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Abstract

Dry hot wind (DHW) is one of the main agro-meteorological disasters that occur during the
grain filling stage of winter wheat in northern China. In this study, three major winter wheat
cultivars planted at the Mazhuang experimental station, Xinji city, Hebei Province, including
Henong 6119 (HN6119), Gaoyou 5218 (GY5218), and Jimai 325 (JM325), were analyzed.
Through natural DHW and artificially simulated DHW experiments, we investigated how the
physiological parameters of the three cultivars were affected on the day with DHW and the
day before and after DHW occurred. Comparative analysis of the different responses
among the physiological parameters of the three cultivars demonstrated that HN6119 expe-
rienced less leaf water loss by reducing its stomata conductance and transpiration rate
under natural DHW conditions, while GY5218 and JM325 experienced more leaf water loss
by increasing their stomata conductance and transpiration rates under natural DHW condi-
tions. The net photosynthetic rate, transpiration rate, and stomata conductance of HN6119
recovered after the DHW conditions, while those of GY5218 and JM325 showed a continu-
ously decreasing trend. The leaf photosynthetic water use efficiency decreased on DHW
days because the net photosynthesis rate was reduced for HN6119, but the transpiration
rate increased for GY5218 and JM325. HN6119 showed a significant positive correlation
between physiological parameters, while GY5218 and JM325 showed a poor correlation
after being affected by DHW conditions. The effect of artificial simulation under mild and
severe DHW stress on the thousand kernel weight (TKW) of HN6119, GY5218 and JM325
was 0.01%, 3.51%, 3.57% and 0.36%, 8.12%, 8.84%, respectively. HN6119 showed better
resistance to DHW, followed by GY5218, and JM325 showed the weakest resistance.

Introduction

Dry hot wind (DHW) is a kind of catastrophic weather with a high temperature, low relative
humidity and high wind speed, and this type of weather has different names across many
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countries, such as “sharav” in Israel, “sirocco” in North Africa, and “sukhovei” in the former
Soviet Union [1]. It is one of the main agro-meteorological hazards that occurs during the
grain filling stage of winter wheat in North China and can cause wheat yield reductions of 10%
to 20% under severe DHW weather [2,3]. Hebei Province is one of the main wheat planting
areas in China and a region with severe DHW damage [4], and the winter wheat area of central
and southern Hebei are DHW high-risk zones [5]. Under the conditions of global warming,
the frequency and severity of extreme weather and climate events, such as droughts and high
temperatures, are likely to increase in the future [6-15]. Zhao et al. reported that the most seri-
ous damage caused by light and severe DHW over the past 50 years (1961-2010) occurred in
the 1960s and then in the 1970s and 2000s on the Huang-Huai-Hai Plain in China [16]. There-
fore, studying the responses of different winter wheat cultivars to DHW is of great practical
significance for understanding the characteristics of different winter wheat cultivars and the
production of winter wheat.

Many researchers have paid substantial attention to studying the spatial-temporal charac-
teristics of DHW and its impact on crop physiological functions and yields. Lydolph noted the
index of sukhvoey for crop reactions and methods of reducing its negative effects in Russia
and its distribution and two cases in North America [17,18]. Tavakol et al. [19] analyzed the
spatial temporal variations in the frequency of compound DHW events in the central United
States. Smika et al. [1] reported the effect of DHW on wheat growth and yield by means of a
wind tunnel test and found that DHW reduced the number of spikes, grain number per spike
and grain weight of winter wheat. Studies on the DHW hazards for winter and spring wheat in
China began in the late 1950s, and the meteorological index, damage mechanism, effects on
crop growth and yield, and defense measures of DHW have been studied over the last 40 years
[20-26]. Some researchers have discussed the different resistances of different wheat cultivars
to DHW [27,28]. The effects of DHW on the photosynthetic physiological parameters of
wheat were studied by artificially simulated DHW experiments after 2000, and some experi-
ments were combined with remote sensing models to study the effects of DHW on the stoma-
tal behavior of winter wheat [29-32]. Most previous studies focused on the comparison of
photosynthetic physiological parameters before and after DHW event, while there are few
studies on the variation characteristics of each parameter on the day affected by DHW. Addi-
tionally, most of the studies were carried out by using a single winter wheat variety. With con-
tinually updated winter wheat cultivars, it is essential to investigate the different responses of
different winter wheat cultivars to DHW to meet the needs of modern agricultural production.

