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Abstract
A comparative analysis of drought and high temperature responsive proteins, which means to provide insight into the molecu-
lar mechanism of potato stress tolerance. In the presented study, two potato cultivars, differing in dehydration tolerance, 
were compared. An analysis of their morphological, physiological and root proteome related traits proved that, although 
water shortage, as well as high temperatures cause the dehydration of plants, the response to those stresses at the proteome 
level was significantly different. LC–MS/MS protein identification showed that in roots of the sensitive cultivar, in response 
to drought, most changes concern increased abundance of defence- and detoxification-related proteins, while in tolerant 
plants, significant changes in abundance of energy and carbohydrate metabolism related proteins were observed (data are 
available via ProteomeXchange with identifier PXD020259). Moreover, in response to high temperatures, in the sensitive 
cultivar, decreased abundance of proteins involved in cell energetic metabolism was detected, while in the tolerant cultivar, 
the majority of proteins from this group was abundant. It can be suggested that such comparative proteome analysis indicates 
the fine tuning metabolism as a major factor of stress tolerance of potato plants.
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Introduction

The ongoing climate change associated with increased 
temperature and reduced rainfall negatively impacts plant 
growth, development and crop yield (Chaves et al. 2003). 
The potato (Solanum tuberosum L.) is considered to be a 
crop species sensitive to drought (Monneveux et al. 2013) 
and high temperatures (Levy and Veilleux 2007). Even with 
moderate levels of soil moisture deficit, yield reductions are 
observed as a result of a decreased number, size and quality 

of the tubers. Additionally, the decrease in vegetative plant 
growth (leaves, stems, shoots and roots) and development 
(Aksoy et al. 2015; Dahal et al. 2019) plays a role in yield 
drop, as well. High temperatures delay tuber initiation and 
bulking, causing quality disorders such as malformation and 
necrosis of the tubers (Levy and Veilleux 2007).

The global production of potato is estimated at 377 
million tonnes, on an area of about 19 million hectares 
(FAOSTAT 2016). However, water shortages can cause a 
potato yield reduction of up to 79% (Binod et al. 2015). Due 
to the climate changes, it is estimated that potential potato 
yield will decrease by 18 to 32% worldwide between 2040 
and 2069 (Hijmans 2003). Rain shortage in 2010 in Russia 
led to approximately 30% yield losses on industrial potato 
farms (GAIN 2010), which caused significant financial 
losses. Similar situation is observed in various regions. Mit-
tler (2006) studies showed that the losses in US agricultural 
production caused by drought amounted up to approximately 
USD 20 trillion in the years 1980–2004, and combined with 
the occurrence of high temperatures they reached USD 120 
trillion. It often occurs that stress caused by heat and drought 
critically affects potato production (Ahn et al. 2004).
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Morphological and physiological characteristics of 
roots are closely correlated with plant drought resist-
ance (Iwama 2008; Joshi et  al. 2016; Zarzyńska et  al. 
2017). The potato has a rather shallow root system, which 
causes its high dependence on the regularity of rainfall 
and its sensitivity to periodic shortages of water (Joshi 
et al. 2016). Due to the scarcity of water and nutrients 
supplementation, as well as a disturbance in transport of 
chemical signals from root to shoot, plants suffering from 
water deficits are usually smaller, devoid of turgor, with 
a lighter colouring, and more sensitive to diseases and 
pest attacks (Chaves et al. 2003). Drought-tolerant potato 
cultivars developed elongated roots, whereas the roots of 
drought-sensitive cultivars remained at the same length 
(Zarzyńska et al. 2017; Boguszewska-Mańkowska et al. 
2020). High temperature (30 ºC) reduced the size of the 
root system in both heat-tolerant and heat-sensitive potato 
clones (Sattelmacher et al. 1990). Nevertheless, significant 
genotypic differences in the responses of potato plant roots 
to high temperature have been found (Minhas et al. 2001; 
Rykaczewska 2013).

The consequences of soil drought and high temperatures 
are osmotic and oxidative stresses in plants. Our previous 
experiments showed that increased activity of peroxidase, 
superoxide dismutase and catalase counteracted the accumu-
lation of ROS (reactive oxygen species) in dehydrated leaves 
and tubers and in effect protected the plants against the loss 
of tuber yield (Boguszewska et al. 2010). Despite the fact 
that both investigated cultivars (Gwiazda and Oberon) have 
a common parental cultivar (Denar), they differed in drought 
tolerance and avoidance mechanisms (Boguszewska-
Mańkowska et al. 2018; Pieczyński et al. 2018). Drought-
avoidant potato plants experienced lower water deficits due 
to specific morpho-physiological traits such as greater root 
length (Chaves et al. 2003).

To identify the strategies used by potato plants to cope 
with consequences of soil drought and high temperature, 
high-throughput techniques have been developed that allow 
for the understanding of the mechanisms involved in the 
regulation of desirable traits. Our previous experiments on 
transcriptosome differences between two selected pairs of 
potato cultivars (Gwiazda/Oberon and Tajfun/Owacja) that 
are closely related to each other but differ in the drought 
tolerance, allowed for the identification of genes respon-
sive to drought (Pieczyński et al. 2018). The selected genes 
exhibited evolutionary conservation in their function in the 
plant’s response to water shortage. Therefore, a proteomic 
analysis of two potato cultivars, drought-tolerant (Gwiazda) 
and drought-sensitive (Oberon), was performed to determine 
proteins differentially abundant in response to drought and 
high temperature. Such approach is required to confirm the 
hypothesis that there are differences in the response to stress 
between resistant and sensitive cultivars and that, regardless 

of the stress applied, it causes activation of the same defence 
pathways.

Materials and methods

Plant material and experimental design

The experiment was carried out in Plant Breeding and Accli-
matization Institute-National Research Institute (Division, 
Jadwisin), during two vegetation seasons from 25th of 
April to 10th of September. Two Polish potato cultivars, 
the drought-tolerant Gwiazda and drought-sensitive Oberon, 
both originated from the Zamarte Breeding Station in 
Poland, were used. Selected tubers with transverse diameters 
of 3–4 cm were pre-sprouted for 2 weeks before planting.

Plants were grown in a vegetation hall in 14  dm3 pots 
filled with a thin layer of gravel on the bottom and 12  dm3 
of the universal vegetable soil substrate ‘Hollas’ (Agaris 
Polska Ltd., Poland) produced from peat with the addition 
of chalk at a pH range of 5.5–6.5. The density of pots was 
set at 4 per  m2. Proper soil aeration was maintained in the 
pots. Additionally, in phase 20 of the BBCH-scale of plant 
development, MIS-3 (Intermag) fertilizer was applied. Pest 
and diseases control was carried out as followed: three times 
against Colorado beetles and four times against Phytoph-
tora infestans. Plants were watered daily with an optimal 
tap water supply that is over 80% v/v of field water capacity. 
Water content (WC) in volumetric basis in soil pots was 
measured according to the following formula: volume water/
volume soil (Black 1965). Weather conditions during the 
years of study were monitored using a Weather Campbell 
Station (Campbell Scientific Inc.) located in close proxim-
ity, and a thermohygrograph placed between pots. Mete-
orological data of air temperature, the photosynthetically 
active radiation, and humidity were comparable in the years 
of study and favorable for potato development (Supp. 1).

