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ABSTRACT

Abscisic acid (ABA) is a naturally occurring plant hormone, and it is also a known stress hormone that acts in plant
responses to abiotic stresses, especially drought. Dendrobium candidum production losses due to drought have prominent
economic effects. The current study investigates the role of ABA in the drought stress tolerance of D. candidum. The influence
of drought stress and foliar spray with ABA at different concentrations (5 mg/l, 10 mg/l, 15 mg/1) on physiological and
biochemical parameters was analyzed. The stems and leaves of D. candidum were collected on Day 0, Day 6, and Day 12.
The osmotic regulation ability, photosynthetic maintenance ability, and antioxidant ability of D. candidum under drought
stress were measured. Additionally, the changes in growth and physiological characteristics of D. candidum under drought
stress were studied after applying three concentrations of ABA. Exogenous ABA application effectively ameliorates the
adverse effects of drought stress to improve drought resistance. In conclusion, 10 mg/l ABA resulted in leaf water status
maintenance, photosynthetic performance, and antioxidative ability under drought stress.
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Introduction

Dendrobium candidum Kimura et Migo, has been used as a
natural, nutritional food ingredient and traditional Chinese
herb for thousands of years (Cao et al., 2019). The application
of D. candidum was recorded in Shennong’s Classic of Materia
Medica at the end of the Eastern Han Dynasty (25 C.E.-220
C.E.). It has been used to nourish the stomach, regulate
intestinal microbiota, enhance immunity, and reduce blood
lipids (Cui et al., 2014; Mittraphab et al., 2016). Modern
pharmacological studies have shown that D. candidum has

many effects (e.g., hypoglycaemic and antiaging effects; Li
et al., 2018). In recent years, the reserves of D. candidum
have decreased yearly. The reasons for the decline include
damage to the natural habitat of wild D. candidum such
as uncontrolled excavation and mining activities, and
lack of protective measures for its living environment.
These factors have led to environmental deterioration in
D. candidum production areas and a reduction in its wild
populations. Second, D. candidum has strict requirements for
environmental conditions, low reproductive capacity, and
slow growth under natural conditions. Drought can inhibit
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the survival and growth of D. candidum seedlings, which is
the main factor affecting their survival and distribution (Xu
etal.,2019a). Therefore, enhancing the drought resistance
ability of D. candidum seedlings and finding an effective
method to alleviate drought damage are key to improving
the survival rate and yield of its seedlings, an urgent problem
to be solved in D. candidum planting and production.

Phytohormones are considered the main signals during
stress conditions (Hasanagic et al., 2020). Exogenous
application of hormones has been shown to mitigate the
negative effects of drought stress and improve crop drought
resistance by mediating adjustments to leaf physiology
and metabolism (Izabela et al., 2014; Muller & Munne-
Bosch, 2021). Moreover, abscisic acid (ABA) is a naturally
occurring plant hormone. ABA has also been reported
to play an essential role in maintaining plant growth
under different stress conditions (Vishal & Kumar, 2018),
especially drought (Wang et al., 2013). ABA plays a vital role
in plants under drought conditions by signaling stomatal
closure and reducing shoot expansion, and ABA is involved
in vigorous root growth and other modifications (Fang &
Xiong, 2015). Exogenous ABA application has been used as
a drought mitigation practice in many experiments since it
has been shown to reduce drought-induced deficit stress in
plants through changes in their antioxidant system (Li et
al., 2011). Additionally, ABA application has been shown
to significantly increase the chlorophyll content and net
photosynthetic rates (A) of drought-stressed leaves (Chen
etal.,2018), regulate leaf carbon metabolism, and enhance
plant drought resistance (Dekkers et al., 2008). Furthermore,
some studies have reported that ABA spraying altered the
carbohydrate components in drought-stressed leaves (Li et
al., 2016; Pattanagul, 2011) and assimilated partitioning
among plant tissues under drought (Travaglia et al., 2007).
ABA levels rapidly increase at the onset of drought and
trigger a complex and multilayered signaling cascade, leading
to the transcription of drought-responsive genes that enable
the plant to maintain and adapt physiological processes
under drought (Ali et al., 2020).