In this study, the experiment was carried out at the Mazhuang (37°58'N, 115°13E’) experi-
mental station of Hebei Agricultural University in Xinji city, Hebei Province, China, during
2019-2020. The terrain is flat, and the station is surrounded by farmland. The climate is warm
temperate with subhumid lands, an annual average temperature of 13.6°C, an annual rainfall
amount of 466.4 mm mainly from June to September, an annual relative humidity of 63%, and
annual sunshine of 2610.1 h. The soil type is loamy with a pH of 7.1. The soil has medium fer-
tility and an average field capacity of 22.7% (percentage of dry soil quality), a bulk density of
1.37 g cm™, and an average wilting humidity of 5% (percentage of dry soil quality). The objec-
tive of this study was to identify the response characteristics of the three winter wheat cultivars
to DHW in Hebei Province. Under natural and artificially simulated DHW conditions, we
conducted field experiments in 2019 and 2020 to examine the responses of winter wheat physi-
ological characteristics, such as net photosynthetic rate (P,), transpiration rate (T,), and sto-
matal conductance (Gy), to identify the effects of DHW on leaf photosynthetic water use
efficiency and thousand kernel weight (TKW) of wheat and to provide useful information for
winter wheat production and cultivar choice.
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Table 1. Classification of dry hot wind.

Class Daily Max.Tem. (°C) Relative Humidity (%)* Wind speed(m/s)*
mild >32 <30 >3
severe >35 <25 >3

*: Relative humidity and wind speed at 14 pm.

https://doi.org/10.1371/journal.pone.0274118.t001

Materials and methods
Experimental materials and design

The experiment was carried out in one of the main wheat planting regions of Hebei Province.
In addition, the phenotypic differences among varieties (including plant height, days of full
growth period, panicle type, etc.) were also considered. The three tested winter wheat cultivars
were Henong 6119 (HN6119), Gaoyou 5218 (GY5218), and Jimai 325 (JM325); the plant
heights were 70.7 cm, 72.71 cm and 75 cm, respectively, and the days of the whole growth
period were 239 days, 240 days and 242 days, respectively. The panicle types were spindle
shaped, rectangular and nearly rectangular. There were 6 planting plots in this experiment for
the three different cultivars, and the same cultivar was planted in every two plots. The planting
plot of each variety was 2000 cm x 3000 cm in size, and each variety contained a replicate area
with the same sowing time. Fertilizers (Shidanli compound fertilizer) were manually broad-
casted before sowing and incorporated during basal application at rates of 389 kg ha™' N, 75 kg
ha™ K and 55 kg ha! P. Fertilization, irrigation, pest control and other management practices
were consistent across plots. The initial flowering date of the three tested wheat was May 3",
2019, and there were no plant diseases or insect pests and no drought during the whole growth
period. The categorization of DHW was performed according to Huo et al. [33] (shown in
Table 1).

A mild DHW occurred on May 22", 2019, from 13:00 to 18:00, and a severe DHW
occurred on May 232019, from 13:00 to 17:00. The field measurements were carried out
from May 21° to May 24™ and on May 28" and May 31 2019, when the weather conditions
were good. Table 2 gives the meteorological element values on DHW days in 2019.

In 2020, no DHW weather occurred during our experiment; hence, we used the DHW sim-
ulation generator developed by the Institute of Geographic Sciences and Natural Resources
Research of the Chinese Academy of Sciences to conduct the experiment and a control test
(i.e., normal growth and not exposed to DHW), which were designed during the experiment
at the same time. Specifically, a mild DHW experiment was carried out from 13:00 to 16:00 on
May 23", with an average temperature of 35.8°C, a relative humidity of 26.9% and a wind
speed of 3 m/s. Moreover, we carried out observations on May 23 (the DHW day), May 24
(the day after the DHW day), and May 26™ (three days after the DHW day) 2020. In addition,
a severe DHW experiment was carried out from 10:00 to 17:00 on May 24", with an average

Table 2. Hourly meteorological data from 10:00-19:00 on May 22"¢ and 23", 2019.

