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Abstract

Alkaline stress is important abiotic stress that restricts the growth and physiological activity of sorghum (Sorghum
bicolor L. Moench). We aimed to investigate the effects of alkaline stress on alkali-tolerant SX44B and alkali-sensitive
262B sorghum inbred lines. The results showed that alkaline stress decreased the content of chlorophyll, activity of
photosystem II, net photosynthetic rate, and destroyed chloroplast morphology. These changes were less pronounced
in SX44B, possibly owing to its higher antioxidant enzyme activity and nonphotochemical quenching. Alkaline
stress decreased water content, transpiration rate, and stomatal conductance while increasing the leaf temperature,
with the effect being more pronounced in 262B. A significant correlation was observed between leaf—air temperature
difference (AT) and relative water content and gas-exchange parameters, especially in 262B. Therefore, AT is an
effective indicator for monitoring changes in sorghum leaves under alkaline stress and evaluating the alkali tolerance
of different sorghum germplasm.
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Introduction and is harmful for crop production. According to the
statistics from FAQO, the area of salt-alkali land in the world
Alkalization is a common ecological problem all over the is about 954 million hectares and is increasing at a rate
world. Alkaline stress is one of the main abiotic stresses of 1-1.5 million hectares per year (Ren ef al. 2017, Leng
which can inhibit the growth and development of crops et al. 2020). The salt-alkali stress of plants mainly comes
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from the neutral salts NaCl and Na,SO, and the alkaline
salts Na,CO; and NaHCO; (Munns and Tester 2008).
The effect of alkaline stress on crops is much greater than
that of neutral salts because of its higher pH value (Amini
et al. 2016). Sorghum [Sorghum bicolor (L.) Moench] is
often planted on marginal land, which makes it vulnerable
to alkaline stress. Sorghum researchers attempt to utilize
alkali-tolerant germplasm to mitigate the effects of
alkaline stress on its production (Huang 2018). Therefore,
it is crucial to understand the physiological response of
sorghum to alkaline stress and develop suitable evaluation
methods.

Alkaline stress causes water deficit in plants, leading
to physiological drought (Huang 2018). This causes the
accumulation of large amounts of reactive oxygen species
(ROS) in crops, resulting in oxidative stress (Sewelam
et al. 2016, Choudhury et al. 2017), membrane lipid
peroxidation, and damage to organelles (Noreen et al.
2009). To avoid the oxidative damage caused by ROS,
the antioxidant system in crops undergoes a series of
reactions to remove excess ROS. The enzymes that play
a key role in this reaction include superoxide dismutase
(SOD), peroxidase (POD), catalase (CAT), and ascorbate
peroxidase (APX). When crops encounter alkaline stress,
these enzymes improve the alkali-tolerant ability of plants
by ensuring the prompt elimination of ROS. Hence, the
plants can maintain normal growth and physiological and
biochemical activities by effectively reducing the damage
caused by ROS (Tuna et al. 2008). Under alkaline stress,
the CAT synthesis pathway is inhibited, while there is
an increase in the activities of POD and glutathione
peroxidase (GPX). However, an increase in stress intensity
leads to a decrease in the activities of SOD, APX, and
CAT (Zhao et al. 2016). Alkaline stress elicits varied
responses from different antioxidant enzymes. Thus,
there is a lot of interest in the key enzymes which play a
critical role in scavenging ROS from damaged organelles
in sorghum.

The most prominent effect of alkaline stress is appa-
rently on photosynthesis. Alkaline stress increases the
activity of chlorophyll-degrading enzymes, resulting
in a decrease in chlorophyll content (Yang et al. 2011).
Additionally, alkaline stress can also damage the ultra-
structure of chloroplasts and cause dissociation of the
thylakoid membrane by peroxidation (Wang ef al. 2010).
This is followed by inhibition of the activity of PSI and
PSIT and, finally, decreased photosynthesis in plants
(Yang et al. 2009, Qiao et al. 2013). With the increase
in alkaline stress, the photosynthetic capacity of crops
declines from stomatal restriction to nonstomatal
restriction, both of which cause a decrease in stomatal
conductance (g;) and transpiration rate (£) (Liu 2010).
The reduction of E causes slow dissipation of heat in the
leaf, leading to an increase in leaf temperature. Therefore,
changes in leaf temperature can be used as an effective
indicator for evaluating abiotic stress levels (Zhang et al.
2019a). Blum et al. (1982) demonstrated that the leaf
temperature is related to the leaf water potential. Leaf—air
temperature difference (AT) (the difference between leaf
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temperature and ambient temperature) can reflect the leaf
moisture status more accurately than leaf temperature
alone. Zhang et al. (2019a) also concluded that the AT can
reflect the moisture status of sorghum leaves and can be
used to identify the waterlogging tolerance conditions of
sorghum. However, at present, there are very few studies
on the effect of short-term alkaline stress on photosynthetic
characteristics, in terms of the activities of PSI and PSII,
and changes in the leaf temperature of sorghum. In
particular, the relationship between AT and the changes in
photosynthesis and water status is still unclear.

