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Abstract: Reduced glutathione (GSH) is an antioxidant in plants and is one of the important ways
for plants to combat low-temperature stress. In this paper, Eriobotrya japonica Lindl. cv. Zaozhong
No. 6 seedlings were used to study the effects of exogenous 5-aminolevulinic acid (ALA) application
on glutathione synthesis and cyclic metabolism of loquat seedlings under low-temperature stress
and to explore the regulatory mechanism of ALA on loquat cold tolerance. The results showed that
ALA treatment could increase the content of GSH and the reduced glutathione/oxidized glutathione
(GSH/GSSG) ratio in loquat leaf slices under low-temperature stress; reduce the electrolyte leakage
rate and GSSG, H20:2 and MDA contents in leaf tissues; and alleviate the peroxidation damage
caused by low temperature. ALA treatment increased the activity of y-glutamine synthetase (y-ECS)
in loquat leaf slices under low-temperature stress and promoted the biosynthesis of reduced gluta-
thione, thereby increasing the GSH content in leaf tissues. On the other hand, ALA treatment could
also improve the activities of glutathione reductase (GR), glutathione S-transferase (GST) and glu-
tathione peroxidase (GPX) and promote the cyclic regeneration of GSH, accordingly maintaining a
high GSH/GSSG ratio, promoting the removal of reactive oxygen species (ROS), and enhancing the
antioxidant capacity of leaves. The regulatory effect of ALA on enhancing the antioxidant capacity
of loquat seedlings under low-temperature stress can be inhibited by L-buthionine-sulfoximine
(BSO, GSH biosynthesis inhibitor). The results showed that ALA improved the antioxidant capacity
of loquat seedlings under low-temperature stress, and GSH was involved in the regulation of the
antioxidant effect of ALA on loquat seedlings under low-temperature stress.
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1. Introduction

China as the origin of loquat (Eriobotrya japonica Lindl.), which is utilized in a variety
of applications. Loquat is a thermophilic fruit tree whose low-temperature tolerance var-
ies by variety. Temperate loquat cultivars cultivated in the northern subtropical region
and some frost-snow regions (such as Jiangsu, Zhejiang, Hubei and Anhui) in China have
strong cold tolerance, while the southern subtropical and tropical edge areas (such as Fu-
jian, Guangdong, etc.) in China are the producing areas of tropical loquat cultivars with
poor cold tolerance. Low-temperature stress is the limiting factor affecting the distribution
and yield of tropical loquat cultivars [1]. “Zaozhong No. 6" loquat (Eriobotrya japonica
Lindl. cv. Zaozhong No. 6) is a typical tropical loquat cultivar with poor cold resistance.
This cultivar often suffers from severe freezing injury during winter or early spring in
loquat-producing areas of southern China. In some years, it even has no harvest, resulting
in serious economic losses [2]. Therefore, it is of great scientific and practical significance
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to explore ways to mitigate the damage of low-temperature stress on loquat to realize safe
loquat production over winter.

The damage of low-temperature stress to plants is mainly manifested in the oxidative
stress on cells, so the important mechanism for plants to adapt to low-temperature stress
is to enhance the cell oxidation resistance. There are two types of antioxidant protection
systems in plants: enzymatic and nonenzymatic. Glutathione (GSH) is an important com-
ponent of the nonenzymatic antioxidant protection system. After direct involvement in
the removal of intracellular reactive oxygen species, GSH itself is transformed into oxi-
dized glutathione (GSSG), which loses the antioxidant effect of scavenging ROS [3]. How-
ever, on the one hand, plants can restore GSSG through the intracellular ASA-GSH circu-
latory system so that GSH can be recycled. On the other hand, GSH can be supplemented
by intracellular resynthesis [4]. Changes in the intracellular GSH pool level and
GSH/GSSG ratio are important parameters for measuring plant low-temperature, salt,
drought and other stress resistance [5,6]. Under stress, the cyclic regeneration and synthe-
sis ability of GSH depends on plant species, which reflects the difference in stress re-
sistance among plants to some extent [7,8]. Related studies have shown that promoting
the efficient circulation or biosynthesis of GSH will increase the content of intracellular
GSH, and the ROS will be eliminated in time to avoid oxidative damage, further enhanc-
ing the stress resistance of plants; in contrast, hindering the cyclic regeneration or synthe-
sis of GSH will reduce the content of intracellular GSH, and the ROS cannot be eliminated
in time, resulting in excessive accumulation, which will lead to oxidative damage in plants
[9]. Therefore, cell GSH recycling and biosynthesis play important roles in regulating
plant stress resistance [10].