Drought stress is one of the most severe abiotic stresses
across the world and seriously affects plant growth (Xu
et al., 2019b; Hassan et al., 2020). Dendrobium candidum
is an epiphytic orchid and grows on trunks and cliffs.
Owing to this water-scarce environment, D. candidum has
evolved sophisticated defense mechanisms against severe
drought stress, such as abundant metabolites and facultative
crassulacean acid metabolism (CAM), an evolutionary
adaptation of photosynthesis to reduce water loss under
drought (Xiao et al., 2007). Huang et al. (2021) reported
that plant hormone biosynthesis and signal transduction,
particularly ABA, may play a vital role in the regulation of
facultative CAM in D. candidum.
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Based on previous reports on the positive effects of
ABA on enhancing drought resistance of plants (Ramya
et al., 2022; Hu et al., 2022), it was hypothesized that
exogenous ABA application would also improve leaf osmotic
regulation ability, photosynthetic maintenance ability, and
antioxidant ability in D. candidum seedlings under drought
stress. This experiment simulates the drought situation of
D. candidum and applies different concentrations of ABA to
explore its physiological characteristics under drought stress
conditions, to determine the optimal ABA concentration. It
also provides technical support for the large-scale promotion
and application of D. candidum.

Materials and methods

Plant materials and stress treatment

The materials used in this experiment were all 3-year-old
robust seedlings of D. candidum in the growth stage. The plants
were growing at Nanyang National Agricultural Science and
Technology Park (112.430498 N, 32.948114 E) in Henan
province (China) in the autumn of 2022. Osmotic stress was
induced using 20% polyethylene glycol (PEG)-6000 solution
(-1.45 MPa) with water as control (Pattanagul, 2011).

The D. candidum seedlings were divided into four groups,
with five pots in each group. Each pot was transplanted
with 4-5 plants per pot. The culture medium in the pot
was a mixture of pine needles, sawdust, and coconut bricks
soaked in water for two days. Four groups of D. candidum
were grown in a chamber at 25 °C with a 16/8 h light/
dark cycle (300-400 pmol photons m? s?) and a relative
humidity of 75-80%. In the early stage, they were watered
every two days to restore their growth. Day 0 was defined
as the day when new leaves of D. candidum seedlings began
to grow. The four groups of D. candidum roots were irrigated
with 20% PEG-6000 every two days under drought stress
(DS). At the same time, leaves of group CO were sprayed
with water every two days under control treatment (CK),
leaves of group C5 were sprayed with 5 mg/1 ABA, leaves of
group C10 were sprayed with 10 mg/1 ABA, and leaves of
group C15 were sprayed with 15 mg/1 ABA. Subsequently,
D. candidum was sampled and stored in chronological order
at 0, 6, and 12 days. After determining water potential,
relative water content, chlorophyll a fluorescence, and
photosynthetic gas exchange parameters on Days 0, 6,
and 12, four sets of D. candidum leaves were collected and
weighed for the measurements of the physiological and
biochemical parameters in the laboratory. The selected
material was wrapped in tin foil and identified with a marker.
The samples were placed in liquid nitrogen for 30 min before
being placed in a -20 °C refrigerator for posterior use.
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Determination of water potential

Leaf water potential (Yw) was measured with an HR-33
T dewpoint microvoltmeter (Wescor, Logan, UT, USA) after
equilibration in the chamber for 2.5 h. The water potential
was determined in the psychrometer mode following the
manufacturer’s method.

Determination of relative water content

The relative water content (RWC) of leaves was
determined according to Ma et al. (2006). Relative water
content was calculated using the following equation (FW-
DW) / (TW-DW) x 100%. Meanwhile, FW is the fresh
weight, TW is the saturated weight after soaking the samples
in water for at least 12 hours and DW is the dry weight
after the shaping at 105°C for 15 minutes and then drying
samples at 65°C for 24h.