Therefore, the objectives of this research were to
(1) explore the changes in key enzymes of antioxidant
metabolism, photosynthetic characteristics, and leaf
temperature in different alkali-tolerant sorghum varieties
under short-term combined alkaline stress, (2) identify the
relationship between AT and changes in photosynthesis
and leaf water content. These results may be used to
develop a functional approach to promote the performance
of sorghum under alkaline stress. It will aid in the
development of a novel method for monitoring alkali-
tolerant genotypes for future applications.

Materials and methods

Plant materials and experimental design: The experi-
ments were carried out in the physiological laboratory
of sorghum in Shenyang Agricultural University, using
the method of indoor culture. Two sorghum inbred lines,
SX44B and 262B, were used in this study. Based on our
previous study results, SX44B exhibits tolerance to alkali
stress, whereas 262B is sensitive to alkali stress. Similar-
sized sorghum seeds of each of the inbred lines were
selected for germination. The seeds were disinfected with
sodium hypochlorite (10%) solution for 5-10 min and
washed with distilled water. Thereafter, they were placed
on a moist filter paper in a Petri dish, before being kept in
an incubator for culture. The settings of the incubator were
maintained at 28/25°C day/night, with a 12-h photoperiod
and light intensity of 280 pumol(photon) m= s'. Three
days later, 20 well-developing seedlings were selected
and inserted into a PCR plate with the bottom cut off.
The plate was placed in a square basin covered with black
shading paper outside. The culture medium was changed
to 1/2 Hoagland's nutrient solution after 4 d of distilled
water treatment. After 3 d of nutrient solution treatment,
the alkaline stress was induced with 75 mmol L' solution
of NaHCO; and Na,CO; (molar ratio 9:1, pH = 8.9).
One-half strength Hoagland's nutrient solution was used
as control. After 3 d of stress treatment, the related indexes
were measured.

Morphological parameters: From each treatment group,
plants of similar growth status were selected for morpho-
logical index measurement. The lengths and fresh mass of
shoots and roots were measured using a ruler and a one-
thousandth electronic balance, respectively. The dry mass
of shoots and roots was measured after the samples were
dried in an 80°C oven until no significant reduction in the
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sample mass was observed. Each treatment was repeated
five times.

Superoxide dismutase (SOD, EC 1.15.1.1) activity: For
the measurement of SOD activity, 0.3 g of fresh leaves
or roots were ground in a mortar, along with 9 mL of
50 mmol L' phosphoric acid buffer (pH 7.8) and a small
amount of quartz sand, until complete homogenization
was achieved. The solution was transferred into a 10-mL
centrifuge tube and centrifuged at 12,000 x g for 15 min.
The supernatant was treated as the crude extract of the
enzyme. Subsequently, 1.5 mL of phosphate buffer,
0.3 mL of 130 mmol L' methionine (Met) solution,
0.3 mL of 750 pumol L' nitroblue tetrazolium solution,
0.3 mL of 100 umol L' ethylenediamine-tetraacetic acid
disodium salt solution, 0.3 mL of 20 pmol L™ riboflavin
solution, 0.25 mL of distilled water, and 0.05 mL of
enzyme solution were added into a beaker in turns. The
two control groups had the same amount of distilled
water added to them, instead of the enzyme solution.
Additionally, one control was kept in a dark environment,
while the other was exposed to light. The light environ-
ment was set up with a light intensity of 250 pmol(photon)
m~ s and a duration of 20 min. Thereafter, all samples
were moved to the dark to stop the reaction. The
absorbance value of each treatment was measured at
560 nm (UV-VIS spectrophotometer Hitachi U-1800,
Tokyo, Japan), with the shading tube serving as the
blank (Yin et al. 2009). SOD total activity [U g '(FM)] =
[(Ack—AE)VT]/(0.5Ack X M x VS). Ack — the absorbance
of the illuminated control tube; AE — the absorbance of a
sample tube; VT — total volume of enzyme solution [mL];
VS — the dosage of enzyme solution during measurement
[mL]; M — sample fresh mass [g].

