
Against the background of the rapid development 
of animal husbandry in China, forage quality and 
yield become more important. However, increasing 
drought and heat stress as a consequence of a changing 
climate can seriously impact the growth and develop-
ment of forage (Li et al. 2000, Vinocur and Altman 
2005). When solar energy exceeds plants’ capacity, 

many physiological processes are impacted. However, 
under drought and heat stress, plants show various 
mechanisms to protect and enhance photosynthesis, 
such as heat dissipation, photorespiration, and xan-
thophyll cycling (Fahad et al. 2017, Liu et al. 2019).

Alfalfa (Medicago sativa L.) is commonly used as 
a basic feed in livestock production systems in more 
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violaxanthin de-epoxidase (VDE) enzyme activity was inhibited by drought and heat stress, and AsA significantly 
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leaves under drought and heat stress, resulting in decreased photosynthetic activity. Exogenous AsA can enhance the 
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than 80 countries due to its rich nutritional value 
and dietary fibre (Darapuneni et al. 2020). Alfalfa is 
also a resilient species and can withstand prolonged 
drought by undergoing endo-dormancy, resuming 
growth when it receives sufficient water (Darapuneni 
et al. 2020). This is attributed to the deep root system 
of alfalfa, which not only improves soil fertility by 
symbiotic nitrogen fixation but also maintains soil 
and improves water use efficiency (Liu et al. 2023). 
Cv. Deqin alfalfa is a wild alfalfa distributed in Benzilan 
Town, Deqin County, Diqing Prefecture, Yunnan 
Province, China. Previous studies found that wild 
alfalfa showed strong characteristics of drought-heat-
tolerant habitat conditions (Bi et al. 2007). After nearly 
10 years of research and selection and cultivation, 
it was approved by the Grass Variety Certification 
Committee of the Ministry of Agriculture in 2010. 
Named Medicago sativa L. 'Deqin' (Announcement 
No. 1407 of the Ministry of Agriculture of the People’s 
Republic of China). Although 'Deqin' alfalfa has 
a certain drought tolerance, when cultivated under 
drought and heat stress, it is negatively impacted. 
Thus, developing an understanding of the responses 
of alfalfa to drought and heat stress is crucial to im-
proving yields.

When plants are subjected to environmental stress, 
photosynthesis is usually the first process to be af-
fected (Sharma et al. 2015, Darapuneni et al. 2020). 
Drought and heat stress can impede photosynthesis 
by interfering with light energy capture, the PSII, the 
xanthophyll cycle and associated enzyme activity 
(Stasik and Jones 2007). On these grounds, photosyn-
thesis has been used to detect and quantify damage in 
response to drought and heat stress in several crops, 
including wheat (Sharma et al. 2015), legumes (Teng 
et al. 2022), and maize (Li et al. 2018). Photosynthesis 
is generally the result of a combination of stomatal 
and non-stomatal regulation mechanisms. After sto-
mata are closed, water loss is reduced, but stomatal 
closure also leads to a decline in intercellular CO2 
concentration (ci) and photosynthetic rate (Pn). For 
example, stomata closure is the main physiological 
response of cotton to drought and heat stress, which 
is manifested by a decrease in the stomatal conduc-
tance (gs), transpiration rate (Tr), and Pn (Hejnák et 
al. 2015). Xu et al.(2020) reported that the decrease 
in the Pn of alfalfa was influenced by stomatal and 
non-stomatal regulation mechanisms.

The PSII is the major contact point of plant pho-
tosynthesis and is linked to various photosynthesis-
index physiological reactions, it can be damaged 

by strong light and heat (Dąbrowski et al. 2016). 
A decrease in the dark-adaptation maximum yield of 
PSII (Fv/Fm) indicates a photo-inhibition reaction to 
drought and heat conditions. PSII light-harvesting 
dissipated excess chlorophyll excitation energy in 
antennae through non-photochemical quenching 
(NPQ), one of the central photo-protective responses 
in most plants (Anaya et al. 2022).

Apart from the above mechanisms, plants can use 
the xanthophyll cycle to dissipate excess energy, 
thereby preventing an excessive reduction of the 
electron transfer chain as a result of thermal dis-
sipation (Ruban et al. 2007). The de-epoxidation of 
V to antheraxanthin (A) under the action of excess 
energy is carried out by violaxanthin de-epoxidase 
(VDE). Subsequently, A is oxidised to zeaxanthin (Z), 
leading to the involvement of the PSII antenna in 
a mechanism that dissipates excess excitation energy 
(Qiu et al. 2003, Tang et al. 2012). The VDE enzyme 
activity is affected by light, which causes electron 
transport chains to form proton gradients on the 
thylakoid membrane, creating acidic lumens that 
allow enzymes to adhere to the membrane. However, 
the expression of the VDE gene is induced by light 
and drought (North et al. 2005). In tomatoes, over-
expression of the VDE gene under chilling stress 
alleviates the photoinhibition of photosynthetic 
systems (Han et al. 2010).

Plants can also use a series of exogenous substances 
to resist abiotic stress, and the application of such 
substances is therefore an effective method to enhance 
plant resistance to drought and heat stress. Ascorbic 
acid (AsA) is an essential metabolite in higher plants. 
As an antioxidant, it frequently acts together with 
other components of the antioxidant system to protect 
plants from oxidative damage caused by photosyn-
thesis and a range of abiotic stresses (Smirnoff et al. 
1996). Chen et al. (2021) found that exogenous AsA 
could improve the AsA level in tomato seedlings 
under salt stress, thus reducing the photo-inhibition 
of PSII. In another study, exogenous AsA increased 
the contents of ascorbic acid, proline and pigments 
in tomato seedlings under heat stress, improved 
the activities of PSII and antioxidant enzymes, and 
reduced the oxidative damage to the photosynthetic 
system (Elkelish et al. 2020). Effects of AsA have also 
been observed under stress conditions induced by 
frost (Jalili et al. 2023), salt (Galicia-Campos et al. 
2022), and heavy metals (Sharma et al. 2019), sug-
gesting that AsA can directly affect the antioxidant 
capacity and photosynthesis in plants.
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Studies on the responses of legumes to drought 
and heat stress generally only focused either on 
drought or on heat stress. However, as both stresses 
have adverse impacts on the photosynthesis and the 
xanthophyll cycle of plants, their combined impacts 
on plants need to be considered. In this study, we 
hypothesised that ascorbate-treated alfalfa exposed 
to drought and heat stress induced systemic drought 
and heat tolerance, thereby reducing the damage 
caused by drought and high-temperature stress. 
Therefore, the effects of pre-treatment with ascorbic 
acid on photosynthesis, chlorophyll fluorescence, 
xanthophyll cycle and VDE enzyme activity of alfalfa 
leaves under stress were studied.

