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Singh et al. 2019a). Starch, tuber dry matter and reducing 
sugars are important quality attributes of potato. The struc-
tural and functional properties of starch in potato tubers are 
influenced by both genetic and environmental factors (Noda 
et al. 2004). High temperature stress significantly affects the 
yield and quality of storage starch by altering the expres-
sions of starch metabolic genes and the activities of related 
enzymes (Thalmann and Santelia 2017; Gautam et al. 2023; 
Hancock et al. 2014). Additionally, it increases the quan-
tity of reducing sugars in tubers, which negatively affect the 
processing quality of potato tubers (Eldredgc et al. 1996).

Potato plant requires different optimum temperatures 
for growth and development of different plant parts such as 
20–25 °C for shoot biomass and 15–20 °C for root and tuber 
biomass (Van Dam et al. 1996). High air temperature raises 
the soil temperature (Watts 1975; Islam et al. 2015). Air tem-
perature stress transmits signals to underground plant parts 
such as root, which is then transmitted to other developing 
plant parts of shoot through plasmodesma to begin defense 
mechanism (Bláha and Středa 2016). Air temperature above 

Introduction

Potato (Solanum tuberosum L.), the most important globally 
cultivated tuber crop, is one of the cheapest sources of starch 
for both human nutrition and industrial use. Heat stress 
causes loss in economic yield of potato by increasing inter-
nal heat necrosis (Sterrett et al. 1991; Yencho et al. 2008) 
and reducing carbon accumulation in tuber (Paul et al. 2016; 
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Abstract
Potato production is being affected by high temperature stresses worldwide due to global warming. The biological basis 
of carbohydrate metabolism and reactive oxygen species (ROS) activity in potato tubers under high temperature stress is 
yet to be clearly understood. We evaluated the activities of two of the most important primary ROS members: superox-
ide (O2.−) and hydrogen peroxide (H2O2) and their scavengers to understand the effects of heat stress on the changes of 
carbohydrates in growing tubers of five potato varieties including heat-tolerant and heat‐susceptible check varieties. The 
enzymatic ROS-scavengers were found to be differentially activated in these genotypes. The detoxification mechanism 
was more efficient in dual-stress (heat and salt) tolerant variety compared to single-stress tolerant variety. The antioxidant 
activity was increased by several folds in the tolerant variety compared to the susceptible variety. Storage starch accu-
mulation and its composition was affected by O2.− and H2O2 metabolisms in potato tuber. The findings will be helpful 
in understanding the biological basis of the effect of ROS-detoxification on starch accumulation in growing tubers under 
heat stress.
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30 °C has been shown to slowdown the tuber growth (Tim-
lin et al. 2006). Soil temperature greater than 22–25 °C 
increases the risk of heat shock symptom (such as internal 
browning in tuber), caused by increased activity of oxidis-
ing enzymes and tuber respiration (Van Dam et al. 1996; 
Harper 2004; Rykaczewska 2015).

Under heat stress, abnormal photosynthesis, photorespi-
ration and respiration in cell organelles, such as chloroplasts, 
mitochondria, peroxisomes and also in plasma membranes 
and apoplast, increase the level of ROS (Singh et al. 2019b). 
The ROS readily reacts to other macromolecules such as 
proteins and lipids and causes oxidative damage to cellular 
components. This eventually creates imbalances in different 
cellular metabolic processes, pH and hormone levels, which 
negatively affect the synthesis and accumulation of starch 
in storage organs (Yacoubi et al. 2013; Onaga and Wydra 
2016).

ROS can be radicals such as superoxide (O2.−), hydroxyl 
(OH.), perhydroxy (HO2.) and alkoxy (RO.) or non-radicals 
such as hydrogen peroxide (H2O2), and single oxygen (1O2) 
(Møller and Sweetlove 2010) etc. O2.− and H2O2 are the 
two most important initial ROS members that generate 
other radicals (Quan et al. 2008). The superoxide radical 
(O2.−) is the first generated member of ROS resulting from 
the reduction of single electron of atmospheric O2 by pho-
tosynthetic and respiratory electron transport system (ETS). 
In photoautotrophic cells, chloroplasts are the major site of 
O2.− synthesis. Superoxide dismutase (SOD) causes dis-
mutation of O2.− to generate H2O2 which then converts to 
OH. by releasing electrons through the Habere Weiss reac-
tion or Fenton’s reaction (Gill and Tuteja 2010). However, 
complex-I and complex-III of mitochondrial electron trans-
port chain (ETC) are the major sources of these radicals in 
non-photosynthetic cells (Møller 2001; Quan et al. 2008; 
Das and Roychoudhury 2014; Janku et al. 2019). H2O2 
acts as a signalling molecule under stress. Besides, imbal-
anced accumulation of H2O2 leads to oxidative stress and 
can cause injury to the cells. Therefore, imbalanced produc-
tion of ROS in non-photosynthesizing plant cells can create 
oxidative stress and toxicity which consequently can cause 
imbalanced carbon metabolism (Ding et al. 2021).

