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Abstract
Rumex thyrsiflorus Fingerh. is a dioecious species with heteromorphic sex chromosomes. Due to sexual dimorphism and 
the content of bioactive constituents used in pharmacology, this species is an interesting object of study. A complex analysis 
of selected physiological and biochemical aspects of the sex-related response to heat stress in vitro and in vivo was carried 
out. The experiment included in vitro regenerated plants and plants obtained from seeds. Regenerants were obtained from 
hypocotyls on Murashige and Skoog (MS) medium supplemented with 2.27 μM thidiazuron (TDZ). The sex of the plants 
was determined by molecular analysis based on genetic sex markers. Analysis of the main photosynthetic parameters indi-
cated that in vitro regenerated plants showed a decrease in photosystem II (PSII) activity when directly exposed to a stressor. 
However, in contrast to the seed-derived plants, they adapted efficiently to the recovery conditions within 1 week after the 
stress was terminated. Furthermore, in vitro regenerated male and female plants acclimatised well to field conditions and 
showed greater stress tolerance based on better efficiency of the photosynthetic apparatus and the highest chlorophyll a/b 
ratio. In case of plants derived from seeds, male plants were less sensitive to heat stress and showed greater stability of PSII 
at high temperatures compared to female plants. The results showed that the response to high-temperature stress depends on 
the sex and the origin of the plants, i. e. in vitro regenerated plants versus plants obtained from seeds. Even short-term heat 
stress resulted in differences in photosynthetic efficiency. Biochemical analysis of antioxidant activity in response to heat 
stress, carried out for the first time in Rumex thyrsiflorus, has allowed the identification of the following forms of superoxide 
dismutase (SOD): manganese (MnSOD), iron (FeSOD) and two copper-zinc isoforms (Cu/ZnSOD I and Cu/ZnSOD II).

Key message 
The response to heat stress depends on the sex and origin of the plants (regenerated in vitro versus obtained from seeds). 
Three forms of superoxide dismutase were identified for the first time in Rumex thyrsiflorus.

Keywords  Thyrse sorrel · Genetic sex markers · Plant tissue culture · Chlorophyll fluorescence · Photosynthetic pigments · 
Antioxidant enzyme activity

Introduction

Rumex thyrsiflorus Fingerh. (thyrse sorrel) is a dioecious 
species of the genus Rumex, family Polygonaceae Juss. 
Individuals of R. thyrsiflorus are characterised by a “Dros-
ophila-type” sex determination, in which sex is determined 
by the ratio of sex chromosomes to autosomes (X:A) (Mari-
otti et al. 2009). In female plants, the karyotype consists of 
the following chromosomes: 2n = 12A + XX, and in male 
plants: 2n = 12A + XY1Y2 (Żuk 1963). Although, it serves 
as a model object for studies on chromosomes, sex chroma-
tin and sex ratio (Błocka-Wandas et al. 2007; Grabowska-
Joachimiak et al. 2012), thyrse sorrel is also known as a 
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source of biologically active compounds of pharmaceutical 
importance, such as flavonoids, phenolic acids, and anth-
raquinones (Orbán-Gyapai et al. 2017).

Most plant species are hermaphroditic and only about 
6% of angiosperms are dioecious, i.e. there are individuals 
with separate sexes (Renner 2014). Although in the case of 
chromosomal sex determination the primary sex ratio should 
be 1:1 (Korpelainen 2002), biased sex ratios can be observed 
in populations of many dioecious plants. Field et al. (2013) 
reported considerable sex ratio heterogeneity in dioecious 
flowering plants. Most of this variation appears to reflect the 
demographic characteristics of the populations and the dif-
ferential response of the sexes to environmental stress. They 
found that growth and survival rates of females were lower 
under more stressful conditions. However, experiments with 
Rumex thyrsiflorus by Ślesak et al. (2017) showed that there 
is no competition between the sexes during seed germina-
tion (germination time and seedling length) when grown 
under uniform growing conditions. Dimorphic species do 
not always show differences in stress tolerance between the 
sexes; and when sex differences do occur, they appear to be 
very species-specific, with stress tolerance being greater in 
females than in males in some species and the opposite in 
others. The causes of such sex-specific differences are not 
yet well understood, and further physiological studies and 
comparative analyses are needed.

