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Abstract: Abiotic stress can cause long-term disruptions in the function of the photosynthetic apparatus, while also 
modulating the expression of defence-related genes like dehydrin 1 (dhn1) and heat shock protein 70 (hsp70). This 
study assessed the effects of prolonged drought, flooding, salinity, heavy metals, heat, low temperatures, and frost on 
photosynthetic efficiency in maize by combining chlorophyll fluorescence analysis with the dhn1 and hsp70 expression. 
All stress conditions resulted in significant reductions in photosynthetic performance, particularly in the maximum 
quantum yield for primary photochemistry (FV/FM), total complementary area between the fluorescence induction 
curve (Area) and time to reach the maximal fluorescence (tFM), indicating impairment of photosystem II (PSII). The 
stress and time-dependent variability in chlorophyll fluorescence parameters underscores their value as biomarkers of 
photosynthetic stress. The high sensitivity of performance index for energy conservation from photons absorbed by 
PSII until the reduction of intersystem electron acceptors (PIABS) and total performance index for energy conservation 
from photons absorbed by PSII until the reduction of photosystem I terminal electron acceptors (PItotal) confirms their 
relevance in eco-functional assessments. Gene expression analysis revealed downregulation of dhn1 under drought, 
flood, and salinity, while hsp70 remained stable, suggesting either stress exhaustion or activation of alternative 
protective mechanisms. The transient nature of dhn1 expression may reflect an early and short-lived response to stress. 

This study underscores the value of integrating chlorophyll fluorescence with gene expression analysis to elucidate 
crop physiological and molecular responses to prolonged abiotic stress, providing essential insights for safeguarding 
photosynthesis and improving maize stress tolerance.  

Keywords: abiotic stresses, bioindicator, chlorophyll a fluorescence, dehydrin 1 (dhn1), heat shock protein 70 (hsp70), 
long-term stress response, non-invasive biomarkers, relative gene expression 

INTRODUCTION 

Plants continuously face various biotic and abiotic stressors 
(Mantri et al., 2012), with drought, flood, salinity, heavy metals, 
heat, and cold being most critical. These disrupt physiological and 
biochemical functions, reducing growth and yield, and require 

genetic and agronomic interventions. Drought limits shoot or 
root elongation, induces stomatal closure, and impairs photo-
synthesis via reduced CO2 uptake and ribulose 1,5-bisphosphate 
carboxylase/oxygenase (RuBisCo) activity (Gu et al., 2019; 
Ahluwalia, Singh and Bhatia, 2021; Mubeen et al., 2021; Yang 
et al., 2021). It lowers leaf water content and damages 
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photosynthetic organs (Song, Zhou and He, 2021), reduces trans-
piration (Klimešová et al., 2021), and alters water use efficiency 
(WUE) depending on the severity of the stress (Farooq et al., 
2009). Photosynthetic efficiency declines (Chen et al., 2021) due 
to less CO2 assimilation (Helm et al., 2020). 

Flooding, intensified by climate change, causes hypoxia or 
anoxia, impairing root respiration and nutrient uptake, leading to 
chlorophyll degradation, stomatal closure, and biomass loss (Luan 
et al., 2018; Pan et al., 2021; Qi et al., 2021). Prolonged 
submergence causes cell death and yield loss; flooding also 
promotes the spread of soil-borne diseases and toxin accumulation. 

Salinity induces osmotic stress, nutrient imbalance, and 
reduced biomass and stomatal conductance, with effects varying 
depending on the genotype and growth stage (Iqbal, S. et al., 
2020). High salinity reduces chlorophyll fluorescence (Shin, 
Bhandari and Lee, 2021), triggers antioxidant responses (Zheng 
et al., 2019), and lowers chlorophyll content (Tobiasz-Salach, 
Mazurek and Jacek, 2023). Plants respond to environmental stress 
through ion regulation and osmolyte synthesis (Sevgi and 
Leblebici, 2023). 

Heavy metals (Cd, Pb) are highly toxic, affecting morpho-
logy, metabolism, and yield (Kohli et al., 2017; Chtouki et al., 
2021; Baruah et al., 2023). Even at low concentrations, Cd causes 
chlorosis, necrosis, and embryonic damage in maize (Ruiz-Huerta 
et al., 2022). 

Heat stress impairs photosynthesis, affecting photophos-
phorylation, the Calvin cycle, and thylakoid integrity (Mihaljević 
et al., 2020; Lakshmi et al., 2023). It deactivates Rubisco activase 
(RCA) (Scafaro et al., 2016), downregulates chloroplast proteins 
(Wang et al., 2019), and induces reactive oxygen species (ROS), 
damaging photosystem II / photosystem I (PSII/PSI) (Distéfano 
et al., 2017; Iqbal, H. et al., 2020; Mustafa et al., 2021). 