Time 10:00
5/22 Temperature (°C) 28.1
Wind speed (m/s) 1.2
Relative humidity(%) 26
5/23 Temperature ("C) 29.6
Wind speed (m/s) 1.1
Relative humidity(%) 26

https://doi.org/10.1371/journal.pone.0274118.t002

11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00
30.1 32.3 32.4 33.6 34.4 33.2 34.7 32.8 28.6
1.5 2.1 3.3 3.0 3.0 3.8 3.0 3.0 3.2
18 16 16 18 17 16 17 21 26
32.0 34.3 34.0 35.7 37.1 34.9 34.6 31.9 30.6
0.7 1.7 3.0 3.0 3.0 3.5 3.0 3.2 3.8
23 21 15 17 13 13 13 15 17
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temperature of 39.5°C, a relative humidity of 20.8%, and a wind speed of 3 m/s. Moreover, we
carried out observations on May 24 (the DHW day), May 25" (the day after the DHW day)
and May 27™ (three days after the DHW day). After the wheat matured in 2020, the TKW,
grain length, grain width and grain thickness of the different wheat cultivars were investigated.
The experiment conducted complied with relevant institutional, national, and international
guidelines and was approved and guided by the Ethics Committee of the China Meteorological
Administration. This study obtained permission to collect the wheat cultivars Henong 6119
(HN6119), Gaoyou 5218 (GY5218), and Jimai 325 (JM325) during the experiment in China.

Measurement and methods

The net photosynthetic rate (P,), transpiration rate (T,) and stomatal conductance (G;) were
measured by the LI-6400XT Portable Photosynthesis System (LI-COR Inc, United States). As
the flag leaf is the primary photosynthetic organ for grain filling and yield formation [34], 5
flag leaves with a similar growth pattern, which were designed to repeat observation 5 times,
were selected randomly from each cultivar for the physiological parameter measurements, and
each leaf was measured 3 times. Therefore, 15 data points were acquired in one observation.
We excluded the data with the largest deviation and considered the average value of the
remaining 14 data points as the value in one observation. To avoid the influence of the daily
variation in different parameters [35-40] on the comparability, the measurement was at 14:00
pm in 2019 (intensive observations at 10:00 am, 12:00 pm, 16:00 pm and 18:00 pm on DHW
days) and immediately after the DHW stress experiment in 2020, with 3 replications for three
winter wheat cultivars. After the measurements, five leaves were cut and weighed to determine
their fresh weight (FW) and then weighed to determine their dry weight (DW) after treatment
at 120°C for 20 minutes and drying at 80°C for 10 hours in an oven. Therefore, the relative
water content (RWC) of the leaves was calculated by the following formula:

FW — DW
WC = x 100% (1)

The stress index (SI) of DHW on the parameters was calculated as follows:

|nb — na|

SI = x 100% (2)

n

a

where 1, is the value measured for physiological parameters (i.e., P, T}, and G;) after DHW
stress, 1, is the value measured for physiological parameters (i.e., P, T,, and G;) without
DHW stress; if n,>n,, then it indicates that there is no obvious negative effect on wheat after
DHW stress. When the SI value is larger, the disaster stress is stronger, and vice versa.

The F test and correlation method were used to analyze the responses of the different winter
wheat cultivars to DHW. Table 3 shows the significance test results of the photosynthetic phys-
iological parameters measured in 2019.

Results

Differences in the responses of net photosynthetic rate (P,) for the three
cultivars

Fig 1A presents the change curve of P,, (umol CO, m™*s™) for each cultivar from May 21* to
24™ and on May 28" and May 31* in 2019, and the P,, of HN6119 showed a decreasing trend
from May 21° to May 24™ and an increasing trend on May 28" and May 31°*'. The F test result
for HN6119 was extremely significant from May 21 to May 22™% and May 28" to May 31*
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Table 3. Significance test of photosynthetic physiological parameters for the three cultivars during the 2019

experiment.
Date HN6119 GY5218 JM325
P, T, G, P, T, G, P, T, G,
5/21-5/22 o ns o ns * ns ns * ns
5/22-5/23 ns ns ns ns o o o o o
5/23-5/24 ns * ns * o o * * ns
5/24-5/28 * s o o s o o o o
5/28-5/31 o o o o o o o o o
Note: ns

* ok

, ** indicate that F tests are not significant, P<0.05 and P<0.01 respectively.

https://doi.org/10.1371/journal.pone.0274118.t003

and significant from May 24™ to May 28". The P,, of GY5218 showed no significant change
from May 21° to May 23", a significant decrease from May 23" to May 24™, and an extremely
significant decrease on May 24" and May 31%. The P,, of J]M325 showed an increasing trend
from May 21° to May 23" and was similar to that of GY5218 after May 23", The F test result
for JM325 was extremely significant from May 22™¢ to May 23",

Under the influence of DHW, the variation characteristics of P, showed differences among
cultivars, which indicated that the responses of different cultivars to DHW were not the same.
For HN6119, the P,, was at a high level on May 21%, and it decreased from May 22" to 23"
when DHW occurred. While it showed a significant increasing trend on May 28" and May
31 during the recovery time after DHW conditions, DHW had little effect on it. For GY5218,
the P, on May 21 was also at a high level; it showed no significant change and remained at a
high level when DHW occurred, and there was a significant decreasing trend and no sign of
recovery of P, when the DHW ended, which indicated that DHW had a negative effect on it.
For JM325, the crop responded to it by increasing the P,, when DHW occurred, and there
were no signs of recovery of P,, but with a continuous decreasing trend when DHW ended,
which indicated that DHW also had effects on it.