Three weeks after the initiation of the tuberisation phase 
(56 DAP), plants were divided into 3 groups, each consist-
ing of 6 plants. The first group of plants was subjected to 
soil drought (remained without irrigation, day/night tem-
perature 22 °C/18 °C), the second one to high temperature 
(day/night temperature 38 °C/25 °C) and the third one was 
watered according to needs and at optimal temperature (con-
trol plants, day/night temperature 22 °C/18 °C). Stress appli-
cation lasted 14 days and finished at 70 DAP. During this 
period, plants were placed in phytotron equipped with six 
Hortilux Schreder Lamps with Philips light bulbs of 1600 W 
each. Air humidity was in the range 65–70%. WC under 
14 days of soil drought reached 30% (v/v), and remained 
80% (v/v) in control and high temperature conditions. Dur-
ing the recovery period, after 14 days of stress treatment, 
WC reached control levels.
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Plant root material for proteomic research was collected 
on the 14th day of stress treatment (70 DAP). In the same 
day (70 DAP), samples for the leaf assimilation area, the dry 
mass of the leaf, the stem and the root were also collected. 
In order to establish the yield, plants previously subjected 
to stress were grown in optimal conditions until their full 
maturity (Photographs of plants in Supp. 2).

Plant water status

The mature and fully expanded leaves from the third level 
from the top of the plant, comparable in size, were sam-
pled to assess relative water content (RWC). Leaves were 
cut from the plant, weighed immediately (fresh weight, 
FW), floated in dark for 24 h to achieve turgidity (saturated 
weight, SW), then oven-dried (105 °C) for 24 h and weighed 
again (dry weight, DW). The RWC of leaves was calculated 
according to the formula: [(FW − DW)/(SW − DW)] × 100% 
(Li et al. 2017).

Morphological measurements

The assimilation area of the leaves (expressed in  cm2) was 
determined using an LI-3100A area meter (LI-COR, USA) 
after the end of drought or high temperature period. The 
measurements were carried out in three replications.

Dry mass of leaves, stems and roots were assessed in a 
two-stage 24 h drying at 75 °C and 105 °C until constant 
weight was obtained.

Biomass reduction was calculated according to Li et al. 
(2017) (Supp. 3).The yield of tubers of all tested cultivars 
growing under optimal conditions (C), drought (D) and high 
temperature (HT) was given in grams per plant.

Chlorophyll fluorescence measurements

The kinetics of chlorophyll fluorescence were measured in 
the middle part of fully expanded and mature apical leaves 
of third- and fourth-level potato plants after 14 days of stress 
application on each combination (control, drought and high 
temperature). Measurements of the induction kinetics of fast 
chlorophyll fluorescence were taken with the Multifunc-
tional Plant Efficiency Analyzer (Handy-PEA fluorimeter, 
Hansatech Instruments Ltd., Pentney, King’s Lynn, Norfolk, 
England) and analysed with the software Pea Plus. Before 
measuring, plants were dark-adapted at least for 30 min. 
Nine measurements per cultivar per treatment were per-
formed (three technical repetitions for each three biologi-
cal replications). Selected JIP-test parameters were calcu-
lated on the basis of fast fluorescence kinetics according to 
Strasser et al. (2004).

Determination of the activities of antioxidant 
enzymes

Protein extraction

Approximately 100  mg of potato root samples were 
grinded in a mortar with liquid nitrogen, and 2  cm3 of 
an ice-cold 50 mM potassium phosphate buffer (pH 7.0) 
containing 2 mM 2-mercaptoethanol, 0.1 mM EDTA, 0.5% 
(v/v) Triton X-100, and 2% (w/v) polyvinylpyrrolidone. 
Homogenates were incubated on ice for 20 min and cen-
trifuged at 16,000×g for 20 min at 4 °C. The collected 
supernatants were used for antioxidant enzyme assays.

In all supernatants, the protein content was measured 
with Coomassie Brilliant Blue G-250 stain according to 
Spector (1978) with bovine serum albumin (BSA) as a 
protein standard.

Measurements of antioxidant enzyme activity

Superoxide dismutase (EC 1.15.1.1, SOD) activity was 
measured according to Kostyuk and Potapovich (1989). 
An assay buffer contained equal volumes of 67 mM K/
Na phosphate buffer (pH 7.8) and 25 mM EDTA, and 
was brought to pH 10.0 by addition of TEMED. To 1  cm3 
of assay buffer, 0.1  cm3 of 50 × diluted supernatant was 
added. The reaction was initiated by adding 0.1  cm3 of 
2.5 μM quercetin in DMSO. The absorbance was measured 
at 406 nm immediately and after 20 min of reaction. SOD 
activity was expressed in arbitrary units (the concentra-
tion of SOD that inhibits superoxide-driven oxidation of 
quercetin by 50%) per minute per mg of protein.

Catalase (EC 1.11.1.6, CAT) activity was meas-
ured according to the method based on Beers and Sizer 
(1952). To 0.9  cm3 of assay buffer (0.05 M phosphate 
buffer, pH 7.0), 0.5  cm3 of 30%  H2O2 was added. Absorb-
ance at 240 nm was measured immediately after adding 
0.1  cm3 of supernatant, and decrease in absorbance was 
recorded every 30 s for 4 min.  H2O2 extinction coeffi-
cient 43.6 M−1 cm−1 was used to calculate CAT activity. 
Enzyme activity was expressed in micromoles of  H2O2 per 
minute per mg of protein.

Guaiacol-type peroxidase (EC 1.11.1.7, GPOX) activity 
was estimated according to Chance and Maehly (1955). 
To 0.99  cm3 of 50 mM acetic buffer (pH 5.6), 0.5  cm3 
of 20  mM guaiacol and 0.5  cm3 of 0.01  M  H2O2 was 
added. The reaction was initialized by adding 10  mm3 of 
the supernatant. The absorbance was recorded at 485 nm 
for 5 min, and measurements were taken every 30 s. The 
GPOX activity was expressed in µM of tetraguaiacol 
(ɛ = 26.6 mM−1 cm−1) per minute per mg of protein.
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Lipid peroxidation

Lipid peroxidation was evaluated as a thiobarbituric acid 
reactive substances (TBARS) according to Heath and 
Packer (1968). 100 mg of potato roots were homogenized 
in 0.5  cm3 of 10% TCA and then centrifuged at 10,000×g 
for 20 min. To the collected supernatant, 1.5  cm3 of 0.5% 
ΤΒΑ in 20% TCA was added, and samples were heated for 
25 min at 95 °C. After cooling in an ice bath, samples were 
centrifuged at 3000×g for 15 min. The absorbance was 
measured at 532, and 600 nm for correction. An extinc-
tion coefficient 155 mM−1 cm−1 was used to quantify lipid 
peroxides and it was expressed as mmol TBARS per g FW.