Cold stress inhibits photosynthesis and enzyme activity 
(Zhang et al., 2020), damages chloroplasts (Lamers, Meer van der 
and Testerink, 2020), reduces stomatal conductance and meta-
bolite transport (Pandey et al., 2018; Ramazan et al., 2021), 
disrupts glycolysis and the Tricarboxylic acid cycle (TCA) (Li 
et al., 2020). It lowers electron transport efficiency (Bhattacharya, 
2022), and frost causes dehydration and membrane damage 
(Chen et al., 2017; Wang, Head and Hauser, 2023). Tolerance 
involves complex molecular responses (Kosová, Vítámvás and 
Prášil, 2014; Dąbrowski et al., 2024a; Kosová et al., 2025). 

Physiological responses (e.g., photosynthetic efficiency) are 
closely linked to molecular mechanisms (e.g., gene expression). 
This study integrates chlorophyll fluorescence (ChFl) analysis and 
real-time polymerase chain reaction (RT-qPCR)-based gene 
expression of dehydrin 1 (dhn1) and heat shock protein 70 
(hsp70) to correlate PSII performance with transcriptional activity 
(Kalaji and Guo, 2008). This dual approach reveals a nuanced 
framework for studying physiological and molecular responses, 
indicating metabolic prioritisation or adaptive exhaustion. It may 
also provide robust biomarkers for stress tolerance and inform 
about strategies to enhance crop resilience. 

Physiological changes, such as alterations in photosynthetic 
performance, occur before visible morphological modifications in 
plants exposed to stress (Kalaji and Guo, 2008). The analysis of 
ChFl kinetics has proven to be a practical approach for evaluating 
the impact of environmental stresses on photosynthesis. This 
method provides valuable insights into the electron transport 
process, focusing on PSII – the most stress-sensitive component 

of the photosynthetic apparatus, which plays a critical role in 
a plant’s response to adverse conditions (Baker and Rosenqvist, 
2004). Among the analytical approaches, the JIP-test is particu-
larly significant, as it evaluates PSII functionality and its response 
to environmental stressors (Dąbrowski et al., 2024b; Dąbrowski 
et al., 2024c). This comprehensive analysis enhances the under-
standing of PSII dynamics under different unfavourable environ-
mental conditions (Strasser, Tsimilli-Michael and Srivastava, 
2004; Zivčák et al., 2014). 

Several external stimuli trigger oxidative stress in the plant 
cells, and chaperone proteins can alleviate damage caused by ROS. 
Stressors that disrupt photosynthesis also trigger signalling 
cascades involving ROS, abscisic acid (ABA), and other pathways, 
which lead to the activation of stress-protective genes, including: 
dhn1 – involved in cold/drought tolerance, stabilisation of proteins 
and membranes, hsp70 – helps refold misfolded proteins and 
prevents aggregation under heat or oxidative stress. To investigate 
the molecular response of the Zea mays (L.) leaves, which were put 
under three prolonged stress factors (drought, flood and salinity), 
the expression of the dhn1 and hsp70 was investigated. 

Dehydrins (dhn1) belong to numerous classes of chaperone 
proteins, which are involved in the protection of plasma 
membranes and prevent destabilisation of deoxyribonucleic acid 
(DNA) conformations in the nucleus (Sun et al., 2021). The 
cytoplasmic dehydrin 1 encoded by the dhn1 gene plays an 
important role in drought and osmotic stress tolerance in 
Arabidopsis thaliana (L.) Heynh. and many crops (Timperio, 
Egidi and Zolla, 2008; Sena et al., 2018; Sun et al., 2021). Findings 
in maize suggest that dhn1 messenger ribonucleic acid (mRNA) 
expression is an early stress response (Jiao et al., 2022), with the 
peak in roots around 72 h after the stress application. However, 
dehydrin proteins are highly stable and can persist in cells long 
after mRNA levels decline, ensuring prolonged protection during 
stress. The other studied gene, hsp70, encodes a member of hsp70 
chaperones mainly located in the plant cytoplasm and plastids. In 
plants, their expression often varies in response to environmental 
biotic and abiotic stresses (Timperio, Egidi and Zolla, 2008; Rana 
et al., 2018) mainly through modification of protein transport and 
plant development (Seguí-Simarro, Testillano and Risueño, 2003; 
Su and Li, 2010; Sarkar, Kundnani and Grover, 2013; Bionda et al., 
2016), to ensure an important physiological role assigned to the 
protection against drought (Aghaie and Tafreshi, 2020), salinity 
(Rana et al., 2018), flood (Saleem et al., 2024), and heavy-metal 
exposure (Moreira-de-Sousa, Souza de and Fontanetti, 2018). 

This study aimed to precisely determine the changes caused 
by prolonged abiotic stresses on photosynthetic efficiency 
through the analysis of chlorophyll fluorescence and the 
expression of dhn1 and hsp70 genes in maize leaves. Moreover, 
to understand how stress affects the function of PSII and whether 
maize, in response to prolonged stress, employs defence 
mechanisms based on the expression of the selected genes. 