Predicting the effects of global warming on dioecious 
plants is a challenge for current research. Global average 
temperatures are likely to increase by up to 3.9 °C by the end 
of this century (Munné-Bosch 2015). In addition, climate 
change factors such as the projected temperature increase 
and the availability of CO2 and O3 will have a profound 
impact on oxidative signalling in plants, particularly in 
relation to photosynthetic metabolism and the response to 
environmental stress. Studying the mechanisms of stress 
adaptation in male and female dioecious plants is important 
to understand the evolution of these species in the context of 
global warming (Juvany and Munné-Bosch 2015).

Temperature is known to affect plant growth, productiv-
ity, physiology, and biochemistry (Zhang et al. 2018). Ris-
ing temperatures cause severe damage to protein complexes, 
especially the photosystem II (PSII), which is a component 
of the photosynthetic electron transport chain (Camejo et al. 
2005). There is much evidence to suggest that a common 
feature of most stresses in plants is an imbalance between 
pro- and antioxidant responses in the plant cell, manifesting 
as oxidative stress. Stress responses are very often associated 
with increased production of reactive oxygen species (ROS) 
such as superoxide anion radicals (O2 –•), hydrogen peroxide 
(H2O2) and hydroxyl radicals (•OH), which lead to oxidative 
stress in plant cells. ROS levels can increase due to various 
environmental factors such as light, drought or temperature 
stress. An excess of ROS, which causes oxidative stress is 

harmful to cells, as these molecules can damage nucleic 
acids, proteins and lipids (Ślesak et al. 2006; Szymańska 
et al. 2017).

Plants, like other organisms, have developed a mecha-
nism to effectively eliminate ROS called the antioxidant 
system. In this system, two types of antioxidants can be 
distinguished: non-enzymatic and enzymatic. Enzymes that 
remove ROS include mainly superoxide dismutases (SOD), 
catalases (CAT), and various peroxidases (POX). The role of 
antioxidants is to regulate ROS homeostasis and reduce oxi-
dative damage in plant cells (Zhang et al. 2010; Havaux and 
Niyogi 1999; Szymańska et al. 2017). In oxidative stress, 
the synchronised action of the antioxidant system leads to 
the elimination of ROS and protects plants from oxidative 
damage. Depending on the intensity of the stress and its 
duration, the content of synthesised antioxidants may vary. 
The antioxidant response also depends on the stress toler-
ance of the plants and often varies in different species. Pho-
tosynthesis, for example, is one of the processes most sensi-
tive to temperature stress, which can damage PSII localised 
in the thylakoid membrane. Dysfunction of PSII leads to 
a decrease in photosynthetic efficiency (Zhai et al. 2020). 
When stress is extreme, photosynthesis is inhibited within 
minutes. Heat stress affects the water status in leaves and the 
intracellular CO2 concentration as a result of stomata clo-
sure. All these reactions lead to a decrease in photosynthetic 
rate (Szymańska et al. 2017).

Tissue culture makes it possible to grow plants under 
controlled conditions, independent of seasons and chang-
ing climate. This technique is used as a method for stress 
assessment by managing large populations in a defined space 
(Pérez-Jiménez and Pérez-Tornero 2020). The procedure for 
micropropagation of R. thyrsiflorus was developed (Ślesak 
et al. 2017). Molecular analysis based on the identification 
of the sex of explants using genetic sex markers makes it 
possible to maintain the culture of female or male plants as a 
model, e.g. for the study of sex-related production of second-
ary metabolites or sex-related stress tolerance. Studies on 
the sex of Rumex thyrsiflorus seeds (Kwolek and Joachimiak 
2011) and adult individuals (Korpelainen 2002) revealed a 
female-biased sex ratio. Our previous studies have shown 
that female R. thyrsiflorus plants regenerated in vitro are 
a more valuable source of phenolic acids, flavonoids or 
catechins compared to males. This could be the result of a 
sex-specific response to stressful in vitro conditions, where 
plants are exposed to stress factors such as specific environ-
mental conditions inside culture vessels e. g. high humidity 
and low gas exchange (Pospíšilová et al. 1999). The aim of 
the present studies was therefore to test the general hypoth-
esis that the response of R. thyrsiflorus to high temperature 
stress depends on the sex of the plant and its origin, includ-
ing previous growing conditions, i.e. in vitro regenerated 
plants versus plants obtained from seeds. The hypothesis 
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was tested using selected stress-related biochemical and 
physiological analyses.