Statistical analyses

All data were subjected to statistical analyses. Two-way 
ANOVA, Student’s t-test, Tukey’s test were performed 
using MS-Excel 2010 and the Statistica 12 software. 
Applied p-values are given under the individual figures. 
All measurements were performed in 3 biological repli-
cates (n = 3).

Sample preparation for 2‑DE analyses

For the proteomic analyses, three samples from each com-
bination of the experiment (n = 3 biological replicates) were 
harvested. Approximately 500 mg of potato root material per 
potato plant was collected and frozen in liquid nitrogen. The 
samples were then ground using a mortar and either stored 
at -80 °C or used immediately for protein extraction. The 
total proteins were extracted for each of the three biological 
replicates according to Wang et al. method (2006). Sam-
ples of 150 mg grounded potato root were transferred into 
2  cm3 test tube and purified by washes with TCA/acetone, 
methanol and acetone. Afterwards, dried samples were thor-
oughly vortexed and incubated with a 1:1 mixture of phenol 
(pH 8.0, Sigma) and SDS buffer (0.1 M Tris-HCl, pH 8.0 
containing 30% (w/v) sucrose, 5% (v/v) b-mercaptoethanol 
and 2% (w/v) SDS). After separation of phases by centrifug-
ing, upper (phenol) phase was collected into a new tube. An 
overnight incubation with 0.1 M ammonium acetate in 80% 
methanol at − 20 °C was performed to precipitate proteins 
from the mixture. Afterwards, samples were centrifuged and 
the supernatant was discarded. Pellets containing extracted 
proteins were thoroughly washed with pure methanol and 
80% acetone, and air-dried. Purified proteins were dissolved 
in rehydration buffer containing 7 M urea, 2 M thiourea, 4% 
(w/v) CHAPS and 40 mM DTT. Protein content was deter-
mined according to the Bradford method (1976) with bovine 
serum albumin (BSA) as a standard.

2D IEF/SDS‑Page

2DE gels were done according to Gietler et al. (2017). Sam-
ple of 120 µg of purified proteins redissolved in 125  mm3 
isoelectric focusing (IEF) buffer (7 M urea, 2 M thiourea, 
4% (w/v) CHAPS, 40 mM DTT, 0.5% (v/v) pH 4-10NL 
ampholytes, 0.002% (w/v) bromphenol blue) was separated 
by 2D-PAGE. Proteins were subjected to IEF on 7-cm pH 
4-10NL Immobiline DryStrips (Bio-Rad) using a Bio-Rad 
PROTEAN IEF focusing chamber flatbed electrophoresis 
system as recommended by the manufacturer. After IEF, 
strips were incubated for 10 min in equilibration buffer 
(50 mM Tris–HCl, pH 8.8, 6 M urea, 30% (v/v) glycerol, 2% 
(w/v) SDS, 0.002% (w/v) bromophenol blue) with 1% (w/v) 
DTT, and then for 10 min in equilibration buffer contain-
ing 2.5% (w/v) iodoacetamide. Next, strips were sealed on 
the top of SDS-PAGE gels (4% concentrating gel and 11% 
separating gel; 8.6 × 6.8 × 0.1 cm) using 0.5% (w/v) agarose 
in 0.1 M Tris–HCl pH 6.8 containing 0.001% (w/v) bromo-
phenol blue. The SDS-PAGE was run in 50 mM Tris–HCl 
buffer pH 6.8, at constant amperage of 20 mA/gel until the 
blue dye reached the bottom of the gel.

Protein spots were fixed in the gel for 2 h (15% (v/v) etha-
nol and 10% (v/v) acetic acid) and stained overnight with 
Coomassie brilliant blue G-250 (Merck, Darmstadt, Ger-
many) in a solution containing 1% (w/v) ortho-phosphoric 
acid and 10% (w/v) ammonium sulphate.

Quantitative gel analysis and protein identification 
by LC–MS/MS

Coomassie-stained gels were scanned with Image Scan-
ner III (GE Healthcare) and analysed using Delta2D soft-
ware 4.4 (Decodon, Greifswald, Germany). Three gel rep-
licates per cultivar and per treatment were compared, and 
spots were automatically detected. Minor corrections of 
gel disturbances were performed manually. To determine 
significant differences in spot patterns between the treat-
ment and the control within a genotype, a Student’s t-test 
based on the normalized relative spot volume was performed 
(p-value ≤ 0.05). Only spots with a fold change greater than 
1.5 were taken into consideration.

For liquid chromatography-tandem mass spectrometry 
(LC–MS/MS), isolated gel spots were destined in 100  mm3 
of bleaching solution consisting of 50 mM ammonium bicar-
bonate and ACN (1:1). Afterwards, gel pieces were incu-
bated in 100  mm3 of pure ACN until they shrank and then in 
50  mm3 of 10 mM DTT in 100 mM ammonium bicarbonate 
for Cys residues reduction. Cys residues alkalization was 
performed by incubation of dried gel in 50  mm3 of 50 mM 
iodoacetamide in 100 mM ammonium bicarbonate. Next, gel 
pieces were washed twice with 100 mM ammonium bicar-
bonate and dried in pure ACN. Afterwards, trypsin in-gel 
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digestion was performed (10 ng/  mm3 in 25 m M ammonium 
bicarbonate) at 37 °C overnight. Obtained peptides were 
extracted from gels with 0.1% TCA and 2% ACN solution.

Significantly differential proteins were identified com-
mercially by LC–MS/MS analysis in Mass Spectrometry 
Lab, Institute of Biochemistry and Biophysics, Polish Acad-
emy of Sciences (Poland).

Protein identification was performed using Matrix Sci-
ence server across Viridiplantae NCBI database (5.11.2015, 
57,412,064 sequences; 20,591,031,683 residues) with 
peptide mass tolerance ± 20  ppm, fragment mass toler-
ance ± 0.1 Da and allowed missed cleavage ≤ 1. Obtained 
results were evaluated on the basis of MASCOT score, per-
centage of coverage, number of identified unique sequences, 
as well as protein mass and pI. The best-fit protein was 
considered to be correctly identified. The mass spec-
trometry proteomics data have been deposited to the Pro-
teomeXchange Consortium via the PRIDE (Perez-Riverol 
et al. 2019) partner repository with the dataset identifier 
PXD020259 and 10.6019/PXD020259.

Protein interaction

The prediction of functional networks of identified proteins 
was performed using STRING software version 11.0 acces-
sible online (https ://strin g-db.org), a database of known 
and predicted protein interactions (Szklarczyk et al. 2011) 
containing 24,584,628 proteins from 5090 organisms, and 
3,123,056,667 interactions. Multiple protein search was 
performed for all proteins differential for every stress and 
cultivar. A database for Solanum tuberosum was searched, 
and confidence level for protein interaction was set at high 
level (0.700).