Peroxidase (POD, EC 1.11.1.7) activity: The crude
enzyme solution was prepared as mentioned earlier. The
reaction system was prepared as described below. 140 pL
of 50 mmol L' guaiacol solution were added into 250 mL
of 50 mmol L' phosphate buffer (pH = 6.0). After complete
dissolution, 95 pL of 30% H,O, solution was added and
thoroughly mixed. The mixture solution, prepared by
mixing 30 pL of enzyme solution and 3 mL of reaction
system, was spectrophotometrically determined at 470 nm
(UV-VIS spectrophotometer Hitachi U-1800, Tokyo,
Japan) (Fielding and Hall 1978). The measurement
was repeated four times, with a time interval of 1 min
between the repeats. The activity of POD was calculated
using the extinction coefficient (g) of 26.6 mM™' cm™.
POD [umol g '(FM) min'] = (AAso x Vt)/(e x d x M %
Vs x t). AAsy — change in absorbance within 1 min;
M — sample fresh mass [g]; t — reaction time [min];
Vt — total volume of extracted enzyme solution [mL];
Vs — enzyme solution volume of samples during
measurement [mL]; € — extinction coefficient [mM ' em™];
d — cuvette thickness [cm].

Catalase (CAT, EC 1.11.1.6) activity: The crude enzyme

solution was prepared as mentioned earlier. The reaction
system was prepared as described below. 250 ul of
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50 mmol L' phosphate buffer (pH = 7.0) were added into
386.5 pL of 30% H,0,, and the solution was thoroughly
mixed. The mixture solution, prepared by mixing
0.1 mL of enzyme solution and 3 mL of the reaction
system, was spectrophotometrically determined at 240 nm
(UV-VIS spectrophotometer Hitachi U-1800, Tokyo,
Japan) (Yordanova et al. 2004). The measurement was
repeated four times, with an interval of 1 min between
the repeats. The activity of CAT was calculated using
the extinction coefficient of 43.6 mM' cm'. CAT
[umol g '(FM) min™'] = (AAa x Vt)/(e X d x M x Vs X t).
AAss — change in absorbance within 1 min; M — sample
fresh mass [g]; t — reaction time [min]; Vt — total volume
of extracted enzyme solution [mL]; Vs — enzyme solution
volume of samples during measurement [mL]; € — extinc-
tion coefficient [mM™' cm™]; d — cuvette thickness [cm].

Ascorbate peroxidase (APX, EC 1.11.1.11) activity:
The crude enzyme solution was prepared as same as
described earlier. The reaction system consisted of 1.8 mL
of 50 mmol L' phosphate buffer (pH = 7), 0.1 mL of
15 mmol L' ascorbic acid, 1 mL of 0.3 mmol L H,O,,
and 0.1 mL of enzyme solution. The control consisted of
all the solutions mentioned above, except for the enzyme
solution (which was replaced by phosphate buffer). The
control was defined as zero, and the absorbance was
measured at OD,y (Yordanova et al. 2004). The mea-
surement was repeated four times, with an interval of 1 min
between the repeats. The activity of APX was calculated
using the extinction coefficient of 2.8 mM™ cm™. APX
[umol g '(FM) min~'] = (AAx X V1)/(e X d X V2 x t x M).
AAsy — change in absorbance within 1 min; V1 — total
volume of extracted enzyme solution [mL]; V2 — enzyme
solution volume for measurement [mL]; t — reaction time
[min]; M — sample fresh mass [g]; € — extinction coefficient
[mM cm™]; d — cuvette thickness [cm].

Chlorophyll (Chl) content: Fresh sorghum leaves (0.3 g)
were cut into pieces and put into a 10-mL centrifuge
tube. Five milliliters of anhydrous ethanol and 5 mL of
acetone were added into the centrifuge tube and extracted
in dark for 48 h. The solution was spectrophotometrically
determined at 652 nm (a mixture of ethanol and acetone
solution served as blank) (UV-VIS spectrophotometer
Hitachi U-1800, Tokyo, Japan) (Wintermans and De Mots
1965). Total Chl [mg g'] = (Aes2/34.5) x (V/M) x 1,000.
Agsy — absorbance at 652 nm; V — total volume of extract
[mL]; M — sample fresh mass [g].

Chloroplast ultrastructure: A leaf piece (1 X 3 mm)
was cut from the middle part of sampled leaves in
each treatment with a sharp blade, avoiding the central
vein. Then the leaf pieces were placed in a glass bottle
containing 2.5% pentanediol. The bottle was degassed to
allow the pieces completely immerse in the pentanediol
solution and stored in a refrigerator at 4°C. Each fixed
sample was rinsed three times with phosphoric acid buffer
(pH 7.8) and then fixed in 1% osmic acid for 2 h. Then
the samples were dehydrated by 50 and 70% ethanol,
80 and 90% acetone (15 min each treatment), and finally



treated with 100% acetone three times (30 min each time).
The samples were immersed in a mixture of propylene
oxide and SPON-812 and placed in an incubator for 12-h
polymerization. Sections were cut with Leica EM UC7
ultra-thin microtome (Wetzlar, Germany) and then stained
with uranyl acetate and lead citrate. Samples were observed
with an LSM500 transmission electron microscope (Zeiss,
Germany).

