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Abstract

Chankova, S., Parvanova, P. & Yurina, N. (2024). Early warning signals of drought induced oxidative stress and 
genotype tolerance. A review. Bulg. J. Agric. Sci., 30 (Supplement 1), 75–82

Drought was shown to cause harm to plants – reducing growth, physiological activity, reproduction, and productivity. In an 
agricultural aspect, “drought” means not having sufficient soil moisture required by plants to maintain their normal growth and 
development throughout the life cycle. Drought is known as the most common environmental stress affecting plants through 
induced oxidative stress. Being sessile organisms, plants have developed various strategies to cope with water scarcity – es-
cape, avoidance, and tolerance. In this review, we discuss the drought as an environmental factor, oxidative stress induced by 
drought, and some commonly used endpoints such as MDA and H2O2 for the evaluation of the magnitude of drought stress as 
well as the contribution of both Proline and HSP70/chaperone involved in the formation of plants tolerance to drought-induced 
stress. Based on the available data in the literature and our own results, it was shown that both biochemical endpoints MDA 
and H2O2 could play a dual role – as indicators of the magnitude of drought-induced stress, as well as markers of tolerance to 
drought. The great contribution of Pro and HSP70 for the formation of increased drought tolerance in plants was analyzed. 
The dynamics of cytoplasmic HSP70 chaperone levels in bean lines with different resistance to water deficiency revealed that 
HSP70 family proteins are one of the main components of plant stress tolerance. It could be said that these simple and not 
expensive endpoints could be successfully applied as early warning signals for revealing drought-induced stress and plants 
tolerance. 
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Introduction

Drought as an environmental factor: The limited or be-
low-average rainfall periods of time, as a result of some cli-
mate changes that can reduce soil water content were defined 
as “drought”. In an agricultural aspect, based on definitions 
available, it could be summarized that „drought“ means not 
having sufficient soil moisture required by plants in order to 
maintain their normal growth and development throughout 
their life cycle. Drought has been well documented to harm 
many processes in plants – photosynthesis, water relations, 

nutrient uptake, oxidative status, osmotic balance, hormonal 
balance, plant growth, biomass and can (Ferioun et al., 2023; 
Urmi et al., 2023) reduce yields by more than 50% (Hossain 
et al., 2024).

Oxidative stress induced by drought: The biosynthesis 
of reactive oxygen species (ROS), is recognized as the most 
detrimental impact of drought stress on plants (Khodabin et 
al., 2020; Lee et al., 2022), inducing various free radicals, 
such as superoxide (O ·−2), hydroxyl radicals (.OH), perhy-
droxy radical (HO₂.), alkoxy radicals (RO.) and non-radical 
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(molecular) forms – singlet oxygen (1O2), and hydrogen per-
oxide (H2O2). Cell organelles that take part in active electron 
transport – chloroplasts, mitochondria, peroxisomes, ap-
oplast, and their membranes are considered as generators of 
ROS (Impa et al., 2012) due to over-reduction in the electron 
transport chain under water stress (Melandri et al., 2020). 
The overproduction of ROS during drought stress can dam-
age very important macro-molecules – nucleic acids, pro-
teins, and lipids, resulting in some cases to cells/plants’ dead 
(Dumanović et al., 2021; Lin et al., 2024).

How can plants cope with unfavorable environmental 
conditions including drought? Three main strategies against 
drought have been elaborated by plants – drought escape, 
avoidance, and drought tolerance by changing their mor-
phology, physiological, and molecular mechanisms (Khatun 
et al., 2021; Subramani et al., 2024).

The drought escape strategy can be evolutionary de-
veloped or artificially created by altering plants’ lifespan – 
shortening the life cycle or the period of growth and devel-
opment. For agricultural plants, the planting period can also 
be changed. Mild and severe drought is avoided by reducing 
plant water loss using different approaches. 

The term “drought tolerance” defines plants’ ability to 
carry out their physiological processes, albeit to a certain 
extent, in severe and prolonged drought. In this case, the ox-
idative stress induced by drought can trigger stress tolerance 
mechanisms activating and regulating many genes and met-
abolic processes in order to:

• maintain cell membrane integrity by producing pro-
tective compounds;

• reduce toxic substances accumulation by activating 
ROS scavenging systems. 