Results

Morpho‑physiological responses of potato plants 
to soil drought or high temperature

A 14-day period of withholding watering of potato plants, 
three weeks after the initiation of the tuberisation phase, 
resulted in a significant decline in the water content in 
leaves measured as RWC (relative water content in %) in 
both examined cultivars (Table 1). Comparison of RWC in 
control plants growing under optimal conditions of both 
cultivars did not show any significant differences. At the 
end of soil drought, RWC decreased about 40% in cultivar 
Gwiazda, and 50% in cultivar Oberon. As expected, a strong 
wilting phenotype was observed in the cultivar Oberon. The 
phenotypic observation in both cultivars supported the ear-
lier finding (Boguszewska-Mańkowska et al. 2018) that the 
avoidance strategy of drought resistance is better developed 
in the cultivar Gwiazda (Supp. 2). High temperature impact 
on RWC was significantly milder. There was no significant 
difference between RWC of leaves of control plants of both 
cultivars and those treated with high temperature (Table 1).

Agricultural definition of drought tolerance is based on 
maintenance of tuber yield under drought conditions (Obi-
diegwu 2015). In the investigated cultivars, tuber yield was 
more affected by the applied soil drought then high tem-
perature treatment (Table 1). The decrease of tuber yield, 
assessed as tuber fresh mass at the end of vegetation period, 
was more pronounced by soil drought than the tuber yield 
loss caused by high temperature in both cultivars. Moreover, 
a decrease of tuber yield in response to stresses was signifi-
cantly higher in cultivar Oberon, than in cultivar Gwiazda. 
In response to soil drought, potato tuber yield dropped 
about 8.4% in cultivar Gwiazda, and about 44% in Oberon. 

Table 1  Changes in the leaf 
relative water content (RWC in 
%), leaf assimilation area (LAA) 
and leaf, tuber yield, stem and 
root dry mass of two potato 
cultivars growing under optimal 
conditions (C), subjected to 
14 days of soil drought (D) or 
high temperature (HT)

The letters (a–e) denote the statistical significance (Tukey’s HSD test) of the differences between cultivar/
stress treatment
a  *, ** indicate significance at p = 0.05 and 0.01

Cultivar Treatment RWC (%) Leaf assimila-
tion area 
 (cm2)

Fresh mass (g) Dry mass (g)

Tuber yield Leaf Stem Root

Gwiazda C 89,5a 7990a 1363a 52.46a 48.30ab 1.31b
D 53,7c 2249e 1249ab 32.8c 39.34c 1.11c
HT 88,0 ab 5544c 1289ab 41.7b 50.45a 1.25bc

Oberon C 90,5a 6568b 1314ab 39.09b 40.06c 1.69a
D 41,5d 1533f 739c 23.20d 30.85d 1.00d
HT 82,1b 3668d 1105d 30.46c 38.5c 1.64a

Statistical significance (Pr > F)a

 Treatment (D, HT) ** ** ** ** ** **

 Cultivar (C) ** ** ** * * **

 C x D x HT ** ** ** * * **

https://string-db.org
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Similar tendency was noticed in response to high tempera-
ture, where yield losses reached approximately 5% in culti-
var Gwiazda and 16% in Oberon (Table 1). The presented 
results confirm the earlier findings that cultivar Gwiazda 
is more tolerant to soil drought than cultivar Oberon 
(Boguszewska-Mańkowska et al. 2018; Pieczyński et al. 
2018). Additionally, cultivar Gwiazda is also more tolerant 
to high temperature, when compared to cultivar Oberon.

Drought tolerant cultivar Gwiazda developed higher leaf 
area in comparison to cultivar Oberon (Table 1). Drought 
treatment reduced the leaf assimilation area more than high 
temperatures. At the end of soil drought, the leaf area was 
reduced by about 77% and 72% in Oberon and Gwiazda, 
respectively. High temperatures reduced leaf area by about 
30% and 45% in drought-tolerant and sensitive cultivars, 
respectively.

Dry mass of leaves, stem and roots significantly decreased 
under drought, more so in drought sensitive (Oberon) than in 
drought tolerant (Gwiazda) cultivar. Reduced leaf area and 

ability of tolerant cultivar (Gwiazda) to form a large shoot 
biomass has been shown to be an effective insurance against 
soil drought (Obidiegwu 2015). It should be underlined that 
the tendency for an increased root/shoot ratio under soil 
drought may contribute to drought tolerance of cultivar 
Gwiazda. High temperature only reduced the dry weight of 
leaves in both cultivars, independently of their sensitivity 
to soil drought.

Another strategy to confer tolerance to both types of 
stresses is the enhancement of the reactive oxygen species 
scavenging system. Antioxidant responses of roots were 
assessed on the basis of catalase (CAT), peroxidase (GPOX), 
superoxide dismutase (SOD) activities and lipid peroxida-
tion (LP) (Fig. 1a–d). The catalase activity (Fig. 1a) was 
not detected in the roots of control plants of both cultivars. 
The response of enzyme activity was stress- and cultivar-
dependent. High temperature resulted in a higher activity 
of CAT (Fig. 1a) and GPOX (Fig. 1b) but lowered activ-
ity of SOD (Fig. 1c). The response of investigated enzyme 

A B

DC

Fig. 1  The activities of antioxidant enzymes (a–c) and lipid peroxida-
tion (d) in the roots of potato cultivars subjected to 14-days of soil 
drought or high temperature. The activity of a catalase (CAT), b guai-
acol peroxidase (GPOX), c superoxide dismutase (SOD), and d lipid 
peroxidation (LP) in potato roots of Gwiazda (tolerant) and Oberon 
(sensitive) cultivars. The letters (a–e) denote the statistical signifi-

cance (Tukey’s HSD test) of the differences between cultivar/stress 
treatment. Different letters mean significant differences at p > 0.05, 
n.e not estimated by this method. At the bottom two-way ANOVA is 
presented, where *, ** indicate significance accordingly at p = 0.05 
and 0.01, n.s not significant
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activity to soil drought was quite similar to the root enzyme 
response to high temperature. However, some differences 
in the cultivar response have been observed. The activity 
of CAT and GPOX in drought-tolerant Gwiazda roots was 
higher in response to soil drought but decreased under high 
temperature. Similarly, the activity of GPOX was higher in 
Gwiazda (tolerant cultivar) under soil drought in comparison 
to sensitive Oberon, but remained the same in both cultivars 
treated with high temperature.

As ROS oxidize all types of cellular components (lipids, 
proteins and DNA), the changes in lipid peroxidation dur-
ing soil drought or high temperature was assessed on the 
basis of thiobarbituric acid reactive substances (TBARS) 
content, which is routinely used as an index of lipid per-
oxidation under stress conditions (Fig. 1d). The TBARS 
content was higher in Oberon, sensitive cultivar for roots 
of control plants. In response to both soil drought and high 
temperature, the content of TBARS increased in roots of 
both cultivars and was independent of cultivar tolerance and 
kind of stress applied.

