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Abstract

Apple rootstock seedling M.9-T337 was selected to explore the effect of drought stress. The findings indicated that the
relative water content of both the leaf and soil gradually decreased with an increase in drought stress. The water-use
efficiency of the leaves increased gradually but decreased sharply after 20 d of drought. Changes in the gas-exchange
parameters and chlorophyll fluorescence parameters reflected the gradual decrease in the photosynthetic capacity of
the plants with drought stress duration. Infrared thermal imaging showed significant temperature differences between
the drought-stressed and control plants after 15 d of drought treatment. When irreversible damage occurred under
drought stress, the crop water-stress index and relative water content of the leaf and soil were 0.7, 60.5, and 17.8%,
respectively. Based on the results, we formulated a drought stress-grade standard. Further, we established that the best

time for irrigation is when drought stress reaches grade 3.
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Introduction

Drought is an important factor that restricts the growth and
development of apple (Malus domestica Borkh.) plants.
Apples, one of the largest fruit-bearing species in the
world in terms of yield and cultivation, are predominantly
produced in arid and semiarid regions. As apples are
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usually propagated by grafting, the drought resistance of
the rootstocks is vital to the plants' growth (Jensen et al.
2012). High-density planting systems have been widely
accepted in the apple industry as effective tools to increase
orchard efficiency (Weber 2001, Srivastava et al. 2019).
The apple dwarfing rootstock is primarily derived from
the M-line dwarfing rootstock, T337, which belongs to the
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superior line M.9. Line M.9-T337 is the most successful
and widely used rootstock due to its characteristics of early
fruiting, strong adaptability, and high yield (Hohnle and
Weber 2010, Gao et al. 2012). Therefore, studying the
drought resistance of M.9-T337 is of great significance to
the development of the apple industry.

Drought not only inflicts a morphological effect on
apple plants but also on the physiological and biochemical
reactions that take place within the plant (Bartels and
Sunkar 2005). When plants are subjected to drought
stress, the leaves — the most sensitive organs of the plant —
manifest by wilting and drooping, and the normal growth
of branches and roots is also inhibited (Hao ez al. 2015,
Shao et al. 2016). Photosynthesis is the most basic
physiological process of plants. The photosynthetic
activity of plants can be reflected by indicators, such as
net photosynthetic rate (Py), stomatal conductance (g),
intercellular carbon dioxide (CO,) concentration (C)),
transpiration rate (£), and water-use efficiency (WUE).
Drought stress will reduce the photosynthetic capacity of
apple leaves and can cause plant senescence. The response
of photosynthesis to drought stress mainly includes two
factors: the stomatal factor and the nonstomatal factor.
The former occurs owing to stomatal closure caused by
drought stress, which blocks the entry of CO, into leaves
(Siddique et al. 2000, Silva et al. 2007, Jaleel et al.
2009, Anjum et al. 2011, Basu et al. 2016). In contrast,
the latter is caused by damage to photosynthetic organs
accompanied by a decrease in photosynthetic pigment
content, PSII activity, and photosynthetic enzyme activity
(van Rensburg and Kriiger 1993, Escalona ef al. 1999, Earl
2002).

Drought stress can directly or indirectly affect the
photosynthetic performance of leaves, and PSII plays
an important role in plant responses to environmental
stress (Miyashita ef al. 2005, Liu et al. 2010). The active
center of PSII is crucial to the absorption, transmission,
and conversion of light energy (Jiang ez al. 2008). As an
essential indicator of photosynthetic function, chloro-
phyll fluorescence not only reflects the activity of PSII
accurately but is also an ideal probe for studying the
relationship between plant photosynthetic physiology and
adversity stress (Maxwell and Johnson 2000, Woo ef al.
2008). By observing changes in chlorophyll fluorescence
parameters, it is possible to analyze the general pattern of
light energy utilization in plants and its dynamic response
under the influence of varying external factors (Farage
et al. 2006, Hogewoning and Harbinson 2007, Baker
2008). When plants are under drought stress, the maximum
photochemical efficiency (F./Fn) of leaves is a simple and
fast way to reflect the degree of stress (Henriques 2009, Zai
et al. 2012). Nonphotochemical fluorescence quenching
(NPQ) expresses the ability of plants to dissipate excess
light energy into heat, whereas photochemical fluorescence
quenching (qp) represents fluorescence quenching caused
by photosynthesis and indicates the level of photosynthetic
activity (Baker 2008).