MATERIAL AND METHODS

Test materials and treatment. The 'Deqin' alfalfa 
seeds were obtained from the Laboratory of Grassland 
Science at Yunnan Agricultural University, Kunming, 
China. Alfalfa seeds were surface sterilised with 0.1% 
mercury hypochlorite for 30 min followed by repeated 
washing with distilled water. The washed seeds were 
germinated on glass Petri dishes with wet filter paper. 
On March 7, 2019, seedlings with consistent growth 
were selected and transplanted into plastic flowerpots 
containing 0.5 kg substrate (10 cm length × 10 cm 
width × 10 cm height). The culture medium consisted 
of fully mixed soil, laterite, and vermiculite (2 : 1 : 1), 
the soil nutritional characteristics were: 32.75% soil 
organic carbon, 259.00 mg/kg available nitrogen, 
8.79 mg/kg available phosphorus, 55.80 mg/kg avail-
able potassium, pH of 7.56, and electrical conductiv-
ity of 1.88 dS/m. During cultivation, each pot was 
watered with Hoagland solution every 4 days until 
the plants grew to 10 cm high, and the seedlings with 
the similar growth were selected and transplanted 
into plastic flowerpots containing 1 kg substrate 
(20 × 20 cm). In the same medium, 20 alfalfa seedlings 
were planted in each pot. Then, the plants growing 
for 100 days were randomly selected and 18 pots 
(3 treatments × 6 replicates) of test materials with 
the same growth trend were treated according to the 
experimental design.

The drought and heat treatment started on June 19, 
2019. There are three treatments: drought and heat 
stress (DH), drought and heat stress + AsA solution 
(DH + AsA) and control alfalfa (CK). For the DH + 
AsA treatment, the 5 mmol/L AsA solution was foliar 
sprayed with 100 mL per flowerpot, evenly spraying 
both sides of the alfalfa leaves, an equal amount of 

deionised water was sprayed on other materials, and 
then stress testing was performed. One day before 
the experiment started, we watered all the plants to 
about 50 mL and kept them to their maximum water 
content. Throughout the experiment, alfalfas in the 
DH and DH + AsA treatments will not be watered. In 
contrast, alfalfas in CK treatment are watered at 9:00 
every day to maintain the relative soil water content 
in the pots at about 70–80% of the maximum field 
water capacity. The CK was cultivated in climate 
chamber (Ningbo Saifu Test Instrument Co., LTD, 
Ningbo, China) with a constant temperature of 22 °C, 
a photosynthetic photon flux density (PPFD) of 
150 μmol/m2/s, a day-and-night cycle of 14/10 h, and 
a humidity of 75%. The DH and DH + AsA were cul-
tivated in a climate chamber at 32/28 °C (day/night), 
a PPFD of 150 μmol/m2/s, a day-and-night cycle of 
14/10 h, and a humidity of 30%. On the 1st, 2nd, 4th, 
and 8th days, and after rehydration on the 4th days, 
the relative index values of these three groups were 
determined.

Determination of parameters and methods

Leaf gas exchange. Mature alfalfa leaves (middle 
leaves of three split leaves) were labelled for each 
parameter determination. The gas exchange pa-
rameters of photosynthesis were measured using 
a LI-COR 6400 (LI-COR, Lincoln, USA) with an 
LED light source (light intensity of 400 μmol/m2/s). 
Mature leaves from alfalfa with healthy and uniform 
growth were selected from the same leaf position and 
the parameters Pn, Tr, gs, and ci were determined. 
Flow rate, reference CO2 concentration, and relative 
humidity were 200 and 400 µmol/m2/s and 40–70%, 
respectively. Three plants were selected from each 
pot, the same leaves were taken, and each parameter 
was measured in triplicate for each plant.

Chlorophyll fluorescence. The same leaves se-
lected for gas exchange parameters were used for 
measuring chlorophyll f luorescence parameters. 
The plants were placed in the dark for 30 min before 
determining the dark adaptation fluorescence param-
eters. The minimum fluorescence (F0) was measured 
using a weak light of 0.5 µmol (photon)/m2/s, and 
maximum fluorescence (Fm) was determined via 
a 0.8-s saturating flash of 8 000 µmol (photon)/m2/s 
in dark-adapted leaves of alfalfa, followed by using 
the LI-COR 6400 with an integrated fluorescence 
chamber (LI-COR, Lincoln, USA). The steady state 
of fluorescence yield (Fs) was recorded, and a sec-
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ond saturating pulse at 8 000 µmol (photon)/m2/s 
was applied to determine the maximal fluorescence 
yield of the light-adapted state (Fm'). The Fo' was 
the minimal fluorescence yield of the light-adapted 
state. Each parameter was determined in triplicate.

The maximum photochemical quantum yield of pho-
tosystem II was calculated as (Fv/Fm) = (Fm – Fo)/Fm 
(Mattila and Tyystjärvi 2022). The photochemical 
fluorescence quenching efficiency (qP) was calculated 
from qP = (Fm' – Fs)/(Fm' – Fo') (Van Kooten and Snel 
1990). The coefficient of non-photochemical quench-
ing of variable fluorescence (qN) was calculated 
from qN = (Fm – Fm')/(Fm – Fo') (Shin et al. 2021). 
The electron transport rate was calculated as ETR = 
(Fm' – Fs)/Fm' × PAR × 0.5 × 0.84 (Krall et al. 1992). 
The NPQ was calculated as NPQ = Fm/Fm' – 1, and 
Y(NPQ) = Fs/Fm' – Fs/Fm. The coefficient of photo-
chemical quenching of variable fluorescence based 
on the lake model of PSII was calculated as qL = qP × 
Fo/Fs. The above measurements were taken in an 
enclosed dark room. The xanthophyll components 
were extracted in a closed dark chamber. Briefly, 0.1 g 
of alfalfa leaves were frozen with liquid nitrogen and 
ground into a powder. Subsequently, 1 mL of 100% 
acetone was added, followed by homogenising for 
2–3 min, placing in an ice bath for 15 min, and cen-
trifugation (GL-20G-II Anting Scientific Instrument 
Factory, Shanghai, China) at 18 000 × g for 15 min.