Measurements of soluble sugar and proline contents

Soluble sugar content was analyzed with anthrone
reagent with a Bausch and Lomb Spectrophotometer (Yemm
& Willis, 1954). To measure the soluble sugar content,
frozen leaf material (0.3 g) was extracted with 10 ml H,O at
100 °C for 10 min. The extracts were filtered and analyzed
for soluble sugar content using the anthrone-sulfuric acid
method. Briefly, 1 ml of the extract was mixed with 1 ml of
H,0, 0.5 ml of anthrone reagent (1 g anthrone and 50 ml
ethyl acetate), and 5 ml of oil of vitriol and then heated at
100 °C for 1 min. After cooling, the mix was analyzed by
UV spectrophotometry at 630 nm. Proline was measured
according to Shan et al. (2007).

Determination of photosynthetic pigments

Photosynthetic pigments were extracted from 0.05
g of fresh leaves in 10 ml of 80% aqueous acetone. The
homogenate was filtered, and 1 ml of the suspension was
diluted by the addition of 2 ml of acetone. The chlorophyll
a (chla), chlorophyll b (chlb), and carotenoid contents were
determined using a Hitachi U-2001 spectrophotometer
(Hitachi Ltd., Japan) at three wavelengths (663.2, 646.8,
and 470.0 nm). The concentrations of pigments (mg/g
FW) were calculated using a previously reported equation
(Lichtenthaler, 1987).

Chlorophyll a fluorescence analysis

The actual PSII efficiency under irradiance (OPSII) and
the maximal photochemical efficiency of PSII (Fv/Fm) were
measured with a portable pulse-modulated fluorometer

(FMS-2, Hansatech Instruments Ltd., King’s Lynn, UK).
For quenching analyses, the leaves were illuminated with
actinic light intensities of 800 pmol photons/m? s for 16
min (which was found to be sufficient for the induction of
steady-state light conditions) and subsequently kept for an
additional 10 min in the dark (Jiang et al., 2003).

Determination of photosynthetic gas exchange
parameters

Photosynthetic gas exchange parameters were measured
according to Guo et al. (2008). Leaves were analyzed
for photosynthetic gas exchange parameters, including
net photosynthetic rate (A), transpiration rate (E), and
stomatal conductance (gs), using a portable photosynthetic
system (LI-6800, UK) at 9:00-11:00 am, with a photon flux
density (PFD) of ~1200 umol photons/m? s. Environmental
conditions in the leaf chamber comprised CO, concentration
0f 400 ul 1%, block temperature 25 °C, and chamber flow rate
of 300-500 umol s to maintain relative humidity between
40% and 60%. The orientation of the leaves was adjusted to
achieve this PFD. The measurements lasted approximately
10 min, during which no significant environmental change
was observed. These measurements were made for 6 leaves
from D. candidum.

Determination of malondialdehyde content

The malondialdehyde (MDA) level was assayed according
to Quan et al. (2004). Leaves (50-100 mg) were homogenized
in 5 ml of 10% trichloroacetic acid (TCA), and centrifuged at
12000 x g for 10 min. Four milliliters of 0.6% thiobarbituric
acid (TBA) in 10% TCA was added to 2 ml of the supernatant.
The mixture was heated in boiling water for 15 min, and
then quickly cooled in an ice bath. After centrifugation at
12 000 x g for 10 min, the absorbance of the supernatant at
450, 532, and 600 nm was determined with a spectrometer.
The concentration of MDA was calculated by the following
formula: C (umol 1"?) = 6.45 (ODs35-ODgg0)-0.560D,50

Determination of relative electrical conductivity

Electrolyte leakage was measured according to Cao et al.
(2007). Six leaf discs (0.8 cm in diameter) were placed into
10 ml of distilled water, vacuumed for 30 min, and then
surged for 3 h to measure the initial electrical conductivity
(S1) (25 °C). A test tube was filled with leaf discs and distilled
water, and the mixture was cooked (100 °C) for 30 min and
then reduced to room temperature (25 °C) to determine
the final electrical conductivity (S2). The relative electrical
conductivity (REC) was evaluated as REC = S1 x 100/S2.
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Staining detection of superoxide radical (0,")
accumulation

O, accumulation was visualized with nitroblue
tetrazolium (NBT) staining methods (Zong et al., 2009).
Detached leaves were infiltrated with 6 mM NBT. Chlorophyll
was removed from the leaves prior to imaging by infiltrating
them with lactoglycerol-ethanol (1:1:4, v/v/v) and boiling
in water for 5 min. The location of formazan deposits was
visualized by subtracting background (nonformazan) pixels
from the leaf image.