Among all monitored indicators of plant stress, the
surface temperature of the plant is considered to respond
fastest to stress, before the appearance of visual symptoms
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(Khanal et al. 2017). Infrared thermal imaging technology
is an emerging technology developed in recent years
that can detect the real-time temperature of plant leaves
conveniently. The aggravation of drought stress has been
shown to increase the temperature of leaves (Siddique
et al. 2000, Baker et al. 2007, Liu et al. 2011). Leinonen
et al. (2006) used thermal imaging to obtain canopy
temperatures and estimate the g, of grapevines under
drought stress. Lima ef al. (2016) used thermal imaging
technology to study the relationship between water stress
and three physiological indexes (gs, £, and Py). Infrared
thermal imaging technology has also been used to monitor
the drought stress of maize and screen drought-resistant
varieties (Zia et al. 2013). In addition to detecting water
stress, infrared thermal imaging technology is widely used
in the detection of a range of stresses, including diseases,
freezing, and damage (Jones 2004, Vadivambal and Jayas
2011, Ring and Ammer 2012, Wang et al. 2013). Infrared
thermal imaging technology is primarily applied to field
crops and has been applied less to fruit trees. With apples,
it is used to detect fruit disease or damage (Varith et al.
2003, Baranowski et al. 2008, 2009; Baranowski and
Mazurek 2009); however, this study is the first to apply
this technology to drought stress research.

In this study, the morphological changes of plants,
relative water contents (RWC) of the leaves and soil, gas-
exchange parameters, chlorophyll fluorescence parame-
ters, and the leaf temperature were measured to describe
the state changes of the apple rootstock M.9-T337 under
drought stress. M.9-T337 is a new dwarf rootstock
with excellent production performance. To support its
better utilization in the future, post-drought rehydration
experiments were conducted to establish the critical
indicators of when drought stress produces irreversible
damage. Moreover, the formation of drought stress-grade
standards was attempted to provide theoretical support
for the drought-resistant cultivation of apples, thereby
providing references for precision irrigation in the apple
industry in the future.

Materials and methods

Plants and experimental design: The experiments were
conducted under natural light in the glasshouse of the
Zhengzhou Fruit Research Institute, Chinese Academy
of Agricultural Sciences (34°42'48"N, 113°42'45"E; 47 m
above sea level), Zhengzhou, Henan, China. The tempera-
ture and humidity in the glasshouse were approximately
28°C and 70%, respectively. Two-month-old tissue-
cultured apple saplings of M.9-T337 (MS medium, 16/8-h
light/dark cycle, 22 + 1°C) were selected and transplanted
into pots (diameter of 17 cm, height of 14 cm) containing
homogenous soil (vermiculite, perlite, and peat soil;
volume ratio = 1:1:3) with one plant per pot and cultivated
for two months before the drought stress experiments
began. In the afternoon preceding the initiation of the
experiment, the plants were fully irrigated and excess
water was allowed to drain overnight. After draining, the
pots were weighed to a precision of 1 g using a digital
balance (MT201, Meilen, Shenzhen, China) to determine
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the mass at pot water capacity (Pot massiyia). The pot
mass was measured every day after the experimental
drought stress commenced (Pot massaiy). According to
the effect of drought stress on plant state, we selected 15,
20, and 25 d after drought treatment for rehydration, and
observed the recovery degree and survival status of plants
by measuring the RWC of leaves and soil, gas-exchange
parameters, leaf temperature, and chlorophyll fluorescence
parameters. After 3 d of rehydration, the state of the plants
was recorded. At the end of the experiment, the plants
were removed from each pot and each plants' respective
soil was oven-dried at 105°C for 48 h to determine the dry
mass (Soil DM). Then, the soil water content, expressed as
the water fraction [g g™'], was determined as SWC = (Pot
massaiy — Soil DM)/(Pot massinitia — Soil DM) (Centritto
etal 2011).