Violaxanthin, antheraxanthin and zeaxanthin 
contents. The supernatant was tested for V, A, and 
Z contents via high-performance liquid chromatogra-
phy (HPLC, Ultimate 3000 Thermo Fisher Scientific, 
Waltham, USA) as described in Xu et al. (2020). 
The conversion state of the xanthophyll cycle was 
calculated as follows: DPS = (A + Z)/(V + A + Z), 
according to Alonso et al. (2001).

VDE activity. The VDE enzyme activity was de-
termined according to the instructions of the plant 
violet Xanthine decyclic oxidase (CsVDE) ELISA kit 
(Shanghai Enzyme Linked Biotechnology Co., LTD, 
Shanghai, China). Firstly, the standard product is 
diluted according to the corresponding concentra-
tion, and the blank hole (blank control hole does not 
add the sample and the enzyme-labelled reagent, the 
other steps are the same), the standard hole, and the 
sample hole to be measured are respectively arranged 
on the labelled plate. Add 50 μL standard product 
to the standard hole, add 40 μL sample diluent to 
the sample hole to be tested, and then add 10 μL 
sample to be tested (the final dilution of the sample is 
5 times). Shake and mix, incubate at 37 °C for 30 min. 

Then 30 times the concentrated washing solution was 
diluted 30 times with distilled water for reserve use, 
each hole was filled with the incubating solution, and 
then discarded after 30 s, so repeated 5 times and 
then added 50 μL enzyme-labelled reagent was per 
hole, except for blank holes. Repeat the warming and 
washing steps. Colour developer A 50 μL was added 
to each hole first, and then colour developer B 50 μL 
was added to each hole, and the colour was gently 
mixed, and the colour was removed from light at 
37 °C for 10 min, and the termination solution 50 μL 
was added to each hole to terminate the reaction 
(at this time, the blue turned to yellow). The wave-
length of 450 nm was measured and the absorbance 
(OD value) of each hole was measured in sequence. 
The OD value of the sample is substituted into the 
equation, the sample concentration is calculated, 
and then multiplied by the dilution factor, that is, 
the actual concentration of the sample.

Total RNA extraction and determination of 
gene expression. The RNA was extracted from al-
falfa leaves using a Spin Column Plant Total RNA 
Purification Kit (Huayueyang Biotechnology Co., 
Beijing, China), following the manufacturer’s reco- 
mmendations .  The cDNA was synthesised by 
Prime Script reverse transcriptase according to 
standard protocols. Quantitative real-time PCR 
was implemented adopting the SYBR Premix Ex 
TaqII (2X), according to the manufacturer’s instruc-
tions, using the following compounds: upstream 
primer F (10 μmol/L), 0.8 μL; downstream primer F 
(10 μmol/L), 0.8 μL; ROX reference dye II, 0.4 μL; 
template (cDNA), 2 μL; ddH2O, 6 μL, with a to-
tal volume of 20 μL. The reaction conditions were 
as follows: one cycle at 95 °C for 30 s, followed by 
40 cycles at 95 °C for 5 s, and 60 °C for 30 s. The primers 
for alfalfa VDE were AGTGCAGGATAGAGCTTGCG 
(upstream) and CGGGAGACTGCACACTCATT 
(downstream). For 18S rRNA, the primers were 
GAGAAACGGCTACCACATCCA (upstream) and 
CCCAACCCAAGGTCCAACTAC (upstream). 
Relative gene expression was calculated as described 
by Livak and Schmittgen (2001).

Statistical analysis. All data were analysed using 
the Statistical Package for the Social Sciences (SPSS 
Version 20.0, SPSS Inc., Chicago, USA) via one-way 
analysis of variance (ANOVA), and significant differ-
ences among means (P < 0.05) were determined by 
the Bonferroni test. Pearson’s correlation between 
different concentrations of AsA and various levels 
of drought stress was calculated by SPSS software.
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RESULTS

Effects of exogenous ASA on photosynthetic 
gas-exchange parameters under drought and heat 
stress. Analysis of the photosynthetic gas-exchange 
parameters (Figure 1) showed significant changes 
under drought and heat stress. In contrast to the 
CK group, the Pn of the DH group was significantly 
reduced. Furthermore, the Pn of the DH + AsA group 
was significantly higher than that of the DH group, 
and spraying exogenous AsA significantly alleviated 
these reductions (Figure 1A). Both Tr and gs showed 
similar trends in the DH group, after 2 days of stress 
treatment, the value was higher and decreased signifi-
cantly from the 4th day, drought and heat stress caused 
these two parameters to be significantly higher than 
CK on the 2nd and 8th days. However, this increase was 
markedly alleviated by AsA treatment (Figure 1B, C). 
Interestingly, ci showed an opposite trend to Pn, and 
ci in the DH group was significantly higher than that 

in the CK group. However, this increase could also 
be mitigated by pretreatment with AsA (Figure 1D).

Effects of exogenous ASA on chlorophyll fluo-
rescence under drought and heat stress. This study 
investigated the effects of drought and heat stress 
on various chlorophyll fluorescence parameters, 
including Fv/Fm, NPQ, ETR, qL, qN, and Y(NPQ), 
in alfalfa leaves, as well as the potential mitigating 
effect of exogenous AsA (Figure 2). The chloro-
phyll fluorescence parameters changed significantly 
under drought and heat stress. The Fv/Fm in the 
DH group started to decrease from 2nd days, and 
reached its minimum of 0.72 on 8th days, indicat-
ing an inhibition of PSII. However, this decline was 
markedly alleviated by AsA treatment for 2nd days. 
The NPQ value in the DH group was significantly 
higher than that in CK, reaching a peak of 1.33 on 
8th days of stress treatment and returning to the 
original level after watering. Exogenous AsA sig-
nificantly increased the NPQ value compared with 

Figure 1. Effects of exogenous ascorbic acid (AsA) on photosynthetic gas-exchange parameters under drought 
and heat stress. (A) net photosynthetic rate (Pn); (B) transpiration rate (Tr); (C) intracellular CO2 concentra-
tion (ci), and (D) stomatal conductance (gs). CK – normal growth environment; DH – drought and heat stress; 
DH + AsA – 5 mmol/ L AsA solution sprayed before subjection to drought and heat stress. All data are mean ± 
standard deviation. The data show averages from three independent repetitions and the error bars show standard 
error. Different lowercase letters indicate significant differences at different times in the same treatments (P < 0.05), 
and different uppercase letters indicate significant differences at the same time in different treatments (P < 0.05)
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the DH group. During the recovery phase, the Fv/Fm 
of the DH and DH + AsA groups recovered signifi-
cantly, while the NPQ of the DH + AsA group sbarely 
recovered (Figure 2A, B). The variation trends of 
ERT in the DH and CK groups were similar but with 
a higher value in the DH group on 1st day (Figure 2C). 
The values of qL, Y(NPQ), and qN showed a similar 
trend. The qL, Y(NPQ), and qN values of alfalfa 
leaves of the DH group were significantly decreased 
on the 2nd day compared with those of the the CK 
group, which were decreased by 35.1, 54.3, and 11.3%, 
respectively. (Figure 2D, E, and F).