Materials and methods

Plant material and culture conditions

Seeds of Rumex thyrsiflorus Fingerh. (POLAN, Poland) were 
sterilized in 70% (v/v) EtOH for 1 min., then in a 50% (v/v) 
commercial bleach (< 5% sodium hypochlorite) for 12 min. 
The seeds were then rinsed 3 times in sterile distilled water. 
Seeds were germinated for 11 days in a culture room at 
25° ± 3 °C, 16 h/8 h photoperiod (day/night), and fluorescent 
white light (60-90 μmol m−2 s−1). Hypocotyls (ca 5 mm) 
were isolated and placed on MS medium (Murashige and 
Skoog 1962) supplemented with 3% (w/v) sucrose, 2.27 μM 
thidiazuron (TDZ) and 0.8% (w/v) agar, as described by 
Ślesak et al. (2017). Five explants were inoculated onto a 
Petri dish (60 mm). The experiment was repeated 3 times 
(total 375 explants/75 Petri dishes). Passage of cultures 
into fresh medium was done every 3-4 weeks. Adventitious 
shoots regenerated from the morphogenic callus were rooted 
on ½ MS medium supplemented with 2% (w/v) sucrose, 
0.8% (w/v) agar, and 2.46 μM indole–3–butyric acid (IBA). 
After 2-7 weeks, the regenerants that had developed a root 
system were transferred to pots with soil and acclimated to 
the ex vitro conditions in the culture room (conditions as 
described above).

For the control plants, the seeds of R. thyrsiflorus were 
placed on Petri dishes with moist filter paper (non-sterile) 
to initiate seed germination. After 7 days, the obtained seed-
lings were transferred to pots with soil. The control plants 
were grown in the culture room under the same conditions 
as the acclimatised regenerants (see above).

Identification of the sex and analysis of the sex ratio

To determine the sex of the plants used for the experiment, 
the following plant material was used: (1) leaves from con-
trol plants, (2) cotyledons and roots excised from 11-day-old 
seedlings, the same from which the hypocotyls were also 
used as explants in the in vitro micropropagation.

DNA was extracted using the hexadecyltrimethylammo-
nium bromide (CTAB) method (Gawel and Jarret 1991) with 
modifications (Kwolek and Joachimiak 2011). A PCR-based 
technique using DNA markers on the Y chromosomes was 
used to identify the sex of the plants. Primers designed by 
Korpelainen (2002), that amplify the male-specific RAYSI 
sequence on the Y chromosomes of R. acetosa and its close 
relatives (Navajas-Pérez et al. 2006) were used: RAY-F 
(5′-ACT​CGA​ATG​TAA​GCA​TTT​GGT​GTC​CTC​CAT​AAA​
GTG​GA-3′) and RAY-R (5′-ACT​ACA​CGA​TTG​TCC​ATA​

AAG​TGG​A-3′). In addition, primers URG08-F (5′-CCA​
ATT​GGT​CTC​AAC​TAG​AACA-3′) and URG08-R (5′-TGT​
TAT​AGG​TTG​GAC​TGC​CA-3′) which amplify the male-
specific repetitive sequence RAYSII in R. acetosa L. were 
used (Mariotti et al. 2009).

To check the quality of the template DNA, primers ampli-
fying the autosomal sequence RAE730 were used: R730-A 
(5′-CTC​GGA​CCA​ATT​ ATC​TCA​T-3′) and R730-B (5′-CAT​
TAT​TTG​GGA​GCC GAT-3′) (Navajas-Pérez et al. 2005). 
The amplification reaction was performed in a T100 Ther-
mal Cycler (BioRad) (for a description of the reaction mix-
tures and programmes see Ślesak et al. 2015).