Plants activate different types of defense mechanisms 
such as antioxidant enzymes, alternative oxidase, uncou-
pling protein, and mitochondrial hexokinase activity etc. to 
reduce ROS level by lowering the rate of ROS generation 
and by scavenging ROS molecules, depending on the toler-
ance level of cells (Camacho-Pereira et al. 2009; Baltrus-
chat et al. 2008). Tolerant varieties can maintain tuber yield 
by increasing the level of both enzymic and non-enzymic 
antioxidants for upregulating ROS scavenging pathways 
(Paul et al. 2016). The most important enzymic scaven-
gers of O2.− and H2O2 are SOD, catalase (CAT), ascorbate 

peroxidase (APX) and guaiacol peroxidase (GPX). SOD 
scavenges O2.− by generating H2O2 and O2. The H2O2 level 
is then reduced by CAT, APX and GPX by generating H2O 
and O2 (Rajput et al. 2021). The levels of synthesis and 
activities of these antioxidants varies highly among species, 
cultivars and even among different growth stages of the 
same cultivar (Saed-Moucheshi et al. 2014). Additionally, 
soluble sugar metabolism is related to both ROS generation 
and regulation of defense against various stresses (Ding et 
al. 2021; Keunen et al. 2013). Besides, the soluble sugars 
are also the substrate of storage starch synthesis in storage 
organs such as tubers of potato (Zeeman et al. 2010). There-
fore, metabolism of ROS in potato tubers under heat stress 
may influence the metabolism of storage starch. However, 
the process is yet to be completely understood.

Plants adaptation mechanisms against heat stress at both 
physiological and molecular levels depends on types (air 
and/or soil temperature stress), depths and durations of heat 
stress as well as genotype and its growth and developmental 
stages (Bita and Gerats 2013; Singh et al. 2019a). Studies 
on ROS metabolism under biotic and abiotic stresses mostly 
focused on leaves of plants (El_Komy et al. 2020). Little is 
known about effect of heat stress mediated ROS metabolism 
on development of storage organs. In this study, we inves-
tigated the influence of air temperature stress on the level 
of O2.− and H2O2 and their enzymic and nonenzymic anti-
oxidants along with their effect on the changes of soluble 
sugars, and quality and quantity of starch in potato tubers 
at bulking stage. This will enhance our understanding about 
the ROS mediated response and carbohydrate metabolism 
in non-photosynthetic plant organs under heat stress.

Materials and Methods

Sprouting of Tubers, Plant Growth and Heat 
Treatment

Two tolerant varieties namely, BARIalu72 (certified as tol-
erant to heat and salt) and BARIalu73 (certified as toler-
ant to salt) and three susceptible and high yielding varieties 
namely, BARIalu7 (Diamant), BARIalu8 (Cardinal) and 
BARIalu25 (Asterix) were used for this study (for details 
see Agri-Advisory portal, BARC (2024)). Healthy, disease-
free and well sprouted potato tubers were planted in 15 L 
plastic pot (20 cm x 30 cm x 25 cm) filled with garden soil 
mix (sandy loam soil and compost at 4:1 ratio). A total of 
six tubers per genotype (one tuber per pot with a pot-pot 
distance of 35 cm) were grown under natural field condition 
in a net house having 22/18 ± 3 °C day/night temperature, 
11/13 hr photoperiod (day/night) and natural sunlight using 
completely randomized design. After 60–65 days after 
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plantation, when the tubers’ diameter became 8–10 mm, 
three pots from each genotype were transferred to a poly-
house having controlled day/night temperature of 32/25 ± 2 
℃ and a similar photosystem (natural sunlight). All plants 
were watered when necessary to avoid drought stress. Three 
weeks after heat stress treatment (80–85 DAP), tubers from 
all the plants were harvested for data collection with repre-
sentative samples (3–4 cm in diameter, with 3 replications 
per genotype of each treatment) being frozen in liquid nitro-
gen prior to storage at -80 ℃ freezer for further biochemical 
analyses.

Collection of Morphological Data

Two weeks after heat stress treatment, data on number of 
stems emerged from a tuber (each stem considered as a 
plant), plant height, number of compound leaves per 50 cm 
of the plant (from 10 cm above the ground level), leaf area, 
chlorophyll content and growth status value were measured. 
Leaf area was measured from five randomly selected mature 
compound leaves by LI-3100 C leaf area meter (LI-COR 
Biosciences, Lincoln, USA). For estimation of chlorophyll 
content, data was collected from the three randomly selected 
top most fully mature leaves using a SPAD 502 Plus Chlo-
rophyll meter (Minolta, UK) and calculated to total chloro-
phyll content by using polynomial model function (Eq. 1) as 
shown below (Zhang et al. 2022).

Chli = a ∗ SPADi2 + b ∗ SPADi + c (1)

Here, Chl is the calculated total chlorophyll content 
(chl-a + chl-b) of a sample i, SPAD is the SPAD 502 m data 

(without unit), a (-0.005) and b (1.133) are fitted model 
parameters and c (-9.119) is model residuals from Zhang 
et al. (2022).

Growth condition of plants was measured by scoring the 
growth status of the haulm by following the modified stan-
dard evaluation score (SES) ranged from 0 (very healthy) to 
9 (completely dead) (Gregorio et al. 1997) for heat stress as 
shown in Table 1. After harvest, data on number of tubers per 
plant, diameter of tuber and yield per plant was collected.

Estimation of ROS Activity

Superoxide Radicals (O2.−)

To determine the level of superoxide radicals, the method 
described by Elstner and Heupel (1976) was used with 
some modification. A fresh potato tuber sample (0.15 g) 
was grinded and homogenized with 65 mM potassium-
phosphate K-P buffer (pH 7) followed by centrifugation 
(12,000 rpm, 10 min, 4 ℃). The supernatant, K-P buffer 
and hydroxylamine hydrochloride (10 mM) were mixed 
at 12:10:1 ratio and were incubated with sulfanilamide (17 
mM) and α–naphthylamine (7 mM) for 20 min. An equal 
volume of diethylether was added to the mixture and the 
absorbance was taken at 530 nm using a spectrophotometer 
(Jasco UV-VIS Spectrophotometer (V-630). The amount 
of O2.− was calculated using NaNO2 as standard (0 to 1.6 
µmol/g).