Chl fluorescence parameters: The second top leaves
of uniform sorghum seedling were selected for the
measurement. The leaf samples were cleaned up and dark-
adapted for 30 min at room temperature before analysis.
FluorCam FC 800-0/2020 chlorophyll fluorometer
(Brno, Czech Republic) was used to take photos of the
leaves. The parameters to capture chlorophyll fluores-
cence transients in a batch of images, including shutter,
sensitivity, super, far, and act, were set to 1, 25%, 60%,
50% and 30%, respectively. The minimal fluorescence (Fo)
was measured under very low light [< 0.1 pumol(photon)
m~2 s']. The maximal fluorescence (F,) was measured
under a saturation pulse [10,000 pmol(photon) m=2 s,
a pulse time of 0.7 s]. The maximal fluorescence of the
light-adapted state (F.') was measured after the leaf
was adapted to actinic light [800 umol(photon) m= s7]
for 15 min (Zhang et al. 2019b). The software FluorCam
was used for picture and data analyses (Hussain ef al.
2019). F\/F. (photochemical efficiency of PSII) = (F,, —
Fo)/Fm. NPQ (nonphotochemical quenching) = (F., — F')/
F.'. Fo — minimal fluorescence yield of the dark-adapted
state; F,, — maximum fluorescence yield after 30-min dark
adaptation; F,' — instantaneous maximum fluorescence
under illumination.

Photosynthetic parameters: The second top leaf of
sorghum seedling was selected for the measurement. The
photosynthetic index was measured under the light in
the incubator. The net photosynthetic rate (Py), stomatal
conductance (gs), transpiration rate (£), and intercellular
CO, concentration (C;) were measured using LI-6400
photosynthetic apparatus (LI-COR, USA). Each treatment
was repeated five times. The measuring light intensity
was 1,000 umol(photon) m= s™'. The CO, concentration
was 385 £ 5 pmol mol™ while the temperature was 28°C.
The measured leaf compartment area was 1 x 2 cm.

Leaf moisture: The fresh mass (My) and dry mass (My) of
samples were measured. After measuring the fresh mass,
the sample was immersed in distilled water for several
hours. The samples were dried before being weighed.
The immersion step was repeated until the weighing
results were roughly equal to the previous one. The final
result was considered as the saturated fresh mass (M,).
RWC [%] = (M;— Ma)/(M; — My) x 100.

Thermal infrared image acquisition: After 3 d of alkaline
stress treatment, the CA/899 thermal infrared camera
(CHAUVIN ARNOULX, France) was placed at one meter
in front of the plants, to obtain infrared images and record
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the current air temperature (T,). After the infrared image
was collected, the CA Infrared Analysis software was used
to record and analyze the leaf temperature.

The measurement of the leaf temperature (T)) was
performed at a distance of 2 cm from the tip of the
uppermost leaf. Each measurement was performed on
five plants, and the average was taken as T,. The leaf
temperature difference calculation formula was as follows:
AT=T,-T.

Statistical analysis: Both one-way and two-way analysis
of variance (ANOVA), regression analysis, and Duncan's
multiple range test were performed with DPS soft-
ware (http://www.dpsw.cn/index.html). The results are
expressed as the mean + SD. The data were collated and
plotted using GraphPad Prism8 software.

Results

Morphological parameters: Alkaline stress affected
the growth of sorghum seedlings. As shown in Fig. 1S
(supplement), alkaline stress had different effects on the
two sorghum inbred lines. The leaves of alkali-sensitive
inbred line 262B appeared withered and wilted, whereas
the leaves of alkali-tolerant inbred line SX44B maintained
a good appearance.

As shown in Fig. 14, under alkaline stress, the shoot
length of the two inbred lines showed a downward trend
compared to that of the control. Among them, the decline
of 262B was greater than that of SX44B. The shoot
length of SX44B and 262B decreased by 32.9 and 49.4%,
respectively, compared with that of the control. The
difference in shoot length between the treatments of the
two inbred lines was significant. Furthermore, significant
interactions between inbred lines and alkaline stress were
observed in the shoot length.