PCR products were separated in 1% (w/v) agarose gel 
in 1×TBE buffer with Simply Safe (EURx) or Syngen 
GreenDNA Gel Stain (Syngen Biotech) for 60 min at a con-
stant voltage of 120 V. Perfect Plus 100 bp DNA Ladder 
(EURx) or GeneRuler 100 bp DNA Ladder (Thermo Scien-
tific) were used as the molecular standards.

The ratio of male to female individuals was estimated 
according to Rychlewski and Zarzycki (1975): M:F = 1:F/M, 
where F-female plants, M-male plants.

Short‑term heat stress experiment

For the experiment on the influence of short-term high tem-
perature stress, in vitro regenerated plants and control plants 
germinated from seeds (of the same age, about 11 weeks-
old) were placed in a phytotron chamber (Biogenet) at a 
light intensity of 190 µmol m−2 s−1, photoperiod 16 h/8 h 
(day/night). The experiment consists of four stages (I-IV) 
(Fig. 1). In the first stage (I) the plants were grown at 25 °C 
(7 days), in the second stage (II) the plants were exposed 
to heat stress (temperature 35 °C) for 7 days, in the third 
stage (III) the plants were again placed at 25 °C, as in the I 
stage (recovery conditions), and in the fourth stage (IV) the 
plants were acclimated to field conditions (Gronostajowa 3, 
Kraków, Poland, 50°01′39″N, 19°54′12″E). At each stage 
the following analyses were carried out: measurements of 
chlorophyll a (Chl a) fluorescence of PSII, photosynthetic 
pigment content and determination of antioxidant enzymes, 
i.e. SOD and CAT activities (for details see Fig. 1).

Measurements of chlorophyll a fluorescence

Photosynthetic efficiency based on Chl a fluorescence of 
PSII was measured at each experimental stage (Fig. 1) using 
a HandyPEA portable fluorimeter (Hansatech, UK). Chl a 
fluorescence induction curves were determined on dark 
adapted leaves (20 min.). The following parameters were 
analyzed: maximum quantum yield of PSII photochemistry 
in the dark-adapted state (Fv/Fm = (Fm − F0)/Fm), minimal 
(F0), maximal (Fm) and variable fluorescence (Fv), over-
all performance index of PSII (PI) and time to maximal 
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fluorescence (TFm). Each time, after measuring chlorophyll 
fluorescence, two leaves were taken from each individual, 

frozen in liquid nitrogen and stored in the deep freezer for 
further analysis.

Fig. 1   Scheme of the experiment on the influence of short-term heat 
stress on Rumex thyrsiflorus. In vitro regenerated plants and control 
plants (obtained from seeds) were placed in a phytotron chamber; 
I-first stage of the experiment, the plants grew in the phytotron cham-
ber at a temperature of 25 °C; II-second stage, the plants from stage I 
were placed in a high temperature of 35 °C, III-third stage, the plants 
from stage II were again placed in a temperature of 25 °C (recovery 

conditions), IV-fourth stage, the plants from stage III were placed in 
field conditions. After 7 days in stage I-III and after 9 weeks in stage 
IV the fluorescence of chlorophyll a was measured and the activity of 
antioxidant enzymes (SOD, CAT) and the content of photosynthetic 
pigments were determined; FR female regenerants, MR male regener-
ants, FC female control, MC male control
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Analysis of the photosynthetic pigment content

Photosynthetic pigment content was analysed in lyophyllised 
(Labconco Freezone 77530–32, A. G. A. Analytical) leaves 
of three randomly selected male and female regenerants and 
control plants at each stage of the experiment. The analysis 
was performed according to Lichtenthaler and Buschmann 
(2001) with some modifications. Plant tissue was homog-
enised in 100% acetone cooled to – 20 °C and small amount 
of MgCO3. After centrifugation at 4000 rpm at 4 ºC for 
5 min, the supernatant was diluted 1:4 in cuvettes (200 μl 
extract + 800 μl 100% acetone). Absorbance was meas-
ured using a spectrophotometer (SmartSpec Plus, BioRad) 
3 times at the following wavelengths: 662, 645 and 470 nm. 
The content of Chl a, chlorophyll b (Chl b) and carotenoids 
(car) was calculated using the equations of Lichtenthaler 
(1987) and expressed on a dry weight basis (mg g−1 DW). 
The sum of Chl a and Chl b was defined as total chlorophyll 
content, according to Lichtenthaler (1987).