Effect of exogenous ASA on xanthophyll cycle 
under drought and heat stress. When alfalfa was sub-
jected to drought and heat stress, significant changes 
in pigment distribution were observed (Figure 3). 
The V content decreased significantly in the DH 
group and the DH + AsA group as compared to the 

CK. However, this decrease was markedly allevi-
ated by AsA treatment for 2nd days, the V content 
was increased significantly in the DH + AsA group, 
reaching 185 µg/g leaf FW (fresh weight) (Figure 3A). 
The content of A in DH group was significantly 
lower than that in CK group on 1st and 2nd days, 
and the reverse was observed on 4th and 8th days. 
Compared with DH, the A content in DH + AsA in-
creased significantly by 32.0, 17.3, and 4.49% on the 
1st, 2nd, and 8th days, respectively (Figure 3B). The 
Z content of the DH group was significantly lower 
than that of CK on 1st day and started to increase 
after 4 days of drought and heat stress treatment, 
reaching a value significantly higher than that of CK. 
Compared with DH, the Z content in alfalfa leaves in 
the DH + AsA group was significantly decreased after 
2 days, namely by 11.7–6.8% (Figure 3C). Figure 3D 
shows the effects of drought and heat stress as well 

Figure 2. Effect of exogenous ascorbic acid (AsA) on chlorophyll fluorescence under drought and heat stress. (A) Fv/Fm, 
maximum photochemical quantum yield of PSII; (B) coefficient of photochemical quenching (qP); non-photochemical 
quenching (NPQ); (C) electron transport rate (ETR); (D) coefficient of photochemical quenching of variable fluores-
cence (qL) (E) coefficient of non-photochemical quenching of variable fluorescence (qN) and (F) Y(NPQ), yield for heat 
dissipationunder drought and heat stress. CK – normal growth environment; DH – drought and heat stress; DH + AsA – 
5 mmol/L AsA solution was sprayed before drought and heat stress. The data show averages from three inde-
pendent repetitions and the error bars show standard error. Different lowercase letters indicate significant dif-
ferences at different times in the same treatments (P < 0.05), and different uppercase letters indicate significant 
differences at the same time in different treatments (P < 0.05)
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as AsA spray on cyclic DPS in alfalfa leaves; the 
DPS values in the DH and DH + AsA groups were 
significantly higher than those in CK. The DPS in 
the DH group increased with the extension of stress 
time, reaching the highest value was 0.87 on the 
8th day, and decreased by 5.25% after rehydration. 
The DPS in DH + AsA group was significantly lower 
than that in DH group on the 2nd, 4th and 8th days 
(P < 0.05).

Effect of exogenous ASA on VED enzyme activity 
and expression of VDE gene under drought and 
heat stress. The VDE activity and VDE transcription 
levels of alfalfa leaves under drought and heat stress 
changed significantly over time (Figure 4). The VDE 
activity of the DH group was significantly lower than 
that of CK, and there was a significant difference in 
VDE activity between leaves treated with DH + AsA 
and those treated with DH alone. The VDE activity 
of the DH + AsA group was significantly increased 

by 22.4% and 34.1% compared with that of the DH 
group on the 2nd and 8th days, respectively (Figure 4A). 
The expression of the VDE gene in alfalfa under severe 
drought and heat stress was significantly higher in 
the DH group compared with the CK group, and the 
expression of the VDE gene was increased by 114% 
and 97.2%, respectively (Figure 4B).

Correlation analysis. The Pn showed a signifi-
cant positive correlation with Fv/Fm and negatively 
correlated with Z and A content. Tr showed a sig-
nificant positive correlation with the two param-
eters: ETR and ci, and negatively correlated with 
VDE transcript level and A content. The cs showed 
a significant negative correlation with A content. 
ci was significantly positively correlated with DPS, 
and negatively correlated with Y(NPQ). Fv/Fm and 
qL were significantly negatively correlated with 
Z content and VDE transcript level. NPQ was signifi-
cantly positively correlated with DPS, and negatively 

Figure 3. Effect of exogenous ascorbic acid (AsA) on xanthophyll cycle under drought and heat stress. (A) 
violaxanthin (V) content; (B) antheraxanthin (A) content; (C) zeaxanthin (Z) content, and (D) the conversion 
state of the xanthophyll cycle (DPS). CK – alfalfa growing under normal environment; DH – drought and heat 
stress; DH + AsA – drought and heat stress treatment after spraying exogenous AsA. The data show averages 
from three independent repetitions and the error bars show standard error. Different lowercase letters indicate 
significant differences at different times in the same treatments (P < 0.05), and different uppercase letters indicate 
significant differences at the same time in different treatments (P < 0.05); FW – fresh weight

 

V
 (µ

g/
g 

FW
)

1              2             4              8            r4

 
Days after treatment

1              2             4             8             r4

CK
DH 
DH + AsA

 

(A)

210

140

70

0(C)

Z
 (µ

g/
g 

FW
)

750

500

250

0

(B)

(D)

A
 (µ

g/
g 

FW
)

D
PS

4

3

2

1

0

0.75

0.50

0.25

0

493

Plant, Soil and Environment, 69, 2023 (11): 487–499	 Original Paper

https://doi.org/10.17221/330/2023-PSE



correlated with V content. ETR was significantly 
negatively correlated with A, Z content and VDE 
transcript levels. qN was significantly negatively 
correlated with DPS. Y(NPQ) and V content were 
significantly positively correlated with VDE activity, 
and negatively correlated with DPS. The A content 
showed an extremely significant positive correlation 
with Z content. The DPS showed a significant nega-
tive correlation with VDE activity.