Under alkaline stress, the fresh mass of the shoot
decreased in both inbred lines. The decrease of 262B was
greater than that of SX44B. The fresh mass of shoot of
262B showed a significant decrease of 71.1% compared
with that of the control. Additionally, there was a
significant drop in the fresh mass of shoot of SX44B by
47.8%. After stress, the shoot fresh mass of SX44B was
higher than that of 262B; however, the result was not
statistically significant (Fig. 1B). Also, there was a marked
interaction between inbred lines and alkaline stress in the
fresh mass of the shoot.

The data of shoot dry mass showed the same
downward trend as that of shoot fresh mass under alkaline
stress. The decline of shoot dry mass of 262B was more
obvious than that of SX44B. Specifically, the shoot dry
mass of 262B decreased by 32.7%, and that of SX44B
decreased by 24.5%. There were significant differences
between the shoot dry mass of the two inbred lines and
the corresponding control. After exposure to stress, there
was no significant difference between the shoot dry mass
of 262B and SX44B (Fig. 1C). However, no significant
interactions between inbred lines and alkaline stress were
observed in shoot dry mass.
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Fig. 1. Effect of alkaline stress on the agronomic traits of sorghum
seedlings. (4) shoot length; (B) fresh mass of leaves; (C) dry
mass of shoot. TR — different treatments; IL — different inbred
lines; CK — no alkaline stress; TS — alkaline stress. Significant
differences (P<0.05) were determined by different lowercase
letters according to the one-way or two-way ANOVA followed by
the least significant difference test. * — significant at the P=0.05
level. ** —significant at the P=0.01 level. *** — significant at the
P=0.001 level. ns — no significant difference.

Antioxidant enzyme activities: The SOD activity showed
an upward trend in both inbred lines under alkaline stress
(Fig. 24). The leaf SOD activity of SX44B and 262B
increased by 47.8 and 40.1%, respectively, compared to
that of the control. The difference in SOD activity between
the two treatments and each control was not significant
and there was no significant difference in SOD activity
between the two treatments.

After stress treatment, the POD activity in sorghum
leaves increased in both inbred lines (Fig. 2B). The POD
activity in SX44B and 262B leaves significantly increased
by 125.7 and 82.9%, respectively, when compared with
that of the control. The increase of the POD activity in
SX44B was higher than that of 262B, and the difference in
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POD activity between the two treatments was statistically
significant.

Under alkaline stress, the CAT activity of SX44B
leaves significantly increased by 41.2% when compared to
that of the control. There was a 14.7% increase in the CAT
activity of 262B leaves compared with that of the control;
however, it was not statistically significant. Although the
CAT activity of SX44B leaves was higher than that of
262B, the difference was not significant (Fig. 2C).

After alkaline stress treatment, the APX activities of
SX44B and 262B significantly increased by 88.7 and
42.5%, respectively, when compared with that of the
control. The APX activity of SX44B leaves was higher than
that of 262B; however, the difference was not significant
(Fig. 2D).

Thus, under alkaline stress, the antioxidant enzyme
activities in SX44B were higher than those in 262B. Also,
significant interactions between inbred lines and alkaline
stress were observed in the activity of POD and APX,
except for the activity of SOD and CAT. It showed that
alkali-tolerant inbred lines can resist the damaging effects
of alkaline stress in plants by improving the activity of
antioxidant enzymes. It can remove the ROS in the plants
effectively and reduce the degree of membrane lipid
peroxidation, leading to better alkaline resistance in plants.

Chl content and chloroplast ultrastructure: Chl is the
main pigment for photosynthesis in plants. Under the
effect of 75 mmol L' mixed alkaline stress (Fig. 3), the
Chl content of SX44B and 262B showed a significant
decrease of 41.2 and 66.4%, respectively, when compared
with that of the control. Additionally, the Chl content of
SX44B was significantly higher than that of 262B. But, no
significant interactions between inbred lines and alkaline
stress were found in Chl content.

The chloroplast had a complete structure and a full
oval shape. Its double-membrane structure was visible.
A small number of osmiophilic granules was found in
the chloroplasts. The thylakoid sheets in the chloroplasts
were stacked neatly (Fig. 2SA-D, supplement). Under
alkaline stress, the chloroplast of SX44B suffered less
damage, while still maintaining a normal oval shape.
The chloroplast double-layer membrane structure was
almost completely intact. The thylakoid sheets in the
chloroplast were arranged loosely, twisted, and swollen.
However, some of the layers showed a better arrangement.
By contrast, under saline stress, the chloroplast of 262B
deformed from the original long ellipse to a spherical shape.
The chloroplast membrane was completely dissolved.
The thylakoid lamella disintegrated and disappeared
(Fig. 2SE-H, supplement).