MATERIALS AND METHODS 

EXPERIMENT DESIGN AND PLANT GROWTH CONDITIONS 

The experiment was conducted in the greenhouse of Warsaw 
University of Life Sciences (Pol.: Szkoła Główna Gospodarstwa 
Wiejskiego – SGGW) between March 13th and May 3rd, 2024. The 
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Zea mays (L.) cv. ‘SM Perseus’ from Hodowla Roślin Smolice Sp. 
z o.o. the IHAR group was used. Under greenhouse conditions, 
plants were illuminated only by sunlight. The microclimate para-
meters in the greenhouse were as follows: temperature ~23°C, 
light intensity 200 µmol (photon)∙m–2∙s–1 with 16/8 day/night 
ratio, CO2 level ~710 ppm, and relative humidity (RH) ~65%. 
Seeds sprouted in dark conditions 10 days after germination 
(March 12th). The experiment began on March 22nd, 2024, with 
five seedlings placed in ten single pots (50 plants in total) of 
700 cm3 capacity each, filled with standard podzolic soil (soil 
specific gravity ~1.7 g∙cm–3) from Prof. Marian Górski Experi-
mental Station in Skierniewice (Poland), fertilised with manure 
and legumes. Soil moisture was maintained at 60% of field 
capacity. The seedlings were grown under the same conditions 
(no stress applied) until April 5th, when eight different stresses 
(drought, flood, salinity, heavy metals (cadmium (Cd) and lead 
(Pb)), heat, low temperature, and frost) were applied, except for 
the two control pots. 

To induce drought stress, watering was withheld for the last 
14 days of the experiment for half of the plants being tested, 
causing the soil moisture to decrease gradually to approximately 
10%. To simulate flooding, during the last 14 days of the 
experiment, half of the plants were submerged in water sourced 
from three quaternary wells, each with a depth of about 30 m and 
a capacity of 40 m3∙h–1. The water level was maintained 
approximately 10 mm above the soil surface. To induce salinity 
stress, half of the tested plants were irrigated with saline water 
(NaCl) during the last 14 days of the experiment, maintaining 
a salinity level of 120 mmol NaCl. Heavy metal stresses were 
applied by 0.134 g∙dm–3 of PbCl2 or 0.163 g∙dm–3 of CdCl2. The 
temperature was lowered to –16°C for the application of frost 
stress and to 7°C for the low-temperature treatment. 

From each pot, three out of five plants were chosen for 
measurement. The study was conducted on the second, third and 
fourth fully developed leaves of each plant, taking three 
measurements on each leaf, resulting in 15 measurements from 
each environment. Samples were taken from the top, middle and 
bottom of the leaf blade at three-weekly intervals. 

CHLOROPHYLL FLUORESCENCE  
AND CHLOROPHYLL CONTENT MEASUREMENTS 

One leaf from each plant in each pot was randomly selected for 
the measurement of chlorophyll a fluorescence. This was assessed 
using a HandyPEA fluorimeter (Hansatech Instruments Ltd., 
UK), and all chlorophyll fluorescence (ChFl) parameters mea-

sured after dark adaptation for at least 25 min (JIP-test) are 
presented in Figure S1. Each leaf sample was illuminated with 
continuous saturating actinic light (3.500 μmol (photon)∙m–2∙s–1) 
for 1 second. Measurements were performed on April 12th, 15th 

and 24th of 2024, 8, 11 and 20 days after the first stress 
application, respectively. 

Chlorophyll content, flavonols and nitrogen balance index 
were measured using a Dualex device (Force-A, France) on 8th, 
15th, 19th and 24th April, corresponding to 4th, 11th, 15th, and 20th 

days after stress application, respectively. Measurements were 
taken on the same leaves as those used for chlorophyll 
fluorescence. 

GENE EXPRESSION STUDY –  
EXPRESSION OF TWO SELECTED GENES  

IN MAIZE LEAVES UNDER ABIOTIC STRESS 

The relative gene expression was analysed in 16 plants subjected 
to drought, flood, and salinity treatments, compared to non- 
treated plants as a control (3–5 plants per treatment). On the 
21st day after the initial stress application, samples of fresh maize 
leaves were frozen in liquid nitrogen and stored at –80°C. For the 
ribonucleic acid (RNA) isolation, 100 mg of frozen material per 
plant was ground in liquid nitrogen and subjected to Fenozol 
treatment following the manufacturer’s instructions (A&A 
Biotechnology, Gdańsk, Poland). Obtained RNAs were immedi-
ately cleaned from deoxyribonucleic acids (DNAs) with Tornado™ 
DNAse (2 U/µl), following the manufacturer’s instructions (A&A 
Biotechnology Gdańsk, Poland). The RNA quantity and quality 
were determined using the DS-11 FX spectrophotometer 
(TK Biotech, DeNovix, USA). 