At present, unique anatomical structures, physiological 
and molecular mechanisms were found in plants, that could 
be associated with their drought tolerance strategy – cell 
wall-specific proteins or enzymes, membrane-linked pro-
teins, transporters, transcription factors, R-proteins,  signal-
ing molecules, etc. (Ferioun et al., 2023; Lin et al., 2024; 
Subramani et al., 2024).

The magnitude of plants’ tolerance to drought stress 
has been found to depend on the species, varieties within 
the same species, severity and duration of drought, stage of 
plant development, soil texture, and other climatic condi-
tions (Khatun et al., 2021).  

Three factors – climate change, expected further glob-
al warming (Mondal et al., 2023), as well as longer periods 
of drought, require the identification and selection of sim-
ple, not expensive early warning signals for the revealing of 
drought-induced oxidative stress, before seriously affecting 

plants and plants’ tolerance to drought. It is believed that this 
may help for better understanding of plant stress responses to 
drought and further selection of better drought-adapted culti-
vars (Aina et al., 2024).

The main task of this review was to clarify whether some 
very commonly used, simple, and not expensive endpoints, 
such as hydrogen peroxide (H2O2), lipid peroxidation (MDA, 
proline (Pro) and heat shock protein 70 (HSP70) could be 
used as early warning signals for oxidative stress and drought 
tolerance in plants. 

Materials and Methods

Analyzing basic papers and up to date literature (more 
56% from latest 5 years) it was clear that during the years 
two main approaches have been applied by scientists to pro-
vide some clarity on this issue: i) investigation of the stress 
response of tolerant/susceptible genotypes (Svetleva et al., 
2012; Khodabin et al., 2020; Rao et al., 2020; Zlatev et al., 
2020; Kirova et al., 2021); ii) investigation of the stress re-
sponse of genetically closely related varieties or mutant lines 
(Angelova et al., 2017).

Here, some data, obtained as a result of experiments 
performed using genetically closely related genotypes 
of Phaseolus vulgaris L. Dobrudzhanski 2 (D2) and Do-
brudzhanski 7 (D7) cultivars and mutant lines are presented. 
The three mutant lines – 1, 8 and 9 have been obtained by 
the methods of experimental mutagenesis by (Svetleva et al., 
2012).

H2O2, MDA and Pro were measured as described by us 
earlier (Svetleva et al., 2012; Zlatev et al., 2020). The level 
of heat shock proteins (HSPs) was determined by gel–elec-
trophoresis and Western blotting (Chankova et al., 2014). 

Results and Discussion

Dual role of H2O2 and MDA
Under physiological conditions, H2O2 is produced in 

plant cells during photosynthesis and photo-respiration. Un-
der adverse environmental conditions, such as drought, its 
levels increase depending on the strength and duration of the 
drought. Hydrogen peroxide (H2O2) is a highly toxic radical 
that can react with cellular proteins, lipids, and deoxyribonu-
cleic acids, can enhance lipid per-oxidation and thus damag-
ing the membranes ultimately leading to oxidative stress-in-
duced cell death (Gill and Tuteja, 2010). On the other hand, 
it is the most stable radical among ROS and, under mild or 
moderate stress, it can play the role of a signaling molecule in 
various physiological processes, interacting with thiols-con-
taining proteins. Earlier, it was documented that H2O2 can 
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activate both different signaling pathways and transcription 
factors regulating gene expression and cell cycle processes 
(Mittler, 2002; Vranová et al., 2002; Slesak et al., 2007). 

Two very important findings have been registered over 
the years: the first one revealed that the drought has result-
ed in increased H2O2 production and membrane lipid per-
oxidation (MDA) (Khodabin et al., 2020; Rao et al., 2020; 
Muhammad et al., 2021; Lee et al., 2022; Urmi et al., 2023), 
and the second – that H2O2 and MDA levels correlate well 
with both – stress magnitude (Rahim et al., 2020) and geno-
type characteristics. Overproduction of H2O2 and MDA has 
been documented to increase with increasing oxidative stress 
and is higher in cultivars or mutant lines more sensitive to 
drought (Muhammad et al., 2021; Kirova et al., 2021; Fe-
rioun et al., 2023). Our experimental data presented in Fig-
ure 1, are good illustration of the written above. Based on 
induced levels of H2O2 and MDA, the correlation between 
PEG concentrations, stress response magnitude of Phaseo-
lus vulgaris L. and genotype was confirmed. Approximately 
similar and not very high levels of induced H2O2 and MDA 
were measured for both cultivars D2 and D7, and mutant line 
9. In contrast, both mutant lines 1 and 8 responded with about 
2-fold higher levels of induced H2O2 and MDA. The higher 
levels of induced H2O2 and MDA levels after PEG treatment 
are a good reason to characterize mutant lines 1 and 8 as 
more susceptible to drought. Another important conclusion 
that could be drawn from the data presented in Fig. 1, is that 
these two endpoints are good enough to distinguish the dif-
ference in stress response even among genetically closely 
related genotypes. Increased levels of H2O2 and MDA could 
be considered as early warning signal for drought induced 
stress. Low levels of MDA are informative for membranes 

