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Abstract 

Background  Heat and drought stresses usually occur together in nature, and both are expected to increase in fre-
quency and intensity as a result of climate change. The synergistic impacts of these compound climate extremes 
on potatoes are far from the effects of individual stresses. However, the dynamics of the effects of combined heat 
and drought stresses on potato physiology and biochemistry have yet to be thoroughly assessed. To elucidate this 
point, we set up a pot experiment using ‘Atlantic’ potato seedlings as test material. A total of six treatments were set 
up: CK (normal growth conditions: 21 ℃, 0 PEG), A1B1 (31 ℃, 20% PEG), A1B2 (31 ℃, 10% PEG), A1B3 (31 ℃, 0 PEG), 
A2B1 (21 ℃, 20% PEG), and A2B2 (21 ℃, 10% PEG), and 15 physiological indices were determined with the stress time 
of 0, 6, 12 and 18 days.

Results  After 18 days of stress, the phenotype of potato seedlings was significantly different. Compared with CK, 
the thickness of potato leaves and palisade tissue increased under heat and drought stress, and the combined 
stress reduced the photosynthetic efficiency of potato leaves. In all treatments except CK, the chlorophyll content 
decreased significantly, the antioxidant enzyme activity increased first and then decreased, and the relative conduc-
tivity and malondialdehyde content increased significantly. The heat and combined treatment made the content 
of the osmotic regulator first increase and then decrease, while the treatment of 21 ℃ had no significant change. 
According to the correlation, principal component and interaction analysis, both heat and drought treatment had sig-
nificant effects on each index, and the longer the stress time, the greater the effect, and the effect of combined stress 
was greater than that of single stress. However, after 6 days of stress, the activity of antioxidant enzymes and the con-
tent of transparent regulatory substances increased.

Conclusions  In conclusion, potato can cope with heat, drought and combined stress by adjusting leaf tissue struc-
ture, antioxidant enzyme activity and osmotic regulatory substances in a short time.
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Graphical Abstract

Introduction
Temperature and environmental patterns are changing 
around the world [1]. This change is expected to exac-
erbate regional and global water scarcity to a greater 
extent, which undoubtedly has a negative impact on 
multiple agricultural systems. Plants adapt to new con-
ditions by sensing changes in temperature and water 
in their environment and adjusting their development 
patterns [2]. Studies have shown that plants can miti-
gate the negative effects of heat and drought through 
morphological and physiological changes. Leaf curl-
ing, stomata opening, transpiration rate reduction, leaf 
surface area reduction and leaf elevation, etc. (thermal 
morphogenesis) during seedling stage may enhance 
leaf cooling capacity and thus increase plant survival 
at higher temperatures [3]. When a plant is starved 
of water (drought morphogenesis), drought leads to a 
reduction in the number of leaves, closure of stomata, 
a decrease in stomatal conductance, an increase in the 
content of reactive oxygen species, and the establish-
ment of an extensive root system, etc. [4]. The com-
bined stress of heat and drought leads to contradictory 
stomatal movements, exposing plants to severe dehy-
dration and higher leaf temperatures [5]. Temperature 
changes during the nutrient growth phase of a plant 
can alter water movement in the plant and affect water 

and nutrient uptake, ultimately leading to physiological 
wilting as well as a shorter life cycle [6].

In nature, heat and drought stresses often occur simul-
taneously, and the synergistic impacts of these climate 
extremes on agriculture are far greater than the impacts 
of individual stresses, each stress factor amplifies the 
effect of the other [7]. Heat and drought have significant 
adverse effects on photosynthesis mechanism. When 
plants are exposed to heat stress, the deactivation of 
Rubisco, along with a reduction in chlorophyll content 
and photosystem II (PSII) efficiency, leads to a severe 
decline in photosynthesis [8]. Studies have shown that 
drought stress reduces photosynthesis by reducing the 
rate of carbon dioxide diffusion caused by stomatal and 
non-stomatal constraints [9]. Piao et al. [10] pointed out 
that environmental conditions such as heat and drought 
inhibit plant photosynthesis and respiration, resulting 
in lower crop productivity. Among many environmental 
factors, water content, temperature and light had more 
significant effects on leaves, and the differences were 
mainly in leaf shape, leaf thickness and microstructure 
[11]. The thickness of plant leaves is determined by its 
own growth and water content. The greater the thickness 
of leaves, the stronger the water storage capacity. Mean-
while, the differentiation of palisade tissue and sponge 
tissue reflects the water status in the environment [12]. 
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Therefore, leaf thickness is often used as a measure of 
drought.

Heat and drought stress lead to excessive accumula-
tion of reactive oxygen species (ROS) and superoxide 
anion radicals in plants, resulting in oxidative damage to 
proteins, nucleic acids and cell membranes [13]. Higher 
plants have a ROS-scavenging scavenging antioxidant 
defense mechanism system, in which many antioxidant 
enzymes, such as superoxide dismutase (SOD), peroxi-
dase (POD), catalase (CAT), and thioredoxin peroxidase 
(TPX), play important roles in the antioxidant defense 
system of plants [14]. Cellular osmotic regulation is 
considered to be an important physiological charac-
teristic related to heat and drought resistance [15]. As 
osmoregulatory substances, proline (Pro), soluble sugar 
(SS) [16] and trehalose (Tre) [17] play a key role in resist-
ance to stress. At the same time, prevention of drought-
induced osmotic stress depends on minimizing stomatal 
and cuticular water loss and maximizing water uptake 
(through root growth and osmotic adjustment) [18]. But 
these studies have rarely been reported on potato seed-
lings. Therefore, it is of great theoretical significance 
and practical application to study how potato activates a 
series of responses at the cellular and physiological levels 
to respond and adapt to heat and drought environments 
[19].

The potato (Solanum tuberosum L.) is an annual herb 
of the Solanaceae family and the genus Solanum. It is 
one of the major crops grown worldwide under different 
climate conditions, and it is a major cash crop [20–22]. 
According to the Food and Agriculture Organization of 
the United Nations (FAO), China was the largest potato 
producer from 1990 to 2022 [23]. Potatoes are widely 
distributed in China and make a significant contribution 
to China’s food security and poverty alleviation [24–26]. 
However, potatoes prefer moist and cool growing condi-
tions, and their seedling stage is sensitive to water defi-
cit and heat [27]. It has been pointed out that a water 
deficit can slow down the growth of potato seedlings and 
reduce the transpiration rate of leaves, which can reduce 
the potato formation rate and yield [28]. Milan et al. [29] 
concluded that heat can lead to problems such as reduced 
stomatal conductance, smaller leaves, and deformed 
tuber growth in potatoes, resulting in severe yield loss. In 
addition, studies have shown that both water deficit and 
excess water can exacerbate the effects of temperature 
[30, 31]. This suggests the need to understand tempera-
ture and moisture interactions to develop more effective 
adaptation strategies [6].

At present, the effects of abiotic stresses on the physiol-
ogy and ecology of potato seedlings are mainly focused 
on the response of a single stress factor to potatoes [32–
34]. However, there are few studies on the effects of the 

combined stress of heat and lack of water on the internal 
mechanism of potato seedlings. Therefore, in this study, 
we used an artificial climate chamber (RDN type) and 
PEG-6000 to simulate the natural precipitation method. 
By controlling the temperature and creating a drought-
stressed environment at different time segments, we 
studied the dynamic changes in plant phenotypic mor-
phology, leaf microstructure, photosynthesis, chlorophyll 
content, antioxidant defense, cellular osmotic regulation 
and growth of potato seedlings under heat and drought 
stress at different treatments. To reveal the determining 
characteristics of the different temperatures and moisture 
environments on potato production and the compensa-
tory growth effects, and to clarify the ecological adapta-
tions of potato seedlings under certain temperatures and 
precipitation conditions. And to analyze their coping pat-
terns under different temperatures and moisture.

Materials and methods
Test material and test site
The tested potato variety is –‘Atlantic’, with an upright 
plant shape, strong stalk, medium branch number and 
strong growth potential. The experiment was selected 
as a high-quality seed potato to be tested from May to 
October 2022–2023 at Gansu Agricultural University 
(52°12′59ʺN, 22°34′37ʺE) in Gansu Province, Northwest 
China. The plant was grown in pots with a size of 23.5 cm 
(diameter) * 15 cm (height) and holes at the bottom. The 
substrate was made from a mixture of vermiculite, perlite 
and seedling substrate at a volume ratio of 3:1:1. The sub-
strate was sterilized with carbendazim, and the height of 
the substrate in the pot was 11 cm.

Experimental design and methodology
The experiment was set at heat (31 ℃) and normal tem-
perature (21 ℃). Drought stress was simulated by PEG 
(PEG-6000) with 20% PEG and 10% PEG, respectively. 
CK was treated under normal growth conditions (21 ℃, 0 
PEG) (Table 1). There were 3 replicates per treatment and 
12 pots per replicate.

Table 1  Experiment design

Treatment Temperature(Day/Night) ℃ PEG moisture 
treatment (%)

A1B1 31/23 20

A1B2 31/23 10

A1B3 31/23 0

A2B1 21/13 20

A2B2 21/13 10

CK 21/13 0
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The seed potatoes with full sprouts were screened and 
dried. Fill the substrate with water 2 days before sowing, 
and apply basal fertilizer one day before sowing. Sowed 
in May 2022 and 2023, 1 seed potato per pot, bud side up. 
Seedlings were watered with 150 ml of water every 3 days 
after emergence and soil water content of potted plants 
was determined by weighing and irrigated from 17:00 
to 18:30  pm. The plants were exposed to uniform light 
of 10,000  lx in RDN-type artificial climate chamber for 
16 h/day and darkness of 8/h. The humidity of the culture 
area is 60%. Heat and drought treatment were carried out 
20  days after emergence, and PEG-6000 was watered at 
different concentrations on day 0, day 6 and day 12.

Determination items and methods
On the 0th, 6th, 12th and 18th d of treatment, the func-
tional leaves of the apical 3rd-5th nodes of the plants 
were taken to determine the indexes, and three repetition 
mixed leaf samples were taken from each repeat.