Hydrogen peroxide (H,0,) staining with
diaminobenzidine

Detached leaves were infiltrated with 6-8 ml
diaminobenzidine (DAB) solution (1 mg/ml DAB, Sigma
pH 3.8) with NaOH according to the methods of Giacomelli
etal. (2007) with slight modification. The leaves were then
left in the solution overnight in the dark. The following
day, the solution containing the leaves was boiled for a few
minutes and then incubated at room temperature for 3 h
under mild agitation. The leaves were then cleared with
chlorhydrate (10 ml of water added to 25 g chlorhydrate).

Determination of 0, and H,0,

The assay for O, was performed using the method
described by Sui et al. (2007). The H,0, content was
determined according to the method proposed by Sairam
& Srivastava (2002). The H,0, concentration was estimated
by measuring the spectrum absorbance of the titanium-
hydroperoxide complex and using a standard curve plotted
using a known concentration of H,0,.

Determination of antioxidant enzyme activity

The activities of the following enzymes were determined
according to previously described methods: superoxide
dismutase (SOD; EC 1.15.1.1; He et al. (2005), ascorbate
peroxidase (APX; EC 1.11.1.11; Cakmak & Marschner
(1992), catalase (CAT; EC 1.11.1.6; Durner & Klessig (1996),
and guaiacol peroxidase (POD; EC 1.11.1.7; Scebba et al.
(2001). Enzyme activity assays were carried out using a
UV-visible spectrophotometer (UV-2550, Shimadzu, Japan)
at 25 °C. The specific activity for all enzymes is expressed as
U/mg (protein). The protein content was assayed according
to Bradford (1976) using BSA as a standard.

Statistical analysis

Data analyses were performed using SPSS 16.0 (SPSS
Inc., USA) software. Data was presented as the mean + SE
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of 3 replicates and statistical significance was determined
by the Tukey test (P < 0.05).

Results

Comparison of osmoregulation ability parameters

We measured the water potential and relative water
content in the leaves of D. candidum seedlings under control
treatment (CK) and drought stress (DS) after foliar spray
with ABA at different concentrations (5 mg/l, 10 mg/l, 15
mg/]) (Fig. 1a-c). Under drought stress for 0 days, there was
no significant difference in the four groups of D. candidum.
After 6 days of drought stress, the water potential of the
four groups of D. candidum decreased. The C10 group of D.
candidum had alower water potential (-1.5 MPa) after 12 days
of drought stress (Fig. 1a). After 12 days of drought stress,
the relative water content decreased. The C10 group of D.
candidum had higher relative water content (97%) after 12
days of drought stress (Fig. 1b). The C10 group of D. candidum
was more likely to absorb water from the environment under
stress. The lower Ws in the C10 group may be related to the
accumulation of soluble protein and sugars.

The osmoregulation substances

We further measured the contents of soluble protein,
soluble sugar, and free proline. Under drought stress for
0 days, the soluble protein, soluble sugar, and free proline
contents among the four groups of D. candidum were
relatively small (Fig. 2a-c). After 6 days of drought stress,
the chlorophyll, soluble protein, soluble sugar, and free
proline contents were low, and they decreased gradually over
time under drought conditions. After 12 days of drought
stress, the soluble protein, soluble sugar, and free proline
contents of Group C10 D. candidum were relatively higher.