Chl fluorescence parameters: Under saline stress, the F,
decreased in both seedlings of these two sorghum inbred
lines (Fig. 4). The F, of SX44B and 262B decreased by 0.3
and 15.9%, respectively. The value shown by 262B was
significantly different compared with that of control, while
that of SX44B was not. The F, of SX44B was 1.23 times
higher than that of 262B, and the difference in F, between
the two inbred lines was statistically significant.
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Fig. 3. Effect of alkaline stress on chlorophyll content in
sorghum seedlings. Chl — chlorophyll; TR — different treatments;
IL — different inbred lines; FM — fresh mass; CK — no alkaline
stress; TS — alkaline stress. Significant differences (P<0.05)
were determined by different lowercase letters according to the
one-way or two-way ANOVA followed by the least significant
difference test. * — significant at the P=0.05 level. ** — significant
at the P=0.01 level. *** —significant at the P=0.001 level. ns —no
significant difference.

There was an 11.2 and 21.8% drop in F./F,, in SX44B
and 262B, respectively. The value of F./F,, in SX44B was
not significantly different compared to that of the control,
while that of 262B showed a significant difference.
The F./F., of SX44B was higher than that of 262B, and
there was a significant difference in F,/F,, between the two
inbred lines. Thus, this implies that 262B was more easily
affected by alkaline stress than SX44B.

parameters.

Photosynthetic parameters: After alkaline stress treat-
ment, the Py of SX44B and 262B significantly decreased
by 34.9 and 55.0%, respectively, compared to that of the
control (Fig. 54). Alkaline stress caused the g of SX44B
and 262B to significantly decrease by 39.0 and 64.8%,
respectively, compared to that of the control. The decline
of 262B was higher than that of SX44B. The g, of SX44B
was 2.0 times higher than that of 262B, with a significant
difference (Fig. 5B). After the alkaline treatment, the C;
of SX44B and 262B significantly increased by 25.0 and
162.0%, respectively, compared with that of the control.
After stress, the C; of 262B was 2.0 times higher than
that of SX44B, with a significant difference (Fig. 5C).
The trend of E was similar to that of Py and g.. Under
alkaline stress, the E of the two sorghum inbred lines
decreased significantly. The decline of SX44B was lower
than that of 262B. The E of SX44B was 1.5 times higher
than that of 262B, with a significant difference (Fig. 5D).
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Fig. 4. Effect of alkaline stress on Chl fluorescence parameters of sorghum seedlings. (4) and (£) minimal fluorescence (Fo); (B) and (E)
nonphotochemical quenching (NPQ); (C) effective quantum yield of PSII photochemistry (®psp); (D) and (£) maximum photochemical
efficiency of PSII (F./F,,). TR — different treatments; IL — different inbred lines; CK — no alkaline stress; TS — alkaline stress. Significant
differences (P<0.05) were determined by different lowercase letters according to the one-way or two-way ANOVA followed by the least
significant difference test. * — significant at the P=0.05 level. ** — significant at the P=0.01 level. *** — significant at the P=0.001 level.

ns — no significant difference.

Taken together, significant interactions between inbred
lines and alkaline stress were found in Py, g, and C,,
except for E.

RWC and leaf temperature: It can be seen from Fig. 6
that alkaline stress caused physiological drought and
dehydration in seedlings. There were no significant
differences in the RWC of the leaves in the two sorghum
inbred lines in the control group. Under alkaline stress,
the RWC of the leaves in the two sorghum inbred lines
decreased. The decline of 262B was higher than that of
SX44B, and the values were significantly different from
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that of the control. However, the RWC of leaves decreased
slightly after stress in SX44B and was not significantly
different compared with that of the control. There was
no notable interaction between inbred lines and alkaline
stress in RWC. The effect of alkaline stress on the leaf
temperature difference (AT) of sorghum leaves is shown
in Fig. 7. The average AT of SX44B and 262B increased
significantly by 0.3 and 1.70°C, respectively, compared
with that of the control. The increasing trend of AT
was more obvious in the alkali-sensitive variety 262B.
Moreover, there was a significant interaction between
inbred lines and alkaline stress in AT.
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Fig. 6. Effect of alkaline stress on relative water content (RWC) of
sorghum seedling leaves. TR — different treatments; IL — different
inbred lines; CK — no alkaline stress; TS — alkaline stress.
Significant differences (P<0.05) were determined by different
lowercase letters according to the one-way or two-way ANOVA
followed by the least significant difference test. * — significant
at the P=0.05 level. ** — significant at the P=0.01 level.
*¥** _ significant at the P=0.001 level. ns — no significant
difference.