Leaf RWC assays: Leaf RWC was measured using
the method described by Liao et al. (2018). Counting
down from the apex, the fifth to eighth mature leaves of
similar sizes were selected and the fresh mass (FM) was
measured using an electronic balance (E5500S, Sartorius,
Gottingen, Germany). The turgid mass (TM) was recorded
after rehydrating the samples in vials containing water to
allow full saturation in darkness for 24 h. The dry mass
(DM) was measured after drying at 80°C for 24 h. RWC
was calculated using the following equation: RWC [%] =
(FM - DM)/(TM — DM) x 100.

The gas-exchange parameters were monitored using a
portable photosynthesis system (CIRAS-3, PP Systems,
MA, USA). Py, E, g, Ci, and WUE were measured using
the sixth fully expanded leaf (from the apex) between
9:00 and 11:00 h on sunny days at different treatment
stages. The average leaf temperature was 26°C, the CO,
concentration was 380 + 10 umol mol™, and the relative
humidity and light intensity were adjusted to 60% and
600 pmol(photon) m~2 s!, respectively.

The chlorophyll fluorescence parameters of PSII were
determined using pulse amplitude modulation fluorimetry
(IMAGING-PAM, Walz GmbH, Effeltrich, Germany).
A detailed description of this instrument is provided by
Schreiber et al. (2007). After 20 min of dark adaptation
of the leaves, the intrinsic fluorescence (F) of the antenna
system of fully oxidized PSII was measured according
to the instrument directions. Then, a saturating flash was
applied to detect the maximal fluorescence (F,) of fully
reduced PSII reaction centers (Figueroa e al. 2003). The
variable fluorescence F, was obtained as the difference
between F., and F,, together with F,/F,, (Schreiber ef al.
1986). The effective PSII quantum yield [Yay] was
calculated according to the formula: Y = (Fn' — F)/Fu'
(Genty et al. 1989), qp was calculated according to
Schreiber et al. (1986): qp = (Fn' — F)/(Fw' — Fy'), with Fy'
(minimal fluorescence) being estimated by the equation
Fo' = Fo/(F/Fm + Fo/Fa') (Oxborough and Baker 1997).
NPQ was calculated according to Bilger and Bjérkman
(1990): NPQ = (Fn — F.')/Fn.. When the disks were
illuminated, the maximum fluorescence yield (F.') was
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detected, which was normally lower than F,, owing to
nonphotochemical quenching (i.e., heat dissipation). All
parameters were read directly in the report window of a
computer connected to IMAGING-PAM.

Thermal imaging: Average surface temperatures of all
plants across the different stages of drought stress were
measured using a FLIR T600 (FLIR Systems, Stockholm,
Sweden) thermal camera (7.5-14 pm) and recorded as
a time series (day 1, 5, 10, 15, 20, and 25) using FLIR
Tool software (version 6.4.18039.1003). A temperature-
based crop water-stress index (CWSI) was developed
by Idso et al. (1981). The CWSI is defined as CWSI =
(Ty — Tw)/(Tq — Tyw), where T is the leaf temperature, Ty, is
the canopy temperature of the control plants corresponding
to a well-watered leaf with the stomata fully open, and Ty is
the canopy temperature, which equates to the temperature
of a nontranspiring leaf, i.e., one with stomata completely
closed. Higher values of the CWSI represent higher stress.
The theoretical maximum of CWSI is 1.0 if T; = T4, which
indicates complete stomatal closure.

Physiological analysis of roots: The fresh mass, length,
surface, and volume of the total roots from different
treatments were measured. The roots were scanned and the
morphological parameters were analyzed using the LA4-S
plant root analyzer system (WSeen, Hangzhou, China).

Statistical analysis: Each measurement was carried out on
four to six plants. All data were entered into Excel 2010
and the figures were created using SigmaPlot 14.0. The
data were evaluated using Tukey's test (p<0.05) in the
analysis of variance (ANOVA) program of SPSS (IBM,
SPSS Statistics v. 19.0).