Observation on the microstructure of potato leaves
The functional leaf tissue at 3–5 nodes at the top of the 
plant was put into 4% paraformaldehyde fixing solution, 
removed in the fume hood and trimmed with scalpel, 
then dehydrated, paraffin embedded and sliced. Tissue 
sections were stained with saffron solid green (plant). The 
leaf microstructure was observed and compared under 
different treatments using inverted integrated fluores-
cence microscope (Revolve RVL-100-G). The thickness of 
leaves, palisade tissue and spongy tissue were measured 
and analyzed by Image J (1.52p) software.

Determination of photosynthetic index
Photosynthetic parameters were measured using a Li-
6400XT photosynthesis, and net photosynthetic rate 
(Pn), intercellular CO2 concentration (Ci), stomatal con-
ductance (Gs), and transpiration rate (Tr) were deter-
mined. The third and fourth leaves of the apical part of 
the plant were selected for the determination of pota-
toes, and plants with representative growth were selected 
for each treatment, including three replications. Pho-
tosynthetic parameters were measured from 8:50 to 
11:00 am., and the LED light intensity was controlled at 
800 μmol m−2 s−1.

Determination of chlorophyll content
Chlorophyll content was determined by spectro-
photometry, and 0.5  g of potato leaves were taken 
from each sample. For specific methods, refer to 
Lichtenthaler  and  Wellburn [35]. The absorbance was 
measured at 665 nm, 649 nm and 470 nm, respectively, 
and the chlorophyll a (chl a), chlorophyll b (chl b) and 

chlorophyll a+b (chl a+b) contents were calculated 
according to the formula.

Determination of antioxidant and osmoregulatory 
substances
Superoxide dismutase (SOD) enzyme activity was 
determined by the nitro blue tetrazolium method [36]; 
Determination of Peroxidase (POD) enzyme activ-
ity using guaiacol method [37]; The activity of Catalase 
(CAT) enzyme was determined by ultraviolet absorp-
tion method [38]; Determination of leaf enzyme activ-
ity: Thioredoxin peroxidase (TPX) enzyme activity was 
determined using a spectrophotometric method (kit pro-
vided by Suzhou Keming Biotechnology Co); The content 
of Malondialdehyde (MDA) was determined by Thiobar-
bituric acid method [39]; Relative conductance (REC) 
was measured with a conductometer [40];

The Soluble protein (SP) content was determined by 
the Coomassie brilliant Blue G-250 method [41]; Soluble 
sugar (SS) content was determined by the kit provided by 
Beijing Suoshen Technology Co., LTD. (Beijing, China); 
Proline (Pro) content was determined by reference to 
Wani et al. [42]; Trehalose (Tre) content was determined 
by anthrone colorimetry, and Suzhou Keming Biotech-
nology Co provided the kit. The sample was 0.1  g of 
potato leaves, and the specific method was described in 
the kit. The absorbance value at 620  nm was detected, 
and the alginate content in the sample was calculated 
according to the formula.

Data processing
Microsoft Excel 2019 was used for experimental data sta-
tistics. ANOVA analyzed the experimental data through 
SPSS 26.0 software using Duncan’s new complex polar 
deviation method (P ≤ 0.05), plotted using Origin Pro 
2021, and microscopic measurements were performed 
using Image J (1.52p) software.

Result
Effect of heat and drought on phenotype and leaf 
microstructure of potato seedlings
In order to evaluate the transient effects of heat and 
drought stress on potato seedlings, leaf phenotype and 
leaf microstructure changes were recorded on day 6 
and day 18. The results showed that potato plants and 
leaves morphology changed significantly under different 
temperature and moisture treatments. On the 6  days of 
treatment (Fig. 1), the potato seedlings under 21 ℃ and 
normal water treatments have better overall growth, 
thicker stems and better leaf elongation than those under 
31 ℃ treatment, and the control (CK) leaves are green 
and abundant; After 18 days of treatment (Fig. 2), 31 ℃ 
treatment of potato seedlings under the overall status of 
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the poorer, and there is the phenomenon of futile growth, 
leaf wilting obviously, leaf yellowing, curled edges, weak 
stalks, which was an adaptive response to the damages 
caused by water loss, extreme temperatures, or combined 
stresses. There were no significant changes in the leaves 
under the 21  ℃ treatment, and the thick and strong 
growth of the stalks was better.

As observed by the leaf microstructure, the thickness 
of potato leaves and their palisade tissue significantly 

changed under different temperature and moisture treat-
ments. On the 6 days of treatment, the leaf thickness of 
A1B2 and A1B3 potato seedlings at 31 ℃ was thinner 
than that at 21 ℃, and the leaf thickness and palisade tis-
sue thickness of A2B2 and CK seedlings at 21 ℃ had little 
changes, and their chloroplast content was higher. On the 
18  days of treatment, the thickness of leaves increased, 
and the number of chloroplasts in palisade tissues 

Fig. 1  Effects of heat and drought treatment for 6 days on morphology and leaf microstructure of potato seedlings. PP palisade parenchyma, SP 
spongy parenchyma, Scale bars = 220 μm

Fig. 2  Effects of heat and drought treatment for 18 days on morphology and leaf microstructure of potato seedlings. PP palisade parenchyma, SP 
spongy parenchyma, Scale bars = 220 μm

Table 2  Measurement of microstructure and thickness of leaves

Data are means of scoring ± SE from three replications. Different lowercase letters indicate significant difference between different treatments in the same stress time 
(P ≤ 0.05)

Treatment 6 days 18 days

Blade thickness(μm) Palisade tissue thickness 
(μm)

Blade thickness(μm) Palisade tissue 
thickness (μm)

A1B1 352 ± 2.20bc 135 ± 6.91c 393 ± 3.25b 137 ± 7.48bc

A1B2 317 ± 8.11d 122 ± 2.30 cd 343 ± 2.26c 134 ± 2.21bc

A1B3 332 ± 10.27 cd 114 ± 3.55d 332 ± 9.53c 142 ± 3.98abc

A2B1 468 ± 21.04a 181 ± 7.14a 416 ± 18.64ab 151 ± 8.31ab

A2B2 381 ± 1.37b 151 ± 0.93b 444 ± 24.88a 166 ± 14.27a

CK 319 ± 2.64 cd 124 ± 3.14 cd 312 ± 5.31c 119 ± 3.94c
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decreased significantly under the A1B1 and A2B1 treat-
ments (Table 2).

Effect of heat and drought on photosynthetic 
characteristics of potato seedlings
As can be seen from Fig. 3A, Pn of potato seedling leaves 
showed a decreasing trend with the prolongation of treat-
ment time. Pn decreased sharply in the A1B1 and A1B2 
treatments, followed by the A1B3 treatment. Compared 
with day 0, Pn was higher than that of all treatments in 
CK; Pn decreased by 66.23%, 54.80%, 45.30%, 26.15% and 
22.80% under A1B1, A1B2, A1B3 treatments and ambi-
ent A2B1 and A2B2 treatments at day 18, respectively.

The Ci of potato seedling leaves showed different trends 
depending on temperature and moisture (Fig.  3B). Ci 
decreased sharply in the A1B1 and A1B2 treatments, 
followed by the A1B3 treatment. Ci of A2B1 and A2B2 
treatments increased slowly and higher than all treat-
ments. Compared with day 0, at day 18, Ci decreased by 
17.42%, 14.59%, and 8.86% in the A1B1, A1B2, and A1B3 
treatments, respectively.

The Gs of potato seedling leaves showed a decreas-
ing trend with increasing treatment time (Fig.  3C). The 
Gs of A1B1, A1B2 and A1B3 treatments decreased sig-
nificantly, and Gs under A2B1 and A2B2 treatments 
decreased at day 12 and day 18, respectively. Compared 
with day 0, on day 18, Gs treated with A1B1, A1B2, A1B3, 
A2B1 and A2B2 decreased by 79.68%, 63.23%, 57.13%, 
35.86% and 18.56%, respectively.

The leaf Tr of potato seedlings increased first and then 
decreased with the treatment time (Fig. 3D). Tr changed 
significantly under heat, and Tr of A1B1, A1B2 and A1B3 
treatments increased first and then decreased. Tr did 
not change significantly under 21℃. From day 6 to day 
18, the Tr treated by A1B1, A1B2 and A1B3 treatments 
decreased by 46.77%, 42.46% and 38.42%, respectively.

Effect of heat and drought on total chlorophyll content 
of potato seedlings
From Fig.  4, the chlorophyll a, b, and a+b contents 
showed an overall decreasing trend with treatment time. 
The changes in chlorophyll a+b content were obvious 

Fig. 3  Photosynthetic Parameters of potato seedlings under heat and drought treatment: Pn(A) 、Ci(B) 、Gs(C) 、Tr(D). Data are means 
of scoring ± SE from three replications. Different lowercase letters indicate significant difference between different treatments in the same stress 
time (P ≤ 0.05). * indicates a significant correlation at P ≤ 0.05 level; ** indicates a very significant correlation at the P ≤ 0.01 level. *** indicates a very 
significant correlation at the P ≤ 0.001 level
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under heat; the chlorophyll a+b content of A1B1 and 
A1B2 treatments decreased sharply, and the chloro-
phyll a and chlorophyll b content followed, followed by 
A1B3 treatment; the chlorophyll a+b content of CK was 
higher than that of all the treatments and showed a rising 
trend. Processed for 18  days, the chlorophyll a+b con-
tent of A1B1, A1B2, A1B3, A2B1 and A2B2 treatments 
decreased by 78.63%, 62.60%, 41.05%, 20.88% and 12.88%, 
respectively. Among them, A1B1 and A1B2 treatments 
decreased chlorophyll b content by 90.88% and 56.82%. 
On day 18, with reference to A2B3, the decrease in chlo-
rophyll content was more significant in A1B3 vs. A2B1, 
indicating that heat was the main effect.