Analysis of the activity of selected antioxidant 
enzymes (SOD, CAT)

Preparation of soluble proteins (crude extract) from plants

Five randomly selected leaves (pooled samples) from male 
and female individuals of both regenerants and control plants 
were used for analysis at each stage of the experiment. The 
material 1 or 1.5 g FW was mixed in a ratio of 1:3 [g fresh 
weight: ml homogenisation buffer (100 mM Tricine, 3 mM 
MgSO4 · 7H2O, 1 mM DTT, 3 mM EGTA, pH 8.0)] (Miszal-
ski et al. 1998 with modifications).

The next step was to centrifuge the extract for 5 min at 
4000 rpm at 4 °C. To determine the concentration of soluble 
proteins, the Bradford method (1976) was chosen, using the 
Thermo Fisher Scientific protein assay (USA). Bovine serum 
albumin (BSA) (Merck) was used as a protein standard.

Native PAGE

Native polyacrylamide gel electrophoresis (PAGE) was per-
formed as previously described by Miszalski et al. (1998). 
After protein determination, samples were separated in a 
12% polyacrylamide gel for SOD activity staining analysis 
or with modification in a 10% polyacrylamide gel for CAT 
activity staining at 4 °C and 180 V. The polyacrylamide 
gels were scanned using an EPSON Perfection V600 Photo 
scanner.

SOD activity

SOD activity in the gels was visualised by activity stain-
ing according to Beauchamp and Fridovich (1971). For 

determination of SOD activity, gels were incubated at room 
temperature in the dark on a shaker for about 20 min in 
standard staining phosphate buffer (50 mM, pH 7.8) con-
taining 1 mM EDTA, 2.8 mM TEMED, 22 μM riboflavin 
and 245 μM NBT. The gels were then exposed to white light 
on a transilluminator (UVP) until the SOD activity bands 
became visible.

To inhibit Cu/ZnSOD activity, the gels were incubated 
in buffer containing 3 mM KCN. To inhibit Cu/ZnSOD and 
FeSOD activity, H2O2 was added to the staining buffer to a 
final concentration of 5 mM.10 mM 3-amino-1,2,4-triazole 
was also added to the standard staining buffer to eliminate 
bands indicating the presence of catalase (CAT).

Staining of CAT activity

CAT activity was determined according to the procedure 
described by Woodbury et al. (1971). For CAT detection, 
the gels were washed 3 times in distilled water for 10 min. 
and then incubated in H2O2 solution (0.03% v/v) for 10 min. 
They were then washed in distilled water and stained for 
10 min in a 1:1 mixture of 2% (w/v) FeCl3 and 2% (w/v) 
K3Fe(CN)6.

Data analysis

Statistics for all results concerning PSII activity of plants 
used for the short—term heat stress experiment: in vitro 
regenerated plants and plants obtained from seeds are 
reported as mean ± SE (standard error). The Kruskal–Wal-
lis test and Dunn’s Multiple Comparison Test as post-test 
were used to verify the statistically significant differences in 
the values of the following parameters: TFm, F0, Fm, Fv, Fv/
Fm, PI. The analysis was done for (1) female (FR) and male 
(MR) regenerants and female (FC) and male (MC) control 
plants between four stages (I–IV) of the experiment and (2) 
within each stage all the four mean values were compared 
(FR vs FC, MR vs MC, FR vs MR, FC vs MC). Statisti-
cally significant differences were verified for p < 0.05 (*), 
p < 0.001 (**), p < 0.0001 (***). Statistical analysis was 
performed using GraphPad Prism software (v. 5.03).