For each reaction of reverse transcription, 1 µg of cleaned 
RNA was used and proceeded with High-Capacity cDNA Reverse 
Transcription Kit (Thermo Fisher Scientific Inc., Waltham, MA, 
USA) according to the manufacturer’s instructions. The reverse 
transcription (RT) reaction was programmed in C1000™ Thermal 
Cycler (Bio-Rad CA, USA), following three steps: 1) 10 min at 
25°C, 2) 120 min at 37°C, 3) 5 min at 85°C, then held at 4°C. 

The quantitative polymerase chain reactions (qPCRs) were 
performed using 1–10 ng of complementary deoxyribonucleic 
acid (cDNA) with primers designed for two stress-responding 
genes encoding dehydrin 1 (dhn1) and heat shock protein 70 
(hsp70), and two genes encoding housekeeping proteins – actin 
1 (act1) and glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) (Tab. 1), frequently used for the relative expression 
analyses in many crops, including maize (Hu et al., 2010; Manoli 

Table 1. Primer sequences for stress-responding and reference genes in maize 

Gene Forward primer 5’–3’ Reverse primer 5’–3’ 

dhn11) CATCATGGAGTACGGTCAGC ACTAGGTTGCCGTACTGGTC 

hsp701) ACCACTTCGTCCAGGAGTTCAA GCCCTCATACAGCGAGTCAATCT 

act12) ACCAAGCAGCATGAAGATCAAG ACCCTCCAATCCAGACACTGTAC 

GAPDH2) ACTGTGGATGTCTCGGTTGTTG CCTCGGAAGCAGCCTTAATAGC  

1) stress-responding gene. 
2) housekeeping gene. 
Explanations: dhn1 = dehydrin 1, hsp70 = heat shock protein 70, act1 = actin 1, GAPDH = glyceraldehyde 3-phosphate dehydrogenase. 
Source: own study. 
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et al., 2012; Jin et al., 2019; Li et al., 2023). All primer sequences 
were designed using the NCBI Nucleotide database (https://www. 
ncbi.nlm.nih.gov/) for exon-exon translated regions, 22–25 
nucleotide long, melting temperature – Tm < 60°C, product size 
< 100 bp, and narrowed to Zea mays (L.) (NM_001111949.1). The 
specificity of the newly designed primer sequences was verified 
using NCBI Blastn (https://www.ncbi.nlm.nih.gov/tools/primer- 
blast/) against the Zea mays (L.) (taxid: 4577) transcript database. 

For the expression analysis, three to five plants that had 
been subjected to a given stress, as well as three control plants, 
were used. Three qPCR analyses were performed, using cDNA 
from a minimum of three plants. Two analytical replicates were 
performed for each gene, using the Thermo ABI QuantStudio 
7 Flex real-time PCR instrument (Thermo Fisher Scientific Inc, 
Waltham, MA, USA) and the PowerUp™ SYBR™ Green Master 
Mix Kit (Thermo Fisher Scientific Inc., Waltham, MA, USA), 
with the thermal profile: deactivation for 2 min 50°C, initial 
denaturation at 95°C for 10 min, then 40 cycles of denaturation at 
95°C for 15 sec, annealing at 60°C for 15 sec, extension for 1 min 
at 72°C. The presence of the single amplicon was confirmed as 
a single peak of the melting curve. Two negative controls (NC) 
were included for the qPCR: one, “NC-RT”, consisted of all 
compounds except MultiScribe™ RT; the second, “H2O”, consisted 
of diethyl pyrocarbonate (DEPC) treated, nuclease-free water 
(A&A Biotechnology, Gdansk, Poland) added instead of cDNA. 

The gene expression data were analysed using Applied 
Biosystems’ DataAssist 3.01 software (Thermo Fisher Scientific, 
Inc., Waltham, MA, USA). Normalisation and visualisation of the 
expression of the dhn1 and hsp70 genes relative to the expression 
levels of the reference genes and the control plants were 
performed using a relative quantification strategy based on the 
ΔCT and log2-ΔΔCT methods (Schmittgen and Livak, 2008), 
employing the RQdeltaCT package (Zalewski, 2024) within the 
R statistical programming environment, R version 4.4.2 (R Core 
Team, 2024). 

STATISTICS 

Induction curves of chlorophyll a fluorescence and differential 
ΔVt curves were obtained by subtracting the control curve from 
the first sample for maize under various abiotic stress treatments, 
control, drought, flood, salinity, Cd, Pb, heat, low temperature, 
and frost. In these plots, the black curve represents chlorophyll a 
fluorescence of control plants and is included in each stress 
treatment panel as a reference. Changes in JIP-test chlorophyll a 
fluorescence parameters under different abiotic stress treatments 
on three dates (April 12th, 15th and 24th, 2024) are presented as 
radar plots and as boxplots. Chlorophyll a fluorescence analysis 
was performed on 30 control plants (not subjected to stress 
treatments), with 15 plants per stress treatment on each 
observation date. The fluorescence parameter values presented 
on radar plots were averaged for each treatment, normalised to 
the control group (set as 100%), and expressed as percentage 
changes (either increases above or decreases below 100%) relative 
to the control. Chlorophyll content (Chl), flavonoids (Flav), and 
the nitrogen balance index (NBI) of maize under different stress 
treatments were measured on four dates: April 8th, 15th, 19th, and 
24th, 2024, and are displayed as boxplots. Measurements for Chl, 
Flav, and NBI were taken from 30 control plants and 15 plants per 
stress treatment on each observation date. 