Effect of heat and drought on antioxidant 
and osmoregulatory systems in potato seedlings
Effect of heat and drought on antioxidant enzyme activities 
in potato seedlings
In Fig. 5, the antioxidant enzyme activities showed vary-
ing degrees of first increase and then decrease with time. 
As seen in Fig. 5A, at day 6, the SOD activities of A1B1 
and A2B1 treatments increased by 18.34% and 14.93%, 
respectively. However, from day 6 to day 18, SOD activity 
decreased sharply in all treatments except for CK. From 
day 0 to day 18, SOD activity under A2B1 and A2B2 
treatments showed a tendency first to increase and then 
decrease. The POD activity of each treatment increased 

at day 6 (Fig.  5B), with the A1B1 treatment having the 
highest POD activity of 147.4 U g−1. Between day 0 and 
day 18, the POD activity of the A1B1 and A1B2 treat-
ments decreased by 28.74% and 23.79%, respectively. 
The change in POD activity was not significant under 
the 21 ℃ treatment. The CAT activity of the treatments 
also increased at day 6 (Fig. 5C), with the A1B3 treatment 
having the highest CAT activity, followed by A2B1. From 
day 0 to day 18, the CAT activity of A1B1 and A1B2 treat-
ments decreased by 39.47% and 34.01%, respectively. The 
CAT activity of A2B1 and A2B2 treatments decreased by 
31.52% and 28.21%, respectively. In the same trend as the 
first three antioxidant enzyme activities, the TPX activ-
ity of each treatment increased at day 6 (Fig.  5D), with 
the A1B1 treatment having the highest TPX activity of 
818.63  nmol·min−1  g−1 FW. Between day 0 and day 18, 
the TPX activity of the A1B1 and A1B2 treatments was 
reduced by 26.87% and 11.49%, respectively. There was 
no significant change in TPX activity under 21 ℃.

Effect of heat and drought on malondialdehyde content 
and relative conductivity of potato seedlings
As can be seen from Fig. 6A, the MDA content showed 
an overall increasing trend with treatment time. From 0 
to 18  days, A1B1, A1B2, and A1B3 treatments led to a 
sharp increase in the MDA content, which increased by 
66.30%, 64.31%, and 61.55%, respectively. The highest 
MDA content was observed in the A2B1 and A2B2 treat-
ments, while the CK maintained the MDA content at a 
low value. With the extension of the treatment time, the 
relative electrical conductivity of the blade showed an 
overall increasing trend (Fig.  6B). The relative conduc-
tivity increased greatly under heat and slowly at 21  ℃ 
treatments. From 0 to 18 day, the relative conductivities 
of A1B1, A1B2, A1B3 and A2B1 treatments increased by 
59.86%, 54.61%, 49.73%, and 40.49%, respectively. After 
18 days of stress, A1B3 decreased significantly compared 
to CK.

Effect of heat and drought on the osmoregulatory system 
of potato seedlings
According to Fig.  7A, the SP content showed a general 
trend of increasing and then decreasing from day 0 to day 
18. On day 6, the SP content increased in all treatments 
except CK, which increased by 36.61%, 40.30%, 36.60%, 
33.60% and 28.13%, respectively. For 18  days of stress, 
the composite treatments of heat and drought treatments 
reduced the SP content. The lowest SP content was found 
in the A1B1 treatments, followed by the A1B2 treatment.

There was a general trend of increasing and then 
decreasing SS content with increasing treatment time 
(Fig. 7B). On day 6, SS content increased in A1B1, A1B2 
and A1B3 treatments by 40.35%, 33.45% and 25.04%, 

Fig. 4  Effect of heat and drought treatments on chlorophyII 
a+b content of potato seedlings Data are means of scoring ± SE 
from three replications. Different lowercase letters indicate significant 
difference between different treatments in the same stress time 
(P ≤ 0.05). * indicates a significant correlation at P ≤ 0.05 level; ** 
indicates a very significant correlation at the P ≤ 0.01 level. *** 
indicates a very significant correlation at the P ≤ 0.001 level
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respectively, but then SS content gradually decreased 
from day 6 to day 18. After 18 days of stress, both tem-
perature and moisture and combined treatments 
decreased SS content. Among them, the lowest SS con-
tent was found in A1B1, A1B2 and A1B3 treatments. The 
CK showed insignificant changes in SS content.

As shown in Fig. 7C, the Pro content showed a gen-
eral trend of increasing and then decreasing due to 
the prolongation of stress time. On day 6, the Pro con-
tent increased in A1B1, A1B2 and A1B3 treatments by 
45.94%, 42.50% and 39.72%, respectively. The Pro con-
tent gradually decreased again from 6 to 18 days. After 
18  days of stress, both temperature and moisture and 
combined treatments decreased Pro content. Among 
them, A1B1, A1B2 and A1B3 treatments had the low-
est Pro content. The A2B2 treatment had the lowest Pro 
content under 21 ℃ treatment.

Tre content did not change significantly with increas-
ing treatment time, with a general trend of increasing 
and then decreasing (Fig.  7 D). After 6  days of stress, 
Tre content of A1B1, A1B2 and A1B3 treatments 
increased by 19.88%, 16.36% and 22.35%, respectively, 
but then gradually decreased from 6 to 18  days. Tre 
content was lowest in A1B1, A1B2 and A1B3 treat-
ments after 18  days of stress. The Tre content of the 
A2B1 treatment was significantly reduced by 15.48%.

Difference analysis between heat and drought on various 
indexes of potato seedlings
Correlation analysis between physiological and biochemical 
indicators of potato seedlings under heat and drought 
treatments
To investigate the correlation between physiological 
and biochemical characteristics of potato seedlings after 
heat and drought treatments, we performed Pearson 

Fig. 5  Effect of heat and drought treatment on antioxidant enzyme activities of potato seedlings: SOD (A) 、POD (B) 、CAT (C) 、TPX (D). Data are 
means of scoring ± SE from three replications. Different lowercase letters indicate significant difference between different treatments in the same 
stress time (P ≤ 0.05). * indicates a significant correlation at P ≤ 0.05 level; ** indicates a very significant correlation at the P ≤ 0.01 level. *** indicates 
a very significant correlation at the P ≤ 0.001 level
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correlation analysis for each index. As can be seen in 
Fig.  8A, REC was highly significant (P ≤ 0.01) and posi-
tively correlated with MDA content with an r-value of 
0.98. REC was highly significant (P ≤ 0.01) and nega-
tively correlated with Pn and Gs, respectively; the r val-
ues were −  0.97, −  0.96. MDA was highly significant 
(P ≤ 0.01) and negatively correlated with Pn and Gs with 
r values of −  0.95 and −  0.96, respectively. SS content 
was highly significant (P ≤ 0.01) and positively correlated 
with POD activity with an r-value of 0.96. POD activity 
was highly significant (P ≤ 0.01) and positively correlated 
with Pro content, TPX activity; the r values were 0.95 
and 0.97, respectively. Pro content showed a highly sig-
nificant (P ≤ 0.01) positive correlation with TPX activity 
with an r-value of 0.98. Pn and Gs were highly significant 
(P ≤ 0.01) and positively correlated with an r-value of 
0.96.

Multicollinearity among numerous factors was 
addressed by exploring the contribution of different 
principal components to the variance of the data and the 
relationship between the principal components and the 
original variables through principal component analy-
sis (PCA). Eigenvalues should be used to determine the 
number of principal components (PCs) to retain. The 
results of the study show that the sample points cor-
responding to the samples from the 13 treatments in 

Fig.  8B are clustered with each other, indicating a high 
degree of similarity between the treatments. The con-
sistency of the arrow direction of the response variable 
with the axis direction (negative to positive) can be used 
to determine whether there is a positive or negative cor-
relation between the response variable and the PC. As 
indicators of variance, the indicators of photosynthetic 
system, antioxidant enzymes, and osmoregulatory system 
loaded significantly on the first and second quadrants, 
respectively, and were positively correlated with PC 1. PC 
1 and PC 2 add up to 91.4%, with PC 1 and PC 2 account-
ing for 63.3% and 28.1% of the total variance, respectively.

Testing of interactive intersubjective effects
According to Table  3, there were highly significant 
(P ≤ 0.01) effects of heat, drought, stress time and 
interaction test heat × drought, heat × stress time, 
drought × stress time and heat × drought × stress time 
treatments on SOD, MDA, Ci、Tr and Pro. There 
were highly significant (P ≤ 0.01) effects of stress time, 
heat × stress time and drought × stress time treatments 
on the measured indices. The effect of heat on CAT was 
non-significant (P ≥ 0.05), while the effect of drought 
and other combined treatments was highly significant 
(P ≤ 0.01). Heat × drought × stress time treatments did 
not significantly (P ≥ 0.05) affect POD, TPX, REC, Pn and 

Fig. 6  Effect of heat and drought treatment on malondialdehyde content and relative conductivity of potato seedlings: MDA (A) and REC (B). 
Data are means of scoring ± SE from three replications. Different lowercase letters indicate significant difference between different treatments 
in the same stress time (P ≤ 0.05). * indicates a significant correlation at P ≤ 0.05 level; ** indicates a very significant correlation at the P ≤ 0.01 level. 
*** indicates a very significant correlation at the P ≤ 0.001 level
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Fig. 7  Effect of heat and drought treatment on osmotic regulation system of potato seedlings: SP (A) 、SS (B) 、Pro (C) 、Tre (D). Data are means 
of scoring ± SE from three replications. Different lowercase letters indicate significant difference between different treatments in the same stress 
time (P ≤ 0.05). * indicates a significant correlation at P ≤ 0.05 level; ** indicates a very significant correlation at the P ≤ 0.01 level. *** indicates a very 
significant correlation at the P ≤ 0.001 level

Fig. 8  Correlation Analysis and Principal Component Analysis (PCA) of Physiological and Biochemical Characters of potato seedlings: Correlation 
Analysis (A) 、 Principal Component Analysis (B). * indicates a significant correlation at P ≤ 0.05 level; ** indicates a very significant correlation 
at the P ≤ 0.01 level. The number represents the correlation coefficient



Page 11 of 16Wang et al. Chem. Biol. Technol. Agric.          (2024) 11:109 	

Chl. Heat × drought treatment and heat × drought × stress 
time treatment did not significantly (P ≥ 0.05) affect Pn 
drought treatments did not significantly (P ≥ 0.05) affect 
POD, TPX and SS.