Results

Effect of drought stress on plant leaves, roots, and
SWC: The morphological changes of the leaves were
recorded to determine the degree of drought stress increase
(Fig. 14). When the leaves started to change, we selected
several typical leaves at 5-d intervals to represent their
current state. After 20 d of drought, the edges of some
leaves began turning yellow, and the scorched yellow
extended from the edges to the middle of the leaves
five days later (Fig. 14). The RWC gradually decreased
with drought treatment until day 20, followed by a sharp
decline during the following days to zero at day 27
(Fig. 1B). When drought stress continued for 15, 20, and
25 d, the RWC of the leaves dropped to an average of
72.9, 60.5, and 31.6%, respectively, and the control was
maintained at an average of 90.3%. When the drought
treatment began, the soil moisture content decreased
gradually; the fastest period of decline occurred between
the 10" and 20™ day, reaching approximately 30% on the
15" d (Fig. 1C). After 30 d of drought stress, all plants
were dead.

Roots of plants from different drought stress periods
were selected for scanning analysis (Fig. 1S, supplement).
In the control group, the roots were relatively developed



with fibrous roots and a light brown color. With the
intensification of drought, the number of fibrous roots
gradually decreased and the color of the roots gradually
changed from light brown to black. All root parameters
(length, surface area, volume, the number of root tips and
bifurcation) increased on the fifth day of drought stress, but
only the volume reached a significant level. All parameters
gradually decreased with the length of the drought stress
period (Table 1S, supplement).

Gas-exchange parameters and WUE in response to
drought stress: Gas-exchange parameters and WUE were
measured throughout the entire drought stress experiment.

MONITORING OF APPLE DROUGHT TOLERANCE

All gas-exchange parameters of the control plants did
not change significantly during the entire experimental
period as they were cultivated under constant conditions
in the greenhouse (Fig. 2). Plants in the treatment group
showed a significant response to drought stress. Py
decreased as the degree of drought increased and exhibited
a particularly rapid decline after the 20™ day (Fig. 24).
The g; decreased rapidly at the beginning of the drought
process and continued to decrease throughout the rest
of the experimental period (Fig. 2B). The E gradually
decreased as the days of drought treatment increased
(Fig. 2C). The C; gradually decreased until the 20" day and
then began to rise rapidly (Fig. 2D). Differing from these

Fig. 1. Changes in leaf state (4), relative
leaf water content (B), and relative soil
water content (C) with drought continuation.
The ‘yellowing’ starts at the tip of the
leaf (between 15 and 20 d) and extends to
the base of the leaf. Con — control group;
DT — drought treatment group. Values are
means = SD, n = 6.

Fig. 2. Changes in gas-exchange parameters and water-
use efficiency of apple plants throughout the duration of
drought stress. Px—net photosynthetic rate; g;— stomatal
conductance; C; — intercellular CO, concentration;
E — transpiration rate; WUE — water-use efficiency;
Con — control group; DT — drought treatment group.
Values are means + SD, n = 6. Different lowercase
letters indicate significant differences at P<0.05.

461



D.T. GAO et al.

gas-exchange parameters, WUE gradually increased as the
days of drought treatment increased but dropped sharply
after the 20" day (Fig. 2F).

Leaf chlorophyll fluorescence: Changes in chlorophyll
fluorescence parameters were observed as drought
conditions intensified (Fig. 3). The state of the leaves could
be observed by the change in leaf color with an elaboration
on the process and software described in the ‘Materials
and methods’ (Fig. 34). No significant patterns were
observed in F./F,, before 10 d of drought treatment. On
the 15™ day, a difference could be seen in the fluorescence
intensity, and the F./F,, values analysis by Tukey's test
also revealed significant differences. Y, decreased
with drought stress and reached a significant difference
on the 10" day; after that, it dropped linearly to zero.
NPQ gradually increased as the degree of drought stress
increased, and then decreased rapidly after 15 d. When
plants were affected by drought stress, the value of qp
gradually decreased and was observed intuitively through
the change in color (Fig. 3).