To compare chlorophyll a fluorescence parameters, as well 
as Chl, Flav, and NBI values, across the treatments, a non- 
parametric Kruskal–Wallis test was used, followed by post hoc 
pairwise Wilcoxon rank-sum tests (Logan, 2010) with the Holm 
correction for multiple comparisons (Holm, 1979). Non-para-
metric tests were chosen due to deviations from normality, as 
assessed with the Shapiro–Wilk test. All statistical analyses were 
performed in R version 4.4.2 (R Core Team, 2024). 

RESULTS AND DISCUSSION 

CHLOROPHYLL A FLUORESCENCE  
AND CHLOROPHYLL CONTENT 

None of the applied stress factors altered the OJIP chlorophyll 
fluorescence curves measured on the 8th day (Fig. 1), indicating 
that there was no early impairment of photosynthesis. By the 
11th day, frost stress caused severe flattening of the OJIP curve, 
which may indicate severe impairment of photosystem II (PSII) 
and downstream electron transport. Salinity and Cd stress 
reduced all points except O, reflecting disruptions in energy 
trapping and electron transport. Heat and low temperature 
lowered I and P phases, indicating impaired electron flow 
beyond QA and possible photosystem I (PSI) related dysfunc-
tion. Drought, flood, and Pb showed no early deviations. On the 
20th day, drought increased O with reduced I and P, suggesting 
over-reduction and lowered photochemical efficiency. Heat 
curves resembled frost damage. The Cd stress intensified; low 
temperature effects plateaued, and salinity showed a lower 
P point. Flood and Pb slightly increased P, which may signal 
partial recovery or adaptation. Fluorescence changes reflected 
primary quinone acceptor of PSII (QA) redox status (Tsimilli- 
Michael, 2020), with frost and heat showing the strongest O–P 
alterations, salinity and Cd affecting J–I (Schansker, Tóth and 
Strasser, 2005), and low I–P indicating chloroplast structural 
damage (Strasser et al., 2010). 

The stress factors altered certain JIP test parameters (Fig. 2). 
Drought and salinity increased fluorescence when all photosystem 
II reaction centres (PSII RCs) are open (F0) and absorption flux per 
reaction centre (ABS/RC), but decreased maximal fluorescence, 
when all PSII RCs are closed (FM), maximal variable fluorescence at 
time t (FV), maximum quantum yield for primary photochemistry 
(FV/FM), maximum quantum yield for primary photochemistry at 
any time t (φPo), performance index for energy conservation from 
photons absorbed by PSII until the reduction of intersystem 
electron acceptors (PIABS), total performance index for energy 
conservation from photons absorbed by PSII until the reduction of 
PSI end electron acceptors (PItotal) and efficiency/probability with 
which an electron from the intersystem electron carriers is 
transferred to reduce end electron acceptors at the PSI acceptor 
side RE (δRo). Flood reduced FM, FV/FM, energy flux not 
intercepted by a reaction centre (DI0/RC), electron flux reducing 
end electron acceptors at the PSI acceptor side, per RC (RE0/RC), 
φPo, and PIABS only on the 20th day. The Cd and Pb lowered F0 

early, and later reduced FM, FV, φPo, efficiency/probability that an 
electron moves further than QA

− (the reduced form of QA) (ψEo), 
quantum yield for electron transport (φEo), PIABS, PItotal, δRo, while 
increasing ABS/RC, DI0/RC. Heat increased ABS/RC, normalised 
the total area above the OJIP curve (Sm), electron transport flux 
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Fig. 1. Induction curves of chlorophyll a fluorescence and differential curves of ΔVt of maize under various abiotic 
stress treatments: control, drought, flood, salinity, Cd, Pb, heat, low temperature, and frost; the black curve in each 
plot represents the chlorophyll a fluorescence of the control plants; measurements were taken 8, 11 and 20 days from 
the stress application (April 12th, 15th and 24th, 2024); source: own study 
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(further than QA
−) per RC (ET0/RC), RE0/RC, but reduced time (in 