In order to evaluate the photosystem (PS) II activity and 
its response to stress conditions, one of the recent methods 
of data interpretation has been applied. Multiple parameters 
of JIP test in relation to each other were displayed as radar 
plot (Fig. 2). It is interesting to note that the performance 
index (PI total), the most sensitive parameter for stress detec-
tion and quantification, revealed a similar decrease for the 
high temperature treated conditions and drought-sensitive 
cultivar, whereas it differentiated between drought-tolerant 
and sensitive cultivars. This finding confirms our previous 
results (Boguszewska-Mańkowska et al. 2018) and allows us 
to conclude that the PI seems to be a good indicator for plant 
drought tolerance. Other parameters like Pi Inst, dVG/dto, 
dv/dto, Dlo/RC also differentiate between drought and heat 
tolerant and sensitive cultivars (Fig. 2).

Analysis of differentially abundant proteins 
(DAPs) in root proteome under drought or high 
temperatures

Potato exposure to soil drought or high temperatures 
resulted in the changed presence of some proteins in potato 
roots (Fig. 3). There were 18 spots differentiating the con-
trol and the drought-stressed roots of the tolerant cultivar 
(Table 2A) and 13 spots differentiating the control and the 
drought-stressed roots of the sensitive cultivar (Table 2B). 
In response to high temperature treatment, 21 protein spots 
were detected as DAPs in the tolerant cultivar (Table 2C) 
and 14 spots in the sensitive cultivar (Table 2D). The major-
ity of the proteins in root proteome induced by soil drought 
were abundant in both cultivars i.e. in the tolerant potato 
cultivar, the abundance of 10 proteins increased, whereas in 
the sensitive cultivar, 9 proteins were more abundant. The 

differential sensitivity of the investigated cultivars to drought 
was also associated with a down-regulation of 8 proteins 
in the tolerant cultivar and 4 proteins in the sensitive one 
(Table 2a–d). All of these protein spots were excised and 
successfully identified by LC–MS/MS analysis followed by 
MASCOT database searches of Viridiplantae in the NCBI 
database. Detailed information concerning the proteins 
identified in potato roots subjected either to soil drought or 
high temperature, i.e. protein accession number, identifica-
tion scores, molecular weight (MW) and isoelectric points 
(pI), etc. is presented in Table 2a–d. Additional information, 
such as unique peptide sequences, and GO classification is 
presented in Supp. 4 (A–E).

The functional distribution of identified DAPs has been 
changed in response to soil drought in both sensitive and 
tolerant cultivars. In Gwiazda (tolerant) roots, these proteins 
are mainly associated with energy and carbohydrate metabo-
lism and defence/detoxification processes (Fig. 4a). How-
ever, the share of differential proteins involved in defence 
and detoxification in the sensitive (Oberon) cultivar was 
almost two times higher than in tolerant plants and about 
two times lower in energy and carbohydrate metabolism 
(Fig. 4a). High temperature changed the share of proteins 

Fig. 2  “Spider plot” a of selected JIP test parameters. The average 
values (shown as % of the corresponding value of the control) in 
different genotypes of potato upon soil drought (D) and high tem-
perature (HT). G cultivar Gwiazda, Ob cultivar Oberon, Area (AM) 
area above the OJIP curve between Fo and Fm and the Fm, Fv/Fm 
maximum quantum efficiency of PSII photochemistry, PI Inst PER-
FORMANCE index of PSII based to absorption, Fv/Fo efficiency of 
the water-splitting complex on the donor side of PSII, dVG/dto initial 
slope of chlorophyll fluorescence rise, dV/dto speed of closing reac-
tion centers of PSII, N the number indicating how many times QA is 
reduced while the fluorescence reaches its maximal value (number of 
QA redox turnovers until Fm is reached), ABS/RC absorption flux per 
RC, DIo/RC dissipated energy flux per reaction center, TRo/RC trap-
ping flux leading to QA reduction per RC, ABS/Cso obtained from 
measurements as initial fluorescence, Dlo/Cso Dissipated energy flux 
per CS at t = 0, Eto/Cso electron transport flux further than QA– per 
cross section, dRo/(1-dRo) maximum quantum yield of primary pho-
tochemistry, PI total performance index: the performance of electron 
flux to the final PSI electron acceptors
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involved in cell wall synthesis which was 15% in the toler-
ant cultivar. A similar change did not occur in the sensi-
tive genotype. In both cultivars, the main share of proteins 
was involved in energy and carbohydrate metabolism and in 
defence/detoxification processes (Fig. 4b).

Comparison of functional distribution of identified dif-
ferentially abundant proteins in the tolerant (Gwiazda) cul-
tivar indicated that changes in the share of proteins involved 
in energy and carbohydrate metabolism and in defence/
detoxification in response to drought or high temperature 
is very similar. Differences are visible in the percentage of 
proteins involved in nucleic and amino acid metabolism 
(6% in response to drought and 14% in response to high 
temperature) and in cell wall proteins (23% in response to 
drought and 10% in response to high temperature). On the 
other hand, functional distribution of identified DAPs in the 
sensitive (Oberon) cultivar was different in both stresses. 
In response to drought, differentially abundant proteins 
were involved mainly in defence and detoxification (77%), 
while in response to high temperature, they were involved 
in energy and carbohydrate metabolism (50%) and defence/
detoxification (43%). Among drought-responsive proteins, 
cell wall proteins were identified but they were not expressed 
in response to high temperature. The opposite was observed 
in high temperature treated potato plants, in which pro-
teins involved in nucleic and amino acid metabolism were 
identified.

Comparison of changes in protein abundance showed 
that in response to soil drought, most of the differential up-
regulated proteins in the sensitive cultivar (Oberon) were 

involved in defense and detoxification, whereas in roots of 
the tolerant cultivar, only four proteins in this functional 
category were more abundant and three were less abundant.
Moreover, in the tolerant (Gwiazda) cultivar, four proteins 
involved in energy and carbohydrate metabolism increased 
in abundance and two decreased, while in the sensitive 
(Oberon) cultivar, only one protein in this category was 
less abundant (Fig. 4a). Similar changes in protein abun-
dance were observed in temperature treated roots (Fig. 4b). 
Among the drought-responsive proteins in roots of the toler-
ant (Gwiazda) cultivar, many of the DAPs are those involved 
in glycolysis or gluconeogenesis e.g. enolase, triosephos-
phate isomerase, fructose-bisphosphate aldolase, whereas in 
roots of the drought sensitive potato cultivar, these proteins 
have not been found. High temperature resulted in the lower 
abundance of proteins involved in glycolysis such as phos-
phoglycerate kinase, fructose-bisphosphate aldolase, and 
glyceraldehyde-3-phosphate dehydrogenase in roots of the 
sensitive cultivar.

Dynamics of changes in protein profiles in response 
to soil drought or high temperature

A principal component analysis (PCA) based on the pro-
teome characterization allows discriminating between the 
two potato cultivars, as depending on proteome reaction to 
soil water deficiency or high temperature treatment.