Effect of drought stress on the temperature of leaves:
There was no significant difference in the surface
temperature between the control plants and the drought-
treated plants from day 0 to day 5 (Fig. 4). On the 10" day,
the temperature of the upper leaves began to rise, and the
average temperature difference between the control group
and the drought stress group was 0.62°C and the CWSI was
0.40. On the 15%, 20", and 25" d of drought treatment, the
infrared images revealed significant differences between
the temperature of the drought-treated plants and that of
the control plants, and the CWSI values of drought treated
plants were 0.72, 0.85, and 0.92, respectively.
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Recovery state of plants after rehydration: Fig. 5 shows
the changes in RWC, WUE, and gas-exchange parameters
in the recovery experiment. After rehydration following
15 d of the drought treatment, all parameters except
g recovered and exhibited no significant difference
compared with those of the control plants. After
rehydration following 20 d of the drought treatment,
WUE and C; recovered but the other parameters did not.
None of the parameters recovered to normal levels after
rehydration following 25 d of the drought treatment.
Moreover, we measured the temperature differences using
infrared thermal imaging (Fig. 2S, supplement) and the
chlorophyll fluorescence parameters (Fig. 3S, supplement)
after rehydration. After rehydration following 15 d of the
drought treatment, drought had no significant effect on
the growth of plants, while the growth recovered to the
normal level after rehydration. After rehydration following
20 d of drought, significant differences in temperature
and chlorophyll fluorescence parameters were observed
between the control and rehydrated plants, but the plants
were still alive. After 25 d of drought, no matter how much
water was applied, the plants did not survive.

Establishment of a drought stress-grade standard for
apple plants: According to the phenotypic and physio-
logical changes of the plants throughout the drought stress
period, a drought stress-grade standard for apple plants
was formulated (Table 1). The drought stress levels, which
gradually increase from level 1 to level 6 corresponding to
each plant phenotype, are shown in Fig. 6. At drought stress
level 1, there is no significant difference in the external
phenotype of the plants; however, the photosynthetic rate
decreased, chlorophyll fluorescence index decreased, and
leaf temperature significantly increased compared with

Fig. 3. Changes in chlorophyll
fluorescence parameters of apple
plants under drought conditions.
(4) Chlorophyll fluorescence
status of plant leaves in
different drought periods (1, 5,
10, 15, 20, 25 d). (B) Changes
in  chlorophyll fluorescence
parameter values across drought
period. F,/F, - maximum
photochemical efficiency; Y —
actual photochemical quantum
yield; NPQ — nonphotochemical
fluorescence quenching; qr —
photochemical quenching coef-
ficient. Values are means + SD,
n = 6. Different lowercase letters
indicate significant differences at
P<0.05.
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Fig. 4. Detection of leaf temperature of apple plants under different drought durations via infrared thermal imaging. The first and second
row show the status of the plants under natural light and infrared light, respectively. The plants shown on the left- and right-hand side of
each picture are the control and drought treatment plants, respectively. The data on the infrared image indicate the values of crop water

stress index.

Fig. 5. Changes in the leaf water content, water-use efficiency,
and gas-exchange parameters of apple plants after rehydration.
Py — net photosynthetic rate; g, — stomatal conductance;
C; — intercellular CO, concentration;, E — transpiration rate;
WUE — water-use efficiency; Con — control group. Values are
means + SD, n = 6. Different lowercase letters indicate significant
differences at P<0.05.

those of the control plants. Drought for 15 d and 20 d
corresponded to stress level 3 and level 4, respectively.
In this experiment, the plants completely recovered with
rehydration after 15 d of drought, while old leaves died
after 20 d of drought. After 25 d of drought, the stress
grade reached level 6; the plants in this treatment group
were all virtually dried up, and all life indexes tended to
fall to zero.

Discussion

Drought not only hinders the growth and metabolism of
plants at various stages but also affects the quality and
yield of crops (Farooq et al. 2009, Shao et al. 2009, Basu
et al. 2016). Most apple plantations reside in arid and
semiarid areas, where they are increasingly suffering from
the damage caused by drought (Du ef a/. 2017). In China,
with the reduction in arable land and implementation of
returning forests to fields in recent years, there is a need
for orchards to be relocated to land not suitable for food
production, such as mountains, which makes irrigation
more difficult. Therefore, research on the effects of
drought stress on apple plants will be of great significance
to the development of the fruit industry. To our knowledge,
this study is the first to combine gas exchange, chlorophyll
fluorescence, and infrared thermal imaging technology to
describe the effects of drought on the growth of M.9-T337
seedlings in detail.