Fig 1B is the daily change curve of P,, on the day when DHW occurs. For HN6119, the daily
change curve of P,, showed a bimodal pattern on May 22", 2019, with two peaks at 10:00 am
and 16:00 pm, which indicated that mild DHW had no obvious effect on this cultivar. This
result was similar to the observation shown in previous literature [29]. On May 23" p, still
reached a higher level at 10:00 am, but this peak was followed by a continuous decrease when
the temperature increased, as shown in Table 2; in addition, no peak appeared at 16:00, which
indicated that severe DHW had a significant effect on this cultivar. For GY5218 and JM325,
the peak of P, was observed at 12:00 pm on May 22", and the peak time showed a significant
difference from that in a previous study [29]. This result indicated that mild DHW had a cer-
tain but not severe effect on these cultivars. On May 23", P,, also reached a higher level at
10:00 am, and the change was similar to that for HN6119 afterward, which indicated that
severe DHW caused damage to these two cultivars.

The P,, of HN6119 was sensitive to DHW, and its P,, decreased greatly; however, the P,, of
GY5218 and JM325 was not sensitive to DHW; therefore, their P,, had a minimal decrease.

Differences in the responses of the transpiration rate (T,) for the three
cultivars

Fig 2A is the T, (mmol H,O m™s™") change curve of the three winter wheat cultivars from
May 21 to 24™ and on May 28" and May 31%, 2019. As shown in Fig 2A and Table 3, the T,

PLOS ONE | https://doi.org/10.1371/journal.pone.0274118  October 5, 2022 5/16


https://doi.org/10.1371/journal.pone.0274118.t003
https://doi.org/10.1371/journal.pone.0274118

PLOS ONE

Study on the different responses of different winter wheat cultivars to dry hot wind

5 a —HN6119 —GY5218 —JM325
~ 20 F
—'.V)
£15 |
o
Q
= 10 |
g
>
pe BT
0 1 1 1 1 1 | ]
21-May 22-May 23-May 24-May 28-May 31-May
Time(day)
251 b —HN6119 —GY5218 —JM325
e 20 "
Eisf
o
&)
—g 10 F
S
al 5}
SEnn6110=1.46 SE(ysy15=1.26 SE 3,5 =1.57
0 1 2 1 4 2 ' 1 1 2 3
10h 12h 14h 16h 18h 10h 12h 14h 16h 18h
22nd Time(hour) 23rd

Fig 1. (a) Change curves of P, (unit: pmol CO, m2s) for the three cultivars affected by DHW from May 21* to 24t
and on May 28% and May 31%, 2019; (b) the daily change curves of P,, (unit: pmol CO, m~ s for the three cultivars
affected by DHW from May 22" to 23™, 2019. (SE is the abbreviation of the standard error of P,.. The red, blue, and
green lines denote the wheat cultivars for HN6119, GY5218, and JM 325, respectively).

https://doi.org/10.1371/journal.pone.0274118.g001

of HN6119 showed a decreasing trend from May 21°' to May 24" and an increasing trend on
May 28™ and May 31°'. The F test of T, for HN6119 was extremely significant from May 23"
to May 24" and on May 28™ and May 31°'. The T, change trends of GY5218 and JM325 were
similar; both showed a continuous increase from May 21 to May 23", while they significantly
decreased from May 23" to May 24™ and on May 28™ and May 31°'. The increasing trends of
GY5218 and JM325 from May 21° to May 23™ were significantly different, but the decreasing
trend was almost the same; the overall change trend decreased after May 23" 2019.

The different variation characteristics of T, indicated that the responses of different culti-
vars to DHW were different. For HN6119, the variation characteristics of T, were similar to
those of P,,, and the crop responded to DHW by decreasing the T,, which indicated that DHW
had little effect on it. For GY5218 and JM325, the crop responded to DHW by increasing the
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Fig 2. As in Fig 1, but for (a) T, (unit: mmol H,O m™?s™) from May 21* to 24" and on May 28" and May 31, 2019;
(b) T, (unit: mmol H,O m™?s™) from May 22" 10 23 2019. (SE is the abbreviation of the standard error of T,).

https://doi.org/10.1371/journal.pone.0274118.g002

T,, but T, showed a significant decreasing trend when DHW ended, which indicated that
DHW had an effect on it. The value of T, was closely related to the amount of water loss in
leaves.