ms) to reach the maximal fluorescence (tFM), total complementary 
area above the fluorescence induction curve (Area) and later FM, 
FV, FV/FM, φPo, φEo, PIABS, PItotal. Low temperature and frost 
reduced FM, FV, and FV/FM. Area, increased energy flux not 
intercepted by a reaction centre (DI0/RC). Frost further reduced 
φPo, φEo, and quantum yield for reduction of end electron acceptors 
at the PSI acceptor side (φRo). Heat, low temperature and frost 
reduced Area and tFM, indicating smaller electron acceptor pools 
(Schreiber, Bilger, and Neubauer, 1995) or slowed plastoquinone 
reduction (Reigosa and Weiss, 2001). Drought raised F0, suggesting 
PSII antenna impairment (Dinç et al., 2012; Brestič et al., 2015). 
Under most stressors, FM, FV, and FV/FM decreased, indicating 
photoinhibition (Björkman and Demmig, 1978; Tikkanen, Mekala 
and Aro, 2014; Dąbrowski et al., 2024a; Dąbrowski et al., 2024b). 
The ET0/RC and RE0/RC declined under heat, low temperature, 
and frost, reflecting reduced energy conversion efficiency (Strasser, 
Tsimilli-Michael and Srivastava, 2004; Strasser et al., 2010). The ψEo 

and ϕRo vary with stress type, affecting electron transfer efficiency 
(Tsimilli-Michael, 2020). The PIABS and PItotal decreased under 
most stresses, confirming sensitivity to early damage of the 
photosynthetic apparatus, particularly the reaction centres and 
electron transport chain (Strasser, Tsimilli-Michael and Srivastava, 
2000; Rodríguez et al., 2023). 

There were no differences in chlorophyll (Chl) content 
among the treatments 8 days after the stress application (Fig. 3). 
By the 11th day, Cd and frost had reduced the Chl content. By the 
15th day, heat, low temperature and frost had also lowered Chl. By 
the 20th day, all stressors except low temperature had reduced 
Chl. Our results suggest that Cd and frost significantly reduce Chl 
content, indicating that these stressors impair chlorophyll 
biosynthesis or promote pigment degradation. 

Cadmium is known to disrupt the chloroplast structure and 
inhibit key enzymatic activities involved in chlorophyll synthesis 
(Ghosh and Singh, 2005), while frost damages both cell 
membranes and photosystem II, resulting in pigment loss 
(Theocharis, Clement, and Barka, 2012). Reduced Chl levels have 
also been observed in response to heat, low temperature and frost, 
highlighting the cumulative negative impact of abiotic stress on 
photosynthetic pigments. In particular, heat stress compromises 
thylakoid membrane integrity and accelerates the breakdown of 
chlorophyll (Wahid et al., 2007). 

There was a slight change in flavonoid content at the start of 
the study, but drought (on the 15th day) and flooding (on the 20th 

day) increased their levels. Frost, salinity and drought all reduced 
flavonoid levels on the 20th day. Changes in flavonoid content 
reflected the plant’s antioxidant response. The accumulation of 
these compounds is a well-documented response to cold 
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conditions, where they function as protective antioxidants 
(Chalker-Scott, 1999; Banti et al., 2010; Sharma et al., 2019). 
The nitrogen balance index (NBI) reflects nitrogen status and 
overall metabolic activity (Janská et al., 2010). This parameter 
declined under frost in the early stages, increased under drought 
and Pb on the 11th day, decreased under drought on the 15th day, 
and fell under flooding, Cd and heat by the 20th day. This 

decreased possibly indicates temporary overcompensation in 
nitrogen assimilation or reduced flavonoid biosynthesis, which 
affects NBI values inversely. A transient increase in NBI during 
early drought stress has also been reported prior to prolonged 
water deficit, leading to metabolic decline (Netto et al., 2005). On 
the 20th day, flood, Cd, and heat stress caused a consistent 
reduction in NBI, underscoring the cumulative metabolic burden 

Fig. 2. Radar plots of JIP-test parameters normalised to control values in maize under various abiotic stress treatments: a) drought, 
b) flood, c) salinity, d) Cd, e) Pb, f) heat, g) low temperature, h) frost; measurements were taken 8, 11 and 20 days from the stress 
application (April 12th, 15th and 24th, 2024); tFM = time (in ms) to reach the maximal fluorescence (FM), Area = total complementary 
area above the fluorescence induction curve, F0 = fluorescence when all PSII RCs are open, FM = maximal fluorescence, when all PSII 
RCs are closed, FV = maximal variable fluorescence at time t, FV/FM = maximum quantum yield for primary photochemistry, ABS/ 
RC = absorption flux per RC, TR0/RC = trapped energy flux per RC (reaction center), RE0/RC = electron flux reducing end electron 
acceptors at the PSI acceptor side, per RC, ET0/RC = electron transport flux (further than QA

−), per RC, DI0/RC = energy flux not 
intercepted by an RC, dissipated in the form of heat, fluorescence, or transfer to other systems, at time t = 0, φPo = maximum quantum 
yield for primary photochemistry at any time t, φEo = quantum yield for electron transport (ET), φRo = quantum yield for reduction of 
end electron acceptors at the PSI acceptor side (RE), ψEo = efficiency/probability that an electron moves further than QA