stability and probably could be considered as an early signal 
for plants tolerance to drought. 

Results from recent years found that under drought stress, 
ROS, H2O2 and MDA accumulations were higher in a sensi-
tive/susceptible genotype compared to a more drought-toler-
ant genotype (Rao et al., 2020; Kirova et al., 2021; Hossain 
et al., 2024; Lin et al., 2024) regardless of species. 

It should be mentioned that increased H2O2 amounts 
could be considered as an early warning signal for increased 
oxidation and a shifted redox balance, whereas MDA levels 
could be considered as an early warning signal for the de-
gree of membrane lipid per-oxidation as a result of oxidative 
damage. Like H2O2, MDA plays a dual role in plant drought 
stress response. As one of the final products of polyunsatu-
rated fatty acids per-oxidation in the cells, MDA levels in-
duced by drought are informative for the degree of plasma 
membrane damage and the plant’s drought stress tolerance. 
Cell membrane stability could be considered as an indicator 
of drought tolerance (Lin et al., 2024).

In drought-stressed plants, overproduction of H2O2 and 
MDA is induced, which negatively affects the integrity of 
plant cell membranes and leads to increased electrolyte leak-
age and metabolic toxicity. The role of osmolytes to main-
tain turgor pressure and increase water uptake capacity by 
increasing cytoplasmic osmotic pressure was well described 
by (Urmi et al., 2023).

Basic role of Pro as one of the most common osmolytes 
in water-stressed plants was documented well more than 
20 years ago. Pro was shown to act like a chaperone, re-
dox buffer, and ROS scavenger, protecting membranes and 
proteins during drought stress (Verbruggen and Hermans, 

Fig. 1. The relationship between the magnitude of drought induced stress measured as H2O2 and MDA levels and the 
genotype.  Data are from three independent experiments and statistically significant
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2008). Its accumulation was also described to result from 
both activation of Pro biosynthesis and inactivation of Pro 
degradation (Yoshiba et al., 1997). Recently, the expression 
of Pro biosynthesis genes (P5CS1, P5CS2a, P5CS2b, P5CR) 
was found to increase in tolerant and sensitive cultivars of 
peanut plants upon exposure to polyethylene glycol. Other 
interesting finding documented that the relative expression 
of Pro catabolism genes (ProDH1, ProDH2) was increased 
only in the sensitive cultivar during drought stress (Furlan 
et al., 2020).

Several years ago an interaction between Pro and soluble 
sugars was defined by (Gurrieri et al., 2020). They proposed 
further investigation of this finding for complete understand-
ing of this relationship.  

Huge amount of data has been gathered that drought 
stress increases the accumulation of Pro and some relation-
ship exists between the magnitude of the drought stress and 
Pro accumulation (Mafakheri et al., 2010; Khodabin et al., 
2020; Rahim et al., 2020; Zlatev et al. 2020; Lee et al., 2022; 
Li et al., 2024). However, the relationship between Pro accu-
mulation under drought conditions and genotype tolerance/
susceptibility is not so clear. Quite contradictory data could 
be found in the literature (Arteaga et al., 2020; Zlatev et al., 
2020; Kirova et al., 2021; Lin et al., 2024).

To provide some clarity on this issue, two main ap-
proaches could be applied. The first one includes an analysis 
of drought stress response of tolerant/susceptible genotype 
(Svetleva et al., 2012; Khodabin et al., 2020; Rao et al., 
2020; Zlatev et al., 2020; Kirova et al., 2021) and the second 
one as it was proposed by us earlier- by analyzing stress re-
sponse of genetically closely related varieties or mutant lines 
(Angelova et al., 2017).  