Hydrogen Peroxide (H2O2)

The H2O2 content was measured by the method described 
by Jana and Choudhuri (1981). Extraction was done by 
grinding and homogenizing tuber samples (0.25 g) with 
50 mM K-P buffer (pH 6.5) followed by centrifugation at 
12,000 rpm for 15 min at 4 °C. The supernatant and reaction 
assay (0.1% TiCl4 in 20% H2SO4 (v/v) were mixed at 3:1 
ratio and stored at room temperature for 10 min followed 
by centrifugation (12,000 rpm, 15 min, 4 °C). The absor-
bance was recorded by a spectrophotometer at 410 nm and 
the concentration of H2O2 was calculated using a standard 
curve of H2O2 (0.0 to 60 µmol/g).

Extraction of Enzyme and Estimation of ROS 
Scavenging Activity

Potato tuber samples (1 g) were homogenized in ice cold 
extraction buffer (50 mM potassium phosphate (pH 7), 100 
mM KCl, 1 mM ascorbate, 5 mM β-mercaptoethanol and 
10% glycerol) using a cold mortar-pestle. The homogenate 
was centrifuged (12,000 rpm, 12 min, 4 ℃) and the super-
natant was used for measuring the contents of APX, GPX, 

Table 1 Criteria for scoring the plants to determine the growth sta-
tus value following the strategy of modified standard evaluation score 
(SES) described by (Gregorio et al. 1997)
Growth status 
value

Level of injury

0 Healthy plant, dark green leaves, no dead leaves
1 Healthy plant, 1–2 leaves are yellow, no dead lives
2 Partly wilting, 5–20%, of leaves are yellow, 1–2 

dead leaves
3 Partly wilting, 21–30%, of leaves are yellow, 3–4 

dead leaves
4 Partly wilting, 31–45% of leaves are yellow, 5–6 

dead leaves
5 Weak plant, then 46–55% of yellow leaves, 

20–40% dead leaves
6 Weak plant, more than 56–70% of yellow leaves, 

41–60% dead leaves
7 Completely weak plant, 71–85% of leaves are yel-

low, 61–70% dead leaves
8 Completely weak plant, more than 85% of leaves 

are dead
9 Completely dead plant
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Proline

The proline content was measured by the method described 
in Bates et al. (1973). Briefly, potato tubers were homoge-
nized in 3% aqueous sulfosalicylic acid followed by centrif-
ugation at 12,000 rpm for 12 min at 4 ℃. The supernatant, 
ninhydrin, and glacial acetic acid were mixed at 1:1:1 ratio 
and incubated at 95 ℃ for 1 h in a water bath. The mixture 
was then transferred to an ice bath for 15 min to terminate 
the reaction. After that an equal volume of toluene was 
added, mixed well and kept at room temperature (25 ℃) 
for 10 min prior to recording the absorbance at 520 nm. The 
absorbance readings were calibrated using a proline stan-
dard curve (0.0 to 20 µmol/g).

Estimation of Tuber Dry Matter and Carbohydrates

The tuber dry matter was measured by drying a slice 
(3–4 cm diameter) of marketable tubers (3 slices from each 
pot) at 65 ℃ in an oven until constant weight. Content of 
total soluble solids (TSS) was determined by a refractometer 
(BRIX 0–32%, PSX-BJ-HT113ATC, Perth Scientific PTY 
Ltd, Malaga WA 6090, Australia). Glucose and fructose 
content was measured by a digital refractometer (HANNA: 
HI-96,803 and HI-96,802).

Starch

Fresh potato tubers (2 g) were ground well by mortar and 
pestle with cold double distilled water (DDW). The sam-
ple was transferred into a reaction tube and volumed up to 
10 ml with cold DDW. After centrifugation (5500 rpm, 4 
℃, 10 min), the supernatant was discarded and the pellet 
was washed for several times with cold DDW. The starch 
pellet was transferred into a 100 ml glass beaker with 20 ml 
DDW. The solution was heated and the heat was turned off 
when the temperature raised close to 100 ℃. After the solu-
tion was cooled down to 50 ℃, it was filtered, cooled down 
to room temperature and volumed up to 50 ml with DDW. 
In a reaction tube the solution was mixed with KI solu-
tion (0.26 g I2 + 2.6 g KI) at 1:5 ratio and absorbance was 
recorded at 600 nm with a spectrophotometer (Photopette). 
Starch content was calculated from a standard curve of 
potato starch (Sigma Aldrich) with 0–80% concentration.

Amylose and Amylopectin

Potato dried powder (1 g) was homogenized with 95% (v/v) 
ethanol and 1 N NaOH (1:9 ratio). After heating (10 min) 
in hot water bath, the solution was cooled down and was 
volumed up to 100 ml with deionized water. One millili-
ter acetic acid (1 N) and 2 ml of iodine solution (0.26 g 

CAT and SOD by Bradford assay using Bovine Serum 
Albumin (Sigma Aldrich) as standard (0.0 to 40 mg/g).

APX

The APX activity was estimated as per the method described 
in Nakano and Asada (1981) which includes oxidizing the 
ascorbate and measuring the decrease in absorbance. The 
enzyme extract was added in a cuvette containing APX 
assay reagent (50 mM K-P buffer (pH 7), 0.5 mM ascor-
bate, 0.1 mM H2O2, 0.1 mM EDTA) at 1:199 ratio and the 
data of decreasing absorbance was recorded 2 time points 
at 30 s interval for 1 min using the extinction coefficient of 
2.8 mM− 1cm− 1. The absorbance was calibrated using APX 
standard curve (0.0 to 2.0 unit/min/mg protein).

