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ABSTRACT

In this research, the lettuce high-temperature-sensitive variety Beisan San 3 was used as a test material.
The effects of exogenous spermidine (Spd) on membrane lipid peroxidation, the antioxidant system, the
ascorbic acid-glutathione (AsA-GSH) system and the glyoxalase (Glo) system in lettuce seedlings under
high-temperature stress were studied by spraying either 1 mM spermidine or ionized water as a control.
The results showed that, under high-temperature stress, the growth of lettuce seedlings was weak, and
the dry weight (DW) and fresh weight (FW) were reduced by 68.9% and 82%, respectively, compared with
those of the normal-temperature controls. In addition, the degree of membrane lipid peroxidation
increased, and the reactive oxygen species (ROS) level increased, both of which led to a significant
increase in malondialdehyde (MDA) content and lipoxygenase (LOX) activity. Under high-temperature
stress, the activity of superoxide dismutase (SOD) decreased, the activities of peroxidase (POD) and
catalase (CAT) increased first but then decreased, and the activity of ascorbic acid peroxidase (APX)
decreased first but then increased. Glutathione reductase (GR) activity, ascorbic acid (AsA) and glutathione
(GSH) content showed an upward trend under high-temperature stress. The activities of glyoxalase (Glol
and Gloll) in the lettuce seedling leaves increased significantly under high-temperature stress. In contrast,
the application of exogenous Spd alleviated the oxidative damage to the lettuce seedlings, which showed
a decrease in MDA content and LOX activity and an increase in SOD, POD, CAT, APX, GR, Glol, and Gloll
activities. In addition, the antioxidant AsA and GSH contents also increased to varying degrees. It can be
seen from the results that high temperature stress leads to an increase in the level of ROS and cause
peroxidation in lettuce seedlings, and exogenous Spd can enhance the ability of lettuce seedlings to
withstand high temperature by enhancing the antioxidant system, glyoxalase system and AsA-GSH cycle
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Introduction

With global warming, high-temperature stress has become
a major constraint on crop production and has become more
frequent.' Physiological and biochemical processes in plants
are sensitive to high temperature stress,”> and high-
temperature stress varies with temperature, duration and
plant type.* Extreme high temperature can cause cell damage
or death within minutes, as can prolonged exposure to mod-
erate high temperature.” High temperature hinders the growth,
phenology and physiological processes of plants and can sub-
stantially decrease the productivity of many plant species.”’
High-temperature stress can produce excessive reactive oxygen
species (ROS) as a result of oxidation, such as singlet oxygen
0,), 02 superoxide (O,"), hydrogen peroxide (H,O,) and
hydroxyl radical (OH).® Increased ROS concentration will
cause oxidative damage to cell membranes (lipid peroxidation),
proteins, RNA and DNA molecules, which will cause oxidative
damage to the cells and eventually lead to plant death.”'°
Plants are able to resist oxidative stress to some extent by
regulating potential enzymatic and nonenzymatic antioxidant
defense systems.'' Enzymatic components include superoxide
dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX),
glutathione peroxidase (GPX), glutathione reductase (GR),

glutathione S-transferase (GST), hydrogen monooxide ascor-
bate reductase (MDHAR) and dehydroascorbate reductase
(DHAR), among which APX, MDHAR, DHAR and GR parti-
cipate in the ascorbate glutathione cycle and can remove harm-
ful H,O,, which can protect plants from ROS-induced
damage.lz’13 Glutathione S-transferase (GST) is another anti-
oxidant enzyme that catalyzes the binding of toxic isomers,
electrophiles, and hydrophobic substances to GSH.'
Nonenzymatic antioxidants include glutathione (GSH), ascor-
bic acid (AsA), phenolic compounds, and tocopherols, which
can regulate the functions of main cells and participate in the
removal of ROS produced by plants during stress.'> '*'” ¥ In
addition to ROS, the cytotoxic compound methylglyoxal (MG)
also accumulates during high-temperature ~stress.'”
Overproduction of MG, a cytotoxic compound, can damage
the ultrastructure of cells; increase the degradation of carbohy-
drates, proteins and lipids; and cause mutations and even cell
death.”"** The plant has a glyoxalase system that effectively
eliminates MG. The system consists of glyoxalase I (GloI) and
glyoxalase II (GlolI). It can cooperate with GSH to catalyze the
conversion of over-produced MG to D- Lactic acid.*>**
Polyamines (PAs), including spermine (Spm), spermine
(Spd) and putrescine (Put), are low-molecular-weight aliphatic
amines commonly found in plants. In higher plants, PAs are
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involved in physiological regulatory and developmental pro-
cesses, such as seed germination, flower and fruit development,
and biotic and abiotic stress responses.”” > *” Spd is a common
PA in plants and is involved in adaptations to various abiotic
stresses, such as salinity,”®*’ drought,”®"” cold,”" high
temperature’>””> and heavy metals.”* The accumulation of
Spd under high-temperature stress may be related to the
improvement of heat resistance.