DISCUSSION

Exogenous AsA increases drought and heat tol-
erance of the alfalfa by improving photosynthesis. 
Photosynthesis is a highly sensitive process in which 
the plant’s metabolism needs to balance solar energy 
and energy expenditure. Environmental changes 
can easily disrupt this delicate balance, leading to 
significant changes in photosynthesis (Zhang et 
al. 2020). Drought and heat are two major abiotic 
stresses that often occur simultaneously, threatening 
crop production and biodiversity. The inhibition of 
plant photosynthesis under drought and heat stress 
is usually due to a combination of stomatal and non-
stomatal factors (Xu et al. 2020). When the trends of 

Pn, gs, and ci are similar, this may have been caused 
by stomatal factors. However, when gs decreases and 
ci remains unchanged or increases, the decrease in 
Pn may have been caused by non-stomatal factors 
(Song et al. 2020). In the present study, after 1 day 
of drought and heat stress, the Pn decreased and 
the gs and ci increased (Figure 1), suggesting that 
non-stomatal factors were the main reason causing 
the decline in the photosynthetic function of alfalfa. 
Under various abiotic stresses, the photosynthetic 
efficiency of plants can be reduced by reducing the 
D1 protein turnover of the PSII reaction centre or 
by reducing the amount of photosynthetic pigments.

In a recent study, the decrease in maize photosyn
thesis under mild and moderate water stress was 
mainly caused by stomatal factors (Song et al. 2021). 
Tzortzakis et al. (2020) reported that stomatal re-
striction was not a major factor in changes in pho-
tosynthesis in Chardonnay grape plants. Rather, the 
different factors leading to the decline in photosyn-
thesis may be related to the responses to stress of 
the different species as well as stress duration and 
intensity. Exogenous AsA supplied to drought- and 
heat-stressed plants promoted an elevation in Pn 
and decreased gs and ci. Photosynthesis reduction-

Figure 4. Effect of exogenous ascorbic acid (AsA) on violaxanthin de-epoxidase (VDE) enzyme activity under 
drought and heat stress. (A) VDE enzyme activity; (B) VDE transcript level. CK – alfalfa growing under normal 
environment; DH – drought and heat stress; DH + AsA – drought and heat stress treatment after spraying exog-
enous AsA. The data show averages from three independent repetitions and the error bars show standard error. 
Different lowercase letters indicate significant differences at different times in the same treatments (P < 0.05), 
and different uppercase letters indicate significant differences at the same time in different treatments (P < 0.05)
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induced drought and heat stress-induced reduction 
in gs exposes chloroplasts to excessive excitation 
energy and induces oxidative stress by increasing 
the production of ROS such as H2O2. H2O2 is an 
important signalling molecule that promotes the clos-
ing of stomata. Plants with higher levels of AsA had 
a weaker response to the H2O2 signal and, because 
AsA can remove H2O2, exogenous AsA can reverse 
the stomatal closure induced by H2O2 (Elsiddig et al. 
2022). This suggests that AsA maintains higher Pn 
levels by improving stomatal openness. In our study, 
the Pn of alfalfa under AsA treatment was higher 
than that in the middle and late stages of the drought 
and heat stress period, indicating that the addition 
of exogenous AsA improved the photosynthetic rate 
as well as drought and heat resistance.

Exogenous AsA can improve drought and heat 
resistance of alfalfa by improving photosystem 

II activity and xanthophyll cycle. The functions 
of the plant photosynthetic apparatus, such as the 
photosynthetic potential, the conversion of light 
energy into electron energy, and the level of plant 
photosynthetic activity, can be reflected in the chlo-
rophyll fluorescence parameters (Liu et al. 2006). 
When plants suffer from severe drought stress, solar 
energy absorption and electron transfer processes 
are inhibited by a decrease in PSII activity (Murata 
et al. 2007, Liu et al. 2013). In the present study, al-
though the ETR of alfalfa leaves was not significantly 
changed under drought and heat stress, a significant 
decrease was observed in Fv/Fm. The Fv/Fm ratio is 
an important index of the photochemical activity of 
PSII. It is generally employed to judge the extent of 
photo-inhibition of PSII (Bernardo et al. 2022). This 
suggests that the photochemical capacity of PSII in 
alfalfa leaves was inhibited under drought and heat 

 
Figure 5. Correlation analysis. The corresponding value of the heat map is the Pearson correlation coefficient r 
(–1 to 1); *P < 0.05; **P < 0.01. Pn – net photosynthetic rate; Tr – transpiration rate; gs – stomatal conductance; 
ci – intercellular CO2 concentration; Fv/Fm – photosystem II (PSII) maximum photochemical efficiency; NPQ – 
non-photochemical quenching; ETR – electron transport rate; qL – coefficient of photochemical quenching of 
variable fluorescence; qN – coefficient of non-photochemical quenching of variable fluorescence; Y(NPQ) – 
yield for heat dissipation; V – violaxanthin; A – antheraxanthin; Z – zeaxanthin; DPS – de-epoxidation state; 
VDE – violaxanthin de-epoxidase
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stress. However, Fv/Fm returned to its original value 
at 4 days after resuming watering, suggesting that 
PSII inhibition was reversible at the given stress level. 
The treatment of alfalfa leaves with exogenous AsA 
could mitigate the decrease in the photochemical 
activity of PSII, indicating that exogenous AsA can 
reduce the photoinhibition of alfalfa leaves under 
drought and heat stress. The application of AsA to 
reduce stress damage and its effects on the photo-
synthetic apparatus has been reported previously 
(Alayafi 2020, Chen et al. 2023). Abiotic stress usu-
ally produces photoinhibition (Nawrocki et al. 2021), 
and the protective effect of NPQ on the photosyn-
thetic apparatus is closely related to excess energy 
dissipation in non-radiative processes (Yang et al. 
2011). This experiment shows that NPQ significantly 
increased under drought and heat stress, which is 
in agreement with the findings of Song et al (2013), 
who concluded that increasing NPQ is a mechanism 
for expending excess energy as heat (Tzortzakis et 
al. 2020). The application of AsA can significantly 
promote this increase, indicating a positive role of 
AsA in excess energy dissipation. These results are 
consistent with those reported for heat-stressed rice 
(Song et al. 2013). Exogenous AsA enhances the ability 
of alfalfas to converse and deplete light energy and 
enhance PSII activity during photosynthesis under 
drought and heat stress, suggesting that it plays 
a protective role in ameliorating photodamage.