SOD

SOD activity was measured by xanthine-xanthine oxidase 
method described by Sun et al. (1988) based on the inhi-
bition of nitroblue tetrazolium (NBT) reduction by Cu/
ZnSOD and MnSOD. The reaction mixture contained K-P 
buffer (50 mM, pH 7.8), NBT (2.24 mM), xanthine oxidase 
(0.1 mM), catalase (0.1 mM), 100-xanthine (2.36 mM). The 
changes in absorbance were recorded at 560 nm as per the 
method of APX using SOD standard curve (0.0 to 500 unit/
min/mg protein).

CAT

The activity of CAT was determined by using the method 
described in Csiszár et al. (2007). The principle of this 
method includes decomposition of H2O2 which, in turn, 
was measured by the decrease in absorbance at 240 nm. The 
absorbance was calibrated using CAT standard curve (0.0 to 
20 µmol/min/mg protein).

GPX

The modified enzyme method (Elia et al. 2003) was used 
to measure the GPX activity by using H2O2 as substrate. 
The reaction started at 20 °C with adding substrate in GPX 
standard assay (100 mM Na3PO4 buffer (pH 7.5), 0.12 mM 
NADPH, 1 mM EDTA, 1 mM NaN3, 0.6 mM H2O2, 2 mM 
glutathione, 1 unit glutathione reductase). The absorbance 
at 340 nm of NADPH oxidation was recorded for 1 min and 
GPX activity was calculated using an extinction coefficient 
of 6.62 mM− 1cm− 1 and calibrated using GPX standard 
curve (0.0 to 1000 nmol/min/mg protein).
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Diamant and Asterix (Table 2). Number of leaves and leaf 
area did not change significantly whereas chlorophyll con-
tent and tuber diameter significantly reduced under stressed 
condition. Contrastingly, the yield contributing characters 
such as leaf area (59 cm2), tuber diameter (11.9 cm) and 
tuber yield per plant (78 g) became the highest in the toler-
ant variety BARIalu72 under stressed condition followed by 
Asterix and BARIalu73 (Table 2).

Differential Accumulation of ROS under Heat Stress

At control condition, the accumulation of superoxide (O2.−) 
varied significantly among the varieties (Fig. 1). Hydrogen 
peroxide (H2O2), on the other hand, did not show such sig-
nificant variation. The O2.− was at the highest level in BAR-
Ialu72 followed by Cardinal whereas hydrogen peroxide 
was the lowest in these two varieties. Upon stress imposi-
tion, the O2.− and H2O2 contents increased in all varieties, 
however the increase was significant in Asterix (from 11.44 
µmol/g to 25.7 µmol/g) and Diamant (from 12.24 µmol/g to 
19.15 µmol/g). H2O2 content, on the other hand, increased 
significantly in all varieties except Asterix (Fig. 1).

ROS Scavenging Activity under Heat Stress

Among the scavengers of ROS, the superoxide dismutase 
(SOD) increased significantly only in Asterix (from 87 to 
259 unit) upon stress imposition (Fig. 1). The activity of 
APX, on the other hand, increased significantly in all vari-
eties, with the highest increase being observed in Asterix 
(from 0.1 unit to 1.0 unit). The GPX activity also showed 
significant heat stress mediated increase in all varieties 
except BARIalu73. Similar to APX activity, GPX activity 
was also the highest in Asterix (from 112 to 553 unit). The 
highest significant increase in CAT activity was observed in 
BARIalu72 (from 3 to 12 unit) followed by Asterix (from 
6.7 to 10.2 unit) and Diamant (from 4.5 to 7.1 unit) whereas 
it decreased in Cardinal (from 7.4 to 3.5 unit) and remained 
unchanged in BARIalu73 under stress condition. The pro-
line content increased significantly in BARIalu72 (from 1.8 
to 5.7 µmol/g) and decreased in BARIalu73 (from 9.3 to 1.2 
µmol/g) and cardinal (from 7.9 to 2.6 µmol/g).

Heat Stress Mediated Alterations in Carbohydrate 
Contents in Potato Tuber

All the starch biosynthesis related traits such as contents of 
total soluble solid (TSS), reducing sugars, starch, amylose 
and amylopectin varied significantly among the varieties 
and treatments (Table 2). All traits but tuber dry matter var-
ied significantly for variety-treatment interaction. The starch 
content decreased in all the varieties except BARIalu73 

I2 + 2.6 g KI) were added in a 5 mL aliquot and diluted to 
5% (v/v) with deionized water. Spectrophotometric quan-
tification was performed at 620 nm, using the multipoint 
working curve method with three repetitions and quartz 
cells of 10 mm path length. The apparent amylose content 
was calculated using an equation obtained from the standard 
amylose (Sigma-Aldritch, range from 0 to 30%).

Data Analysis

One-way ANOVA (General Linear Model) was employed 
to test the significance among the treatments, genotypes and 
their interactions. Pairwise mean differences were analysed 
by post hoc (Tukey’s Honest Significant Difference (HSD), 
with 3 biological replications, p ≤ 0.05) and the principal 
component (PC) analysis was done to decipher the inter-
relationship among all the parameters, treatments and geno-
types using R-software (R-4.2.3). Additionally, post hoc 
Tukey’s pairwise comparison was conducted to visualize 
statistical significance among the mean PC scores of geno-
type-treatment interactions.

Results

Changes in the Morphological Traits under Heat 
Stress

Plant height, leaf area, number of leaves, chlorophyll con-
tent and growth status values differed significantly among 
the potato varieties (Table 2). Variety-treatment interaction 
was significant for growth status value, plant height, chloro-
phyll content and tuber diameter. At control condition (i.e., 
at 22/18 oC), the highest plant height, number of leaves and 
leaf area were observed in the tolerant variety BARIalu72. 
Chlorophyll content and tuber diameter, on the other hand, 
were the highest in tolerant varieties BARIalu73, and BAR-
Ialu72, respectively. Growth status and yield per plant were 
the highest in heat susceptible variety Diamant followed by 
Asterix (Table 2).