Discussion
Temperature and moisture are key factors affecting the 
growth of above-ground parts and tubers of potatoes 
[43]. In order to cope with deleterious heat and drought 
stress, plants undergo a variety of morphological, physi-
ological and biochemical changes. Therefore, plant stress 
response is a complex dynamic process, and the changes 
in leaf morphology and physiological characteristics can 
more accurately indicate the degree of stress [44]. The 
results of this study showed that potato seedlings had 
the best indicators when the average air temperature was 
21 ℃; this is consistent with the findings of Rykaczewska 
et  al. [34]. Heat and drought had significant effects on 
potato phenotypes, such as small and few leaves, wilted 
leaves, curled edges, and plants that were prone to col-
lapse (Fig.  1). In contrast, potato plants in the normal 
water treatment (A2B3) at 21 ℃ grew well and had bright 
green, bushy leaves [45]. Studies have shown that when 
the temperature increases, the vapor pressure in the 
intercellular space in the lower stomatal cavity increases 
more than the atmospheric vapor pressure, so the vapor 
pressure difference between the inside and outside of 
the leaves increases, resulting in water escaping from 
the leaves, enhanced transpiration, and increased leaf 
thickness [46]. This is similar to what we observe in the 

microstructure (Fig. 2). On the 18th day of stress, com-
pared with CK, A1B1 and A2B1 treatments increased the 
thickness of leaves and significantly reduced the number 
of chloroplasts in palisade tissue, which explained the 
reason for the change of plant phenotype [47]. The thick-
ness of palisade tissue and spongy tissue of potato leaves 
increased with the increase of temperature. Demonstrat-
ing that when stress intensity increases, plants change 
their structure to adapt to the arid environment [48].

Both the duration and intensity of heat and droughts 
have an influence on the growth and development of 
plants [49]. In this study, the Pn, Ci, Gs and Tr of potato 
seedlings showed a decreasing trend under the continu-
ous heat and drought treatment for 18  days. Stomatal 
closure helps plants maintain leaf water potential, but it 
also reduces CO2 uptake, which affects photosynthesis 
[50]. Stomatal opening is a mechanism for blade cooling, 
which means that an increase in stomatal opening leads 
to a decrease in blade temperature [51]. However, Wani 
et al. [52] pointed out that plants increase their adversity 
adaptation capacity due to compound stresses of differ-
ent adversities. Therefore, the opening and closing time 
and speed of plant leaf stomata during this period need to 
be further studied. Furthermore, researchers have dem-
onstrated that one strategy to improve plant tolerance 
to heat and drought stress is to increase transpiration by 
improving stomatal size, which reduces leaf temperature 
and thus improves the cooling and water retention capac-
ity of leaves [53]. In this study, with the prolongation of 
stress time, Tr showed a trend of increasing and then 

Table 3  Test of inter-subjectivity effect

T indicates treatment; I indicates index; A indicates heat; B indicates drought; t indicates time; The number represents the F value. The number represents the F value. * 
indicates a significant influence at P ≤ 0.05 level; ** indicates a very significant influence at the P ≤ 0.01 level

T A B t A × B A × t B × t A × B × t
I

SOD 176.63** 38.36** 726.60** 90.98** 188.40** 44.51** 29.91**

POD 158.08** 2.80 527.36** 0.46 223.33** 30.03** 2.05

CAT​ 0.00 15.07** 177.52** 6.65** 14.00** 8.18** 8.09**

TPX 64.64** 2.73 438.62** 4.97* 127.55** 20.64** 1.66

REC 372.92** 50.02** 304.39** 4.85* 71.23** 10.06** 0.77

MDA 1629.08** 187.73** 1697.77** 20.50** 296.76** 56.68** 15.93**

Pn 488.42** 55.88** 303.46** 2.00 87.37** 12.24** 1.58

Ci 441.63** 18.17** 66.23** 19.32** 60.38** 7.84** 8.83**

Gs 1284.18** 142.79** 512.09** 4.92* 213.02** 34.13** 23.16**

Tr 584.22** 29.71** 538.96** 46.79** 459.76** 45.82** 14.95**

Pro 38.98** 6.09** 518.63** 10.61** 138.93** 14.14** 7.87**

SS 18.22** 2.76 276.88** 31.95** 166.56** 29.81** 7.59**

SP 4.85* 21.02** 416.16** 3.82* 85.28** 17.63** 5.92**

Tre 118.09** 34.60** 450.73** 3.01 84.79** 23.11** 16.82**

Chl 384.58** 94.32** 184.48** 5.00* 84.31** 17.37** 2.95
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decreasing under heat and drought co-treatment, and 
the change was not significant under 21 ℃ treatment on 
6 days; instead, it also increased Ci; The increase in tem-
perature leads to the development of palisade tissue and 
the reduction of sponge tissue, which is also a response 
to water shortage. This facilitates the transport of C02 
from stomata to photosynthesis sites and also counter-
acts the low C02 transport rate due to stomatal closure 
and altered leaf structure, thereby increasing water utili-
zation by the plant, which also reflects the plant’s ability 
to adapt to heat and drought stresses [54]. Chlorophyll is 
the main pigment for photosynthesis [55]. Studies have 
shown that a certain degree of drought or salt stress can 
lead to the destruction of chloroplast structure in plant 
leaves [56]. Similar results were also observed in the pre-
sent study, where Chl a+b content decreased under tem-
perature, drought, and their combined treatments as the 
duration of stress increased. After 18 days of stress, the 
leaves of potato seedlings under heat and drought treat-
ments were light green with yellow spots (Fig. 1). Moreo-
ver, because the environmental stimulation of heat and 
drought interferes with the main sites in photosynthesis 
and cannot normally work when the duration of stress is 
longer, the content of each Chl is lower, which in severe 
cases can lead to the death of the plant [57]. But under 
combined stress, the main limiting factor of photosyn-
thesis shifts to mesophyll conductance [58]. These find-
ings emphasize the importance of mitigating the effects 
of compound climate extremes on crop productivity by 
targeting mesophyll conductivity and improving dynamic 
photosynthesis. In this study, the photosynthetic system 
was damaged under the heat compound drought treat-
ment, which may be attributed to the closure of stomata 
at heat, which prevented CO2 from entering the meso-
phyll cells and impaired photosynthesis, as well as affect-
ing the energy balance of redox [59]. Overall, the effects 
of the combined stress of heat and drought on photosyn-
thesis are thought to be synergistic, as stomatal closure 
impairs carbon fixation and leads to energy excess, which 
enhances photodamage to photosystems [5].

It is well known that harsh environments often lead 
to an increase in ROS in plant leaves, in which SOD is 
considered to have an important role in the plant’s adver-
sity tolerance and is the first line of defense against ROS 
toxicity [60]. APX is also thought to play an important 
role in protecting cells of higher plants, algae and other 
organisms from ROS damage [61]. In the present study, 
it was found that the SOD and APX activities of potato 
leaves showed an increasing and then decreasing trend 
with the prolongation of stress time. Increased leaf APX 
activity has been reported in mustard [62] and wheat 
[63] under Cd stress. CAT is an enzyme that contains 
tetramer heme and can break down hydrogen peroxide 

directly into water and oxygen, which is indispensable for 
ROS detoxification under stress conditions [64]. Simov-
aStoilova et  al. [65] reported that CAT activity was ele-
vated in wheat under drought stress, but was higher in 
sensitive varieties. It was found that salt stress decreased 
the CAT activity of glycyrrhiza seedlings under the 
combined stress of salt and drought [66]. In this study, 
Under the stress of heat and drought for a short period 
of time (at the 6th day), the cells entered the state of oxi-
dative stress, and the activities of SOD, POD, CAT and 
APX showed an increasing trend, which was consistent 
with the research results of Askim et  al. [67]. Sharma 
and Dubey [68] found that chloroplast APX activity 
was higher in plants than in control plants under mild 
drought conditions, but decreased under severe drought 
stress. It suggests that the combined stress of heat and 
drought increases ROS scavenging capacity and antioxi-
dant enzyme activity, which in turn improves resistance 
to adversity [61], However, with prolonged stress, plant 
survival depends on cellular adaptation, resistance to 
stress, and the ability to repair or replace damaged mol-
ecules [69].

MDA is one of the products of membrane lipid per-
oxidation, and its content can represent the degree of 
membrane lipid peroxidation and indirectly reflect the 
antioxidant capacity of plant tissues [70]. In this study, 
MDA content gradually increased with the stress time 
(except for CK), indicating that under prolonged heat 
and drought stress, the degree of lipid peroxidation of 
cell membranes exceeded the ability of seedlings to tol-
erate, resulting in damage to the structure and function 
of cell membranes and altering in membrane permeabil-
ity, thus affecting a series of physiological and biochemi-
cal reactions. This is in agreement with previous findings 
on ginger lotus [71]. At the same time, the REC increased 
under the combined stress in this study, indicating that 
membrane lipid peroxidation caused a large amount of 
electrolyte extravasation from plant cells, and plant tissue 
was seriously damaged [72].

Slow plant growth is not only a passive consequence 
of an unfavorable environment but also an active slow-
ing of growth to adapt to stressful conditions, and this 
“active” growth inhibition is achieved through stress-trig-
gered cellular signaling. SP, SS, Pro and Tre are important 
osmoregulatory substances in plants and play an impor-
tant role in plant stress [73]. Total carbohydrates are SS 
that act as osmotic pressure, and higher production of 
soluble carbohydrates is thought to signal metabolic reg-
ulation under drought stress [74]. In addition to its role 
in osmoregulation, the increase in Pro and total carbohy-
drate accumulation under drought stress is also intended 
to protect corn plant tissues from oxidative damage by 
scavenging free radicals [75]. In this study, the SP and 
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SS contents of potato seedlings under heat treatment 
were first increased and then decreased. The short-term 
external stress treatment promoted the accumulation 
of SP and SS contents in the leaves of potato seedlings 
under heat and improved the osmotic adjustment ability 
of seedlings, thus alleviating the damage caused by heat, 
while the prolonged stress still reduced the osmotically 
regulated substances and caused irreversible effects [76]. 
In the present study, after 6 days of stress, the Pro content 
was significantly increased in all heat treatments, with an 
average increase of 45.26%. This phenomenon is similar 
to the performance of maize leaves under adverse cir-
cumstances [77]. However, after 6 to 18 days of stress, the 
Pro content gradually decreased; this is consistent with 
the study of Xue Xingning et al. [78]. Pro and Tre biosyn-
thetic pathways are activated and inhibit their catabolism 
during dehydration, whereas sustained hyperthermia and 
drought are modulated in the opposite direction [79, 80].