Changes in chlorophyll content and photosynthetic
fluorescence parameters

Under drought stress for 0 days, the chlorophyll content,
®PSII, and Fv/Fm among the four groups of D. candidum
were relatively low (Fig. 3a-c). After 12 days of drought
stress, the C10 group had the highest chlorophyll content
(2.1 mg/g FW) (Fig. 3a). After 6 days of drought stress, ®PSII
were low, and they decreased gradually over time under
drought conditions (Fig. 3b). Comparing the data, it can
be concluded that the ®PSII of Group CO D. candidum was
relatively higher, while after ABA processing, Group C10
D. candidum had the highest ®PSII (Fig. 3b). No significant
difference in Fv/Fm of PSII photochemistry was observed
between the four groups of D. candidum at 6 d and 12 d
under drought stress (Fig. 3c).
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Figure 1. Changes in (a) water potential, (b) relative water content in leaves of Dendrobium candidum seedlings under the control
treatment (CK) and drought stress (DS) after foliar spray with ABA at different concentrations (5 mg/l, 10 mg/l, 15 mg/]) for 0, 6
and 12 days. Data is presented as the mean + SE of three replicates and statistical significance was determined by the Tukey test (P <
0.05). Note: Capital letters indicate inter-group significance and lowercase letters indicate intra-group significance.
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Figure 2. Changes in (a) soluble protein, (b) soluble sugar, and (c) free proline contents in the leaves of Dendrobium candidum seedlings
under the control treatment (CK) and drought stress (DS) after foliar spray with ABA at different concentrations (5 mg/l, 10 mg/1, 15
mg/1) for 0, 6 and 12 days. Data is presented as the mean + SE of three replicates and statistical significance was determined by the
Tukey test (P < 0.05). Note: Capital letters indicate inter-group significance and lowercase letters indicate intra-group significance.
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Figure 3. The (a) chlorophyll content (a), (b) ®PSII, and (c) Fv/Fm in the leaves of Dendrobium candidum seedlings under the control
treatment (CK) and drought stress (DS) after foliar spray with ABA at different concentrations (5 mg/1, 10 mg/l, 15 mg/) for 0, 6
and 12 days. Data is presented as the mean + SE of three replicates and statistical significance was determined by the Tukey test (P <
0.05). Note: Capital letters indicate inter-group significance and lowercase letters indicate intra-group significance.

(CHON Acta Botanica Brasilica, 2025, 39: e20230217 | 7



Tian et al.

Changes in the net photosynthetic rate and its related
gas parameters

With the increase of days under drought stress, the A,
E, and gs of the four groups decreased, but the C10 group
of D. candidum remained at a high level (Fig. 4a, c, d). The
Civalues of the four groups increased after ABA processing,
and the Ci of Group CO D. candidum was relatively higher
(Fig. 4b).

MDA content and relative electrical conductivity

After 0 days of drought stress, there was a small
difference in the MDA content and the relative electrical
conductivity of the four groups of D. candidum (Fig. 5a and b).
The MDA content and the relative electrical conductivity

gradually increased over time under drought conditions.
After 12 days of drought stress, the MDA content and the
relative electrical conductivity of the C10 group were the
lowest with increasing drought time, indicating that its
antioxidant capacity was stronger.

0, accumulation and H.0,

There was no significant difference in staining among
the four groups of D. candidum leaves (Fig. 6a). At 6 days,
the C10 group of D. candidum leaves showed the shallowest
staining compared to the other three groups, so the O,"
accumulation and H,0, in the C10 group of D. candidum
leaves was the lowest. At 12 days, the staining of leaves
in the C10 group of D. candidum was also the shallowest
compared to the other three groups of leaves.
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Figure 4. (a) Net photosynthetic rate (A), (b) intercellular CO, concentration (Ci), (c) transpiration rate (E, mmol H,O/m? s), and
(d) stomatal conductance (gs) in the leaves of Dendrobium candidum seedlings under the control treatment (CK) and drought stress
(DS) after foliar spray with ABA at different concentrations (5 mg/1, 10 mg/l, 15 mg/]) for 0, 6 and 12 days. Data is presented as the
mean + SE of three replicates and statistical significance was determined by the Tukey test (P < 0.05). Note: Capital letters indicate
inter-group significance and lowercase letters indicate intra-group significance. Note: Capital letters indicate inter-group significance

and lowercase letters indicate intra-group significance.
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Figure 6. Changes in (a) O," accumulation and H,0, accumulation, (b) O;" production rate, and (c) H,O, contents in the leaves of
Dendrobium candidum seedlings under the control treatment (CK) and drought stress (DS) after foliar spray with ABA at different
concentrations (5 mg/1, 10 mg/1, 15 mg/1) for 0, 6 and 12 days. Data is presented as the mean + SE of three replicates, and statistical
significance was determined by the Tukey test (P < 0.05). Note: Capital letters indicate inter-group significance and lowercase letters

indicate intra-group significance.