Exogenous Spd improves the heat tolerance of rice seeds by
regulating the metabolism of endogenous starch and
polyamines.” Spd pretreatment plays a key role in regulating
the antioxidant and glyoxal enzyme systems and enhancing the
heat resistance of rice seedlings.® In addition, Spd also regulates
antioxidant enzyme activity and the expression of related genes
in tomato seedlings exposed to high temperatures.”®

Lettuce grows well under cool temperatures but is not
resistant to high temperature, lettuce hearts and leaf edges
burn easily under high temperature. Fluctuations in tempera-
ture can affect the physiological and biochemical properties of
lettuce, resulting in reduced lettuce yields. Previous studies on
the role of spermine in response to adverse conditions have
mainly focused on rice, tomato, cucumber and other crop
species,””*® *° while research on lettuce is relatively limited,
and the research content has mostly focused on the antioxidant
system,'>* with little understanding of the glyoxal enzyme
system. Therefore, to better understand the role of antioxidant
and glyoxalase systems in heat resistance, we used the method
of treating lettuce for consecutive days, focused on the effects of
high-temperature stress on the antioxidant enzyme, non-
enzymatic antioxidant and glyoxalase activities in lettuce
were investigated, and how Spd might be involved in the heat
resistance of lettuce by regulating the antioxidant and glyox-
alase systems was determined.

Materials and methods

Plant materials, growth conditions and experimental
treatments

The lettuce variety used in this experiment was provided by
the Beijing University of Agriculture lettuce research group
and was the high-temperature-sensitive variety Beisan San.
Two hundred plump seeds that uniform and disease free were
selected. The seeds were germinated by being immersed in
9-cm-wide petri dishes filled with filter paper and moistened
with distilled water, after which the dishes were placed in
a lighted incubator to germinate. The photoperiod was 12 h/
12 h (light/dark), the light intensity was maintained at
200 pmol.m *s™', the temperature was 20 °C/15 °C (day/
night), and the relative humidity was 70% to 75%. After the
seeds developed a white radical, they were transplanted into
a plug tray and placed in a light incubator for cultivation.
When the lettuce seedlings reached the three-leaf-center
stage, they were transplanted into a nutrition bowl of 11 cm
x 12 cm (diameter x height), which were still cultivated in the
abovementioned light incubator; plants displaying consistent
growth conditions were selected for testing. When the seed-
lings reached the six-leaf-center stage, they were subjected to
a day/night temperature setting of 35 °C/30 °C, a photoperiod

of 12 h/12 h, a light intensity of 200 pmol.m ?s™", and a rela-
tive humidity of 70%~75% for high-temperature treatment.
After starting the heat treatment, deionized water and 1 mM
Spd were sprayed onto the plants with a small sprayer at 9:00
a.m. The spray was applied while wearing gloves, and it was
applied evenly on both the abaxial and abaxial leaf surfaces;
the solutions were sprayed until the leaf surfaces were wet but
not dripping. Spd was obtained from Sigma Co. as a white
solid.

There were four treatments in this experiment: a control
(CK) treatment, which involved normal-temperature controls,
a day/night temperature of 22 °C/17 °C, and foliar sprays of
deionized water; a Spd treatment, which involved a day/night
temperature of 22 °C/17 °C and foliar sprays of 1 mM Spd; an
H treatment, which involved a day/night temperature of 35 °C/
30 °C and foliar sprays of deionized water; and an H + Spd
treatment, which involved a day/night temperature of 35 °C/30
°C and foliar sprays of 1 mM Spd.