−, 
δRo = efficiency/probability with which an electron from the intersystem electron carriers is transferred to reduce end electron 
acceptors at the PSI acceptor side (RE), N = turnover number (expresses how many times QA is reduced in the time interval from 0 to 
tFM), Sm = normalised the total area above the OJIP curve, PIABS = performance index for energy conservation from photons absorbed 
by PSII until the reduction of intersystem electron acceptors, PItotal = total performance index for energy conservation from photons 
absorbed by PSII until the reduction of PSI end electron acceptors, DFABS = driving force (potential) for energy conservation from 
photons absorbed by PSII until the decrease in intersystem electron acceptors, DFtotal = driving force (potential) for energy 
conservation from photons absorbed by PSII until the reduction of PSI end electron acceptors; source: own study 
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Fig. 3. Chlorophyll content (Chl), flavonoids (Flav), and nitrogen balance index (NBI) of maize under various abiotic stress treatments: control, 
drought, flood, salinity, Cd, Pb, heat, low temperature, and frost; measurements were taken 4, 11, 15 and 20 days from the stress application 
(April 8th, 15th, 19th, and 24th, 2024); letters above the boxes indicate results of a post hoc Wilcoxon rank-sum test; treatments not sharing 
a letter differ significantly at the 0.05 level; horizontal lines within boxes represent medians, boxes indicate the interquartile range (IQR; 25– 
75%), and whiskers extend to 1.5 IQR, with data points beyond this range considered potential outliers; source: own study 
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imposed by these stressors, which are known to disrupt nitrogen 
uptake, assimilation, and internal balance (Piršelová, Boleček and 
Gálusová, 2016; Chen et al., 2021). 

GENE EXPRESSION LEVELS 

After 21 days of the stress, a statistically significant decrease in 
normalised relative expressions was observed in maize leaves for 
the dehydrin 1 (dhn1) gene in all treatments (Fig. 4a and  
Fig. S2a). The heat shock protein 70 (hsp70) gene was slightly, but 
not significantly, down-regulated by drought and flood (Fig. 4b 
and Fig. S2b). Only the salinity treatment caused a slightly (not 
significantly) higher level of the hsp70 expression compared to the 
control plants. 

Abiotic stress factors, such as drought, flood, and salinity, 
impair photosynthesis by disrupting the functions of PSII and 
PSI. We observe that long-term stress leads to decreased 
expression of dhn1 and has no statistically significant impact on 
hsp70 expression levels in maize leaves subjected to 3 weeks of 
stress. This may indicate alternative adaptive mechanisms in 
maize cv. ‘SM Perseus’ that may reflect rapid early gene induction 
followed by protein-level stabilisation, as seen in dhn1 root 
expression. Water-related stresses limit root uptake either via 
water scarcity (drought/salinity) or hypoxia-induced “physiolo-
gical drought” (flood). These usually trigger osmo-protective gene 
overexpression, including dehydrins and late embryogenesis 
abundant (LEA) proteins, maintaining membrane integrity 
(Farooq et al., 2024). Stress-responsive gene regulation varies 
significantly across species and genotypes. This regulatory 
response can be highly dynamic, changing over time as the plant 
continues to experience various forms of abiotic stress. Our data 
show that prolonged stress diminished dhn1 activity, weakening 
its protective role. Genes like ZmDHN1 (abscisic acid (ABA) 
dependent) are key in early stress defence but may downregulate 
as energy-conservation mechanisms prevail. The observed down-
regulation of dhn1 in response to salt and drought stress may 
suggest a stress-specific regulatory mechanism of dehydrin genes 

in maize. This is consistent with findings in wheat and barley. In 
these species, specific dehydrin isoforms are also either up- or 
downregulated depending on the type and duration of stress 
(Kosová, Vítámvás and Prášil, 2014; Kosová et al., 2025). The lack 
of dhn1 upregulation may reflect a transition from acute to 
chronic stress responses, where other protective pathways (such 
as osmolyte accumulation, antioxidant response) dominate. 

The other gene, hsp70, interacts with key enzymes across 
organelles, protecting against degradation. Its expression rises 
under early stress in maize, grapevine, soybean, and sugarcane, 
with enhanced tolerance (Klimešová, Holková and Středa, 2017; 
Kozeko, 2021). In our case, only salinity triggered modest hsp70 
upregulation at day 21, correlating with partial recovery in FV/FM 

values, suggesting a late-phase stress adaptation. These results 
indicate a stress-duration-dependent shift from gene activation to 
energy-saving responses in maize leaves, aligning with fluorescence 
and molecular data. Similarly, while hsp70 expression appears 
stable in some spinach varieties under heat and cold, proteomic 
data reveal upregulation of multiple HSP chaperones, indicating 
overlooked post-transcriptional regulation (Li et al., 2019). To 
address these limitations, future studies should integrate RNA-seq 
and proteomics to uncover gene-protein networks. For instance, 
a meta-analysis of maize transcriptomes under abiotic stress 
identified over 2000 differentially expressed genes (Forestan et al., 
2016), highlighting the complexity of stress responses. Such multi- 
omics approaches could better elucidate the interactions between 
dhn1, hsp70, and key regulators, such as ZmDREB2A, under 
flooding and cold conditions (Zhou et al., 2022), thereby enhancing 
our understanding of maize adaptation and aiding in the 
identification of biomarkers for breeding stress-resilient varieties. 