In the xanthophyll cycle, especially in the DPS, 
Z is involved in the process of NPQ and dissipation 
of excess non-radiative energy. To verify this, we 
measured the variations in V, A, and Z contents under 
drought and heat stress (Figure 3). The xanthophyll 
cycle is an invertible process that promotes a balance 
between light absorption and heat dissipation to 
drive photosynthetic reactions. The DPS represents 
the de-epoxidation rate of the xanthophyll cycle in 
the positive reaction direction (Zhang et al. 2022). 
With the stimulation of the xanthophyll cycle pool 
by stress, the transformation of V towards A leads 
to the formation of Z. In our experiment, the V 
contents significantly decreased during drought 
and heat stress, while DPS significantly increased. 
According to a previous study, the NPQ relies on 
the xanthophyll cycle, and the increase of NPQ is 
attendant by the increase of xanthophyll save and 
preserve ability and DPS. This relationship was also 
confirmed through the correlation  analysis (Figure 5). 
Moreover, the V content of the plants sprayed with 
exogenous AsA solution was significantly higher 

than that of the non-sprayed group after 2 days of 
drought and heat stress. The increase in the content 
of V may be considered an early light signal to protect 
the pigment-protein complex from stress-induced 
photodamage. We believe that the deep oxidation of 
alfalfa with exogenous AsA was delayed or acceler-
ated, resulting in the accumulation of purple xanthine 
and lower DPS values. Xu et al. (2000) reported that 
AsA promoted the formation rate of Z, making the 
heat dispersive reliance on the xanthophyll cycle 
participate in photoprotection faster and more ef-
fectively. The same results were found for kidney 
beans under salt stress (Misra et al. 2006). Based 
on our findings, AsA regulation of the xanthophyll 
cycle largely controls the photoprotection of pho-
tosynthetic apparatus in alfalfa leaves.

Overexpression of the VDE gene can improve 
drought and heat resistance of alfalfa. The de-
epoxidation of xanthophyll is catalysed by VDE, 
a core participant in the xanthophyll cycle. Our results 
show that the contents of DPS and Z in alfalfa leaves 
increased under drought and heat stress, which is in 
agreement with numerous earlier reports, while the 
activity of VDE, which catalyses the conversion to Z, 
decreased. The decreased VDE activity indicates the 
existence of a fast-acting control system that influ-
ences the integration or regression of VDE. Eskling 
et al. (1997) also recorded an inverse correlation 
between VDE and xanthophyll cycle pool pigments 
in spinach during the transition from low to high 
light; the authors observed that moving spinach 
from low-light to high-light environments resulted in 
a decrease in the amount of VDE and activity. In 
our study, the VED activity of alfalfa leaves treated 
with AsA was significantly higher than that of alfalfa 
leaves subjected to drought and heat stress only on 
the 2nd and 8th days. Enzyme activity can increase or 
decrease depending on a variety of factors, including 
transcriptional level, protein turnover, and cofactors. 
Although the VDE enzyme is an important enzyme 
that catalyzes xanthophyll cycling, it needs to bind to 
lipids, such as monogalactosyldiacylglycerol (MGDG) 
on the thylakoid membrane, to unfold its catalytic 
activity (Yamamoto and Higashi 1978).

Furthermore, the expression of MsVDE was also 
measured under drought and heat stress. In alfalfa 
leaves, MsVDE could be induced under drought and 
heat stress, and its expression levels increased, sug-
gesting that it contributes to improving the ability 
of plants to cope with environmental stresses. In 
a previous study, overexpressing MsVDE could facili-
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tate the transformation of V from Z to A (Yang et al. 
2015). The correlation analysis further showed that 
the transkript level of VDE gene was significantly 
positively correlated with Z content (Figure 5). The 
overexpression of MsVDE can moderate PSII photo-
inhibition by drought and heat stress by facilitating 
heat dissipation of the xanthophyll cycle. Han et al. 
(2010) showed that in tomatoes, the photoinhibition 
of PSII and PSI was alleviated by the overexpression 
of the VDE gene during high-light and chilling stress. 
So far, it has been established that overexpression of 
MsVDE genes can ameliorate the photoinhibition of 
PSII and PSI in plants under various stress conditions. 
In our study, the expression levels of the above genes 
increased slightly in AsA-treated plants under drought 
and heat stress, with a significant increase on the 
4th day. This indicates that AsA played an important 
role in eliminating the harmful effects of early drought 
and heat stress on plants.

REFERENCES

Alayafi A.A.M. (2020): Exogenous ascorbic acid induces systemic 
heat stress tolerance in tomato seedlings: transcriptional regula-
tion mechanism. Environmental Science and Pollution Research, 
27: 19186–19199.

Alonso R., Elvira S., Castillo F.J., Gimeno B.S. (2001): Interactive 
effects of ozone and drought stress on pigments and activities of 
antioxidative enzymes in Pinus halepensis. Plant, Cell and Envi-
ronment, 24: 905–916.

Anaya F., Fghire R., Lamnai K., Loutfi K., Wahbi S., Carvalho I.S. 
(2022): Effect of exogenous salicylic acid on growth parameters, 
gas exchange, and photosynthetic yields in salt-stressed Vicia 
faba L., plants. Russian Journal of Plant Physiology, 69: 149.

Bernardo S., Rodrigo M.J., Vives-Peris V., Gómez-Cadenas A., 
Zacarías L., Machado N., Moutinho-Pereira J., Dinis L.-T. (2022): 
Fine-tuning of grapevine xanthophyll-cycle and energy dissipa-
tion under Mediterranean conditions by kaolin particle-film. 
Scientia Horticulturae, 291: 110584.

Bi Y., Che W., Gu L. (2007): Polymorphic characteristics and origin 
analysis of wild alfalfa population (Medicago sativa L.) in Deqin 
area. Acta Agrestia Sinica, 4: 306–311.

Chen X.J., Han H.W., Cong Y.D., Li X.Z., Zhang W.B., Wan W.L.,  
(2023): The protective effect of exogenous ascorbic acid on pho-
tosystem inhibition of tomato seedlings induced by salt stress. 
Plants, 12: 1379.

Chen X.J., Zhou Y., Cong Y.D., Zhu P., Xing J.Y., Cui J.X., Cui J.X., 
Xu W., Diao M., Liu H.Y. (2021): Ascorbic acid-induced pho-
tosynthetic adaptability of processing tomatoes to salt stress 
probed by fast OJIP fluorescence rise. Frontiers in Plant Science, 
12: 594400.