The experiment was carried out for 8 days at 0, 2, 4, 6 and
8 days after treatment, the indexes of the main functional leaves
were determined.

Measurement indexes and methods

Plant height, which was the distance from the soil surface to
the top of the main stem, was measured with a ruler. The
selected lettuce seedlings with then cleaned with deionized
water, and any impurities were removed from the surface.
Any water on the plant surface was dried with absorbent
paper, and the fresh weight was measured. The samples
were then placed in an electric thermostatic drying oven
(DHG-9245, Shanghai Yiheng Scientific Instrument Co.,
Ltd.) set to 105 °C for 30 min. After adjusting the temperature
to 75 °C and drying the material to constant weight, its dry
weight was obtained.

The lipid peroxidation level was measured by estimating mal-
ondialdehyde (MDA) content using thiobarbituric acid (TBA).“!

Lipoxygenase (LOX) activity*® was estimated by monitoring
the increase in absorbance at 234 nm, with linoleic acid used as
a substrate.

Using a supercooled mortar and pestle, a lettuce sample
(0.5 g) was ground in 5 mL of phosphate buffer (pH 7.0).
The homogenate was centrifuged twice at 4°C (11,000 x g)
for 10 min and the collected supernatant was then used for
the determination of enzyme activity. Superoxide dismutase
(SOD) activity was determined using the NBT (nitro blue
tetrazolium) photochemical reduction method,* and 50%
inhibition of the NBT photochemical reduction was consid-
ered one enzyme activity unit (U). Peroxidase (POD) activ-
ity was measured by the guaiacol method,** with an increase
of 1 OD4ygnm-min~" considered one unit of enzyme activity
(U). Catalase (CAT) activity was measured by hydrogen
peroxide ultraviolet spectrophotometry,*” with an increase
of 0.1 OD,4nymin~" considered one enzyme activity unit
(U). Ascorbate peroxidase (APX) activity was determined by
measuring the rate of ascorbic acid oxidation at 290 nm
(e = 2.8 mM t.cm™).%® Glutathione reductase [GR) activity
was measured according to the methods of.*’



The ascorbic acid [AsA] content was determined according
to the methods of,*® and the contents of GSH and GSSH were
determined by the,*” method.

The activity of GloI and GloII was estimated according to
the methods of.>® The extraction buffer and steps of these
enzymes were the same as those of the antioxidant enzymes.
The absorbances of GloI and GloIl were 240 nm and 412 nm,
respectively, and the enzyme activity was expressed as moles
per minute per gram of fresh weight.

Statistical analysis

All the measurements were replicated at least 3 times. Duncan’s
multiple range test was used for statistical analysis with SPSS
(version 26, SPSS Inc., USA], and the significance level was
P < .05. The data in the tables and figures are the means +
standard deviations (SDs). The means followed by different
letters are significantly different from each other.

Results

Effects of exogenous spermidine on the growth of lettuce
leaves under high-temperature stress

Figure 1 shows the growth of lettuce seedlings for 8 days. It can
be seen from the figure that the lettuce seedlings under high-
temperature stress display weak growth, slow leaf growth, and
small leaves, which are significantly different from those of the
normal-temperature control seedlings. Thus, spraying Spd
under high-temperature stress could significantly alleviate the
growth of lettuce seedlings.

Table 1 shows the growth of lettuce seedlings for 8 days.
Spraying Spd at room temperature had no significant effect on
seedling growth, and the treated seedlings did not significantly

Figure 1. Effects of exogenous spd on the growth of lettuce seedlings under high-
temperature stress (8 d).

Table 1. Effects of exogenous spd on the growth of lettuce seedlings under high-
temperature stress.