Fig 2B shows the T, daily variation curve of the three cultivars experiencing DHW on May
22" and 23" 2019. The T, remained at a low level at the beginning and continuously
decreased on the day with severe DHW for HN6119. The T, remained at a high level at the
beginning and peaked at 12:00 pm on May 23™ for GY5218 and JM325. The results showed
that the T, of HN6119 decreased to reduce the water loss from the leaves, while the T, of
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Table 4. FW (unit: g), DW (unit: g), RWC (unit: %) and standard error (unit: g) of the leaves of the three cultivars on the day before and after the DHW day during
the 2019 experiment.

HN6119 GY5218 JM325
Date FW DW RWC Fw DwW RWC FwW DwW RWC
5/21 1.041 0.346 66.77 1.413 0.463 67.22 2.867 0.818 71.46
5/24 0.899 0.300 66.61 1.000 0.341 65.92 2.054 0.641 68.81
Standard Error 0.050 0.016 0.057 0.146 0.043 0.460 0.287 0.063 0.937
Reduction (%) 13.6 13.2 0.24 29.2 26.4 1.94 28.4 21.7 3.71

https://doi.org/10.1371/journal.pone.0274118.t004

(Y5218 and JM325 increased to increase the water loss from the leaves when they were
affected by DHW. From Table 4, it was obvious that the variations in the leaves’ FWs, DW’s
and RWC of the three cultivars occurred one day before (May 21*) and after (May 24
DHW. The RWC of the leaves decreased by 0.24%, 1.94%, and 3.71% for HN6119, GY5218,
and JM325, respectively (Table 4). This result indicated that the T, of HN6119 decreased and
caused less water loss from the leaves, while the T, of GY5218 and JM325 increased and caused
more water loss from the leaves.

The T, variations among the three cultivars implied that HN6119 with the low T, was not
very sensitive to DHW, but GY5218 and JM325 with the high T, were sensitive to DHW; thus,
their T, had greatly changed.

Differences in the responses of the stomatal conductance (G;) for the three
cultivars

Fig 3A shows the G, (mol H,O m?s?) change in the three winter wheat cultivars from May
21 to 24™ and on May 28™ and May 31*'. The G, variation tendency of the three cultivars was
significantly different. For HN6119, G, showed a decreasing trend from May 21 to May 24™
and an increasing trend on May 28" and May 31*. The variation characteristics were similar
to those of P, and T, and significant changes were observed on May 21%, 22", May 24", May
28t May 28" and May 31*. For GY5218 and JM325, the G, variation characteristics were sim-
ilar; both showed a significant increasing trend from May 22" to May 23" and a decreasing
trend after May 23", However, a significant decrease was found in different periods for
GY5218 and JM325, as shown in Table 3.

The variation characteristics of G, showed the different responses by the three cultivars to
DHW. For HN6119, the G decreased during the DHW conditions and recovered after the
DHW, which indicated that DHW had little effect on it. GY5218 and JM325 responded to
DHW by increasing G, with a continuous decreasing trend and no signs of recovery when
DHW ended, which indicated that DHW had an effect on them.

From Fig 3B, it can be seen that G of HN6119 remained at a low level from the beginning,
which was similar to the variation characteristic of P, and T, and HN6119 showed strong
resistance to DHW by reducing the stomatal conductance to reduce T, and P,, to reduce the
damage caused by dry hot wind. For GY5218 and JM325, G, remained at a high level when
affected by DHW, which was consistent with the variation characteristic of T,. However, the
increase in Gy and T, at 12:00 pm, 14:00 pm, and 16:00 pm on the day affected by severe DHW
was significant compared with the increase in P,,. This result indicated that the increase in T,
did not cause the response of P, and only increased the water loss of leaves, so the resistance to
DHW of GY5218 and JM325 was weak. HN6119 had low G, and was not sensitive to DHW,
while GY5218 and JM325 had high G, and were sensitive to DHW, so their G, had greatly
changed.
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Fig3. Asin Fig 1, but for (a) G (unit: mol H,0 m™s™") from May 21** to 24" and on May 28" and May 31*, 2019; (b)
G, (unit: mol H,O m?s™) from May 22"t 23", 2019. (SE is the abbreviation of the standard error of Gy).