To confirm further differences in antioxidant activities
between the four groups of D. candidum leaves, quantification
of ROS accumulation was performed (Fig. 6b). After O days
of drought stress, there was a small difference in the H,0,
content and O, production rate among the four groups.
After 6 days of drought stress, the O," production rate and
H,0, content increased. After 12 days of drought stress, the
O, production rate and H,0, content in the four groups
increased significantly. By comparing the data, the O,"
production rate and H,0, content of the C10 group of D.
candidum increased with increasing drought time. Still,
they were smaller compared to the other three groups,
indicating that the antioxidant capacity of the C10 group
was the strongest.

SOD, POD, CAT and APX activities

The contents of SOD, POD, CAT, and APX at 0 d of
drought stress in D. candidum were not significantly different
(Fig. 7a-d). After 6 days of drought stress, the content of
the four antioxidant enzymes in the four groups increased.
The C2 group had the highest content of antioxidant
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enzymes and the strongest antioxidant ability. After 12
days of drought stress, the content of the four antioxidant
enzymes in the four groups of D. candidum increased again.
The content of antioxidant enzymes in the C10 group was
still the highest. Therefore, the antioxidant capacity of the
C10 group is the best and can best alleviate the impact of
drought stress on D. candidum.

Discussion

In this study, we found that exogenous foliar ABA may
partly alleviate the adverse effects of drought-induced
oxidative and osmotic stress in D. candidum plants by
increasing the levels of antioxidant enzymes. ABA mitigates
the detrimental effects of drought on D. candidum plants via
antioxidant activity and ROS production levels. Additionally,
ROS accumulation in plants impairs organelle integrity,
oxidation of cellular components, and even cell death. Thus,
foliar application of ABA at 10 mg/l reduced D. candidum’s
adverse impacts and enhanced osmoregulation ability,
photosynthetic pigments, and biochemicals.
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Figure 7. Activities of (a) SOD, (b) POD, (c) CAT, and (d) APX in the leaves of Dendrobium candidum seedlings under the control
treatment (CK) and drought stress (DS) after foliar spray with ABA at different concentrations (5 mg/l, 10 mg/l, 15 mg/) for 0, 6
and 12 days. Data is presented as the mean + SE of three replicates and statistical significance was determined by the Tukey test (P <
0.05). Note: Capital letters indicate inter-group significance and lowercase letters indicate intra-group significance.

The osmoregulation ability of D. candidum was measured
by measuring the water potential, osmotic potential, relative
water content, soluble protein, soluble sugar, and free proline.
After comparing several sets of data, it was found that the
osmoregulation ability of D. candidum is greatly affected by
drought stress. Finally, through analysis, it was found that
the C10 group of D. candidum has better osmoregulation
ability. The lower Ws in the C10 group may be related to
the accumulation of soluble protein and sugars (Fig. 1a-b).
After comparing several sets of data, it was found that the
osmoregulation ability of D. candidum is greatly affected by
drought stress. Finally, through analysis, it was found that
the C10 group of D. candidum has better osmoregulation
ability. After 6 days of drought stress, the chlorophyll
content, soluble protein, soluble sugar, and free proline
were low, and they decreased gradually over time under
drought conditions. After 12 days of drought stress, the
soluble protein, soluble sugar, and free proline contents of
Group C10 D. candidum were relatively higher (Fig. 2a-c).
Water stress increased the reduction of sugar, amino acid, and
carbohydrate contents in ABA-treated Oryza sativa plants.

Accumulation of these osmolytes in stressed plants may
serve as a storage form of nitrogen that is reutilized when
the stress is over and plays a part in osmotic adjustments
(Pattanagul, 2011; Ramachandran et al., 2021).