After stress imposition (i.e., at 32/25 oC), plant height 
became the highest in BARIalu73 while the variety main-
tained the highest chlorophyll content at stressed condition 
as well (Table 2). BARIalu72 maintained the highest num-
ber of leaves and leaf area at stressed condition. In addition, 
tuber diameter and yield per plant became the highest in 
this genotype (BARIalu72). The highest growth status value 
was maintained by Diamant at stress condition.

Plant health condition decreased significantly (higher 
growth status value indicates higher number of yellow 
and dead leaves) upon stress imposition; and the maxi-
mum decrease were observed in the susceptible genotypes 
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Fig. 1 Changes of superoxide and hydrogen peroxide level and their 
antioxidant activities (superoxide dismutase (SOD), catalase (CAT), 
ascorbate peroxidase (APX), Glutathione peroxidase (GPX) and pro-
line) in potato tuber of five potato cultivars (2 heat resistant (BAR-
Ialu73 and BARIalu72) and 3 suspectable check (Cardinal, Asterix 

and Diamant)) influenced by heat stress (32/25°C: day/night) with 
10/14hrs day/night photoperiod. Uppercase same letters indicate no 
significant difference among the mean values (Tukey HSD; p = 0.05, 
n = 3)
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Principal Component Analysis (PCA)

PCA of all the parameters under stressed and controlled con-
ditions extracted major contrast in the activities of ROS and 
their scavengers in the five potato cultivars. The first three 
principal components (PCs) explained 75% of the total vari-
ation in the dataset (Table 3). PC1 accounted for 48% of the 
total variation which had large positive associations with the 
contents of proline, chlorophyll, starch, amylopectin, tuber 
dry matter, tuber diameter and yield etc. (as indicated by 
higher positive coefficients for these traits) versus the lower 
negative co-efficient for growth status, activities of APX, 
GPX, SOD, superoxide and H2O2, contents of fructose, glu-
cose, and amylose etc. (Fig. 2). So, it is apparent that the 
first principal component separated the cultivars primarily 

under heat stress. However, the decrease was significant 
only in Asterix and Diamant. The highest level of starch 
content was observed in BARIalu72 under both control 
and stressed temperatures. In Asterix and Diamant, soluble 
solids increased significantly whereas tuber dry matter and 
starch content decreased at stressed condition. Although the 
amylose content of BARIalu73 and BARIalu72 decreased 
under stress condition, it increased in Asterix and Diamant. 
Furthermore, the opposite was observed for amylopectin 
(data not shown). In addition, the ratio of amylopectin-amy-
lose content increased in BARIalu72 and BARIalu73, and 
decreased (by 2 folds) in Asterix and Diamant. The soluble 
and insoluble carbohydrates of Cardinal remained unaf-
fected by heat stress.

Variable PC1 PC2 PC3 PC4
Proline 0.08 0.21 0.39 -0.09
Superoxide (O2.−) -0.17 0.19 0.05 0.24
Hydrogen peroxide (H2O2) -0.17 -0.06 -0.28 0.24
APX -0.26 0.01 0.06 0.01
GPX -0.26 0.03 0.11 -0.11
CAT -0.08 0.04 0.27 0.24
SOD -0.22 0.02 0.17 -0.23
Plant height 0.17 0.09 -0.32 -0.03
Leaf number 0.15 0.38 -0.08 -0.10
Leaf area 0.18 0.28 -0.12 -0.09
Chlorophyll content 0.25 0.12 0.00 -0.21
Tuber number plant− 1 -0.03 -0.26 -0.25 -0.18
Tuber diameter 0.21 0.05 0.30 0.09
Protein content 0.11 -0.35 0.14 -0.19
Yield plant− 1 0.18 -0.22 0.32 -0.15
Growth status -0.26 -0.08 -0.13 0.13
Total soluble solid -0.02 0.39 -0.28 0.05
Glucose -0.24 -0.18 0.01 -0.08
Fructose -0.25 -0.10 -0.18 0.02
Tuber dry matter 0.22 0.09 -0.13 -0.24
Starch 0.24 -0.19 0.01 -0.03
Amylose -0.22 0.19 0.09 -0.30
Amylopectin 0.22 -0.19 -0.09 0.30
Amylopectin-Amylose ratio 0.19 -0.22 -0.01 0.32
Eigenvalue 12.30 4.07 2.89 2.36
Proportion 0.48 0.16 0.11 0.09
Cumulative 0.48 0.63 0.74 0.83
Cultivar-Treatment Mean PC scores (± SD)
BARIalu73_C 1.90 ± 0.43a 2.88 ± 1.16a -0.55 ± 1.05a 1.24 ± 0.60a