https://doi.org/10.1371/journal.pone.0274118.9003

Differences in leaf photosynthetic water use efficiency (WUE) among the
three cultivars

Fig 4A shows the variations in leaf photosynthetic water use efficiency (WUE), i.e., the ratio of
the flag leaf’s net photosynthetic rate to transpiration rate, for the three cultivars from May 21
to May 24™ and on May 28" and 31°'. The WUE of the three cultivars decreased under DHW
conditions from May 22" to 23" and increased after DHW. The reason for the WUE decrease
was not the same among the three cultivars. Generally, for HN6119, the net photosynthetic
rate decreased, and the transpiration rate decreased minimally; however, for GY5218 and
JM325, the transpiration rate increased, and the net photosynthetic rate changed minimally.
After the DHW conditions, the WUE of the three cultivars recovered gradually to some extent
on May 28" and 31%, indicating that the three cultivars resisted DHW by changing WUE by
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Fig 4. Asin Fig 1, but for (a) leaf photosynthetic water use efficiency (WUE) (unit: umol CO»/mmol H,0) from May
21* t0 24" and on May 28" and May 31%, 2019; (b) leaf photosynthetic WUE (unit: gmol CO,/mmol H,0) from May
22" t0 23™,2019. (SE is the abbreviation of the standard error of P,/T,).

https://doi.org/10.1371/journal.pone.0274118.9004

adjusting plant physiological processes. As shown in Fig 4B, the WUE of HN6119 was higher
than those of GY5218 and JM325 on DHW days. Under mild DHW conditions, the WUE
changed for the three cultivars in two kinds of patterns: one had two peaks for HN6119, and
the other had one peak for GY5218 and JM325. Under severe DHW conditions, the changes in
WUE for the three cultivars showed almost the same decreasing trends, implying that the dif-
ferences in the WUE variations for the three cultivars were not the same for the different inten-
sities of DHW.
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Table 5. Correlation coefficient of different photosynthetic physiological parameters for the three cultivars from May 21°* to 24" during the 2019 experiment.

DATE HN6119 GY5218 JM325
P, T, P, T, P, T,

5/21 T, 0.912%** 0.781*** 0.905%**

Gs 0.891*** 0.957*** 0.862%** 0.964*** 0.874*** 0.993***
5/22 T, 0.971%" 0.952"** 0.837*

Gs 0.993%** 0.973* 0.928"* 0.997+** 0.852+%* 0.996*
5/23 T, 0.981%* 0.756** 0473

Gs 0.989%** 0.998** 0.707+* 0.997+** 0.531 0.998"*
5/24 Tr 0.991%* 0.861* 0.990%**

Gs 0.993%** 0.999%** 0.876"* 0.999"** 0.992+** 0.999"**

Note

*, ** and *** indicate that the correlation coefficient tests reach significance levels of 0.05, 0.01, and 0.001, respectively.

https://doi.org/10.1371/journal.pone.0274118.1005

Differences in the responses of the photosynthesis physiological
parameters for the three cultivars

To examine the different responses of each cultivar to DHW, the correlation coefficients of the
photosynthetic physiological parameters of the three cultivars were analyzed.

As shown in Table 5, the correlation coefficients of T, and G, of the three cultivars [41] for
all measurements showed a significant positive correlation (P < 0.001); the correlation coeffi-
cients of P,,, T; and G, before and after DHW days were also significantly positively correlated
(P < 0.001). The significance levels of the correlation coefficients of P,,, T,, and G, on DHW
days were different among the three cultivars. The correlation of all measurements was signifi-
cantly positive at P < 0.001 for HN6119 and at P < 0.05 for GY5218. For J]M325, the correla-
tion coefficients were significantly positive except for the correlation between P, and T, at
16:00 pm and 18:00 pm on May 22" and the correlations of P,,, T,, and G at 14:00 pm and
16:00 pm on May 23", which were closely related to the effect of DHW; however, some param-
eters had no significant correlation. Based on the hourly meteorological elements, the DHW
lasted from 13:00 pm to 18:00 pm on May 22" and lasted from 13:00 pm to 17:00 pm on May
23", The correlation of P,, and T, of JM325 was affected by DHW at 16:00 pm on May 2ond
and continued to be affected until May 23", The effect on the correlation of P, and T, was
exacerbated when a severe DHW occurred as the temperature reached 35.7°C at 14:00 pm and
37.1°C at 15:00 pm on May 23", affecting the correlation of P,, and G,. The correlation differ-
ence in these parameters suggested that HN6119 had a better self-stability when affected by
DHW, and its metabolism balance still maintained normal regulation. For GY5218 and
JM325, the correlation coefficients of P,,, T, and G, showed poor correlations when affected by
DHW, which indicated that their regulatory function had been disrupted.