According to the statistical analysis of each physiologi-
cal index, heat, drought, stress time, and their interactive 
tests have extremely significant effects on SOD, MDA, 
Pro, Ci、Gs and Tr. Depending on further analysis of 
the correlation coefficients, REC was highly significantly 
negatively correlated with SOD activity, Same results as 
Anna et al. [81] study, antioxidants counteract the accu-
mulation of ROS, thereby reducing electron loss from 
the leaves. In this study, the antioxidant enzyme activ-
ity increased after 6  days of stress, and the content of 
osmoregulatory substances increased, which to some 
extent scavenged the ROS produced by potato seedlings 
under stress, thus transiently adapting to the heat and 
drought stress. However, with the prolongation of the 
stress time, the antioxidant enzyme activity and the con-
tent of osmoregulatory substances decreased to different 
degrees. It has also been shown that adversity exacer-
bates the increase in MDA content in plants and that 
enzymatic and non-enzymatic antioxidant defense sys-
tems regulate overall ROS levels to maintain physiologi-
cal homeostasis. Elevated ROS levels may also constitute 
stress signals with specific redox-sensitive signaling path-
ways that, once activated, may have destructive or poten-
tially protective functions, resulting in a sharp decrease 
in osmoregulatory substances (SP, SS, Pro, Tre) levels [69, 
82].

Conclusions
In this study, 15 physiological indexes of potato seedlings’ 
Atlantic ’varieties were compared, analyzed, and compre-
hensively evaluated through heat, drought and combined 
heat and drought treatment, which deepened the under-
standing of the physiological and biochemical mecha-
nisms of potato seedlings’ resistance to heat and drought. 
Compared with single heat or drought stress, Under the 

combined stress of heat and drought for 18 consecutive 
days, the phenotype of potato seedlings changed signifi-
cantly, the leaf edges curled and wilted, the leaf thickness 
increased, and the number of chloroplasts in the pali-
sade tissue decreased significantly. The photosynthetic 
efficiency of potato seedlings decreased; The chlorophyll 
content showed a decreasing trend with the combined 
stress, which further indicated that the photosynthetic 
system of potato seedlings was damaged under the com-
bined stress of heat and drought, thus reducing their 
production efficiency. In the compound stress, the anti-
oxidant enzyme activity and osmoregulatory substance 
content had a rising trend after 6  days of stress, indi-
cating that potato seedlings, on the one hand, obtained 
higher antioxidant capacity by decreasing the content of 
reactive oxygen species, thus reducing oxidative stress 
and protecting biomolecules from oxidative damage. On 
the other hand, by promoting the production of plant 
regulatory factors Pro and Tre, activating the signal-
ing pathways related to heat and drought, improving 
the osmoregulatory capacity, and protecting the cellular 
structure and cell membranes from damage, the adaptive 
ability of potato seedlings to heat and drought stress was 
improved.

In summary, we believe that potatoes mainly respond 
to heat, drought and combined stress by regulating the 
activity of antioxidant enzymes and osmotic regulatory 
substances. These insights can help improve the mod-
eling of sessile plants’ response to climate change and 
expand our understanding of changes in plant dynamics 
observed in hot, arid environments. It is a well-known 
goal to improve crop stress resistance and reduce the 
negative effects of abiotic stress. If the combination of 
heat and drought priming at the seedling stage for a short 
time can alleviate the impact of sudden adverse envi-
ronmental factors on potato growth at the later stage of 
growth, it will be the research direction for us to continue 
to explore.

Abbreviations
Pn	� Net photosynthetic rate
Ci	� Intercellular CO2 concentration
Gs	� Stomatal conductance
Tr	� Transpiration rate
Chl a	� Chlorophyll a
Chl b	� Chlorophyll b
Chl a+b	� Chlorophyll a+b
SOD	� Superoxide dismutase
POD	� Peroxidase
CAT​	� Catalase
TPX	� Thioredoxin peroxidase
MDA	� Malondialdehyde
REC	� Relative conductance
SP	� Soluble protein
SS	� Soluble sugar
Pro	� Proline
Tre	� Trehalose



Page 14 of 16Wang et al. Chem. Biol. Technol. Agric.          (2024) 11:109 

Acknowledgements
The authors sincerely thank all the staff and students at the Gansu Agricultural 
University for their help in maintaining the experiment.

Author contributions
XW contributed to the design of experiments and manuscript writing. MS was 
involved in revising the manuscript. RZ and YW reviewed data curation and 
writing. WZ contributed to the investigation. SQ and YK provided fund acquisi-
tion. All authors read and approved the final manuscript.

Funding
The National Natural Science Foundation of China (32260455, 32060441, 
32201810, 32360465), the Science and Technology Innovation Fund of Gansu 
Agricultural University (Doctoral Research Start-up Fund Project for Public 
Recruitment) (GAU-KYQD-2021-22, GAU-KYQD-2020-10), the earmarked fund 
for Agriculture Research System of China (CARS-09-P14).

Availability of data and materials
All data obtained from the current study are available from the correspond-
ing author on a reasonable request. No datasets were generated or analysed 
during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All co-authors have seen and agreed on the contents of the manuscript, and 
there is no financial interest to report.

Competing interests
The authors declare there are no conflicts of interests.

Author details
1 College of Horticulture, Gansu Agricultural University, Lanzhou 730070, China. 
2 Solid‑State Fermentation Resource Utilization Key Laboratory of Sichuan 
Province, Department of Agriculture Forestry and Food Engineering, Yibin 
University, Yibin 644000, China. 

Received: 15 May 2024   Accepted: 31 July 2024

References
	1.	 Ipcc. https://​www.​ipcc.​ch/​sr15/​(2023). Accessed on 12 Nov 2023.
	2.	 Sparks EE, Rasmussen A. Trade-offs in plant responses to the environ-

ment. Plant Cell Environ. 2023;46:2943–5. https://​doi.​org/​10.​1111/​1365-​
2435.​13461.

	3.	 Mishra D, Shekhar S, Chakraborty S, Chakraborty N. High temperature 
stress responses and wheat: Impacts and alleviation strategies. Environ 
Exp Bot. 2021;190:104589. https://​doi.​org/​10.​1016/j.​envex​pbot.​2021.​
104589.

	4.	 Nasir MW, Toth Z. Effect of drought stress on potato production a review. 
Agronomy. 2022;12:635. https://​doi.​org/​10.​3390/​agron​omy12​030635.

	5.	 Sato H, Mizoi J, Shinozaki K, Yamaguchi-Shinozaki K. Complex plant 
responses to drought and heat stress under climate change. Plant J. 
2024;117:1873–92. https://​doi.​org/​10.​1111/​tpj.​16612.

	6.	 Hatfield JL, Prueger JH. Temperature extremes: effect on plant growth 
and development. Weather Clim Extremes. 2015;10:4–10. https://​doi.​org/​
10.​1016/j.​wace.​2015.​08.​001.

	7.	 Zandalinas SI, Mittler R, Balfagón D, Arbona V, Gómez-Cadenas A. Plant 
adaptations to the combination of drought and high temperatures. 
Physiol Plant. 2018;162:2–12. https://​doi.​org/​10.​1111/​ppl.​12540.

	8.	 Shuyskaya EV, Rakhmankulova ZF, Prokofieva MY, Kazantseva VV, Lunkova 
NF, Saidova LT. Effect of acclimation to high temperatures on the mecha-
nisms of drought tolerance in species with different types of photosyn-
thesis: sedobassia sedes (C 3 -C 4) and bassia prostrata (C 4 -NADP). Russ J 
Plant Physl. 2023. https://​doi.​org/​10.​1134/​S1021​44372​36012​83.

	9.	 Olsovska K, Kovar M, Brestic M, Zivcak M, Slamka P, Shao HB. Genotypically 
identifying wheat mesophyll conductance regulation under progressive 
drought stress. Front Plant Sci. 2016;7:1111. https://​doi.​org/​10.​3389/​fpls.​
2016.​01111.

	10.	 Piao SL, Zhang XP, Chen AP, Liu Q, Lian X, Wang XH, Peng SS, Wu XC. 
The impacts of climate extremes on the terrestrial carbon cycle: a 
review. Sci China Earth Sci. 2019;62:1551–63. https://​doi.​org/​10.​1007/​
s11430-​018-​9363-5.

	11.	 Hafez Y, Attia K, Alamery S, Ghazy A, Al-Doss A, Ibrahim E, Rashwan E, 
El-Maghraby L, Awad A, Abdelaal K. Beneficial effects of biochar and chi-
tosan on antioxidative capacity, osmolytes accumulation, and anatomical 
characters of water-stressed barley plants. Agronomy. 2020;10:630. 
https://​doi.​org/​10.​3390/​agron​omy10​050630.

	12.	 Liu Y, Su MX, Han ZJ. Effects of NaCl stress on the growth, physiological 
characteristics and anatomical structures of Populus talassica x Populus 
euphratica seedlings. Plants. 2022;11:3025. https://​doi.​org/​10.​3390/​plant​
s1122​3025.

	13.	 Zhao WC, Wu ZG, Amde M, Zhu GK, Wei YJ, Zhou PF, Zhang QH, Song MY, 
Tan ZQ, Zhang P, Rui YK, Lynch I. Nanoenabled enhancement of plant 
tolerance to heat and drought stress on molecular response. J Agric Food 
Chem. 2023;71:20405–18. https://​doi.​org/​10.​1021/​acs.​jafc.​3c048​38.

	14.	 Gill SS, Tuteja N. Reactive oxygen species and antioxidant machin-
ery in abiotic stress tolerance in crop plants. Plant Physiol Biochem. 
2010;48:909–30. https://​doi.​org/​10.​1016/j.​plaphy.​2010.​08.​016.

	15.	 Meise P, Seddig S, Uptmoor R, Ordon F, Schum A. Impact of nitrogen 
supply on leaf water relations and physiological traits in a set of potato 
(Solanum tuberosum L.) cultivars under drought stress. J Agron Crop Sci. 
2018;204:359–74. https://​doi.​org/​10.​1111/​jac.​12266.

	16.	 Yooyongwech S, Samphumphuang T, Tisarum R, Theerawitaya C, Cha-um 
S. Arbuscular mycorrhizal fungi (AMF) improved water deficit tolerance in 
two different sweet potato genotypes involves osmotic adjustments via 
soluble sugar and free proline. Sci Hortic. 2016;198:107–17. https://​doi.​
org/​10.​1016/j.​scien​ta.​2015.​11.​002.