PCA of obtained proteome maps proved that protein 
profiles in the tolerant (Gwiazda) cultivar have changed 
upon stress treatment. The first two components of the PCA 

Fig. 3  Protein expression patterns with indication of differentially abundant proteins in the roots of potato cultivars subjected to drought and 
high temperature
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accounted for 60.227% of the total variation of the original 
data, and the first three components accounted for 73.850% 
of the variation among samples. PC1 explained 36.323% of 
the variance, whereas PC2 accounted for 23.904% of the 
variance. In comparison to control plants, shoots treated 
with heat and drought have different profiles according to 
PC1, however, both types of stresses had similar PC2 values 
that differed significantly from the PC2 value of the control 
plants profile. For Oberon cultivar, the first two components 
of the PCA accounted for 59.184% of the total variation of 
the original data, and the first three components accounted 
for 72.297% of the variation. PC1 explained 32.760% of the 
variance, and PC2 accounted for 26.424% of the variance. 
PCA of Oberon cultivar showed that control plant had dif-
ferent PC1 value than stressed plant, however, PC1 was not 
differential to profiles of stressed shoots. However, all of 
the combinations had different PC2 values, therefore, they 
formed separate groups (Fig. 5).

PCA results suggest that the response of root proteome 
to stresses is far from random, as specific proteins patterns 
developed in reaction to drought and high temperature in 
both cultivars.

Common and unique drought‑ and high 
temperature‑responsive proteins

Venn diagram analysis revealed that some of the DAPs 
were common for cultivars for both stresses (Fig. 6). In the 
Gwiazda (tolerant) cultivar, less abundant NAD(P)H dehy-
drogenase (quinone), and V-type proton ATPase catalytic 
subunit, RuBisCO large chain, and rubber elongation fac-
tor protein increased in abundance and were common for 
both drought and high temperature stresses, whereas in the 
Oberon (sensitive) cultivar, the only common DAP under 
both stresses was 14–3–3 protein 10 OS. The abundance 
of two proteins, namely fructose-bisphosphate aldolase and 
remorin OS increased in roots of the drought-tolerant and 
sensitive cultivar subjected to high temperature. Fructoki-
nase and lactoylglutathione lyase are drought-responsive 
proteins in roots of the sensitive cultivar (Oberon) and high 
temperature-responsive proteins in roots of the tolerant cul-
tivar (Gwiazda). The more abundant heat shock 70 kDa pro-
tein was absent under both stresses in the drought-sensitive 
cultivar, whereas less abundant alpha-1,4-glucan-protein 
synthase [UDP-forming] was absent only in the susceptible 
Oberon cultivar subjected to high temperature.

The abundance of ten proteins identified in roots of 
drought-treated tolerant cultivar, fourteen proteins in roots 
of tolerant cultivar under high temperature, eight proteins in 
roots of drought sensitive cultivar and ten proteins in roots 
of high temperature sensitive cultivar seems to be related to 
the level of potato plants tolerance either to soil drought or 
high temperature stress factor applied.

Functional interaction network of differentially 
abundant proteins

The prediction of functional networks of identified DAPs 
in soil drought and high temperature tolerant and sensitive 
potato cultivars was performed using STRING software 
(https ://strin g-db.org). In the tolerant cultivar (Gwiazda) 
subjected to soil drought or high temperature, almost all 
identified proteins involved in energy and carbohydrate 
metabolism were a part of the network together with a few 
proteins involved in different functional groups. In the sen-
sitive (Oberon) cultivar, the protein network of roots was 
not very extensive upon soil drought and contained just 
eight proteins that were not strongly associated with each 
other. However, in plants of the sensitive (Oberon) cultivar 
subjected to high temperature, the observed network was 
extended and consisted of strongly connected proteins, but 

Fig. 4  Number of up and down-regulated differentially abundant 
proteins in tolerant (Gwiazda) and sensitive (Oberon) cultivars in 
response to drought (a) and high temperature (b)

A

B

https://string-db.org
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abundance of most of them, especially those involved in 
energy and carbohydrate metabolism, decreased in response 
to unfavourable environmental conditions (Fig. 7).

Discussion

The phenotype of a root system is of paramount importance 
in dehydration tolerance (Watt et al. 2008). Potato plants 
in general have relatively shallow root systems that make 
it difficult to reach the water contained in deeper soil lay-
ers. Large rooted potato genotypes have a smaller reduction 
in yield and shoot dry weight compared to genotypes with 
smaller roots (Deguchi et al. 2010). However, the sensi-
tive cultivar (Oberon) has shown higher yield decrease in 
response to drought, despite its larger root system. When 
exposed to water shortage, the tolerant cultivar (Gwiazda) 
had larger root fresh mass than the sensitive one indicating 
that the observed changes of root architecture may improve 
plant tolerance, as it was previously suggested (Zarzyńska 
et al. 2017).

The drought sensitive (Oberon) cultivar has shown higher 
tuber yield loss in response to high temperature, although 
RWC of both cultivars has been comparable in leaves of 
plants growing under optimal growth conditions (control), 
and under high temperature. The response to heat was more 
visible in above-ground part of the plant, especially in low-
ering the leaf assimilation surface, which was nearly 34% 
lower in the sensitive cultivar.

The maintenance of active leaf assimilation area and 
higher RWC allowed the potato to carry out efficient pho-
tosynthesis. In fact, the sensitive cultivar (Oberon) showed 
decreased parameters of JIP test and photosynthetic  CO2 
exchange (Boguszewska-Mańkowska et al. 2018). Although 

photosynthetic performance under drought or high tempera-
ture reduced the tuber yield, the mechanism of this phenom-
enon is still not well understood (Dahal et al. 2019).

The observed differences in chlorophyll fluorescence 
parameters do not appear to be primary sites of damage of 
photosynthetic apparatus (Cornic and Massaci 1996). The 
enhanced production of ROS and activation of hydrolytic 
enzymes results in oxidation and oxidative destruction of 
proteins, nucleic acids and membrane lipids (Mittler 2002). 
Oxidative damage occurrence evidenced by TBARS content 
indicates that the intensity of lipid peroxidation in potato 

Fig. 5  PCA analysis of 2D-PAGE gels of roots of two potato cultivars in tolerant (Gwiazda) (a) and sensitive (Oberon) (b) subjected to drought 
and high temperature stress. Red—control, green—drought, yellow—high temperature

Fig. 6  Venn diagram analysis showing number and percentage of dif-
ferentially abundant proteins that overlapped between two potato cul-
tivars in tolerant (Gwiazda) and sensitive (Oberon) cultivars and two 
stresses drought and high temperature
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roots was not related to the kind of stress nor the cultivar 
sensitivity to the stress factor.

Decreased water availability in potato roots resulted in the 
increased activity of CAT and GPOX, more so in the toler-
ant than the sensitive cultivar, suggesting that an antioxi-
dant system is enhanced. However, the activity of SOD, an 
enzyme related to redox homeostasis, decreased in roots sub-
jected to soil drought or high temperature and the observed 
drop was more pronounced in the sensitive cultivar than in 
the tolerant one. These data suggest that similar antioxidant 
mechanisms are activated in potato roots, tubers and leaves 
under soil drought and high temperature (Boguszewska et al. 
2010). However, cultivar-dependent differences were noticed 
in terms of CAT, SOD and GPOX activities in potato organs 
(Boguszewska et al. 2010; Ahmad et al. 2010; Kaur et al. 
2020).