The above correlation analysis showed that in comparison to GY5218 and JM325, HN6119
had a better resistance to DHW.

Test of different resistances to DHW for the three cultivars

To verify the reliability of the above results, an artificially simulated DHW condition experi-
ment was conducted in 2020. Table 6 shows the stress index of the photosynthetic physiologi-
cal parameters for the three cultivars after DHW stress.

As shown in Table 6, the variation characteristics of the parameters under mild and severe
DHW stress were similar; the SI reached the highest level on the day DHW occurred and then
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Table 6. SI (unit: %) of the different photosynthetic physiological parameters for the three cultivars after DHW stress during the 2020 experiment.

Stress treatment

Mild 5/23
5/24

5/26

Severe 5/24
5/25

5/27

P,
14
ns
ns
49
26

ns

HN6119 GY5218 JM325
T, G, P, T, G, P, T, G,
43 54 27 56 66 37 56 65
15 17 16 49 35 24 47 37
8 16 8 19 32 4 41 54
50 46 51 45 42 71 56 57
46 36 31 48 35 40 42 21
27 30 21 47 46 29 48 57

Note: ns indicates that 1,>n,, and there is no significant impact after the dry hot wind stress.

https://doi.org/10.1371/journal.pone.0274118.t006

decreased for HN6119. In particular, P, had the highest decreasing speed, and the SI reached
the control level on the first day after mild DHW stress and the third day after severe DHW
stress. The SI of TKW under mild and severe DHW stress was 0.01% and 0.36%, respectively
(shown in Table 7), indicating that HN6119 had a better resistance to DHW. For GY5218 and
JM325 under mild and severe DHW stress, P,, showed the most significant variation, and the
SI had a decreasing trend; however, the SI did not reach the control level on the third day after
DHW stress. T, and G, did not show obvious consistent variation after DHW stress. The SI
was still at a high level on the third day after DHW stress, indicating that DHW caused damage
to the wheat. The SI of TKW under mild and severe DHW stress was 3.51% and 8.12% for
GY5218 and 3.57% and 8.84% for JM325, respectively. This result indicated that GY5218 and
JM325 had weak resistance to DHW. It can be seen from Table 7 that the effect of DHW on
grain morphology (i.e., grain length, grain width, and grain thickness) indicated that the SI of
the three cultivars were all smaller under mild DHW stress than under severe DHW stress. At
the same time, the SI of grain length was the smallest, and the SI of grain thickness was the
largest among the three cultivars. HN6119 had the smallest SI value, and JM325 had the largest
SI value among the three cultivars. The above results indicated that the resistance to DHW was
different among different cultivars and that DHW had different effects on grain morphology.
Therefore, in comparison to the other cultivars, HN6119 had a better resistance ability to
DHW.

Table 7. TKW (unit: g), grain length (unit: mm), grain width (unit: mm), grain thickness (unit: mm) and SI (unit: %) for the three cultivars under control contrast
(CC), mild dry hot wind (M-DHW) stress and severe dry hot wind (S-DHW) stress during the 2020 experiment.

Cultivars
HN6119

Grain Length (mm)
Grain Width (mm)

Grain Thickness(mm)

GY5218

Grain Length (mm)
Grain Width (mm)

Grain Thickness(mm)

JM325

Grain Length (mm)
Grain Width (mm)

Grain Thickness(mm)

https://doi.org/10.1371/journal.pone.0274118.t007

TKW (g)

TKW (g)

TKW (g)

CC M-DHW S-DHW SI % (M-DHW) SI % (S-DHW)
45.27 45.27 45.11 0.01 0.36
6.51 6.5 6.41 0.15 1.54
3.02 3.01 2.92 0.33 3.31
2.42 2.31 2.21 4.55 8.68
43.79 42.26 40.24 3.51 8.12
5.61 5.6 5.42 0.18 3.39
2.02 2.01 1.91 0.50 5.45
1.91 1.82 1.71 4.71 10.47
48.75 47.01 44.44 3.57 8.84
6.81 6.81 6.21 0.00 8.81
2.92 2.83 2.51 3.08 14.04
1.92 1.83 1.61 4.69 16.15
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The responses of the three cultivars to DHW were inconsistent under natural and artificial
simulation experiments, indicating that the three cultivars possess different DHW resistance
abilities.