The leaf water content of the SX44B and 262B showed
significant positive correlation with £ (R* = 0.7623,
p<0.05; R* = 0.6832, p<0.05). It indicated that in the
presence of alkaline stress, the reduced leaf RWC had a
negative effect on £ (Fig. 84,B8). There was an extremely
significant negative correlation between Py and AT

Fig. 7. Effect of alkaline stress on leaf temperature difference
in sorghum seedlings. TR — different treatments; IL — different
inbred lines; CK — no alkaline stress; TS — alkaline stress.
Significant differences (P<0.05) were determined by different
lowercase letters according to the one-way or two-way ANOVA
followed by the least significant difference test. * — significant
at the P=0.05 level. ** — significant at the P=0.01 level.
*¥** _ significant at the P=0.001 level. ns — no significant
difference.

(R* = 0.6187, p<0.01; R* = 0.8893, p<0.01), which
showed that higher AT resulted in lower Px. E was found
to decrease with an increase in AT (Fig. 8C—F). SX44B
showed a significant negative correlation between £ and
AT (R* = 0.4853, p<0.05). 262B showed an extremely
significant negative correlation between E and AT
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(R*=0.8841, p<0.01). Similarly, RWC and AT also showed
a significant negative correlation (R?* = 0.6677, p<0.05;
R*>=10.8387, p<0.05) (Fig. 8G,H).

Discussion

Under alkaline stress, the morphological, physiological,
and biochemical characteristics of crops change to adapt
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Py — net photosynthetic rate; CK — no alkaline
stress; TS — alkaline stress.

to the stress environment (Ge et al. 2010, Deinlein et al.
2014). In this experiment, the morphological characters of
the two sorghum inbred lines were significantly different
under conditions of mixed alkaline stress. After 3 d of
stress, the leaves of 262B showed obvious withering and
wilting, while the leaves of SX44B managed to maintain
their shape, indicating SX44B showed better tolerance
towards alkaline stress. The decrease of the fresh mass



of SX44B under alkaline stress was lower than that of
262B, indicating that SX44B had better water retention
ability and thus had better alkaline tolerance. There
was no difference in dry matter accumulation between
the two inbred lines under stress, which may be due to
the short duration of stress treatment. The intracellular
osmotic balance and ion balance are disrupted under
alkaline stress (Guo et al. 2010). Therefore, the prompt
elimination of excessive ROS is a standard to measure
the alkaline tolerance of sorghum germplasm. Oxidative
stress can damage cell structure and induce the production
of ROS. A large amount of ROS can cause irreversible
damage to chloroplasts, mitochondria, membrane lipids,
and proteins, thereby damaging plant cells (Sivakumar
et al. 2000, Affenzeller et al. 2009). In this experiment, the
activities of SOD, POD, CAT, and APX in the leaves of the
two sorghum inbred lines showed an upward trend under
alkaline stress. It showed that alkaline stress can stimulate
the activity of sorghum antioxidant enzymes to remove
the ROS accumulated in the plants. However, the degree
of enzyme activity was variable in different lines. Under
alkaline stress, the activities of POD, CAT, and APX in
SX44B leaves were significantly higher than that of 262B,
especially POD and APX, indicating that SX44B had a
stronger ROS-scavenging ability.

Chloroplasts are the main source of ROS, and excessive
ROS leads to the damage of chloroplast structure (Ren ez al.
2016, Ma et al. 2017, Zhou et al. 2018). Under alkaline
stress, the chloroplast of 262B deformed into a spherical
shape. The double-membrane structure disappeared com-
pletely, and the thylakoid matrix lamella disintegrated
and disappeared. When the thylakoid castellations reduce
in size or even disappear, it reduces the absorption,
transmission, and utilization of light energy, thus limiting
the complete conversion of light energy into chemical
energy and reducing photosynthetic capacity. By contrast,
the chloroplast of SX44B still maintained a long oval
shape. Some thylakoid basal granules were twisted and
swollen, and the direction of arrangement was irregular.
However, a part of the matrix sheet still maintained
a good arrangement structure, and the double-layer
membrane structure was also clearly visible. This may
be because the alkali-tolerant variety SX44B maintained
high antioxidant enzyme activity, resulting in less damage
by ROS to the chloroplast. Ren e al. (2016) also found
a similar phenomenon in maize. The change of chloroplast
morphology and structure is an important factor affecting
the Chl content under sorghum alkaline stress. As Chl is
the main pigment of photosynthesis, its content also has
an important effect on the photosynthesis of plants (Wang
et al. 2018). In this experiment, alkaline stress treatment
significantly reduced the Chl content of the seedlings of
the two sorghum inbred lines. Chl content was significantly
different between inbred lines and treatments, but not in
interactions, suggesting that the higher Chl content may
be the basis of resistance to the adverse environment such
as alkaline stress. Furthermore, the net photosynthetic
rate of alkali-sensitive variety 262B decreased more
significantly. Additionally, the stomatal conductance and
transpiration rate of sorghum decreased significantly, while
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the intercellular CO, concentration increased significantly.
This indicated that alkaline stress reduced the ability to
assimilate CO,.