Plan height Fresh weight (g Dry weight (g
Treatments (cm) plant™) plant™)
CK 10.21 £ 0.57a 3.04 + 0.43b 0.29 £ 0.12a
Spd 1041 + 1.13a 3.03 = 0.12bc 0.27 £ 0.23a
H 9.11 £ 0.53a 250+ 022 ¢ 0.20 + 0.07b
H+ Spd 9.41 + 0.59 3.69 + 0.50a 0.31 £ 0.06a
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differ from the normal-temperature control seedlings. Under
high-temperature stress, the growth of the lettuce seedlings
significantly decreased. Compared with those the normal-
temperature control seedlings, the plant height, fresh weight
and dry weight of the treated lettuce seedlings significantly
decreased by 89%, 82% and 68%, respectively; spraying exo-
genous Spd under high-temperature stress significantly
increased the growth indexes of the lettuce seedlings by 1.03
times, 1.47 times and 1.55 times, respectively. Thus, spraying
Spd kept lettuce seedlings growing at normal levels.

Effects of exogenous spermidine on membrane lipid
damage in lettuce leaves under high-temperature stress

Under high-temperature stress, the MDA content increased
significantly. After 4 days of stress treatment, high-
temperature stress led to a significant difference from the
controls, and the seedling leaf MDA content in the other high-
temperature stress and Spd treatments were 1.12 times and
1.03 times that of the control, respectively. In contrast, after
8 days of stress treatment, the seedling leat MDA content in
response to high-temperature stress was 1.24 times that of the
control (Figure 2(a)). The results show that high-temperature
stress aggravates the degree of membrane lipid peroxidation
and that exogenous spermine treatment can effectively inhibit
the generation of MDA under high-temperature stress to alle-
viate membrane lipid peroxidation.

Under high-temperature stress, LOX activity in leaves first
increased but then decreased. The LOX activity in leaves
peaked at 4 days after stress treatment, the value of which
was 1.07 times higher than that of the control treatment.
However, exogenous Spd treatment significantly reduced
LOX activity in the seedling leaves (Figure 2(b)). Thus, under
high-temperature stress, the MDA content gradually increased,
and LOX activity first increased but then decreased; however,
exogenous Spd significantly reduced the MDA content and
LOX activity.

Effects of exogenous spermidine on antioxidant enzyme
activity in lettuce seedling leaves under high-temperature
stress

Under normal temperature, antioxidant enzyme activity in
lettuce seedling leaves remained stable without a wide range
of variation (Figure 3). When Spd was sprayed at room tem-
perature, SOD activity decreased first, increased and then
decreased again, all of which were lower than the control levels
(Figure 3(a)). In contrast, POD activity increased first,
decreased and then increased again (Figure 3(b)); the CAT
activity and POD activity were consistently higher than the
control levels. However, APX activity decreased first and then
increased during the high-temperature treatment (Figure 3
(d)). SOD activity continued to decrease for 4 days and was
only 60% of that of the control group. However, exogenous Spd
significantly inhibited the decrease in SOD activity under high-
temperature stress. At the fourth day, the SOD activity was 82%
of that of the control group (Figure 3(a)), effectively improving
the ability of lettuce seedlings to remove O, under high-
temperature stress. Moreover, under high-temperature stress,
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Figure 2. Effects of exogenous spd on the malondialdehyde content (a) of and LOX activity (b) in lettuce seedlings under high-temperature stress. The vertical bars
represent the SDs of the means (n = 3). The different letters indicate significant differences at P < .05 according to Duncan’s multiple range test.
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Figure 3. Effects of exogenous spd on the activities of the antioxidant enzymes SOD (a), POD (b), CAT (c), APX (d) and GR(e) in lettuce seedlings under high-temperature
stress. The vertical bars represent the SDs of the means (n = 3). The different letters indicate significant differences at P < .05 according to Duncan’s multiple range test.

POD activity first increased but then decreased, reaching its
maximum value at 2 days after stress, with an activity 1.14
times higher than that of the control group. Under high-
temperature stress, exogenous Spd significantly increased the
POD activity (Figure 3(b)), thus relieving the effects of the
high-temperature stress. CAT activity increased first but then
decreased with the prolonging of the high-temperature treat-
ment. Although exogenous Spd could increase CAT activity
under high-temperature stress, the difference was not signifi-
cant (Figure 3(c)). APX activity first decreased and then
reached its lowest value after 4 days of stress treatment, and

its activity was 0.84 times that of the control group. Afterward,
the APX activity began to increase again (Figure 3(d)).
Exogenous Spd under stress conditions can improve APX
activity, thus alleviating the damage of H,O, to plants.