Discussion

Under the natural and artificially simulated DHW field experiments, some physiological
parameters of the three wheat cultivars, such as photosynthesis, transpiration and stomatal
conductance, were analyzed to assess the response differences to DHW of the three cultivars.

In this study, we found that the cultivar with strong resistance to DHW showed better sto-
matal regulation ability under natural DHW conditions. The transpiration rate and leaf water
loss were reduced by stomatal conductance adjustment to avoid serious damage to plants. The
physiological functions could be recovered gradually after the end of DHW. The cultivar with
weak resistance to DHW showed more leaf water leaves by increasing the stomatal conduc-
tance and transpiration rate, and the physiological parameters showed a significant decrease
with no increase when the DHW ended. As in the literature [30], the results showed that
DHW increased the transpiration intensity and stomatal aperture, which resulted in water loss
from leaf cells. This result was consistent with the response of cultivars with weak resistance to
DHW in this study. However, the conclusions in previous literature were obtained for one cul-
tivar and did not reveal the response of different cultivars to DHW. Few research results about
the recovery of physiological functions after DHW were mentioned in previous literature.

This study shows that the physiological parameters of cultivars with strong resistance to
DHW could maintain a significant positive correlation when affected by DHW, which indi-
cates that the cultivars have better self-regulation ability. The physiological parameters of culti-
vars with weak resistance to DHW showed worse correlations when affected by DHW,
especially severe DHW, which means that the regulatory function of wheat was damaged and
that normal physiological functions, such as photosynthesis and transpiration, were stressed.
However, this finding has not been reported in previous studies [29,41].

According to the analysis, we found that the leaf photosynthetic WUE of the three cultivars
was lower when DHW conditions occurred than when no DHW occurred. Because of the cul-
tivar attributes, the reasons for the WUE changes were different. There were two different
ways for the decreasing WUE to adapt to adverse conditions: one was to reduce the net photo-
synthetic rate for the cultivars with better resistance to DHW, and the other was to increase
the transpiration rate for the cultivars with relatively weak resistance to DHW.

In this study, the variations in photosynthetic physiological parameters for different culti-
vars under natural DHW conditions were analyzed. The results show that the P,,, T, and G, of
the three cultivars all decreased on the first day after the end of DHW. Under the artificially
simulated DHW conditions, the photosynthetic physiological parameters of different cultivars
all decreased compared with those not under DHW conditions, which indicates that DHW
has inhibiting effects on the photosynthetic physiological parameters of winter wheat. Zhao
etal. [29] reported that the photosynthetic transpiration of wheat flag leaves at the grain filling
stage was restrained significantly and caused partial closure of stomata under artificially simu-
lated DHW. A study by Zhang et al. [30] showed that the net photosynthetic rate, transpiration
rate, and stomatal conductance of wheat flag leaves on the first day after DHW were lower
than those of the control group. These results were consistent with those of our study. Lu et al.
[28] reported that the maximum value of stomatal opening of cultivars with no resistance to
DHW showed a trend of appearing earlier, its duration was prolonged significantly, and the
transpiration intensity had no significant change. The maximum value of stomatal opening of
cultivars with strong resistance to DHW showed no significant change, and the transpiration
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intensity had a significant decreasing trend. There were some differences with the conclusions
of this study, which may be related to the difference in cultivar resistance. In short, the three
cultivars showed different photosynthetic responses to DHW, reflecting the different resis-
tances of the three cultivars to DHW, as environmental factors such as CO, concentration and
soil moisture were consistent in this study.

Conclusions

The responses of the three winter wheat cultivars to DHW were studied by field experiments
under natural DHW conditions. The results suggested that the photosynthetic physiological
parameters of P, T\, and G; for the three cultivars decreased on the first day after DHW
ended; the P,,, T, and G, of HN6119 recovered with time after DHW; and those of GY5218
and JM325 still decreased. The SI values of TKW under mild and severe DHW stress among
the three cultivars were different; HN6119 had the smallest value, GY5218 had the median
value, and JM325 had the largest value. The resistance to DHW was different among the three
cultivars, and DHW had a different effect on grain morphology. The response differences in
the P,,, T, and Gg variation characteristics and their correlations among the three cultivars sug-
gested that HN6119 had a better resistance to DHW, while the resistance of GY5218 and
JM325 were relatively weak. Further studies should be carried out to determine how to cope
with the negative effect of DHW on crop production under global climate change conditions.
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