Dąbrowski P., Baczewska A.H., Pawluśkiewicz B., Paunov M., Alex-
androv V., Goltsev V., Kalaji M.H. (2016): Prompt chlorophyll a 
fluorescence as a rapid tool for diagnostic changes in PSII struc-
ture inhibited by salt stress in Perennial ryegrass. Journal of Pho-
tochemistry and Photobiology B: Biology, 157: 22–31.

Darapuneni M.K., Lauriault L.M., Vanleeuwen D.M., Angadi S.V. 
(2020): Influence of irrigation regimes on alfalfa dry matter yield 
and water productivity in a semiarid subtropical environment. 
Irrigation and Drainage, 69: 1063–1071.

Elkelish A., Qari S.H., Mazrou Y.S.A., Abdelaal K.A.A., Hafez Y.M., Abu-
Elsaoud A.M., El-Saber Batiha G., El-Esawi M.A., Nahhas N.E. (2020): 
Exogenous ascorbic acid induced chilling tolerance in tomato plants 
through modulating metabolism, osmolytes, antioxidants, and tran-
scriptional regulation of catalase and heat shock proteins. Plants, 9: 431.

Eskling M., Arvidsson P.O., Åkerlund H.E. (1997): The xanthophyll 
cycle, its regulation and components. Physiologia Plantarum, 
100: 806–816.

Elsiddig A.M.I., Zhou G.S., Nimir N.E.A., Ali A.Y.A. (2022): Effect 
of exogenous ascorbic acid on two sorghum varieties under dif-
ferent types of salt stress. Chilean Journal of Agricultural Re-
search, 82: 10–20. 

Fahad S., Bajwa A.A., Nazir U., Anjum S.A., Farooq A., Zohaib A., 
Sadia S., Nasim W., Adkins S., Saud S., Ihsan M.Z., Alharby H., 
Wu C., Wang D.P., Huang J.L. (2017): Crop production under 
drought and heat stress: plant responses and management op-
tions. Frontiers in Plant Science, 29: 1147.

Galicia-Campos E., García-Villaraco Velasco A., Montero-Palmero 
M.B., Gutiérrez-Mañero F.J., Ramos-Solano B. (2022): Modula-
tion of photosynthesis and ROS scavenging response by ben-
eficial bacteria in Olea europaea plantlets under salt stress 
conditions. Plants, 11: 2748.

Han H., Gao S., Li B., Dong X.C., Feng H.L., Meng Q.W. (2010): 
Overexpression of violaxanthin de-epoxidase gene alleviates 
photoinhibition of PSII and PSI in tomato during high light and 
chilling stress. Journal of Plant Physiology, 167: 176–183.

Hejnák V., Tatar Ö., Atasoy G.D., Martinková J., Çelen A.E., 
Hnilička F., Skalický M. (2015): Growth and photosynthesis of 
upland and pima cotton: response to drought and heat stress. 
Plant, Soil and Environment, 61: 507–514.

Jalili I., Ebadi A., Askari M.A., Kalateh Jari S., Aazami M.A. (2023): 
Foliar application of putrescine, salicylic acid, and ascorbic acid 
mitigates frost stress damage in Vitis vinifera cv. Giziluzum. 
BMC Plant Biology, 23: 1–15.

Krall J.P., Edwards G.E. (1992): Relationship between photosystem II 
activity and CO2 fixation in leaves. Physiologia Plantarum, 86: 
180–187.

Li K., Chen Y., Huang C. (2000): The impacts of drought in China: 
recent experiences. Drought: A Global Assessment, 331–347.

Li L.J., Gu W.R., Li J., Li C.F., Xie T.L., Qu D.Y., Meng Y., Li C.F., 
Wei S. (2018): Exogenously applied spermidine alleviates photo-
synthetic inhibition under drought stress in maize (Zea mays L.) 

497

Plant, Soil and Environment, 69, 2023 (11): 487–499	 Original Paper

https://doi.org/10.17221/330/2023-PSE



seedlings associated with changes in endogenous polyamines and 
phytohormones. Plant Physiology and Biochemistry, 129: 35–55.

Liu L.B., Bao A.K., Li H.J., Bai W.P., Liu H.S., Tian Y., Zhao Y.Y., 
Xia F.C., Wang S.M. (2023): Overexpression of ZxABCG11 from 
Zygophyllum xanthoxylum enhances tolerance to drought and 
heat in alfalfa by increasing cuticular wax deposition. The Crop 
Journal, 11: 1140–1151.

Liu B., Liang J., Tang G., Wang X., Liu F., Zhao D. (2019): Drought 
stress affects on growth, water use efficiency, gas exchange and 
chlorophyll fluorescence of Juglans rootstocks. Scientia Horti-
culturae, 250: 230–235.

Liu D., Wu L.T., Naeem M.S., Liu H.B., Deng X.Q., Xu L., Zhang 
F., Zhou W.J. (2013): 5-Aminolevulinic acid enhances photosyn-
thetic gas exchange, chlorophyll fluorescence and antioxidant 
system in oilseed rape under drought stress. Acta Physiologiae 
Plantarum, 35: 2747–2759.

Liu W.J., Yuan S., Zhang N.H., Lei T., Duan H.G., Liang H.G., Lin 
H.H. (2006): Effect of water stress on photosystem 2 in two wheat 
cultivars. Biologia Plantarum, 50: 597–602.

Livak K.J., Schmittgen T.D. (2001): Analysis of relative gene ex-
pression data using real-time quantitative PCR and the 2− ΔΔCT 
method. Methods, 25: 402–408.

Mattila H., Tyystjärvi E. (2022): Light-induced damage to photo-
system II at a very low temperature (195 K) depends on singlet 
oxygen. Physiologia Plantarum, 174: e13824.

Misra A.N., Latowski D., Strzalka K. (2006): The xanthophyll cycle 
activity in kidney bean and cabbage leaves under salinity stress. 
Russian Journal of Plant Physiology, 53: 102–109.

Murata N., Takahashi S., Nishiyama Y., Allakhverdiev S.I. (2007): 
Photoinhibition of photosystem II under environmental stress. 
Biochimica et Biophysica Acta (BBA)-Bioenergetics, 1767: 414–
421.

Nawrocki W.J., Liu X., Raber B., Hu C., De Vitry C., Bennett D.I., 
Bennett D.I.G., Croce R. (2021): Molecular origins of induction 
and loss of photoinhibition-related energy dissipation qI. Sci-
ence Advances, 7: eabj0055.