Abundance of proteins involved in cell wall 
synthesis decreased upon drought and high 
temperature

Plant growth requires intensive water uptake and permanent 
cell wall expansion to expand cells. In parallel with cellulose 
and hemicellulose, pectins have been shown to play a key 
part in controlling cell wall structure in response to drought 
and heat stress. A number of studies report that cellulose 
and lignin biosynthesis can be altered in response to water 
deficiency (Piro et al. 2003; Bray 2004). The decreased 
abundance of caffeoyl-CoA 3-O-methyltransferase (EC 
2.1.1.104) in response to drought (spot 10) and increased 
abundance in high temperature treated roots (spot 71) of the 
tolerant Gwiazda cultivar, engaged in the lignin biosynthe-
sis, suggests lowered intensity of lignin synthesis (Tu et al. 
2010).

S-adenosylmethionine synthetase (EC 2.5.1.6), cata-
lyzing the biosynthesis of S-adenosylmethionine, is also 
involved in the ethylene-mediated inhibition of root growth 
and alteration of the cell wall and polymer structures in 
rice roots. Increased abundance of this enzyme (spot 68) 

Fig. 7  Proteins relationship networks of two potato cultivars differing 
in drought and high temperature tolerance subjected to drought and 
high temperature stress by STRING software version 11.0 accessible 

online (https ://strin g-db.org). Search performed for multiple proteins, 
with protein interaction level set at high (0.700)

https://string-db.org
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has been observed in the tolerant cultivar subjected to 
high temperature. It was speculated that the induction of 
S-adenosylmethionine synthetase under salt conditions 
in rice roots allowed the plants to cope with the higher 
demand for S-adenosylmethionine involved in the methyla-
tion of lignin monomers prior to their polymerization (Guo 
et al. 2014). The process of lignification may be enhanced 
in response to high temperature due to the simultaneous 
increase of caffeoyl-CoA 3-O-methyltransferase, which 
was observed in roots of tolerant cultivar. These results 
indicate that S-adenosylmethionine synthetase may be 
a key enzyme, responsible for potato tolerance to high 
temperature.

Enhanced levels of actin in leaves, hypocotyl, and roots of 
drought affected soybean seedlings point to the involvement 
of actin in the repair of membranes damaged by drought 
(Mohammadi et al. 2012). On the other hand, the expression 
of actin genes was reduced in drought-treated Hordeum vul-
gare leaves (Śniegowska-Świerk et al. 2015). Our research 
has shown that in response to drought, an increase in the 
abundance of one of the isoforms of actin (spot 5) but a 
decrease in the other (spot 16) in a tolerant cultivar was 
observed, whereas in the sensitive plant, only a decrease 
(spot 35) was detected. The decreased abundance of the 
cytoskeleton proteins suggests that cell growth was sup-
pressed in response to drought. It may be due to the differ-
ent functions of actin isoforms. In response to stress, the 
density of actin filaments increase, therefore, the increased 
abundance of actin isoform involved in creation of thick fila-
ments is important (Kijima et al. 2018).

The decrease in alpha-1,4-glucan-protein synthase [UDP-
forming] (EC 2.4.1.112) relative content was observed in 
response to both stressors in the tolerant cultivar (spot 4 
and 54), as well as in response to drought in the sensitive 
cultivar (spot 37). The changes in this protein abundance 
were observed in various plants exposed to abiotic stress. 
For example, an increased abundance of enzyme was 
detected in the response of wheat to salinity (Grębosz et al. 
2014), however, decreased abundance of this enzyme has 
been observed in the poplar response to drought (Plomion 
et al. 2006). Alpha-1,4-glucan-protein synthase is involved 
in synthesis of α-glucan, which is an essential component of 
starch, primary reserve material of plants (Kok-Jacon et al. 
2003). Therefore, biosynthesis of starch is probably impaired 
in potato roots in the absence of available water as it was pre-
viously observed in drought-treated wheat (Ge et al. 2012). 
Moreover, this enzyme is also involved in the synthesis of 
hemicellulosic polysaccharides, especially xyloglucan, the 
main polysaccharide in type I cell walls. A positive correla-
tion between alpha-1,4-glucan-protein synthase transcript 
levels and the active synthesis of cell wall components was 
found in potato (Wald et al. 2003; Mélida et al. 2011). It 
indicates that potato response is characterized by inhibition 

of cell wall synthesis and cell growth, as well as a decrease 
in starch accumulation.

Proteins involved in carbohydrate metabolism 
and energy production are abundant in the tolerant 
cultivar

In roots of potato cultivars, nearly 33–40% of total 
drought- and heat-responsive proteins were involved in 
carbohydrate and energy metabolism e.g., glycolysis, 
tricarboxylic acid (TCA) cycle, electron transport chain, 
and ATP synthesis. In the sensitive cultivar, only 8% of 
proteins were more abundant under drought and high tem-
perature, while in the tolerant cultivar, about 20% of pro-
teins increased in abundance upon the influence of both 
stressors.

A significant decrease in the abundance of glycolytic 
enzymes, fructose-bisphosphate aldolase (EC 4.1.2.13; 
spot 80), glyceraldehyde-3-phosphate dehydrogenase (EC 
1.2.1.12; spot 82), phosphoglycerate kinase (EC 2.7.2.3; spot 
79) as well as pyruvate dehydrogenase (EC 1.2.4.1, spot 93) 
in the sensitive cultivar under high temperature, has been 
observed. In the tolerant cultivar under high temperature 
some of the glycolytic enzymes decreased in abundance 
e.g. 2,3-bisphosphoglycerate-independent phosphoglycerate 
mutase (EC 5.4.2.12, spot 47) and fructokinase (EC 2.7.1.4; 
spot 52), however abundance of glyceraldehyde-3-phosphate 
dehydrogenase (EC 1.2.1.12; spot 70) increased. Drought 
induced the increase in abundance of some of the glycolytic 
enzymes in tolerant cultivar e.g. enolase (EC 4.2.1.11; spot 
7), and fructose-bisphosphate aldolase (EC 4.1.2.13; spot 
21).

A decrease in abundance of fructose-bisphosphate aldo-
lase upon stress was observed in various species, however, 
it was also found to be drought-increased in such plants as 
Oryza sativa (Pandey et al. 2010), Sporobolus stapfianus 
(Oliver et al. 2011), and Musa paradisiaca (Vanhove et al. 
2012). Moreover, abundance of fructose-bisphosphate 
aldolase decreased in drought-sensitive cultivars of Malus 
domestica (Zhou et al. 2015), and Poa pratensis (Xu and 
Huang 2010), but increased in tolerant ones. Similar depend-
ency has been observed in the tolerant cultivar under drought 
and in the sensitive cultivar under high temperature. The 
inhibition of fructose-bisphosphate aldolase could be a part 
of the mechanism enabling an accumulation of sugars, which 
could act as osmolytes or as an energy source for recovery.