Although it is not involved in protein synthesis, 5-aminolevulinic acid (ALA), as an
amino acid that widely exists in organisms, has extensive regulatory effects on plant
growth and development, such as promoting seed germination [11], regulating stomatal
movement [6,12], improving antioxidant capacity, increasing chlorophyll content, and
promoting photosynthesis and other biological functions [13-15]. ALA enhances the plant
antioxidant capacity under stress and reduces ROS accumulation, improving plant stress
resistance, which is a prominent physiological function [13,16,17]. There are many studies
on the plant physiological regulation of ALA under salt stress [17-21], but the regulatory
mechanism of ALA on GSH synthesis and cyclic metabolism in loquat under low-temper-
ature stress has not been reported. In this study, 'Zaozhong 6' loquat container seedlings
with poor cold tolerance were used to study the effects of exogenous ALA application on
the recycling and biosynthesis of GSH in loquat seedling leaves under low-temperature
stress to explore the regulatory mechanism of exogenous ALA application on loquat cold
tolerance from the perspective of the nonenzymatic antioxidant system.

2. Results

2.1. Effects of Exogenous ALA Application on H202, REC and MDA Contents in Loquat Leaves
under Low-Temperature Stress

Low-temperature stress induces excessive accumulation of H20: in plant cells, result-
ing in membrane lipid peroxidation damage [22]. Figure 1a shows that the H20O2 content
of T1 loquat leaves treated with low temperature alone was significantly higher than that
of CK leaves (P<0.05), indicating that low temperature induces the accumulation of H20:2
in leaf cells. Under low-temperature stress, the H20:z content of T2 loquat leaves pretreated
with ALA was lower than that of T1 loquat leaves treated with low temperature alone,
which indicates that ALA pretreatment reduced the accumulation of H20: in leaf cells
under low-temperature stress. Compared with T1, the H2O2 content of T3 loquat leaves
pretreated with GSH was 50.65% lower, which demonstrated that GSH pretreatment re-
duced cell H202 accumulation under low-temperature stress. Compared with T2, the H202
content of T4 leaves pretreated with BSO and ALA increased by 41.99%. BSO pretreatment
significantly inhibited the physiological effect of ALA on reducing H20: accumulation in
cells under low-temperature stress.


https://doi.org/10.20944/preprints202208.0321.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 August 2022 d0i:10.20944/preprints202208.0321.v1

Peroxidation of the plasma membrane induced an increase in MDA content and
membrane permeability. The REC value and MDA content are the main indexes used to
measure the degree of membrane oxidative damage [23]. Figure 1b and 1c show that the
REC value and MDA content of T1 loquat leaves treated with low temperature were 1.43
and 1.78 times higher than those of CK leaves, respectively (P<0.05). Low temperature
caused peroxidative damage in loquat leaves. Under low-temperature stress, REC and
MDA of ALA pretreated T2 and GSH pretreated T3 decreased by 31.83%, 47.06%, 46.40%
and 55.65%, respectively, compared with T1, indicating that ALA and GSH pretreatments
alleviated membrane lipid peroxidation damage. The REC and MDA of T4 leaf cells were
12.18% and 103.92% higher than those of T2, respectively, which indicates that BSO pre-
treatment inhibited the physiological effect of ALA on reducing cell peroxidation damage
under low-temperature stress.
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Figure 1. Effect of different treatments on H20: content (a), REC (b) and MDA content (c) in loquat
leaves under low temperature stress. Note: CK: H2O+RT, T1: H2O+LT, T2: ALA+LT, T3: GSH+LT,
T4: BSO+ALA+LT. Different lowercase letters indicate significant differences (P<0.05). The same ap-
plies to subsequent figures.