Our own experiments with two cultivars Phaseolus vul-
garis L. and mutant lines derived by them have provided an 
information that Pro accumulation could be considered as a 
good tool to distinguish differences in a cells’ stress response 
even in genetically closely related cultivars or mutant lines 
(Figure 2). Comparing the curves representing Pro accumu-
lation of the genotypes analyzed by us well expressed differ-
ences were obtained. The cultivar D2 and both mutant lines 
derived from this cultivar – mutant line 1 and mutant line 9 
were shown to differ strongly in their response. Cultivar D2 
and mutant line 9 were characterized with very well over-
production of Pro. Mutant line 1 was characterized by very 
low Pro accumulation and if we came back to data presented 
at Fig. 1, it could be seen that very high levels of H2O2 and 
MDA were induced after PEG treatment. Such difference 
was not found comparing D7 stress response and derived 
from this genotype mutant line 8. Our finding demonstrate 
that stress response of genetically closely related genotypes 

could be successfully distinguished on the basis of H2O2, 
MDA and Pro accumulation and they could be used as early 
warning signals for oxidative stress, as well as both of them 
– low level of MDA and high level of Pro accumulation – for 
drought tolerance.

High levels of Pro accumulation have been considered a 
typical feature of stress-tolerant plants (Svetleva et al., 2012; 
Rao et al., 2020; Zlatev et al., 2020; Hossain et al., 2024). 
In a contrary, there are also contrasting reports where Pro 
content in the drought-sensitive cultivar was found higher, 
or equivalent to that in the drought-tolerant cultivar (Kirova 
et al., 2021; Lin et al., 2024). In other experiments with com-
mon bean a relationship between over-accumulation of Pro 
and stronger inhibition of growth was described by (Arteaga 
et al., 2020). Based on their finding these authors proposed to 
use Pro “as a suitable biochemical marker for simple, rapid, 
large-scale screenings of bean genotypes”. 

Recently, Lee et al. (2022) discussed in a very precise 
way in their report based on experiments with rapeseed 
leaves that in the future more evidences are necessary to de-
fine the threshold at which Pro level switches from induc-
ing cellular protection to hypersensitivity to over-produced 
ROS, especially H2O2. 

Giving all this information, currently, the question on 
the relationship between Pro overproduction and genotype 
drought tolerance remains open. 

Chaperone system in protection against oxidative stress
Due to their chaperone activity, heat shock proteins 

are universal cytoprotectors. Among the HSP families, the 
HSP70 family of proteins has been shown to play a vital role 
in responses to both abiotic and biotic stresses. With their 
diverse functions, HSP70s chaperones play a protective role 
under various stresses, which is a key factor for plant growth 

Fig. 2. Pro as a stress signal for drought stress in ge-
netically closely related genotypes. Data are from three 

independent experiments and statistically significant
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and development. Therefore, this gene family is an excellent 
candidate for enhancing resistance to multiple stresses (Ma-
sand and Yadav, 2016). Recently, higher levels of HSP70 ex-
pression have been reported in stress- and disease-resistant 
plants compared to susceptible plants (Cho and Hong, 2006; 
Song et al., 2014; Augustine et al., 2015; Pulido et al., 2017; 
Devarajan et al., 2021).

Previously, we obtained results indicating that HPS70 
protein levels are good indicators of oxidative stress levels 
in green algae cells (Chankova et al., 2013; 2014). Accord-
ing to the literature, plant dehydration activates genes en-
coding proteins such as dehydrins, osmoregulatory proteins, 
antioxidant defense enzymes, etc. Of particular interest is the 
study of heat shock proteins as indicators of drought-induced 
oxidative stress (Masand and Yadav, 2016; Davoudi et al., 
2022).