Regarding enzymes of tricarboxylic acid cycle, an 
increase in abundance of succinate dehydrogenase (EC 
1.3.5.1), which catalyzes succinate oxidation in the citric 
acid cycle and transfers the electrons to quinones, has been 
observed in the tolerant cultivar upon high temperature (spot 
65). Moreover, two protein spots related to ATP production, 
identified as V-type proton ATPase catalytic subunit (EC 
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3.6.3.14, spots 18 and 61), were found to be increased in 
abundance under drought and high temperature in tolerant 
cultivar. It suggests that some of the tolerant plants may have 
the ability to enhance energy production to maintain physi-
ological activity and inhibit stress damage.

In the sensitive cultivar (Oberon), a decrease in the 
abundance of proteins associated with glycolysis has been 
observed. It could be linked to reduced accumulation of root 
biomass and regarded as a mechanism of sugar storage and 
accumulation, enabling rapid growth during recovery phase. 
A similar decrease of glycolysis-related enzymes in roots 
under drought stress was reported in soybean (Alam et al. 
2010). However, in roots of some other species, such as the 
xerophyte wild watermelon, an up-regulation of glycolysis 
and tricarboxylic acid cycle was found (Yoshimura et al. 
2008). The increased abundance of proteins related to gly-
colysis and the respiratory chain in the tolerant (Gwiazda) 
cultivar may also reflect an increased energy demand and/or 
enhanced mobilization of metabolites at phase of creation of 
the root architecture, as well as cellular activities in the root 
tissues. Tricarboxylic acid cycle is embedded into a larger 
metabolic network, constantly sharing substrates and prod-
ucts with other pathways (Sweetlove et al. 2010). The TCA 
cycle may be fueled by products derived from proteins and 
degradation of other macromolecules to produce sufficient 
ATP amount to meet the energetic needs of the plant under 
stress. The up-regulation of ATP-synthesis related enzymes 
could be explained by the need for energy, which is crucial 
for stress protection and maintaining tissue in a functional 
state under water limiting conditions.

Changes in the abundance of protective proteins

Changes in protein abundance concerned the plant defence 
system, especially the detoxification of reactive oxygen 
species. In the sensitive cultivar subjected to drought, they 
reached up to 76% of DAPs for the root.

Abundance of such repair proteins as 14–3-3 protein 
(spots 44, 90), proteasome subunit alpha (EC3.4.25.11; 
spots 46 and 56), heat shock 70 kDa protein (spots 20, 33, 
84 and 87) increased in potato roots upon soil drought and 
high temperature. In similar proteomic experiments, some 
members of the 14–3-3 protein family were found to be 
increased under drought-treatment in plant species, such 
as rice (Yashvardhini et al. 2018) or Arabidopsis thaliana 
(Sun et al. 2014). Our research has shown that in the sensi-
tive cultivar, there is an increase in the abundance of these 
proteins under drought and high temperature treatment. One 
can suppose that increased abundance of the 14–3-3 proteins 
contributes to the initiation of stress responses and other 
signal transduction pathways (Kelle and Radwan 2015).

Another protective protein that increased in abundance 
were α subunits of proteasome in the sensitive cultivar 

under drought (spot 46) and the tolerant cultivar under high 
temperature (spot 56). Literature data indicates that the 
β-type subunits are mainly involved in proteolytic activities, 
whereas the α-type subunits are probably involved in main-
taining the structure of the proteasome molecule (Zwickl 
et al. 1992). As a result, denatured and abnormal proteins 
can undergo proteolysis and released amino acids can be 
recycled by the plant in the processes of synthesis of proteins 
that are crucial in the current metabolic state (Zagdańska 
2001). It was proven that in tobacco plants subunit, β1 and 
two α subunits (α3 and α6) were included in newly reassem-
bled proteasomes called “plant defence proteasomes”(Suty 
et al. 2003; Lequeu et al. 2005).

Our research has also shown an increase in the abun-
dance of heat shock 70 kDa protein under drought in both 
the sensitive (spot 33) and the tolerant (spot 20) cultivar. 
Heat shock protein 70 (Hsp70) and small heat shock proteins 
(sHsp) have a wide range of cellular functions, including 
not only acting as "molecular chaperones", but also reduc-
ing the intracellular level of reactive ROS. The increased 
abundance of small heat shock protein (spot 13) has been 
observed in a tolerant cultivar in response to drought. The 
high abundance of members of the Hsps family in the sensi-
tive and the tolerant cultivar upon their exposure to drought 
and high temperature may suggest that they belong to a com-
mon defensive mechanism.

In response to drought and high temperatures, an 
increased abundance of antioxidant proteins, including 
GPOX (spot 30), monodehydroascorbate reductase (EC 
1.6.5.4; spot 63) and CAT (spot 34) was observed in sensi-
tive and resistant cultivars. The increased activity of anti-
oxidant enzymes in response to drought resulted from the 
increased concentration of ROS that may cause a chemi-
cal damage to DNA, lipids, and proteins (Ford et al. 2011). 
Thus, plant stress tolerance may be improved by the activa-
tion of antioxidant defense system. Enzymatic scavengers 
such as superoxide dismutase, catalase, ascorbate peroxidase 
and other peroxidases, mono- and dehydroascorbate reduc-
tases and glutathione reductase can decrease ROS level, and 
thus maintain cell redox homeostasis (Boguszewska et al. 
2010).

Conclusion

A comparison of the physiological responses of two potato 
cultivars differing in drought tolerance with the changes in 
the root proteome revealed that the main difference in the 
response of both cultivars to soil drought and high tempera-
tures is associated with changes in the processes of energy 
production and conservation. Our findings clearly indicate 
that active plant responses to soil drought and high tempera-
tures require metabolic energy. The non-photosynthesizing 
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roots of the sensitive cultivar mainly used previously gener-
ated energy reserves to activate enzymes associated with 
defense mechanisms and removal of ROS. In addition, 
enzymes associated with glycolysis and energy production 
were inhibited under drought or high temperatures. There-
fore, it is possible that after consuming the energy reserves 
to combat the prolonged oxidative stress, the plants are not 
able to engage other survival mechanisms, which means 
the breakdown of stress tolerance. Excessive use of energy 
reserves results in a decreased tuber yield and lower useful-
ness of the cultivar Oberon in cultivation.

In a tolerant cultivar, a different response is observed 
regardless of stress applied. In the cultivar Gwiazda, fine 
tuning of energy metabolism and defense system has been 
observed. Maintaining energy acquisition with simultane-
ous selective activation of the oxidative stress control sys-
tem allows the plant to survive for a longer time. Moreover, 
maintaining energy reserves leads to lower reduction of 
potato tuber yield and thus make cultivar Gwiazda more 
useful for cultivation under high temperature and water defi-
ciency conditions.
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