2.2. Effects of Exogenous ALA Application on GSH and GSSG Contents and GSH/GSSG Ratio
in Loquat Leaves under Low-Temperature Stress

GSH is considered to be one of the important members of the second line of defense
of the thiol-based antioxidant system, which plays a crucial role in the adaptive response
of plants to abiotic stress by scavenging ROS. At the same time, GSH is oxidized into GSSG
while scavenging ROS, thus losing its scavenging ability [24,25]. As shown in Figure 2a
and 2b, the GSH content of T1 loquat leaves treated with low temperature alone was 30.3%
lower than that of CK leaves, which indicates that low-temperature stress inhibited the
formation of GSH in cells. Both T2 and T3 leaves showed significantly higher GSH con-
tents than T1 leaves (P<0.05). It was obvious that ALA and GSH pretreatment promoted
the production of GSH in leaf cells under low-temperature stress. However, the GS5G
content in T2 leaves was lower than that in T1 leaves. This result suggests that ALA pre-
treatment promoted an increase in cell GSH content while reducing the accumulation of
cell GSSG. The GSH content of T4 cells was 67.11% lower than that of T2 cells, indicating
that the physiological effect of ALA on GSH production under low-temperature stress
may be related to the inhibition of BSO. In addition, the GSSG content of T4 cells was
significantly higher than that of T1 and T2 cells (P<0.05). Thus, BSO pretreatment may
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hinder the process of GSSG reduction and GSH regeneration under cellular catalysis, re-
sulting in increased accumulation of GSSG.

GSH is an important component of the ASA-GSH cycle in plant cells. GSH is oxidized
to GSSG while scavenging ROS, so GSH/GSSG is an indicator of intracellular GSH activity
[26]. As shown in Figure 2c, the GSH/GSSG ratio of T2 leaf cells was the highest among
all treatments, which indicates that ALA pretreatment significantly increased the
GSH/GSSG ratio of cells under low-temperature stress and enhanced the GSH-dependent
capacity of cells to scavenge ROS. Although the GSH/GSSG ratio of T3 leaf cells was sig-
nificantly higher than that of T1 leaf cells, it was significantly lower than that of T2 leaf
cells, indicating that the physiological effect of ALA pretreatment on the increase in the
GSH/GSSG ratio was stronger than that of GSH pretreatment. In addition, the GSH/GSSG
ratio of T4 leaf cells was significantly lower than that of T1 and T2 (P<0.05), which suggests
that BSO pretreatment significantly reduced the GSH/GSSG ratio of loquat leaves at low
temperature and inhibited the effect of ALA pretreatment on the increase in the
GSH/GSSG ratio in loquat leaves.
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Figure 2. Effect of different treatments on GSH content (a), GSSG content (b) and GSH/GSSG ratio
(c) in loquat leaves under low temperature stress.

2.3. Effects of Exogenous ALA Application on GR, GST, GPX and y-ECS Activities in Loquat
Seedling Leaves under Low-Temperature Stress

Under stress, intracellular GSH is oxidized into GSSG by scavenging ROS, while GR,
which plays an important role in cell GSH recycling, has the ability to reduce GSSG to
GSH. Therefore, GR activity in plant cells is closely related to the level of the GSH pool,
affecting the ability of cells to scavenge ROS [27]. Figure 3a shows that the GR activity of
T1 loquat leaf cells was significantly lower than that of CK leaf cells, indicating that low
temperature had a significant inhibitory effect on GR activity. The GR activity of T2 cells
was increased by 77.14% compared with that of T1 cells, which suggests that ALA treat-
ment increased GR activity under low-temperature stress. Compared with that of CK, T1,
T2 and T4 cells, the GR activity of T3 cells was decreased by 77.36%, 65.71%, 80.65% and
69.23%, respectively (P<0.05). This result shows that GSH treatment significantly inhibited
the GR activity of cells. Additionally, the GR activity of T4 cells was lower than that of T2
cells, indicating that BSO may have a certain antagonistic effect on the GR activity of ALA-
activated cells.


https://doi.org/10.20944/preprints202208.0321.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 August 2022 d0i:10.20944/preprints202208.0321.v1