Leaves are the main organs of plants for photosynthesis
and transpiration (Hao et al. 2015, Shao et al. 2016).
SWC can affect leaf water content directly, and leaf water
content can reflect a plant's water status. Drought stress
can lead to a potential or direct decrease in a leaf water
content, which can be used as an indicator of whether the
plant requires irrigation (Améglio et al. 1999, Cohen et al.
2005). In this study, the water content in the soil decreased
significantly earlier than that in the leaves, which indicates
that the roots were the first to be affected by soil water
shortage, and that soil water shortage gradually reached
the leaves a few days later (Fig. 18,C). When drought
stress continued to the 20" day, some leaf edges were
scorched and the RWC reduced to 55.5% (Fig. 1). Under
moderate drought stress, photosynthates are preferentially
distributed to roots, which promotes root growth and
enhances root activity; however, severe drought can
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Table 1. Phenotypic and physiological characteristics of apple plants under different drought grades.

Drought Phenotypic and physiological characteristics
grade

Relative soil Relative leaf
water content [%] water content [%]

Crop water-
stress index

1 No significant change in phenotype, but gas-exchange parameters, 55-65 80-85 0.40-0.50
leaf temperature, and chlorophyll fluorescence parameters change
significantly

2 Growth retardation and the color of green leaves deepens 40-55 75-80 0.50-0.65

3 Upper leaves droop and wilt (3—6 leaves), the edge of a few old leaves 25-40 65-75 0.65-0.75
becomes dry

4 The new leaves wilt severely, the upper and middle leaves are drooping 15-25 60—65 0.75-0.85
(8-12 leaves), and the old leaves begin to dry

5 Except for a few leaves in the middle, the other leaves are curled and 10-15 45-55 0.85-0.90
lose water

[§ The whole plant becomes dry, all vital signs (including photosynthesis < 10 <30 0.90-1.00

and chlorophyll fluorescence) tend to stop

damage root structure and the drought response is partly
mediated by the plant hormone abscisic acid (Xiong ef al.
2006, Zhang et al. 2006). In this study, as drought damage
increased, the brownish color of the roots gradually
deepened and the number of fibrous roots gradually
decreased (Fig. 1S, Table 15); thus, the activity of the roots
decreased and gradually lost the ability to absorb mineral
elements and water. Root growth slows under continuous
moderate drought stress and severe drought stress, which
is a self-defense mechanism for plants to cope with water
deficit (Maxwell and Johnson 2000).

Gas-exchange parameters are effective indexes that
reflect the photosynthesis capacity of plants (Baker
2008, Kumagai et al. 2015). Some studies have indicated
that the decrease in photosynthesis capacity is usually
caused by stomatal limitation under mild to moderate
drought conditions when both g, and C; decline whereas
nonstomatal limitation is the main reason for the decrease
in photosynthesis when C; increases and g, reaches a
minimum inflection point (Pérez-Lopez et al. 2012, Zhou
et al. 2013). In this study, the gas-exchange parameters
Py, g5, and E decreased as drought treatment duration pro-
longed (Fig. 24—C). C; also showed a downward trend in
the first 20 d, indicating that before 20 d of drought stress,
a stomatal limiting factor affected photosynthesis. The
plant gradually reached a severe drought level after 20 d;
when drought lasted for 20 d, C; began increasing (Fig. 2C),
gs decreased slowly to a certain extent (Fig. 28), and WUE
began showing a downward trend (Fig. 2E). Therefore, the
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Fig. 6. Plant status under
different drought stress
grades.

nonstomatal limiting factors become the main factors that
affected photosynthesis as most metabolic functions of the
leaves began declining; this finding is consistent with that
of other studies (Miyashita et al. 2005, Liao et al. 2018).
Chlorophyll fluorescence parameters are tools to quan-
tify the water status of plants during drought stress as they
can reflect the effects of drought stress on photosynthesis
quickly, accurately, and harmlessly (Longenberger et al.
2009). For most higher plants, the fluctuation range of
F./F. is very low under nonstress conditions. Even under
mild stress, the variation of F,/F,, is not significant but
decreases significantly under moderate or high-stress
conditions (Pettigrew 2004, Chen et al. 2017). In this study,
F,/F. decreased significantly on the 15" day (Fig. 3B),
indicating that the stress had already reached a moderate
level, the active center of PSII showed signs of damage,
and photosynthetic electron transfer was inhibited. Y i, and
gr decreased gradually with the duration of drought treat-
ment and NPQ initially increased with the aggravation of
drought, indicating that photosynthetic electron transport
was blocked, the photosynthetic rate decreased, and light
energy captured by the leaves was excessive. However,
the redundancy excitation energy could still be eliminated
through heat dissipation (Fig. 3B), which is a protective
mechanism of plants (Maxwell and Johnson 2000).
Thereafter, NPQ decreased significantly from about 20 d
of drought treatment, which indicated that drought stress
caused serious damage to the PSII photoreaction center.
A similar conclusion was reported by Woo et al. (2008).