Our results showed that dehydration of bean cultivars 
and mutant lines induces the synthesis of heat shock pro-
teins. The study of the effect of water deficit on the levels 
of cytoplasmic HSP70 chaperones in cultivars and mutant 
lines of bean P. vulgaris L., differing in drought tolerance, 
are presented in Figure 3. It was found that, compared to 
normal conditions, under drought, the level of cytoplasmic 
proteins HSP70 in cultivars and mutant lines can increase 

several folds. A significant increase in the level of HSP70 
chaperones relative to the control plants is observed at a PEG 
concentration of 8%: for D2 and line 1, an increase of 2.9 
and 2.8 times, respectively, is shown, and for D7 and line 
8, an increase of 1.4 and 1.5 times. A higher increase in the 
HSP70 level (an increase from 1.7 to 3.1 times) is detected 
during dehydration caused by higher PEG concentrations 
(16%). The increased level of HSP70 in bean varieties indi-
cates its ability to actively tolerate drought and survive under 
stressful conditions.

Comparing the HSP70 response of both cultivars – D2 
and D7, it should be said that the accumulation of HSPs 
strongly depends on the genotype (Figure 3). Thus, HSP70 
levels were 1.3–1.5 times higher in D2 compared to D7 at 
8% PEG concentration. As stated above, higher levels of 
heat shock proteins in D2 suggest higher resistance to dehy-
dration compared to D7. On the other hand, no statistically 
significant differences were calculated between HSPs levels 
of genetically closely related genotypes – D2 and line 1, as 
well as D7 and mutant line 8. Although well expressed rela-
tionship between unicellular green algae strains resistance to 
environmental stimuli and overproduction of HSP70B was 
obtained by us previously, in our experiments with common 
bean we did not definitively find such a relationship. Perhaps 
further research in this direction will provide more clarity. 
A study of cytoplasmic HSP70 chaperone protein levels in 
bean cultivars and mutant lines revealed that this protein can 
serve as an early marker of drought-induced oxidative stress 
and its accumulation strongly depend on genotype. This is 
consistent with the hypothesis that heat shock proteins of the 
HSPs70 family are among the main components of stress 
tolerance.

Bioinformatics analysis of heat shock protein gene fami-
lies of completely sequenced plant genomes revealed an ex-
cess number of HSP70 genes (18–114) in higher plants, in 
contrast to algae and other organisms (Swindell et al., 2007; 
Hu et al., 2009; Zhang et al., 2015; Singh et al., 2016; Kim 
et al., 2021). These genes are believed to have formed as a 
result of duplication. The functions of these excess HSP70 
genes remain to be studied. Apparently, plants, as organisms 
that are unable to move and avoid stress, have developed 
defense mechanisms for survival or adaptation to stressful 
conditions. Thus, the HSP genes underlying genotype resis-
tance are more numerous, diverse, and variable than previ-
ously thought, especially with respect to the diversity of their 
regulation.

According to genetic and genomics studies, heat shock 
protein genes and antioxidant genes closely interact in the 
plant response to drought stress (Rahman et al., 2022). 
Thus, in response to dehydration, a wide range of proteins 

Fig. 3. Changes in cytoplasmic HSP70 protein levels in 
both bean cultivars D2 and D7 as well as in both mutant 

lines 1 and line 8 after PEG – polyethylene glycol-in-
duced drought stress. HSP70 levels were calculated rel-
ative to HSP70 levels of the corresponding cultivars and 

lines in non-dehydrated controls. Data are from three 
independent experiments and statistically significant
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involved in defense mechanisms are activated in plant cells, 
and among them, heat shock proteins of the HSP70 family 
are cellular defense proteins, but can serve as early indicators 
of oxidative stress and drought resistance in plants.

Conclusion

In short, we can say that increased levels of H2O2, MDA, 
Pro, and HSP70 could be considered as reliable early warning 
signals of drought stress. The magnitude of stress response 
has been shown to be highly genotype dependent. The re-
sponse of genetically closely related genotype can be suc-
cessfully used as an early warning signal for drought stress 
using H2O2, MDA, Pro as endpoints. Low levels of MDA 
as a signal of membrane stability may provide preliminary 
information on genotype tolerance. Pro accumulation could 
be considered as early signal of plants tolerance when plants 
do not undergo very strong oxidative stress. Unfortunately, 
Pro’s contribution to the formation of drought tolerance still 
remains open. HSP70 chaperones are integral components of 
adaptive strategies used by plants to overcome the adverse 
effects of drought. HSP70 functions as an early warning sig-
nal, allowing stress to be detected before it causes serious 
plant damage. HSP70 expression increases significantly un-
der drought, which is important for plant adaptation to this 
type of stress.
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