The ability of GST and GPX to scavenge ROS depends on the participation of GSH.
They simultaneously promote the transformation of GSH into GSSG and consequently
affect the intracellular GSH pool [28,29]. Figure 3b and 3c show that the GST activity of T1
loquat leaf cells was slightly lower than that of CK leaf cells, while its GPX activity was
slightly higher. However, the differences were not significant (P>0.05), which indicates
that low-temperature stress had little effect on the GST and GPX activities of cells. The
GST activity of T2 and T3 cells was 1.82 and 2.72 times higher than that of T1 cells, respec-
tively, while the GPX activity was increased by 94.26% and 33.63%, respectively. The dif-
ference was significant (P<0.05) or extremely significant (P<0.01), indicating that ALA and
GSH pretreatment had activation effects on the GST and GPX activity of loquat leaf cells
under low-temperature stress. In addition, the activities of GST and GPX in T4 cells were
significantly lower than those in T2 cells (P<0.05). BSO treatment has a certain inhibitory
effect on the activities of GST and GPX in T4 cells. Therefore, the inhibitory effect of BSO
treatment on GST activity was comparatively more obvious.

vY-ECS is a rate-limiting enzyme involved in the GSH synthesis pathway [30,31]. As
shown in Figure 3d, the y-ECS activity of T1 leaf cells was 48.39% higher compared with
the control CK, which suggests that low temperature had an activation effect on the y-
ECS activity of cells. The y-ECS activity of T2 and T3 cells was significantly higher than
that of T1 cells, indicating that ALA and GSH pretreatment increased y-ECS activity under
low-temperature stress. Moreover, the y-ECS activity of T4 cells was lower than that of T2
cells, which reveals that BSO pretreatment inhibited y-ECS activity under low-tempera-

ture stress.
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Figure 3. Effect of different treatments on GR activity (a), GST activity (b), GPX activity (c) and -
ECS activity (d) in loquat leaves under low temperature stress.

3. Discussion

Low-temperature stress can cause excessive accumulation of reactive oxygen species
(ROS) in fruit trees, leading to oxidative damage. Oxidative damage is caused by insuffi-
cient antioxidant potential of fruit trees or excessive oxidative stress. Fruit trees can mo-
bilize enzymatic and nonenzymatic defense systems to protect cells from oxidative dam-
age. Generally, REC and MDA are used as important physical and chemical indicators to
evaluate the damage degree of membrane peroxidation [32-34]. ALA, a nonprotein amino
acid, is a new plant growth regulator. Many studies have reported that ALA plays an
important role in the regulation of the low-temperature tolerance of pepper, cucumber,
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watermelon, melon and rape [35,36]. For example, ALA treatment could reduce the MDA
content and REC value of maize seedling leaves under low-temperature stress and the
superoxide anion free radical and H2O: content of sweet cherry style and ovary cells for
similarity, which alleviated the cell oxidative damage and the low temperature damage
to plants [37,38]. This study showed that low temperature induced the abnormal accumu-
lation of H20: in the leaf cells of loquat seedlings, while ALA and GSH pretreatment re-
duced the accumulation of H20z, manifesting as decreased MDA content and REC values,
which effectively alleviated the oxidative damage of ROS to the cell membrane. Therefore,
it is speculated that exogenous ALA and GSH application may improve the low-temper-
ature resistance of loquat seedlings by enhancing the ability of cells to scavenge ROS in
the antioxidant system under low-temperature stress and reducing peroxidation damage
to the plasma membrane, which is consistent with the results of research on soybean [14]
and pepper [38].

The above results showed that exogenous ALA and GSH application had similar ef-
fects on the resistance to low-temperature stress in loquat, which could not help but was
associated with their effects on low-temperature stress; either the regulation of ALA de-
pends on GSH, or GSH participates in the synergistic regulation of ALA. GSH, known as
one of the core members of nonenzymatic redox regulation in organisms, scavenges H202
through the Halliwell-Asada pathway, which plays an important role in maintaining the
redox balance in plants and preventing and repairing the peroxidation damage of mem-
brane lipids by free radicals. The GSH/GSSG ratio is a marker used to measure glutathione
redox potential, which can reflect the level of cell antioxidant capacity to some extent
[39,40]. The results of this study indicated that low temperature induced the accumulation
of GSH in loquat leaf cells, resulting in defensive response signals to low temperature.
Under low-temperature stress, ALA and GSH treatments significantly increased GSH
content and reduced GSSG content in leaf cells of loquat seedlings, contributing to an in-
creased GSH/GSSG ratio. Both treatments may directly or indirectly promote the percep-
tion and response to low temperature in loquat, stimulate the biosynthesis and recycling
of downstream GSH, and improve the antioxidant capacity of loquat. BSO pretreatment
inhibited the accumulation of GSH induced by ALA, which may be related to the weak-
ened perception and response of loquat leaves to low temperature and thus inhibited the
biosynthesis and recycling of downstream GSH. The above research results are also sup-
ported by related studies on grapes, sweet cherry and maize [35,37,41-42].