	17.	 Zheng SZ, Liu CF, Zhou ZW, Xu LY, Lai ZX. Physiological and transcriptome 
analyses reveal the protective effect of exogenous trehalose in response 
to heat stress in tea plant (Camellia sinensis). Plants. 2024;13:1339. https://​
doi.​org/​10.​3390/​plant​s1310​1339.

	18.	 Huang GT, Ma SL, Bai LP, Zhang L, Ma H, Jia P, Liu J, Zhong M, Guo ZF. 
Signal transduction during cold, salt, and drought stresses in plants. Mol 
Biol Rep. 2012;39:969–87. https://​doi.​org/​10.​1007/​s11033-​011-​0823-1.

	19.	 Dresselhaus T, Hückelhoven R. Biotic and abiotic stress responses in crop 
plants. Agronomy. 2018;8:267. https://​doi.​org/​10.​3390/​agron​omy81​
10267.

	20.	 Andrivon D. Potato facing global challenges: how, how much, how well? 
Potato Res. 2017;60:389–400. https://​doi.​org/​10.​1007/​s11540-​018-​9386-z.

	21.	 Djaman K, Koudahe K, Koubodana HD, Saibou A, Essah S. Tillage practices 
in potato (Solanum tuberosum L.) production: a review. Am J Potato Res. 
2022;99:1–12. https://​doi.​org/​10.​1007/​s12230-​021-​09860-1.

	22.	 Xu X, Pan S, Cheng S, Zhang B, Mu D, Ni P, Zhang G, Yang S, Li R, Wang 
J, Orjeda G, Guzman F, Torres M, Lozano R, Ponce O, Martinez D, De la 
Cruz G, Chakrabarti SK, Patil VU, Skryabin KG, Kuznetsov BB, Ravin NV, 
Kolganova TV, Beletsky AV, Mardanov AV, Di Genova A, Bolser DM, Martin 
DM, Li G, Yang Y, Kuang H, Hu Q, Xiong X, Bishop GJ, Sagredo B, Mejía N, 
Zagorski W, Gromadka R, Gawor J, Szczesny P, Huang S, Zhang Z, Liang 
C, He J, Li Y, He Y, Xu J, Zhang Y, Xie B, Du Y, Qu D, Bonierbale M, Ghislain 
M, Herrera Mdel R, Giuliano G, Pietrella M, Perrotta G, Facella P, O’Brien K, 
Feingold SE, Barreiro LE, Massa GA, Diambra L, Whitty BR, Vaillancourt B, 
Lin H, Massa AN, Geoffroy M, Lundback S, DellaPenna D, Buell CR, Sharma 
SK, Marshall DF, Waugh R, Bryan GJ, Destefanis M, Nagy I, Milbourne D, 
Thomson SJ, Fiers M, Jacobs JM, Nielsen KL, Sønderkær M, Iovene M, Tor-
res GA, Jiang J, Veilleux RE, Bachem CW, de Boer J, Borm T, Kloosterman 
B, van Eck H, Datema E, Bt H, Goverse A, van Ham RC, Visser RG. Genome 
sequence and analysis of the tuber crop potato. Nature. 2011;475:189–95.

	23.	 Faostat. https://​www.​fao.​org/​faost​at/​en/#​data/​QCL(2023). Accessed 12 
Nov 2023.

	24.	 Qin S, Yeboah S, Wang D, Zhang J. Effects of ridge-furrow and plastic 
mulching planting patterns on microflora and potato tuber yield in 
continuous cropping soil. Soil Use Manag. 2016;32:465–73. https://​doi.​
org/​10.​1111/​sum.​12291.

https://www.ipcc.ch/sr15/(2023)
https://doi.org/10.1111/1365-2435.13461
https://doi.org/10.1111/1365-2435.13461
https://doi.org/10.1016/j.envexpbot.2021.104589
https://doi.org/10.1016/j.envexpbot.2021.104589
https://doi.org/10.3390/agronomy12030635
https://doi.org/10.1111/tpj.16612
https://doi.org/10.1016/j.wace.2015.08.001
https://doi.org/10.1016/j.wace.2015.08.001
https://doi.org/10.1111/ppl.12540
https://doi.org/10.1134/S1021443723601283
https://doi.org/10.3389/fpls.2016.01111
https://doi.org/10.3389/fpls.2016.01111
https://doi.org/10.1007/s11430-018-9363-5
https://doi.org/10.1007/s11430-018-9363-5
https://doi.org/10.3390/agronomy10050630
https://doi.org/10.3390/plants11223025
https://doi.org/10.3390/plants11223025
https://doi.org/10.1021/acs.jafc.3c04838
https://doi.org/10.1016/j.plaphy.2010.08.016
https://doi.org/10.1111/jac.12266
https://doi.org/10.1016/j.scienta.2015.11.002
https://doi.org/10.1016/j.scienta.2015.11.002
https://doi.org/10.3390/plants13101339
https://doi.org/10.3390/plants13101339
https://doi.org/10.1007/s11033-011-0823-1
https://doi.org/10.3390/agronomy8110267
https://doi.org/10.3390/agronomy8110267
https://doi.org/10.1007/s11540-018-9386-z
https://doi.org/10.1007/s12230-021-09860-1
https://www.fao.org/faostat/en/#data/QCL(2023)
https://doi.org/10.1111/sum.12291
https://doi.org/10.1111/sum.12291


Page 15 of 16Wang et al. Chem. Biol. Technol. Agric.          (2024) 11:109 	

	25.	 Bai YJ, Han SX, Gao YL, Zhang W, Fan G, Qiu C, Nie XZ, Wen JZ. Genetic 
diversity of potato virus y in potato production areas in Northeast China. 
Plant Dis. 2019;103:289–97. https://​doi.​org/​10.​1094/​PDIS-​04-​18-​0687-​RE.

	26.	 Wang N, Reidsma P, Pronk AA, de Wit AJW. Can potato add to China’s food 
self-sufficiency? The scope for increasing potato production in China. Eur 
J Agron. 2018;101:20–9. https://​doi.​org/​10.​1016/j.​eja.​2018.​07.​002.

	27.	 Alvarez-Morezuelas A, Barandalla L, Ritter E, Lacuesta M, Ruiz de Galarreta 
JI. Physiological response and yield components under greenhouse 
drought stress conditions in potato. Plant Physiol. 2022;278:153790. 
https://​doi.​org/​10.​1016/j.​jplph.​2022.​153790.

	28.	 da Silva ALBR, Hashiguti HT, Ztarelli L, Migliacco KW, Duckes MD. Soil 
water dynamics of shallow water table soils cultivated with potato crop. 
Vadose Zone J. 2018;17:1–15. https://​doi.​org/​10.​2136/​vzj20​18.​04.​0077.

	29.	 Lal MK, Tiwari RK, Kumar A, Dey A, Kumar R, Kumar D, Jaiswal A, Changan 
SS, Raigond P, Dutt S, Luthra SK, Mandal S, Singh MP, Paul V, Singh 
B. Mechanistic concept of physiological, biochemical, and molecu-
lar responses of the potato crop to heat and drought stress. Plants. 
2022;11:2857. https://​doi.​org/​10.​3390/​plant​s1121​2857.

	30.	 Feng Y, Wang H, Liu WB, Sun FB. Global soil moisture-climate interactions 
during the peak growing season. J Clim. 2023;36:1187–95. https://​doi.​
org/​10.​1175/​JCLI-D-​22-​0161.1.

	31.	 Seneviratne SI, Corti T, Davin EL, Hirschi M, Hirschi EB, Lehner I, Orlowsky 
B, Teuling AJ. Investigating soil moisture–climate interactions in a chang-
ing climate: a review. Earth Sci Rev. 2010;99:125–61. https://​doi.​org/​10.​
1016/j.​earsc​irev.​2010.​02.​004.

	32.	 Kim YU, Lee BW. Differential mechanisms of potato yield loss induced 
by high day and night temperatures during tuber initiation and bulking: 
photosynthesis and tuber growth. Front Plant Sci. 2019;10:300. https://​
doi.​org/​10.​3389/​fpls.​2019.​00300.

	33.	 Ruiz-Sáenz DR, López-Delgado HA, Ayala Hernández DD, Trejo C, Mora-
Herrera ME, Mortera EU. Induction of tolerance to cryogenic protocols in 
solanum tuberosum by salicylic acid is mediated by enzymatic antioxi-
dant activity and hydrogen peroxide. J Hortic SCI Biotech. 2022;97:86–95. 
https://​doi.​org/​10.​1080/​14620​316.​2021.​19493​97.

	34.	 Rykaczewska K. The effect of high temperature occurring in subsequent 
stages of plant development on potato yield and tuber physiologi-
cal defects. Am J Potato Res. 2015;92:339–49. https://​doi.​org/​10.​1007/​
s12230-​015-​9436-x.

	35.	 Lichtenthaler HK, Wellburn A. Determinations of total carotenoids and 
chlorophylls a and b of leaf extracts in different solvents. Biochem Soc 
Trans. 1983;11:591–2. https://​doi.​org/​10.​1042/​bst01​10591.

	36.	 Beauchamp C, Fridovich I. Superoxide dismutase: improved assays and 
an assay applicable to acrylamide gels. Anal Biochem. 1971;44:276–87. 
https://​doi.​org/​10.​1016/​0003-​2697(71)​90370-8.

	37.	 Upadhyaya A, Sankhla D, Davis TD, Sankhla N, Smith BN. Effect of 
paclobutrazol on the activities of some enzymes of activated oxygen 
metabolism and lipid peroxidation in senescing soybean leaves. J Plant 
Physiol. 1985;121:453–61. https://​doi.​org/​10.​1016/​S0176-​1617(85)​
80081-X.

	38.	 Miller RW, Sirois JC, Morita H. The reaction of coumarins with horseradish 
peroxidase. Plant Physiol. 1975;55:35–41. https://​doi.​org/​10.​1104/​pp.​55.1.​
35.

	39.	 Wu Y, Liu C, Kuang J, Ge Q, Zhang Y, Wang Z. Overexpression of SmLEA 
enhances salt and drought tolerance in Escherichia coli and Salvia 
miltiorrhiza. Protoplasma. 2014;251:1191–9. https://​doi.​org/​10.​1007/​
s00709-​014-​0626-z.