Focusing on dhn1 and hsp70 in gene expression analysis 
provides only a partial view of the transcriptomic response of 
maize to abiotic stress. These genes represent only a small part of 
the broader stress response network, which includes transcription 
factors such as MYB and WRKY, as demonstrated in transcrip-
tomic studies of Zea mays (L.) under drought and salinity 
conditions (Jiao et al., 2022). This narrow scope limits the 

Fig. 4. Normalised relative expression of a) dehydrin 1 (dhn1) and b) heat shock protein 70 (hsp70) genes in Zea mays (L.) leaves under drought, flood, 
and salinity conditions; the bars represent mean relative gene fold change in a target sample expression vs reference genes actin 1 (act1) and 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), normalised by an expression in treatment-relevant control plants; whiskers represent standard 
error of mean (SE); source: own study 
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generalisation of conclusions, as dhn1 downregulation under 
drought, flooding, and salinity may obscure the activation of 
alternative pathways, such as osmoprotectant biosynthesis genes 
identified in proteomic analyses under heavy metal stress (Baruah 
et al., 2023). 

Understanding such gene-specific responses can inform 
breeding programs to enhance early-stage stress detection and 
long-term resilience. In practical terms, combining chlorophyll 
fluorescence parameters and early stress-responsive gene expres-
sion provides a useful screening tool for selecting maize 
genotypes with superior stress tolerance. This approach can be 
integrated into breeding pipelines focused on improving crop 
performance under increasing abiotic stress conditions due to 
climate change. 

CONCLUSIONS 

This study demonstrates that diverse abiotic stress factors 
significantly impair photosynthetic efficiency in maize, as 
reflected by alterations in chlorophyll fluorescence parameters 
and gene expression profiles. The most pronounced disruptions 
in the chlorophyll fluorescence induction curves, particularly in 
the O–P phase, were observed under frost and heat stress, 
indicating reduced QA reduction efficiency and compromised 
activity of the oxygen-evolving complex (OEC). In contrast, 
salinity and cadmium stress predominantly affected the J–I phase, 
suggesting limitations in electron transport between photosystem 
II (PSII) and photosystem I (PSI). 

Core fluorescence parameters such as maximum quantum 
yield for primary photochemistry (FV/FM), total complementary 
area above the fluorescence induction curve (Area), and time to 
reach the maximal fluorescence (tFM) exhibited significant 
declines under all analysed stress conditions, confirming their 
strong diagnostic value in assessing PSII functionality and 
electron transport capacity. Additionally, efficiency/probability 
that an electron moves further than QA

− (ψEo) and quantum yield 
for reduction of end electron acceptors at the PSI acceptor side 
(RE) (ϕRo) values varied depending on the type and timing of 
stress, highlighting their usefulness in evaluating electron transfer 
efficiency on both PSII and PSI sides. The photosynthetic 
performance indices and total performance index for energy 
conservation from photons absorbed by PSII until the reduction 
of PSI end electron acceptors (PItotal) proved particularly sensitive 
to stress, validating their application in performance index for 
energy conservation from photons absorbed by PSII until the 
reduction of intersystem electron acceptors (PIABS) ecophysiolo-
gical screening and environmental monitoring. 

At the molecular level, prolonged exposure to drought, 
flood, and salinity led to a marked downregulation of the 
dehydrin 1 (dhn1) gene, suggesting early activation followed by 
depletion of protective responses. In contrast, heat shock protein 
70 (hsp70) expression remained stable, indicating either post- 
transcriptional regulation or the involvement of alternative 
protective pathways. These findings suggest that chronic stress 
conditions may exhaust the plant’s defence systems, shifting 
metabolic priorities and potentially invoking gene-specific 
protective mechanisms that warrant further investigation. 

Overall, our results emphasise that the selection of 
appropriate physiological and molecular markers should be 

tailored to the type and duration of stress. Chlorophyll 
fluorescence analysis remains a universally applicable, non- 
invasive tool for assessing plant responses across a range of 
abiotic stress conditions. When integrated with gene expression 
profiling, it provides a comprehensive framework for evaluating 
stress tolerance and photosynthetic performance in maize. 
Nevertheless, integrating transcriptomic and proteomic analyses 
is crucial to fully elucidate the complex regulatory networks 
underlying maize responses to abiotic stress, thereby enabling 
a more accurate identification of key genes and pathways for 
breeding resilient varieties. 
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