GSH can be directly oxidized to GSSG, depending on GST and GPX, while scaveng-
ing intracellular ROS. GR can catalyze GSSG to restore GSH. Therefore, the level of the
intracellular GSH pool is closely related to the enzyme activities of GST, GPX and GR [40].
Roxas et al. [43] found that the GSSG content of transgenic tobacco seedlings overexpress-
ing the GST/GPX gene under cold stress was higher than that of wild-type seedlings, and
Qi Yuancheng et al. [28] also found that the GSSG content of Arabidopsis thaliana overex-
pressing the GST gene from Suaeda salsa was higher than that of wild-type seedlings. Lin
et al. [44] found that the reductive regeneration of GSH was blocked by the inhibition of
GR activity in young fruit cells of loquat. Tian Yongqiang et al. [37] suggested that ALA
promoted GSH content and the GSH/GSSG ratio by increasing GPX and GR activities in
floral organs of sweet cherry under low-temperature stress. The abovementioned studies
clarified the correlation between GSH pool levels and the activities of GST, GPX and GR
in different plant cells from molecular, physiological and biochemical perspectives. The
results indicated that on the one hand, ALA treatment significantly increased the activities
of GR and y-ECS in loquat leaf cells under low-temperature stress, promoted GSH bio-
synthesis and recycling, and then was beneficial to the increase in cell GSH content; on
the other hand, ALA increased the activities of GST and GPX and accelerated the oxida-
tion of GSH to GSSG. The above two aspects jointly lead to an increase in the GSH/GSSG
ratio, which may be due to the dominant role of ALA in promoting GSH recycling and
biosynthesis. Under low-temperature stress, GSH pretreatment increased the activities of
GST and GPX but inhibited GR activity, which was lower than ALA pretreatment, hin-
dering GR-catalyzed GSSG reduction to GSH. This may be the reason why the GSSG
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content in GSH-pretreated cells was higher than that in ALA-pretreated cells. Compared
with ALA pretreatment, GSH pretreatment had a weaker effect on the activation of y-ECS
activity in cells. In the above two aspects of comprehensive regulation, the GSH content
and GSH/GSSG ratio of GSH-pretreated cells were lower than those of ALA-pretreated
cells under low-temperature stress.

Related studies have pointed out that intracellular GSH can not only eliminate ROS
but also act as a signal molecule, affecting the intensity of signals in cells and transmitting
stress signals to downstream target signal molecules, which ultimately acts on target en-
zymes or proteins [40,45]. In this experiment, ALA and GSH were applied exogenously to
improve the antioxidant capacity of loquat seedlings under low-temperature stress. How-
ever, after endogenous GSH was removed by BSO pretreatment, the ALA-induced anti-
oxidant capacity of loquat seedlings was greatly weakened, as the MDA and H20: con-
tents in cells and the REC value significantly increased. This is not only directly related to
the decrease in the total amount of intracellular antioxidants attributed to the elimination
of endogenous GSH by BSO but also may be related to the weakening of GSH signal in-
tensity or blocked signal transduction, resulting in an insufficient response or inhibition
of the downstream antioxidant system. Then, target enzymes, such as GR, GST, GPX and
v-ECS, cannot be effectively activated, and GSH synthesis and recycling are blocked. The
ALA-induced enhancement of antioxidant capacity in loquat seedlings under low-tem-
perature stress may occur through enhancing the signal intensity of intracellular GSH,
participating in the effective activation of target enzymes related to intracellular GSH syn-
thesis and recycling, improving the ability to scavenge ROS, and further enhancing the
cold tolerance of loquat seedlings. In addition, BSO pretreatment did not completely in-
hibit the physiological effect of ALA on improving the antioxidant capacity of loquat seed-
lings, indicating that ALA may also regulate the antioxidant capacity of loquat seedlings
through signaling pathways other than GSH signaling in response to low-temperature
stress.