BARIalu72_C 3.49 ± 0.31ab 1.72 ± 0.27ab 1.76 ± 0.63ab 0.93 ± 0.44ab

Cardinal_C 0.80 ± 0.40ab 1.83 ± 0.26ab -2.23 ± 0.46e -0.51 ± 0.69bc

Asterix_C 2.89 ± 0.36de -2.02 ± 0.75de -0.30 ± 0.56b − e 0.23 ± 0.40a − c

Diamant_C 2.06 ± 1.30e -2.88 ± 1.20e -1.67 ± 1.35de 1.40 ± 0.05a

BARIalu73_T 0.99 ± 0.21cd -0.58 ± 0.24cd 2.50 ± 0.52c − e -0.04 ± 0.40a − c

BARIalu72_T 1.46 ± 0.56b − d -0.20 ± 0.87b − d -0.47 ± 0.75c − e -3.40 ± 0.91d

Cardinal_T -2.58 ± 0.02b − d -0.14 ± 0.15b − d 0.44 ± 0.48a − d -0.65 ± 0.39c

Asterix_T -7.17 ± 0.44bc 0.66 ± 0.71bc -0.99 ± 0.85de 0.77 ± 0.08a − c

Diamant_T -3.82 ± 0.27c − e -1.29 ± 0.53c − e 1.50 ± 0.33a − c 0.03 ± 0.54a − c

Table 3 Component loadings 
of morphological, activity of 
ROS and their scavengers, and 
starch contents of five stressed 
(32/25°C: day/night) and control 
(22/18°C: day/night) cultivars of 
potato as determined by the prin-
cipal component analysis (PCA). 
SOD: superoxide dismutase, 
CAT: catalase, APX: ascorbate 
peroxidase, GPX: Glutathione 
peroxidase, TSS: total soluble 
solid, C: control temperature 
(22/18 day/night), T: heat stress 
treatment (32/25 day/night)
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in diameter) did not significantly affect plant height, leaf 
area and leaf number. Instead, the major effects of heat 
stress were observed on chlorophyll content and plant health 
conditions (e.g., the higher growth status value, the higher 
number of dead and yellow leaves).

The economic yield related traits such as tuber diameter, 
tuber number and yield were not significantly affected by 
stress imposition in all the studied varieties, except the sus-
ceptible variety Diamant. This is consistent with previous 
findings as potato plants, grown at moderately elevated tem-
peratures, did not exhibit classic symptoms of abiotic stress 
(Hancock et al. 2014). However, increment of every 5 °C 
temperature (above the optimum requirement) negatively 
affected yield and quality of tubers through inhibition of 
the rate of photosynthesis, growth, development and carbon 
translocation to potato tuber (Timlin et al. 2006; Dahal et al. 
2019). Delayed high temperature stress, on the other hand, 
was found to exert little negative effect on the yield of tuber 
(Rykaczewska 2013, 2015).

Additionally, in some commercial cultivars the gross 
photosynthesis rates were found to be maximum at 20 to 30 
oC temperature, which then started to decline beyond 35 oC 
onwards (Dwelle et al. 1981). Gross photosynthesis is also 

based on their tuber yield performances against the activi-
ties of ROS and their respective scavengers and sugar com-
pounds. PC2, on the other hand, accounted for 16% of the 
total variation which was mainly manifested by higher posi-
tive coefficients for the number of leaves, leaf area, and con-
tents of total soluble sugars, proline, amylose and activity of 
superoxide etc. and lower negative coefficients for number 
and weight of tuber, ratio of amylose and amylopectin, yield 
per plant, contents of amylopectin, starch and glucose etc.

Discussion

Heat Stress Modulates Source-Sink Relations during 
Tuber Bulking Stage

Plant growth depends on the efficiency of biosynthesis 
and utilization of carbon assimilates. After tuber initiation, 
potato plants utilize their photosynthates in the underground 
tuber growth instead of aboveground vegetative growth 
(Golovko and Tabalenkova 2019; Hastilestari et al. 2018). 
In this study, we observed that the heat stress during tuber 
bulking stage (stress applied after tubers became 8–10 mm 

Fig. 2 Biplot of morphological, activity of ROS and their scavengers, 
and starch contents of five stressed (32/25°C: day/night) and control 
(22/18°C: day/night) cultivars of potato as determined by the principal 
component analysis (PCA). Cultivars indicated by upward triangle and 
bold red fonts represents stressed condition; and that of by squared and 
blue fonts represent control condition. H2O2: hydrogen peroxide, SUP: 
superoxide, APX: ascorbate peroxidase, GPX: glutathione peroxidase, 
CAT: catalase, SOD: superoxide dismutase, PRL: proline, PH: plant 

height, LA: Leaf area, Chl: chlorophyll content, NOL: number of leaf, 
TN: Tuber number plant− 1, TD: tuber diameter, PPY: yield plant− 1, 
GS: growth status value, PRT: protein content, TSS: total soluble solid, 
GLU: glucose content, FRU: fructose content, ITW: individual tuber 
wt. DRM: tuber dry matter, STAR: starch content, AMYL: amylose, 
AMYP: amylopectin, AMYLP_R: ratio of amylose and amylopectin. 
The number 1 to 10 is defined as genotype number
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is decreased), the non-structural carbohydrates, stored in 
potato stem, are found to act as buffer to maintain tuber bulk-
ing by promoting the remobilization of storage reserve from 
source to sink (Zheng et al. 2009; Duque and Setter 2013). 
Hence, the degradation and remobilization of reserves, from 
haulm to storage organ (tuber), might have contributed to 
an increase in the growth status value (higher yellow/dead 
leaves) which, in turn, might have helped in reducing the 
yield losses in Cardinal and Asterix under stress condition.

Significant variations in growth status value and tuber 
diameter due to variety-treatment interaction indicated that 
under heat stress, the tuber size of potato depends on the 
tolerance level of the plant. At unstressed condition, three 
growth indexes (plant height, leaf number and leaf area) in 
the dual stress tolerant variety BARIalu72 and two growth 
indexes (plant height and chlorophyll content) in the single 

related to plant leaf area. In our study, although the chloro-
phyll content decreased significantly at 32 °C temperature, 
the leaf area and leaf number were not significantly affected 
in the studied genotypes (except a significant increase of 
leaf number in BARIalu72). Application of heat stress dur-
ing tuber bulking stage thus did not affect tuber number, 
diameter and yield in the both tolerant and two susceptible 
(Cardinal and Asterix) varieties, although plant health in 
most of the varieties declined significantly (with exception 
in BARIalu73 and BARIalu72 (Pic. 1).