PSII plays an especially important role in photosyn-
thesis response to environmental stresses (Baker 1991).
Studies have found that alkaline stress can destroy
the reaction center of PSII. The original light energy
conversion efficiency (F./F,,) is reduced, and light energy
is excessive. At this time, it iS necessary to convert
light energy into heat and dissipate it to protect the
photosynthetic system (Sun ef al. 2012). F, was related to
the concentration of Chl in the leaves. In this experiment,
Fo of SX44B remained higher under alkaline stress,
indicating that the Chl concentration of SX44B could still
maintain higher. The decrease in F,/F,, and ®psi showed
that the light energy conversion efficiency of sorghum was
affected. Specifically, electron transfer was inhibited and
photosynthetic activity was reduced. But it can also be
found that the electron transfer of SX44B was less affected
than 262B. NPQ is the nonphotochemical quenching
coefficient. It reflects the ability of plants to convert light
energy into heat when there is excessive light energy,
which is the light-protection ability. Under alkaline stress,
the increase in NPQ in SX44B revealed that alkaline stress
affected the distribution of excitation energy in PSII of
sorghum leaves. SX44B consumed excessive excitation
energy through heat dissipation, which improved the light-
protection capability. To a certain extent, it alleviated the
effect of alkaline stress on photosynthesis. The reduction
of NPQ in 262B resulted in difficulty in consuming the
excessive excitation energy accumulated in the plant over
time, leading to damage to the photosynthetic system and
a decrease in Py. The above results indicate that compared
to the alkali-sensitive inbred line 262B, the alkali-tolerant
inbred line SX44B can more effectively maintain the
potential activity of PSII and the light energy conversion
efficiency of PSII under alkaline stress. SX44B could
effectively consume excessive light energy through heat
dissipation. It protected the photosynthetic system and
resulted in a decrease in the net photosynthetic rate. This
may be a means by which SX44B protects PSII and resists
alkaline stress.

Leaf water content affects the degree of stomatal
opening and closing of crops (Ren et al. 2016). Closure
of the stomata increases the resistance to CO, exchange,
which, in turn, reduces transpiration rate and restricts the
prompt dissipation of heat in the leaves (Lu et al. 2003).
When the water content of sorghum leaves decreases,
their temperature increases (Wang et al. 2013). The
change in leaf temperature can timely and accurately
reflect the water content of leaves and the transpiration
of plants (Zhang et al. 2019a). To avoid the influence of
ambient temperature on leaf temperature, we used AT to
reflect the change in leaf temperature in this experiment.
This experiment showed that under alkaline stress, the
AT of the two sorghum leaves increased significantly.
Additionally, the increase of AT in alkali-sensitive variety
262B was more obvious. Alkaline stress reduced the RWC
of sorghum seedlings. Regression analysis showed a
significant positive correlation between leaf water content

209



J.J.GUO et al.

and transpiration rate. It indicated that the decrease in leaf
RWC under alkaline stress had a negative effect on E.
There was a very significant negative correlation between
Py and AT. It revealed that the increase in leaf temperature
can reflect the adverse effect of alkaline stress on Py.
The E of both SX44B and 262B had a significant negative
correlation with AT. It illustrated that the leaf temperature
of alkali-sensitive varieties responded more prominently
to alkaline stress. Similarly, RWC and AT also showed a
significant negative correlation with each other. Therefore,
we infer that the leaf water and photosynthetic physiology
of sorghum under alkaline stress can be reflected by
the change in AT. In other words, AT can be used as a
monitoring index to judge the degree of response of
sorghum germplasm to alkaline stress.

Conclusion: Alkaline stress treatment destroyed the
chloroplast structure and reduced Pn. SX44B could
eliminate the excessive ROS accumulated by alkaline
stress and reduce the damage to the chloroplast by
enhancing antioxidant enzyme activity. Moreover, it
could keep a high NPQ and effectively consume excess
light energy, thus maintaining a higher Py and showing
strong alkaline resistance. The temperature of sorghum
leaves increased with the decrease of £ and AT had a
significant correlation with sorghum leaf water content
and photosynthetic parameters. Thus, AT can be used as
an indicator to monitor the alkali tolerance of sorghum.
This study provides an effective method for future alkali-
tolerant genotype testing.
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