4. Materials and Methods
4.1. Plant Material and Treatments

Three-year-old (Eriobotrya japonica Lindl. cv. Zaozhong No. 6) free stock grafted lo-
quat container seedlings growing uniformly and well (provided by Fujian Putian Institute
of Fruit Trees) were selected as test materials. The container seedlings were randomly di-
vided into 5 groups, with H2O+RT (room temperature) as the control (CK), H2O+LT (low
temperature) as treatment 1 (T1), ALA+LT as treatment 2 (T2), GSH+LT as treatment 3
(T3), and BSO+ALA+LT as treatment 4 (T4). Each treatment had three replications, with
three container seedlings as a repeat, randomly arranged. Referring to the method of Zhao
Baolong et al. [35], the container seedling leaves of loquat were rinsed one day before
treatment. In the abovementioned treatments, 175 mg-L-* ALA, 1 mM BSO and H20 were
sprayed with 1% Tween-20, and the solution was sprayed evenly on the front and back of
the leaf until it dripped at room temperature (25°C). Forty-eight hours after spraying, the
container seedlings of T1, T2, T3 and T4 were transferred into the artificial climate cham-
ber (relative humidity was 70%, light intensity was 2000 Ix), cooled to -3°C for 3 h and
equilibrated at 25°C for 12 h by the instrument control system, according to the method
of Wu et al. [46]. After that, sampling was carried out by referring to the method of Wu et
al. [46], and 3-5 leaves from the top to the bottom of the branch were selected for mixed
sampling [1]. The samples were stored at -80°C after being quickly frozen in liquid nitro-
gen for measuring related indexes.

4.2. Biochemical Analyses
4.2.1. Measurement of the H-O2, MDA, GSH and GSSG Contents
The contents of H202 and MDA were determined by adopting the method of Zou [47]

with slight modifications. Reduced GSH and GSSG were assayed according to Chen and
Wang [48].
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4.2.2. Measurement of REC Value

The cell membrane permeability was measured by adopting the method of Liu and
Zhang [49] and represented by the relative conductivity.

4.2.3. Assay of GST, GPX, GR and y-ECS Activities

The activities of GST and GPX were determined by adopting the method of Huang
et al. [50]. The GR activity was determined by adopting the method of Grace and Logan
[51]. The activity of y-ECS was determined in accordance with the instructions of the de-
tection kits produced by Beijing Baiaolaibo Technology Co., LTD [52].

4.3. Statistical Analysis

The measurement of the above indicators was repeated three times, and the obtained
data were the average of the three replications. Microsoft Excel 2003 and SAS 12.0 statis-
tical software were used to test the significance of differences in the obtained data and
generate plots.

5. Conclusion

Exogenous ALA treatment could induce and enhance the activities of y-ECS and GR
in loquat leaf cells under low-temperature stress, promoting GSH biosynthesis and recy-
cling and increasing GSH content in cells. Moreover, ALA also increased the activities of
GST and GPX in loquat leaf cells under low-temperature stress. However, these enzymes
participated in the removal of ROS and promoted the transformation of GSH into GSSG.
Despite this, ALA had an advantage in regulating and promoting the biosynthesis and
recycling of GSH in cells so that cells could maintain a high GSH/GSSG ratio, further en-
hancing the antioxidant capacity of leaves to scavenge ROS.

Exogenous GSH treatment increased the activities of y-ECS, GR, GST and GPX in
loquat leaf cells under low-temperature stress, while the GSH biosynthesis inhibitor L-
cysteine sulfimide BSO suppressed the activities of y-ECS, GR, GST and GPX in loquat
leaf cells under low-temperature stress. GSH may be involved in the regulation of ALA
on antioxidant activity of loquat seedlings under low-temperature stress as a signal mol-
ecule. The physiological effect of ALA on advancing the antioxidant capacity of loquat
seedlings was not completely inhibited by BSO, and a signaling pathway other than GSH
signaling may be involved in the regulation of ALA production in response to low-tem-
perature stress in loquat seedlings.
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