Under the high-temperature stress treatment, the GR activ-
ity in the lettuce seedling leaves tended to first decrease and
then increase, reaching the minimum value 4 days after high-
temperature treatment. However, under high-temperature
stress treatment, spraying Spd significantly increased the GR
activity, the differences in which were significant (Figure 3(e)).
The above results show that spraying Spd under high-



temperature stress could effectively improve antioxidant
enzyme activity.

Effects of exogenous spermidine on the ascorbic acid
content in lettuce seedling leaves under high-temperature
stress

Spraying spermine under normal temperature reduced the
AsA content, albeit with little change, and there was no sig-
nificant difference in AsA content compared with that in the
control treatment. Under high-temperature stress, the AsA
content tended to increase after initially decreasing, reaching
the lowest content at 4 day, which was 0.91 times that of the
normal-temperature controls (Figure 4(a)). Spraying Spd
under high-temperature stress increased the content of AsA,
and there was a significant difference between the two days of
treatment and high-temperature stress treatment, the former of
which was 1.08 times higher than that of high-temperature
stress treatment. Other treatment durations also increased the
content of AsA, but the difference was not significant com-
pared with that of the high-temperature stress treatment
(Figure 4(a)). Under high-temperature stress, the DHA content
tended to increase. The maximum value was reached at 8 days
after treatment, which was 1.34 times that of the control treat-
ment. Spd spraying under high-temperature stress significantly
reduced the DHA content and restored the DHA content to the
control level (Figure 4(b)). High-temperature stress had
a significant effect on the ratio of reduced AsA and oxidized
DHA, which tended to increase first and then decrease, reach-
ing the lowest value at 8 day, which was 0.83 times that of the
control treatment (Figure 4(c)). Spraying Spd under high-
temperature stress can increase the ratio of AsA/DHA and
promote an increase in the proportion of oxidized DHA. In
conclusion, the application of exogenous Spd under high-
temperature stress can increase the AsA content, reduce the
DHA content, and reduce the AsA/DHA ratio.
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Effects of exogenous spermidine on the glutathione
content in leaves of lettuce seedlings under
high-temperature stress

Figure 5 shows the variation trend of glutathione (GSH) con-
tent in lettuce seedling leaves under high-temperature stress
and in response to exogenous Spd spraying, which is consistent
with the variation in ascorbic acid (AsA) content. Under nor-
mal temperature, spraying Spd had no significant effect on the
change in GSH content in the lettuce seedlings. Under high-
temperature stress, the GSH content tended to first decrease
but then slowly increased, reaching the maximum value at
8 days after the stress treatment, and the content was 1.11
times higher than that of the normal-temperature controls.
As the days of high-temperature stress treatment increased,
exogenous Spd spraying further increased the GSH content,
with the maximum value occurring at 8 days of stress treat-
ment, which was 1.12 times higher than that of high-
temperature stress treatment. In contrast to that which
occurred for AsA, spraying Spd significantly increased the
GSH content under high-temperature stress (Figure 5(a)).
Moreover, under high-temperature stress conditions, the
GSSH content first decreased but then increased. Although
the application of exogenous Spd could reduce the GSSH
level, the difference was not significant (Figure 5(b)). High-
temperature stress reduced the GSH/GSSH ratio, which was
related to the increase in GSSH content (Figure 5(c)). In con-
clusion, the application of exogenous Spd under high-
temperature stress significantly increased GSH levels and the
GSH/GSSH ratio.

Effects of exogenous spermidine on glyoxalase activity in
the leaves of lettuce seedlings under high-temperature
stress

The effect of spraying Spd on glyoxalase I (Glol) activity at
room temperature was not significant, and there was no
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Figure 4. Effects of exogenous spd on the AsA content (a), the DHA content (b), and the AsA/DHA ratio (c) of lettuce seedlings under high-temperature stress. The
vertical bars represent the SDs of the means (n = 3). The different letters indicate significant differences at P < .05 according to Duncan’s multiple range tests.
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bars represent the SDs of the means (n = 3). The different letters indicate significant differences at P < .05 according to Duncan’s multiple range test.
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Figure 6. Effects of exogenous spd on the activities of Glol (a) and Gloll (b) in lettuce seedlings under high-temperature stress. The vertical bars represent the SDs of the
means (n = 3). The different letters indicate significant differences at P < .05 according to Duncan’s multiple range test.