Infrared thermography has been used to detect drought
stress in other plant species (Siddique et al. 2000, Wiriya-
Alongko et al. 2013, Zia et al. 2013), diseases, and injuries
in apple (Baranowski ef al. 2008, 2009); however, this
study is the first to use infrared thermography to detect
apple drought stress. In plants, as the stomata open and
the transpiration rate increases, a cooling effect on the
leaf surface is produced (evaporative cooling); hence, the
plant canopy cools. On contrary, owing to the onset of
stress, leaves suffer partial or complete stomatal closure
resulting in increased canopy temperatures owing to
reduced transpiration rates. Thus, the changes in canopy
temperature provide a valuable proxy of g; and transpira-
tion, which itself is a key indicator of different stress
responses (Nilsson 1995, Kashiwagi ef al. 2008, Biju et al.
2018). In this study, the temperature difference appeared
in a few upper leaves on the 10" day, but there was no
difference in the lower leaves (Fig. 4), indicating that
the plant still had a certain recovery ability although the
upper leaves could not reduce the temperature through
transpiration. However, it showed significant differences
in leaf temperature at 15 d of drought stress compared with
control plants and revealed the CWSI value of 0.72 (Fig. 4).
Other indexes (leaf RWC, gas-exchange parameters, and
chlorophyll fluorescence) also changed significantly at
this time (Figs. 1, 2, 3), which indicated that plants were
suffering from drought stress. Cohen et al. (2005) revealed
that the relationship between CWSI and leaf water
potential is more stable and has slightly higher correlation
coefficients than that between canopy temperature and
leaf water potential. Additionally, Wiriya-Alongko et al.
(2013) determined the CWSI based on thermal imaging,
which accurately detected the degree of drought in the
longan tree. In this study, we established a drought stress-
grade standard according to the comprehensive parameters
of the plants (Table 1).

In addition to the above experiments, we conducted
rehydration treatment experiments to test the survival
ability of the M.9-T337 plants. After 15 d of drought, all
indexes of leaves returned to normal, including the gas-
exchange parameters (Fig. 5), leaf temperature (Fig. 2S),
and chlorophyll fluorescence parameters (Fig. 3S), which
indicated that short-term drought stress was mainly caused
by stomatal limitation. The results showed that M.9-T337
had a certain ability to adapt to drought stress. However,
continuous moderate drought stress had a significant
inhibitory effect on plant physiological processes and
caused serious damage to the leaves of M.9-T337. The
water rehydration experiment also showed that the 20"
day was a critical time point for drought stress; the apple
seedlings would die if not watered. At this time, the plants
were between drought stress grades 4 and 5; the CWSI and
RWC of the leaf and soil were 0.72, 60.5%, and 17.84%,
respectively. Further, approximately 15 d of the drought
was determined to be the best time for irrigation; the RWC
of the soil and leaves was 30.0 and 72.9%, respectively,
and the CWSI value was 0.72.

In summary, this study described in detail the changes
in plant state that took place across the entire drought stress
process. It also produced a drought stress-grade standard

MONITORING OF APPLE DROUGHT TOLERANCE

that makes clear that grade 3 is the optimal irrigation
period, and found various critical indexes of irreversible
damage caused by drought stress that occurred on the
20" day of drought treatment. We hope that our research
will provide a theoretical basis for water management and
the breeding of drought-resistant apple plants. However,
we only studied the physiological response of apple plants
to drought. Comprehensive research on plant phenotype,
physiology, and the drought resistance molecular mecha-
nism will be the direction of future related research. This
will provide a theoretical reference with which to explore
the molecular mechanism of the plant drought response,
molecular genetic breeding, and agricultural sustainable
development.
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