate O,-"and H,0O, levels [46] and may
reflect better adaptability of L. secalinus along altitudinal gradients. Conversely, the significant
increase in SOD and CAT activities with increasing altitude in HZ may be required to cope
with oxidative stress by maintaining O,-" and H,0, at low levels.

Although POD has a similar function to CAT in scavenging H,O,, its catalyzing reaction
requires other substances in plants, such as an electron donor [47]. In this study, the POD
activity of L. secalinus in MH first increased and then decreased from 1978 meters to 2185
meters above sea level, and that in HZ decreased at all sites with an increase in altitude. The
initiation of some antioxidant systems may require the reducing activities of some antioxidant
enzymes [48]. On the one hand, POD can defend ROS early in senescence; on the other hand,
POD can induce the decomposition of chlorophyll and cause lipid peroxidation later in senes-
cence. Thus, the opposing trends of CAT and POD in L. secalinus may be an adjustment mech-
anism on the Qinghai-Tibetan Plateau.

Accumulation of proline is an important abiotic stress indicator in higher plants [49]. Pro-
line might involve osmoregulation and act as a cellular osmotic regulator or radical scavenger
[43, 50]. In a previous study, there was a strong positive correlation between proline accumula-
tion and plant adaptation [33]. Our results showed a tendency of proline contents of L. secali-
nus to increase along altitudinal gradients, which was consistent with the report that free
proline content significantly increased in Potentilla saundersiana along an altitudinal gradient
[51]. The higher concentration of proline accumulated in the leaves of L. secalinus in HZ com-
pared to that in MH provides a significant protective function and indicates the importance of
proline accumulation in plant adaptation.

Soluble protein and soluble sugar are considered to be important osmotic regulators in
plants suffering from abiotic stress, which can be induced directly or indirectly by various
environmental factors [52]. The accumulation of soluble protein and soluble sugar will
increase the concentration of cellular fluid, stabilize cell membranes and reduce osmotic
potential [53]. In this study, the protein contents of L. secalinus increased significantly with ele-
vation in MH, and the average protein content in HZ was noticeably higher than that in MH.
In addition, the soluble sugar contents increased significantly from 2718 meters to 2935 meters
above sea level, and the average soluble sugar content in HZ was higher than that in MH. The
increase in soluble proteins with altitude may raise the functional protein content and ensure
cell metabolism. The higher soluble sugar contents in plants of alpine regions may indicate
that more carbohydrate or soluble sugar transport is needed to maintain osmotic adjustment.
In addition, sucrose can also act as a defense mechanism due to its capacity to react with the
hydroxyl radical [54].
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Conclusions

This study provided some supporting evidence for the negative effects of altitudinal gradients
on L. secalinus growth on the Qinghai-Tibetan Plateau, and the adaptation strategies of L. seca-
linus to elevation can be attributed to the combined effects of multiple environmental drivers.
The reduction in Chl a and Chl b contents and the increase in Car content can help plants
reduce light absorption and avoid photodamage to the chloroplast. The decrease in MDA con-
tent associated with lower lipid peroxidation, and the changes of CAT, SOD and POD activi-
ties may reflect a higher ROS scavenging capacity in high-altitude regions. The increase in
proline and soluble sugar contents with elevation suggests that proline and soluble sugar may
play a key role in osmotic adjustment in plants of alpine regions. Further studies are needed to
fully understand how altitude affects L. secalinus growth on the Qinghai-Tibetan Plateau.
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