	40.	 Kawaguchi S, Kitano T, Ito K, Minakata A. Sodium ion activity and electri-
cal conductivity of poly (ma1eic acid) and poly (isobuty1ene-alt-maleic 
acid) in aqueous salt-free solution. Macromolecules. 1991;24:6335–9. 
https://​doi.​org/​10.​1021/​ma000​23a042.

	41.	 Jones CG, Daniel Hare J, Compton SJ. Measuring plant protein with 
the Bradford assay: 1. Evaluation and standard method. J Chem Ecol. 
1989;15:979–92. https://​doi.​org/​10.​1007/​BF010​15193.

	42.	 Wani AS, Tahir I, Ahmad SS, Dar RA, Nisar S. Efficacy of 24-epibrassinolide 
in improving the nitrogen metabolism and antioxidant system in chick-
pea cultivars under cadmium and/or NaCl stress. Sci Hortic. 2017;225:48–
55. https://​doi.​org/​10.​1016/j.​scien​ta.​2017.​06.​063.

	43.	 Zhang YL, Wang FX, Shock CC, Yang KJ, Kang SZ, Qin JT, Li SE. Effects of 
plastic mulch on the radiative and thermal conditions and potato growth 
under drip irrigation in arid Northwest China. Soil Till Res. 2017;172:1–11. 
https://​doi.​org/​10.​1016/j.​still.​2017.​04.​010.

	44.	 Michaletti A, Naghavi MR, Toorchi M, Zolla L, Rinalducci S. Metabo-
lomics and proteomics reveal drought-stress responses of leaf tissues 
from spring-wheat. Sci Rep. 2018;8:5710. https://​doi.​org/​10.​1038/​
s41598-​018-​24012-y.

	45.	 Deblonde PMK, Ledent JF. Effects of moderate drought conditions on 
green leaf number, stem height, leaf length and tuber yield of potato 
cultivars. Eur J Agron. 2001;14:31–41. https://​doi.​org/​10.​1016/​S1161-​
0301(00)​00081-2.

	46.	 Wong SC, Canny MJ, Holloway-Phillips M, Stuart-Williams H, Cernusak LA, 
Márquez DA, Farquhar GD. Humidity gradients in the air spaces of leaves. 
Nat Plants. 2022;8:971–8. https://​doi.​org/​10.​1038/​s41477-​022-​01202-1.

	47.	 Peng YJ, Zhou ZX, Tong RG, Hu XY, Du KB. Anatomy and ultrastructure 
adaptations to soil flooding of two full-sib poplar clones differing in 
flood-tolerance. Flora. 2017;233:90–8. https://​doi.​org/​10.​1016/j.​flora.​2017.​
05.​014.

	48.	 Yao YH, Nan LL, Wang K, Xia J, Ma B, Cheng J. Integrative leaf anatomy 
structure, physiology, and metabolome analyses revealed the response 
to drought stress in sainfoin at the seedling stage. Phytochem Anal. 2024. 
https://​doi.​org/​10.​1002/​pca.​3351.

	49.	 Sah SK, Reddy KR, Li J. Abscisic acid and abiotic stress tolerance in crop 
plants. Front Plant Sci. 2016;7:571. https://​doi.​org/​10.​3389/​fpls.​2016.​
00571.

	50.	 Weber APM, Bar-Even A. Update: Improving the efficiency of photosyn-
thetic carbon reactions. Plant Physiol. 2019;179(3):803–12. https://​doi.​
org/​10.​1104/​pp.​18.​01521

	51.	 Orzechowska A, Trtilek M, Tokarz KM, Szymańska R, Niewiadomska E, 
Rozpądek P, Wątor K. Thermal analysis of stomatal response under salinity 
and high light. Int J Mol Sci. 2021;22:4663. https://​doi.​org/​10.​3390/​ijms2​
20946​63.

	52.	 Wani MA, Jan N, Qazi HA, Andrabi KI, John R. Cold stress induces bio-
chemical changes, fatty acid profile, antioxidant system and gene expres-
sion in Capsella bursa pastoris L. Acta Physiol Plant. 2018;40:167. https://​
doi.​org/​10.​1007/​s11738-​018-​2747-z.

	53.	 Zhou R, Yu XQ, Li XN, Santos TMD, Rosenqvist E, Ottosen CO. Combined 
high light and heat stress induced complex response in tomato with bet-
ter leaf cooling after heat priming. Plant Physiol Biochem. 2020;151:1–9. 
https://​doi.​org/​10.​1016/j.​plaphy.​2020.​03.​011.

	54.	 Chartzoulakis K, Patakas A, Kofidis G, Bosabalidis A, Nastou A. Water stress 
affects leaf anatomy, gas exchange, water relations and growth of two 
avocado cultivars. Sci Hortic. 2002;95:39–50. https://​doi.​org/​10.​1016/​
S0304-​4238(02)​00016-X.

	55.	 Yamatani H, Ito T, Nishimura K, Yamada T, Sakamoto W, Kusaba M. Genetic 
analysis of chlorophyll synthesis and degradation regulated by balance of 
chlorophyll metabolism. Plant Physiol. 2022;189:419–32. https://​doi.​org/​
10.​1093/​plphys/​kiac0​59.

	56.	 Agathokleous E, Feng Z, Peñuelas J. Chlorophyll hormesis: are chloro-
phylls major components of stress biology in higher plants? Sci Total 
Environ. 2020;726: 138637. https://​doi.​org/​10.​1016/j.​scito​tenv.​2020.​
138637.

	57.	 Chastain DR, Snider JL, Choinski JS, Collins GD, Perry CD, Whitaker J, 
Grey TL, Sorensen RB, Iersel M, Byrd SA, Porter W. Leaf ontogeny strongly 
influences photosynthetic tolerance to drought and high temperature in 
Gossypium hirsutum. J Plant Physiol. 2016;199:18–28. https://​doi.​org/​10.​
1016/j.​jplph.​2016.​05.​003.

	58.	 Márquez DA, Stuart-Williams H, Cernusak LA, Farquhar GD. Assessing the 
CO2 concentration at the surface of photosynthetic mesophyll cells. New 
Phytol. 2023;238:1446–60. https://​doi.​org/​10.​1111/​nph.​18784.

	59.	 Pinheiro C, Chaves MM. Photosynthesis and drought: can we make meta-
bolic connections from available data? J Exp Bot. 2011;62:869–82. https://​
doi.​org/​10.​1093/​jxb/​erq340.

	60.	 Wang CQ, Li RC. Enhancement of superoxide dismutase activity in the 
leaves of white clover (Trifolium repens L.) in response to polyethylene 
glycol-induced water stress. Acta Physiol Plant. 2008;30:841–7. https://​
doi.​org/​10.​1007/​s11738-​008-​0189-8.

	61.	 Sekmen AH, Ozgur R, Uzilday B, Turkan I. Reactive oxygen species 
scavenging capacities of cotton (Gossypium hirsutum) cultivars under 
combined drought and heat induced oxidative stress. Environ Exp Bot. 
2014;99:141–9. https://​doi.​org/​10.​1016/j.​envex​pbot.​2013.​11.​010.

	62.	 Mobin M, Khan NA. Photosynthetic activity, pigment composition and 
antioxidative response of two mustard (Brassica juncea) cultivars differing 

https://doi.org/10.1094/PDIS-04-18-0687-RE
https://doi.org/10.1016/j.eja.2018.07.002
https://doi.org/10.1016/j.jplph.2022.153790
https://doi.org/10.2136/vzj2018.04.0077
https://doi.org/10.3390/plants11212857
https://doi.org/10.1175/JCLI-D-22-0161.1
https://doi.org/10.1175/JCLI-D-22-0161.1
https://doi.org/10.1016/j.earscirev.2010.02.004
https://doi.org/10.1016/j.earscirev.2010.02.004
https://doi.org/10.3389/fpls.2019.00300
https://doi.org/10.3389/fpls.2019.00300
https://doi.org/10.1080/14620316.2021.1949397
https://doi.org/10.1007/s12230-015-9436-x
https://doi.org/10.1007/s12230-015-9436-x
https://doi.org/10.1042/bst0110591
https://doi.org/10.1016/0003-2697(71)90370-8
https://doi.org/10.1016/S0176-1617(85)80081-X
https://doi.org/10.1016/S0176-1617(85)80081-X
https://doi.org/10.1104/pp.55.1.35
https://doi.org/10.1104/pp.55.1.35
https://doi.org/10.1007/s00709-014-0626-z
https://doi.org/10.1007/s00709-014-0626-z
https://doi.org/10.1021/ma00023a042
https://doi.org/10.1007/BF01015193
https://doi.org/10.1016/j.scienta.2017.06.063
https://doi.org/10.1016/j.still.2017.04.010
https://doi.org/10.1038/s41598-018-24012-y
https://doi.org/10.1038/s41598-018-24012-y
https://doi.org/10.1016/S1161-0301(00)00081-2
https://doi.org/10.1016/S1161-0301(00)00081-2
https://doi.org/10.1038/s41477-022-01202-1
https://doi.org/10.1016/j.flora.2017.05.014
https://doi.org/10.1016/j.flora.2017.05.014
https://doi.org/10.1002/pca.3351
https://doi.org/10.3389/fpls.2016.00571
https://doi.org/10.3389/fpls.2016.00571
https://doi.org/10.1104/pp.18.01521
https://doi.org/10.1104/pp.18.01521
https://doi.org/10.3390/ijms22094663
https://doi.org/10.3390/ijms22094663
https://doi.org/10.1007/s11738-018-2747-z
https://doi.org/10.1007/s11738-018-2747-z
https://doi.org/10.1016/j.plaphy.2020.03.011
https://doi.org/10.1016/S0304-4238(02)00016-X
https://doi.org/10.1016/S0304-4238(02)00016-X
https://doi.org/10.1093/plphys/kiac059
https://doi.org/10.1093/plphys/kiac059
https://doi.org/10.1016/j.scitotenv.2020.138637
https://doi.org/10.1016/j.scitotenv.2020.138637
https://doi.org/10.1016/j.jplph.2016.05.003
https://doi.org/10.1016/j.jplph.2016.05.003
https://doi.org/10.1111/nph.18784
https://doi.org/10.1093/jxb/erq340
https://doi.org/10.1093/jxb/erq340
https://doi.org/10.1007/s11738-008-0189-8
https://doi.org/10.1007/s11738-008-0189-8
https://doi.org/10.1016/j.envexpbot.2013.11.010


Page 16 of 16Wang et al. Chem. Biol. Technol. Agric.          (2024) 11:109 

in photosynthetic capacity subjected to cadmium stress. J Plant Physiol. 
2007;164:601–10. https://​doi.​org/​10.​1016/j.​jplph.​2006.​03.​003.