significant difference in this activity compared with the room
temperature control activity (Figure 6(a)). Under high-
temperature stress, Glol activity showed a gradual increasing
trend and reached the maximum value after 8 days of treat-
ment, which was 1.18 times that of the normal-temperature
controls. Spraying Spd under high-temperature stress further
increased the GloI activity (Figure 6(a)). Under nonstress con-
ditions, there was no significant difference in GlolI activity
between the control seedlings and the lettuce seedlings sprayed
with exogenous Spd. Under high-temperature stress, Gloll
activity tended to first decrease but then increase. It reached
the lowest value at 4 day, which was 0.79 times that of the
normal-temperature control seedlings, and spraying Spd under
high-temperature stress significantly increased the GloII activ-
ity (Figure 6(b)). In conclusion, spraying Spd under high-
temperature stress can significantly increase glyoxalase activity.

Discussion

High-temperature stress has adverse effects on plant growth
and morphology, and exogenous Spd has been known to effec-
tively alleviate the inhibitory effect of abiotic stress on plant
growth.”" In this study, lettuce seedling growth and dry weight
decreased significantly under high-temperature stress (Table

1), while spraying Spd alleviated the negative effects on plant
growth (Figure 1), which was consistent with previous studies
in tomato.>” Excess reactive oxygen species (ROS), such as O,",
H,0,, OH', and(*0,), are produced under high-temperature
stress. An increase in these ROS can cause oxidative damage to
the membrane (membrane lipid peroxidation), which can lead
to oxidative damage to the cell.>> MDA, a lipid peroxidation
product, was used as an indicator of oxidative stress in lettuce
seedlings under high-temperature stress in this study. With the
increase in heat treatment days, the MDA content increased
gradually and showed that the oxidation of lettuce seedlings
was occurring under prolonged stress; spraying Spd signifi-
cantly reduced the MDA level under high-temperature stress
(Figure 2(a)), which is consistent with rice research results,®
suggesting that Spd is an effective ROS scavenger that can
effectively inhibit membrane lipid peroxidation and help plants
establish lipid balance. Lipoxygenase is an oxidase involved in
lipid peroxidation via its catalysis of the oxidation of mem-
brane lipids to H,O,. In this study, the LOX activity and MDA
content showed the same change trend, and both increased
under high-temperature stress (Figure 2), indicating that the
degree of membrane lipid peroxidation in lettuce seedlings was
severe. Under high-temperature stress, spraying Spd could
reduce the LOX activity, which was consistent with the results



of a rice study,13 which further indicated that Spd functions in
membrane stability.

The active oxygen that accumulated under abiotic stress
needs to be removed by antioxidant enzyme systems, including
those comprising SOD, POD, and CAT, which work together to
remove ROS produced under high-temperature stress in plants.
SOD is the first line of defense to remove ROS. It catalyzes the
generation of superoxide anion radicals (O,”) to form H,0, and
'0, under high-temperature stress.”” In this study, a significant
reduction in SOD activity under high-temperature stress may be
due to the removal of O, in the plant tissue (Figure 3(a)). O,~
is present at relatively low levels, but high-temperature stress
produces excess O,”, resulting in a decline in SOD removal
efficiency and thus reducing enzyme activity. Research has
shown that the SOD activity in different rice varieties under
high-temperature stress tended to decrease and that exogenous
spraying of Spd can significantly inhibit the reduced SOD
activity caused by thermal stress,”* which is consistent with
our results. Under high-temperature stress, Spd spraying can
significantly increase SOD activity, which can improve the O,~
removal efficiency and alleviate the lipid peroxidation of lettuce
seedlings. POD, CAT and APX can remove H,0, produced
under high-temperature stress. In addition to removing H,0,,
POD can also remove phenols, amines, aldehydes, etc., which
have dual functions.”> Our results show that the POD activity
under high-temperature stress decreased after first increasing
(Figure 3(b)), and the CAT activity occurred thereafter, which
tended to increase and then decrease (Figure 3(c)). Similarly, the
APX activity showed an upward trend after decreasing (Figure 3
(d)). Therefore, we suspect that the CAT, POD and APX
enzymes may work synergistically. Under high temperature
stress, GR activity showed an upward trend (Figure 3(e)),
which was used to synthesize more GSH to improve the ASA-
GSH circulatory system, while spraying Spd under high tem-
perature stress could further improve GR activity and accelerate
the ASA-GSH circulatory system. Spd spraying under high-
temperature stress significantly increased the activity of POD,
CAT APX and GR; accelerate the circulation of antioxidant
enzyme system and ascorbic acid glutathione system to
a certain extent, so as to improve the scavenging efficiency of
ROS and reduce the oxidative damage caused by ROS.