North H.M., Frey A., Boutin J.P., Sotta B., Marion-Poll A. (2005): 
Analysis of xanthophyll cycle gene expression during the adapta-
tion of Arabidopsis to excess light and drought stress: changes 
in RNA steady-state levels do not contribute to short-term re-
sponses. Plant Science, 169: 115–124.

Qiu N., Lu Q., Lu C. (2003): Photosynthesis, photosystem II effi-
ciency and the xanthophyll cycle in the salt-adapted halophyte 
Atriplex centralasiatica. New Phytologist, 159: 479–486.

Ruban A.V., Berera R., Ilioaia C., van Stokkum I.H.M., Kennis 
J.T.M., Pascal A.A., van Amerongen H., Robert B., Horton P., van 
Grondelle R. (2007): Grondelle, identification of a mechanism of 
photoprotective energy dissipation in higher plants. Nature, 450: 
575–578.

Sharma D.K., Andersen S.B., Ottosen C.O., Rosenqvist E. (2015): 
Wheat cultivars selected for high Fv/Fm under heat stress main-

tain high photosynthesis, total chlorophyll, stomatal conduc-
tance, transpiration and dry matter. Physiologia Plantarum, 153: 
284–298.

Sharma R., Bhardwaj R., Thukral A.K., Al-Huqail A.A., Siddiqui 
M.H., Ahmad P. (2019): Oxidative stress mitigation and initia-
tion of antioxidant and osmoprotectant responses mediated by 
ascorbic acid in Brassica juncea L. subjected to copper (II) stress. 
Ecotoxicology and Environmental Safety, 182: 109436.

Shin Y.K., Bhandari S.R., Jo J.S., Song J.W., Lee J.G. (2021): Effect of 
drought stress on chlorophyll fluorescence parameters, phyto-
chemical contents, and antioxidant activities in lettuce seedlings. 
Horticulturae, 7: 238.

Smirnoff N. (1996): Botanical briefing: the function and metabo-
lism of ascorbic acid in plants. Annals of Botany, 78: 661–669.

Song L., Yue L., Zhao H., Hou M. (2013): Protection effect of nitric 
oxide on photosynthesis in rice under heat stress. Acta Physiolo-
giae Plantarum, 35: 3323–3333.

Song X., Zhou G., He Q. (2021): Critical leaf water content for 
maize photosynthesis under drought stress and its response to 
rewatering. Sustainability, 13: 7218.

Song X., Zhou G., He Q., Zhou H. (2020): Stomatal limitations to 
photosynthesis and their critical water conditions in different 
growth stages of maize under water stress. Agricultural Water 
Management, 241: 106330.

Stasik O., Jones H.G. (2007): Response of photosynthetic apparatus 
to moderate high temperature in contrasting wheat cultivars at 
different oxygen concentrations. Journal of Experimental Bota-
ny, 58: 2133–2143.

Tang T., Zheng G.W., Li W.Q. (2012): Defense mechanisms of plants 
photosystem to heat stress. Chinese Journal of Biochemistry and 
Molecular Biology, 28: 127–132.

Teng L., Liu H., Chu X., Song X., Shi L. (2022): Effect of precipita-
tion change on the photosynthetic performance of Phragmites 
australis under elevated temperature conditions. PeerJ, 10: 
e13087.

Tzortzakis N., Chrysargyris A., Aziz A. (2020): Adaptive response 
of a native Mediterranean grapevine cultivar upon short-term 
exposure to drought and heat stress in the context of climate 
change. Agronomy, 10: 249.

Van Kooten O., Snel J.F.H. (1990): The use of chlorophyll fluores-
cence nomenclature in plant stress physiology. Photosynthesis 
Research, 25: 147–150.

Vinocur B., Altman A. (2005): Recent advances in engineering plant 
tolerance to abiotic stress: achievements and limitations. Cur-
rent Opinion in Biotechnology, 16: 123–132.

Xu C., He C.G., Wang Y.J., Bi Y.F., Jiang H. (2020): Effect of drought 
and heat stresses on photosynthesis, pigments, and xanthophyll 
cycle in alfalfa (Medicago sativa L.). Photosynthetica, 58: 1226–
1236.

Xu C.C., Lin R.C., Li L.B., Kuang T.Y. (2000): Increase in resistance 
to low temperature photoinhibition following ascorbate feeding 

498

Original Paper	 Plant, Soil and Environment, 69, 2023 (11): 487–499

https://doi.org/10.17221/330/2023-PSE



is attributable to an enhanced xanthophyll cycle activity in rice 
(Oryza sativa L.) leaves. Photosynthetica, 38: 221–226.

Yamamoto H.Y., Higashi R.M. (1978): Violaxanthin de-epoxidase 
lipid composition and substrate specificity. Archives of Bio-
chemistry and Biophysics, 190: 514–522.

Yang S., Meng D.Y., Hou L.L., Li Y., Guo F., Meng J.J., Wan S.B., 
Li X.G. (2015): Peanut violaxanthin de-epoxidase alleviates the 
sensitivity of PSII photoinhibition to heat and high irradiance 
stress in transgenic tobacco. Plant Cell Reports, 34: 1417–1428.

Yang W., Sun Y., Chen S., Jiang J., Chen F., Fang W., Liu W. (2011): 
The effect of exogenously applied nitric oxide on photosynthesis 

and antioxidant activity in heat stressed chrysanthemum. Bio-
logia Plantarum, 55: 737–740.

Zhang F., Lu K., Gu Y., Zhang L., Li W., Li Z. (2020): Effects of low-
temperature stress and brassinolide application on the photo-
synthesis and leaf structure of tung tree seedlings. Frontiers in 
Plant Science, 10: 1767.

Zhang Z.D., Yuan L.Q., Ma Y.B., Kang Z., Zhou F., Gao Y., Yang S.C., 
Li T.L., Hu X.H. (2022): Exogenous 5-aminolevulinic acid alle-
viates low-temperature damage by modulating the xanthophyll 
cycle and nutrient uptake in tomato seedlings. Plant Physiology 
and Biochemistry, 189: 83–93.

Received: August 11, 2023
Accepted: October 23, 2023

Published online: October 31, 2023

499

Plant, Soil and Environment, 69, 2023 (11): 487–499	 Original Paper

https://doi.org/10.17221/330/2023-PSE