During tuber bulking, plants utilize their photosynthates 
mostly for starch accumulation in the tubers. The reduced 
chlorophyll contents probably were still enough to supply 
the assimilates to the tubers instead of haulm growth at 
tuber bulking stage in tolerant varieties. Additionally, under 
stressed condition (when the photosynthetic potentiality 

Pic. 1 Growth status and tuber diameter of 5 potato varieties grown under control (22/18°C: day/night) and heat stress (32/25°C: day/night) (data 
were collected before and after harvest)
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processes for the generation of H2O2 in peroxisomes (Del 
Río et al. 2002; Río et al. 2006). SOD catalyses dispropor-
tionation of O2.− to give one molecule of H2O2 from two 
molecules of O2.−. In our result, under stress, the amount 
of H2O2 was half of the amount of O2.− in Asterix (Sheng 
et al. 2014). From this we can assume that H2O2 synthesis 
in tuber of Asterix was due to disproportionation of O2.− by 
SOD.

Hydrogen Peroxide (H2O2)

H2O2 acts as a signal molecule to induce antioxidation mech-
anisms under abiotic stress. But at excess level, it becomes 
toxic to plants. It was reported that exogenous application of 
H2O2 can effectively protect plant from heat and salt stress 
by increasing the synthesis of several antioxidant enzymes 
such as SOD, CAT, APX and GPX (Uchida et al. 2002; Fur-
tana et al. 2019). The amount of H2O2 increased in all of our 
varieties under heat stress. Significant increase of H2O2 was 
found in BARIalu73, Cardinal and Diamant. However, the 
increase of H2O2 in Asterix and BARIalu72 were not sig-
nificant. This may be due to the increase of most of the H2O2 
scavengers in BARIalu72 (CAT, APX, GPX and proline) 
and in Asterix (CAT, APX, GPX). CAT and APX are two 
most powerful enzymes for dismutation of H2O2 (Gill and 
Tuteja 2010). The levels of their activities were reported to 
be increased in tolerant genotypes due to the generation of 
H2O2 by overexpressed SOD (Tanaka et al. 1999). The O2.− 
radical is a moderately reactive species with approximately 
2–4 µs of half-life (Gill and Tuteja 2010). Due to such short 
life, O2.− radical immediately converts to O2 and H2O2 by 
SOD. H2O2, on the other hand, have comparatively longer 
half-life and is broken down into O2 and water by CAT 
(Møller 2001). In BARIalu72, the level of CAT was 4 times 
higher under heat stress compared to the control condition. 
Additionally, the level of proline increased 3 times under 
stress condition. Proline contributes to the detoxification of 
H2O2 by enhancing the APX activity (Hossain et al. 2010; 
Patade et al. 2011). Therefore, increased activities of APX 
and CAT are needed to scavenge H2O2 which was generated 
by the dismutation of O2.− (Patade et al. 2011). Otherwise, 
there remains the risk of generation of highly toxic radi-
cal (HO.) via Habere Weiss reaction. Thus, the coordinated 
activities of CAT and APX are essential for effective scav-
enging of ROS (Chagas et al. 2008).

The accumulation of H2O2 in the dual stress (heat and 
salt) tolerant variety BARIalu72 was insignificant. This may 
be due to the fact that the H2O2 was scavenged immedi-
ately by increased activities of CAT, APX and proline. In 
the variety BARIalu73 (a salt tolerant variety), the level 
of H2O2 was significantly increased because the levels of 
enzymatic and non-enzymatic scavengers (except APX) 

stress tolerant variety BARIalu73 were the highest during 
vegetative growth. These indexes were less affected by heat 
stress during tuber bulking stage in these tolerant varieties. 
This vigorous growth at vegetative stage (without stress) 
might also contribute in supplying more photo assimilates 
to tubers upon stress imposition during bulking stage in a 
way to reduce yield loss. This might have resulted in the 
highest yield of BARIalu72 followed by BARIalu73, under 
heat stress.

Taken together, it is apparent that an increase in air tem-
perature during a later part of potato growing season (i.e., 
tuber bulking state), tuber yield may not be affected due to 
the remobilization of storage reserves from haulm to grow-
ing tubers. However, the tuber quality such as soluble sugar 
content, starch and its composition may be affected.

ROS Detoxification Occur Differentially among 
Varieties

Previous research has demonstrated that the rate of ROS 
production is increased under biotic and abiotic stress condi-
tions and that the antioxidant mediated detoxification level 
depends on the tolerance level of the plant. Potato cultivars 
show varied responses to heat stress in terms of ROS bio-
synthesis and defense mechanism. Heat tolerance of potato 
is a polygenic trait and thus, is expected to be substantially 
influenced by genotype-environment interactions (Tang et 
al. 2018). Consistence with this, our results also indicate 
that the ROS synthesis and their detoxification metabolism 
in potato tuber under heat stress depends on the genotypes.