The photosynthetic maintenance ability of D. candidum
was measured. Comparing the data, it can be concluded
that the ®PSII of Group CO D. candidum were relatively
higher, while after ABA processing, Group C10 had the
highest ®PSII (Fig. 3b). With the increase of days under
drought stress, the A, E and gs of the four groups of D.
candidum decreased, but the C10 group of D. candidum
remained at a high level (Fig. 4a, c, d). The Ci values of the
four groups of D. candidum increased after ABA processing,
and the Ci of Group CO D. candidum was relatively higher
(Fig. 4b). The C10 group of D. candidum was able to better
maintain photosynthetic capacity under drought stress and
survived better than the other three groups. The previously
reported induction of water stress also resulted in a gradual
increase in chl-a and chl-b concentrations in ABA-treated
plants. The application of ABA regulates a higher level of
photosynthetic pigment content in pearl millet plants (Awan
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et al., 2021). However, carotenoid content was increased
in withheld water-induced drought-stressed rice, and foliar
application of ABA enhanced the carotenoid contents
(Ramachandran & Arulbalachandran, 2018). In the present
study, gradually increased photosynthetic pigments were
recorded in response to the foliar application of increasing
ABA concentrations. Moreover, abscisic acid stimulated
the biosynthesis of chlorophyll pigments, significantly
reducing the inhibitory effect of drought stress by improving
photosynthetic pigments (Sirhindi et al., 2016).

Abiotic stresses such as drought, cold, and salinity lead
to the production and accumulation of ROS. Plants have
evolved complex protective antioxidant systems to maintain
the ROS balance under adverse conditions for survival (Han
etal.,2022; Zhangetal.,2022; Xuet al., 2022). The efficient
removal of ROS is a key factor for plant stress tolerance.
MDA, a membrane lipid peroxide, usually accompanies plant
responses to environmental stress, reﬂecting the extent
of membrane peroxidation (Bu et al., 2017). In this work,
after 12 days of drought stress, the MDA content and the
relative electrical conductivity of the C10 group remained at
a steady level and increased rapidly with increasing drought
stress in the other groups (Fig. 5a and b). After 12 days of
drought stress, the increase in the O,” production rate and
H,0, content in the four groups of D. candidum increased
significantly. By comparing the data, the increase in the
O," production rate and H,0, content of the C10 group
increased with increasing drought time but were smaller
compared to the other three groups, indicating that the
antioxidant capacity of the C10 group of D. candidum was
the strongest (Fig. 6a and b).

The increased SOD and POD activities have a positive
correlation with drought tolerance in many species (Han
etal., 2022; Yuan et al., 2022). CAT and APX are involved
in decomposing the H,0, generated by SOD into water
and molecular oxygen (Reddy et al., 2004). After 12 days
of drought stress, the content of the four antioxidant
enzymes in the four groups of D. candidum increased again.
The content of antioxidant enzymes in the C10 group of D.
candidum was still the highest. Therefore, the antioxidant
capacity of the C10 group of D. candidum is the best and
can better alleviate the impact of drought stress on D.
candidum (Fig. 7a-d). Drought decreased the SOD activity
under drought stress was also observed in previous studies,
such as in pea (Pisum sativum L.) plants at different growth
stages (Osman, 2015), pea varieties (Farooq et al., 2021),
and Cerasus humilis Moris (Ren et al., 2016). A notable
high CAT and APX activity was also found in drought-
tolerant maize (Zea mays L.) seeds (Huang & Song, 2013)
and tobacco (Nicotiana tabacum L.) plants treated with
spermidine compared with control plants under drought
stress Xuetal., 2022).

Huang et al. (2021) showed a significant positive
correlation between plant hormone biosynthesis and signal
transduction with facultative CAM, especially ABA. ABA
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accumulates after drought stress and is an essential factor
that positively regulates plant drought-stress responses
(Satoetal., 2018). In our study, after comparing the osmotic
regulation ability, photosynthetic maintenance ability, and
antioxidant ability of the four groups of D. candidum, it was
found that the foliar application of 10 mg/l ABA prevents
and mitigates drought damage in D. candidum by limiting
lipid peroxidation in the cellular membrane. ABA has the
attributed ability to induce the antioxidant system and
reduce ROS species. Overall, the results indicated that
ABA treatment could reduce the effects of drought stress
on D. candidum.

Exogenous ABA application effectively ameliorates
the adverse effects of drought stress to improve drought
resistance. In conclusion, 10 mg/l ABA resulted in leaf
water status maintenance, photosynthetic performance,
and antioxidative ability under drought stress. Therefore,
this study provides a basic understanding of the role of
ABA and its potential use in the production of D. candidum.
Further studies are needed to determine the expression
of stress-responsive genes under drought conditions and
exogenous applications of ABA.
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