	63.	 Khan NA, Singh S, Nazar R. Activities of antioxidative enzymes, sulphur 
assimilation, photosynthetic activity and growth of wheat (Triticum aesti-
vum) cultivars differing in yield potential under cadmium stress. J Agron 
Crop Sci. 2007;193:435–44. https://​doi.​org/​10.​1111/j.​1439-​037X.​2007.​
00272.x.

	64.	 Gokce A, Sekmen CA, Turkan I. Involvement of GLR-mediated nitric oxide 
effects on ROS metabolism in Arabidopsis plants under salt stress. J Plant 
Res. 2024;137:485–503. https://​doi.​org/​10.​1007/​s10265-​024-​01528-1.

	65.	 Simova-Stoilova L, Vaseva I, Grigorova B, Demirevska K, Feller U. Proteo-
lytic activity and cysteine protease expression in wheat leaves under 
severe soil drought and recovery. Plant Physiol Biochem. 2010;48:200–6. 
https://​doi.​org/​10.​1016/j.​plaphy.​2009.​11.​003.

	66.	 Yan P, Li JW, Zeng LY. Effect of salt and drought stress on antioxidant 
enzymes activities and SOD isoenzymes of liquorice (Glycyrrhiza uralensis 
Fisch). Plant Growth Regul. 2006;49:157–65. https://​doi.​org/​10.​1007/​
s10725-​006-​9101-y.

	67.	 Ross A, Yamada K, Hiruma K, Yamashita-Yamada M, Lu X, Takano Y, Tsuda 
K, Saijo Y. The Arabidopsis PEPR pathway couples local and systemic plant 
immunity. EMBO J. 2014;33:62–75. https://​doi.​org/​10.​1002/​embj.​20128​
4303.

	68.	 Sharma P, Dubey RS. Modulation of nitrate reductase activity in rice 
seedlings under aluminium toxicity and water stress: role of osmolytes as 
enzyme protectant. J Plant Physiol. 2005;162:854–64. https://​doi.​org/​10.​
1016/j.​jplph.​2004.​09.​011.

	69.	 Finkel T, Holbrook NJ. Oxidants, oxidative stress and the biology of age-
ing. Nature. 2000;408:239–47. https://​doi.​org/​10.​1038/​35041​687.

	70.	 Yamauchi Y, Furutera A, Seki K, Toyoda Y, Tanaka K, Sugimoto Y. Malondial-
dehyde generated from peroxidized linolenic acid causes protein modi-
fication in heat-stressed plants. Plant Physiol Biochem. 2008;46:786–93. 
https://​doi.​org/​10.​1016/j.​plaphy.​2008.​04.​018.

	71.	 Jungklang J, Saengnil K, Uthaibutra J. Effects of water-deficit stress and 
paclobutrazol on growth, relative water content, electrolyte leakage, 
proline content and some antioxidant changes in Curcuma alismatifolia 
Gagnep. cv. Chiang Mai Pink. Saudi J Biol Sci. 2017;24:1505–12. https://​
doi.​org/​10.​1016/j.​sjbs.​2015.​09.​017.

	72.	 Catola S, Marino G, Emiliani G, Huseynova T, Musayev M, Akparov Z, 
Maserti BE. Physiological and metabolomic analysis of Punica granatum 
(L.) under drought stress. Planta. 2016;243:441–9. https://​doi.​org/​10.​1007/​
s00425-​015-​2414-1.

	73.	 Hein JA, Sherrard ME, Manfredi KP, Abebe T. The fifth leaf and spike organs 
of barley (Hordeum vulgare L.) display different physiological and meta-
bolic responses to drought stress. BMC Plant Biol. 2016;16:248. https://​
doi.​org/​10.​1186/​s12870-​016-​0922-1.

	74.	 Anjum SA, Tanveer M, Ashraf U, Hussain S, Shahzad B, Khan I, Wang LC. 
Effect of progressive drought stress on growth, leaf gas exchange, and 
antioxidant production in two maize cultivars. Environ Sci Pollut Res Int. 
2016;23:17132–41. https://​doi.​org/​10.​1007/​s11356-​016-​6894-8.

	75.	 Hosseinifard M, Stefaniak S, Javid MG, Soltani E, Wojtyla L, Garnczarska M. 
Contribution of exogenous proline to abiotic stresses tolerance in plants: 
a review. Int J Mol Sci. 2022;23:5186. https://​doi.​org/​10.​3390/​ijms2​30951​
86.

	76.	 Hasanuzzaman M, Nahar K, Alam MM, Roychowdhury R, Fujita M. Physi-
ological, biochemical, and molecular mechanisms of heat stress tolerance 
in plants. Int J Mol Sci. 2013;14:9643–84. https://​doi.​org/​10.​3390/​ijms1​
40596​43.

	77.	 Oufir M, Schulz N, Sha Vallikhan PS, Wilhelm E, Burg K, Hausman JF, 
Hoffmann L, Guignard C. Simultaneous measurement of proline and 
related compounds in oak leaves by high-performance ligand-exchange 
chromatography and electrospray ionization mass spectrometry for 
environmental stress studies. J Chromatogr A. 2009;1216:1094–9. https://​
doi.​org/​10.​1016/j.​chroma.​2008.​12.​030.

	78.	 Xue XN, Liu AH, Hua XJ. Proline accumulation and transcriptional regula-
tion of proline biosynthesis and degradation in Brassica napus. BMB Rep. 
2009;42:28–34. https://​doi.​org/​10.​5483/​BMBRep.​2009.​42.1.​028.

	79.	 Shim JS, Seo JS, Seo JS, Kim Y, Koo Y, Choi YD, Jung C. Heterologous 
expression of bacterial trehalose biosynthetic genes enhances 
trehalose accumulation in potato plants without adverse growth 
effects. Plant Biotechnol Rep. 2019;13:409–18. https://​doi.​org/​10.​1007/​
s11816-​019-​00554-z.

	80.	 de Freitas PAF, de Carvalho HH, Costa JH, Miranda RS, Saraiva KDDC, 
de Oliveira FDB, Coelho DG, Prisco JT, Gomes-Filho E. Salt acclimation 
in sorghum plants by exogenous proline: physiological and bio-
chemical changes and regulation of proline metabolism. Plant Cell Rep. 
2019;38:403–16. https://​doi.​org/​10.​1007/​s00299-​019-​02382-5.

	81.	 Dreyer A, Dietz KJ. Reactive oxygen species and the redox-regulatory 
network in cold stress acclimation. Antioxidants. 2018;7:169. https://​doi.​
org/​10.​3390/​antio​x7110​169.

	82.	 Gilroy S, Białasek M, Suzuki N, Górecka M, Devireddy AR, Karpiński S, Mit-
tler R. ROS, calcium, and electric signals: key mediators of rapid systemic 
signaling in plants. Plant Physiol. 2016;171:1606–15. https://​doi.​org/​10.​
1104/​pp.​16.​00434.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/j.jplph.2006.03.003
https://doi.org/10.1111/j.1439-037X.2007.00272.x
https://doi.org/10.1111/j.1439-037X.2007.00272.x
https://doi.org/10.1007/s10265-024-01528-1
https://doi.org/10.1016/j.plaphy.2009.11.003
https://doi.org/10.1007/s10725-006-9101-y
https://doi.org/10.1007/s10725-006-9101-y
https://doi.org/10.1002/embj.201284303
https://doi.org/10.1002/embj.201284303
https://doi.org/10.1016/j.jplph.2004.09.011
https://doi.org/10.1016/j.jplph.2004.09.011
https://doi.org/10.1038/35041687
https://doi.org/10.1016/j.plaphy.2008.04.018
https://doi.org/10.1016/j.sjbs.2015.09.017
https://doi.org/10.1016/j.sjbs.2015.09.017
https://doi.org/10.1007/s00425-015-2414-1
https://doi.org/10.1007/s00425-015-2414-1
https://doi.org/10.1186/s12870-016-0922-1
https://doi.org/10.1186/s12870-016-0922-1
https://doi.org/10.1007/s11356-016-6894-8
https://doi.org/10.3390/ijms23095186
https://doi.org/10.3390/ijms23095186
https://doi.org/10.3390/ijms14059643
https://doi.org/10.3390/ijms14059643
https://doi.org/10.1016/j.chroma.2008.12.030
https://doi.org/10.1016/j.chroma.2008.12.030
https://doi.org/10.5483/BMBRep.2009.42.1.028
https://doi.org/10.1007/s11816-019-00554-z
https://doi.org/10.1007/s11816-019-00554-z
https://doi.org/10.1007/s00299-019-02382-5
https://doi.org/10.3390/antiox7110169
https://doi.org/10.3390/antiox7110169
https://doi.org/10.1104/pp.16.00434
https://doi.org/10.1104/pp.16.00434

	Dynamics of physiological and biochemical effects of heat, drought and combined stress on potato seedlings
	Abstract 
	Background 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Test material and test site
	Experimental design and methodology
	Determination items and methods
	Observation on the microstructure of potato leaves
	Determination of photosynthetic index
	Determination of chlorophyll content
	Determination of antioxidant and osmoregulatory substances

	Data processing

	Result
	Effect of heat and drought on phenotype and leaf microstructure of potato seedlings
	Effect of heat and drought on photosynthetic characteristics of potato seedlings
	Effect of heat and drought on total chlorophyll content of potato seedlings
	Effect of heat and drought on antioxidant and osmoregulatory systems in potato seedlings
	Effect of heat and drought on antioxidant enzyme activities in potato seedlings

	Effect of heat and drought on malondialdehyde content and relative conductivity of potato seedlings
	Effect of heat and drought on the osmoregulatory system of potato seedlings
	Difference analysis between heat and drought on various indexes of potato seedlings
	Correlation analysis between physiological and biochemical indicators of potato seedlings under heat and drought treatments

	Testing of interactive intersubjective effects

	Discussion
	Conclusions
	Acknowledgements
	References