Superoxide Radical (O2.−)

The dismutation of O2.− into H2O2 and O2 is the first line 
of defense against ROS in protecting the cell and in that 
conversion, SOD is one of the key enzymes (Uchida et al. 
2002). The H2O2 acts as signal molecule for triggering toler-
ance to various abiotic and biotic stresses (Fukao and Bai-
ley-Serres 2004; Quan et al. 2008). In our study, the levels 
of both O2.− and SOD increased significantly in the variety 
Asterix. A sharp increase of O2.− in Asterix (2.2 times higher 
than control) may lead to the significant level of increase 
in SOD (3 times higher than control). No significant differ-
ence of SOD and O2.− contents were observed between the 
control and stress conditions in BARIalu73, BARIalu72 and 
Cardinal. However, in Diamant, although the O2.− increased 
significantly under stress, the level of SOD did not increase. 
This result indicates that under heat stress, O2.− dismuta-
tion depends on the genotypes. Previous researches reported 
that fatty acid β-oxidation, photorespiratory glycolate oxi-
dase reaction, the enzymatic reaction of flavin oxidases and 
disproportionation of O2 are the most important metabolic 
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during maturation (Jansky and Fajardo 2016). However, in 
storage starch, this ratio differs among cultivars under dif-
ferent growing temperatures (Feng et al. 2019; Zhao et al. 
2023). At the final stage of starch granule formation, the 
activity of several key enzymes such as GBSS, BE and 
DBE are reduced by high temperature which results in the 
reduction of the ratio of amylopectin and amylose and the 
content of total starch (Ahmed et al. 2015; Feng et al. 2019). 
In consistent with this, the total starch content and the ratio 
of amylopectin-amylose were significantly changed in our 
varieties under stress condition. The ratio was reduced in 
temperature sensitive varieties (Asterix and Diamant) which 
may negatively affected the starch content and tuber yield.

Tuber Yield and Starch Quality are Influenced by 
ROS Detoxification

The tuber yield, the growth status value of aboveground 
parts and storage starch accumulation in our contrastingly 
tolerant varieties indicates that metabolism of the two ROS 
members namely, O2.− and H2O2 may have an influence 
on tuber yield and its quality. Tuber yield, starch content 
and the ratio of amylopectin-amylose in the tolerant variety 
BARIalu72 was significantly higher under heat stress. This 
may be due to the increase in the activities of antioxidant 
enzymes by several folds that efficiently reduced the tox-
icity levels of O2.− and H2O2 in this genotype. Paul et al. 
(2016) reported that tuber yield has strong correlation with 
the levels of antioxidant activities. These antioxidants may 
protect the starch metabolic enzymes and the tuber cell for 
starch accumulation. The accumulation was comparatively 
higher in BARIalu72 and BARIalu73 compared to suscep-
tible varieties Asterix, Cardinal and Diamant. However, the 
structural properties may differ among the varieties due to 
difference in the ratio of amylopectin-amylose.

Soluble sugar has a dual function in ROS metabolism. 
Accumulation of sugars can (i) promote ROS generation by 
supplying NADH for mitochondrial respiratory chain (Ding 
et al. 2021; Ravera et al. 2015) and (ii) regulate defence 
mechanisms against ROS-generated stress (Couée et al. 
2006; Keunen et al. 2013). It was reported in cotton that, the 
varieties with high sugar content promote ROS accumula-
tion in a way to stimulate cellulose synthesis while enhanced 
ROS synthesis arrested cellulose elongation which resulted 
in high fibre yield with low quality (Ding et al. 2021). In 
our study, accumulation of soluble sugar and ROS members 
increased significantly in the susceptible varieties Asterix 
and Diamant under stress condition without any visual 
external or internal necrosis. However, the tuber dry matter 
and starch content decreased. These differences may have 
two possible explanations: (i) the soluble sugars mobilized 
from the aboveground plant part were accumulated in the 

were not increased. It indicates that although BARIalu73 
was tolerant under salt stress, it probably could not avoid 
the effect of oxidative stress under heat stress. The varieties 
Diamant, Asterix and Cardinal, which are widely grown for 
high yield, showed significantly higher levels of H2O2 and 
O2.−, although, the levels of CAT, APX and GPX were also 
increased by several folds. This may be due to the fact that 
the levels of scavengers were not high enough to reduce the 
toxicity of these ROS members in these varieties. Previous 
studies also suggested that the activities of SOD and APX 
should be high enough to efficiently reduce the oxidative 
damage (Asada 2006; Chagas et al. 2008). Therefore, con-
sidering the levels of H2O2 and O2.−, both enzymatic and 
non-enzymatic scavengers, it can be suggested that BAR-
Ialu72 is the most efficient variety in detoxifying ROS in 
tuber.

Carbon Metabolism in Tuber is Affected under Heat 
Stress

The dry matter accumulation in storage organs depends on 
the mobilization and conversion efficiency of sugar to stor-
age starch (Mohabir and John 1988). Elevated temperature 
significantly hampers starch biosynthesis due to decrease 
in precursors and alteration in the activities of the enzymes 
related to starch metabolic pathway (Geigenberger et al. 
1998); Lafta and Lorenzen 1995; Gautam et al. 2023). Tuber 
dry matter was reported to be drastically reduced when 
grown under higher temperature (Gautam et al. 2023). In 
our study, the lower contents of dry matter corresponded to 
the lower contents of starch and higher contents of soluble 
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tuber for utilization of ROS synthesis and the accumulated 
ROS interfered with the starch metabolic pathways or (ii) 
under stress, accumulation of O2.− interfered in the starch 
metabolism which resulted in the increased level of sugar 
molecules and these sugar molecules further stimulated the 
synthesis of both O2.− and H2O2. However, further research 
is necessary to elucidate the interference of ROS on starch 
metabolism on potato tuber under heat stress.

Conclusion

ROS detoxification capacity of potato tuber has an influence 
on carbon assimilation and structural properties of starch 
in potato tubers under heat stress in a variety dependent 
manner. One of the reasons of the tolerance in BARIalu72 
could be the increase of antioxidant levels by several folds 
under heat stress. Therefore, it will be interesting to see 
the influence of ROS on starch metabolism in developing 
potato tuber. Additionally, this study only considered the 
effects of air temperature. Effects of both above ground and 
underground temperatures on starch metabolism can also 
be studied. The findings of this study provide a direction 
for future research on the influence of ROS metabolism on 
starch accumulation in non-photoautotrophic storage organs 
of tuber crop.
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