The ascorbic acid-glutathione cycle (AsA-GSH cycle) is an
important nonenzymatic system in plants that maintains the
oxidative environment in cells by regulating the content of both
AsA and GSH and plays a protective role in plants.”> GSH is
widely distributed in plant tissues and can be directly or indir-
ectly involved in ROS detoxification.”® In addition to ROS
detoxification, GSH is also involved in methylglyoxal (MG)
detoxification.”® Studies have shown that high-temperature
stress can cause oxidative damage to wheat seedlings, while
exogenous substances increase the heat tolerance of rice by
increasing GSH levels, the GSH/GSSH ratio, and other compo-
nents of the AsA-GSH cycle (e.g., APX and GR activities).>”
Other studies have shown that pretreatment with GSH can
improve both the antioxidant system and the glyoxalase system
of Vigna radiata L. seedlings, resulting in better growth condi-
tions and lower levels of MG and oxidative stress.”® AsA is an
effective active oxygen scavenger.” In this study, the AsA and
GSH contents of lettuce tended to increase under high-

PLANT SIGNALING & BEHAVIOR €1824697-7

temperature stress (Figures 4 and 5), which was consistent
with the results of the study on the effect of heat stress on
wheat,® and the levels of these two antioxidants further
increased after the application of exogenous Spd. The AsA/
DHA ratio tended to decrease under high-temperature stress
(Figure 4(c)), probably because DHA increased faster than AsA,
and reduced AsA was consumed too quickly. Spd under high-
temperature stress alleviated this situation and significantly
increased the AsA/DHA ratio (Figure 4(c)). Similar to the
change in ascorbic acid content, the GSH/GSSH ratio decreased
under high-temperature stress (Figure 5(c)), but the difference
was not significant because AsA is more sensitive to high
temperature than to normal temperature. Our results show
that exogenous Spd can increase the heat resistance of lettuce
seedlings under high-temperature stress by increasing AsA and
GSH levels and the AsA/DHA and GSH/GSSH ratios.

Methylglyoxal (MG) is a product of abiotic stress and can
further increase oxidative stress. The glyoxalase system is the
most effective system for removing methylglyoxal. MG produced
during high temperature stress is first removed by Glo [ , and at
the same time, reducing glutathione is used as a cofactor to
produce the intermediate product SD-lactoylglutahione (SLG),
GloI catalyzes the hydrolysis of SLG to form D-lactic acid, and
in the meantime regenerates GSH.®' In this study, the activity of
GloI and GlolII tended to increase under high-temperature stress
(Figure 6), which is consistent with the results of previous
reports.”>* Our results show that spraying Spd under high-
temperature stress can increase the activity of GloI and Gloll,
by increasing the activities of the two glyoxalases, the utilization
and regeneration of GSH were increased indirectly, and the
ascorbic acid glutathione (ASA GSH) circulation system was
improved to some extent. Finally, accelerated the scavenging
rate of ROS and MG, reduced the damage of lettuce, and
enhanced the tolerance of lettuce to high temperature stress.

In summary, MDA and LOX levels, antioxidant systems,
nonenzymatic antioxidants, and the glyoxalase system were
used to determine whether lettuce was experiencing oxidative
stress due to high-temperature stress. Spraying Spd reduced the
MDA and LOX levels, increased the activity of enzymes in the
oxidative system, promoted the ascorbic acid-glutathione cycle,
and increased glyoxalase activity, which could thus remove
reactive oxygen species and the toxic substance methylglyoxal
more quickly, providing a protective mechanism for lettuce.
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