Results

Plants used for the short‑term heat stress 
experiment: in vitro regenerated plants and control 
plants obtained from seeds

Induction of callus tissue was observed on most hypocot-
yls 2 weeks after the start of culture on MS medium sup-
plied with 2.27 μM TDZ. Callogenesis was observed on the 
entire surface of the explants 4 weeks after culture induction 
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(Fig. 2a, b). Indirect morhogenesis (via callus) was observed. 
The formation of adventitious shoots was noted 7 days after 
callus induction (Fig. 2c, d). The regenerated shoots were 
isolated and inoculated on rooting medium ½ MS supple-
mented with 2% sucrose and 2.46 μM IBA. Root formation 
was observed after 1-2 weeks (Fig. 2e). The rooted plantlets 
(79 individuals) were acclimated to the ex vitro conditions 
with an efficiency of 79.5% (63 individuals). In the case of 
the control plants germinated from seeds, 54 plants were 
obtained. The in vitro regenerated plants and the control 
plants were placed in the phytotron chamber for the dura-
tion of the I, II and III stages of the short-term heat stress 
experiment (Fig. 2f). At the IV stage, they were successfully 
acclimated to field conditions (Fig. 2g).

Molecular analysis

For the male individuals, a PCR reaction with the prim-
ers RAY-R and RAY-F, which amplify RAYSI sequences, 
gave a product of about 930 bp (Fig. 3a). In the case of 

primers URG08-R and URG08-F, which amplify the RAY-
SII sequence, two products of about 700 and 600 bp were 
found in male individuals (Fig. 3b). Amplification of the 
autosomal RAE 730 sequence with primers R730-A and 
R730-B confirmed the good quality of the template DNA 
(Fig. 3c).

The ratio of male to female individuals in the control and 
in vitro regenerated plants was M:F = 1:3.5 and M:F = 1:2.5, 
respectively.

Measurement of PSII activity

The mean values of the following photosynthetic activity 
parameters based on Chl a fluorescence: F0, Fm, Fv, Fv/Fm, 
TFm, and PI at each stage of the experiment were compared.

PSII efficiency within the experimental stages

The comparative analysis of the mean values of the stud-
ied parameters of photosynthetic activity within the dif-
ferent stages of the experiment showed statistically sig-
nificant differences between FR and FC plants only in the 
following cases: (1) F0 in each stage of the experiment 
(Fig. 4a–d). At the I, II, and III stage, the mean value of 
F0 was higher in the in vitro regenerated female plants 
than in the control plants (Fig. 4a–c). In contrast, at the 
IV stage (acclimation to ex vitro conditions), the mean 
value of F0 was higher in FC plants than in FR (Fig. 4d); 
(2) the mean values of Fm at the III stage of the experi-
ment (Fig. 4e) were lower in FC plants than in FR; (3) Fv/
Fm at the IV stage of the experiment (Fig. 4f). In this case, 

Fig. 2   In vitro regenerated plants and control plants obtained from 
seeds used for the short-term heat stress experiment. Micropropaga-
tion in vitro on MS + 2.27 μM TDZ a-e; callus induction on hypoco-
tyl surface (4 weeks culture) a, b; regeneration of adventitious shoots 
(8  weeks culture) c, d; isolated adventitious shoots were inoculated 
on rooting medium (½ MS + 2% sucrose + 2.46  μM IBA) and root 
formation was observed after 1-2  weeks e; regenerants and control 
plants were placed in the phytotron chamber for the duration of the I, 
II and III stage of experiment f and acclimated to field conditions (IV 
stage of the experiment) g. Bars 5 mm a-d, 2 cm e, 7 cm f, 8 cm g 

Fig. 3   PCR products of in vitro regenerated Rumex thyrsiflorus plants 
(1-10): RAY-F and RAY-R primers a, URG08-F and URG08-R prim-
ers b, R730-A and R730-B primers c; m- male plants, M-100  bp 
molecular weight marker
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Fig. 4   The mean value of minimum Chl a fluorescence yield in the 
dark-adapted state (F0) at stages I a, II b, III c, IV d of the experi-
ment; the mean value of the maximum Chl a fluorescence yield in 
the dark-adapted state (Fm) at the III stage of the experiment e,  maxi-
mum quantum yield of PSII photochemistry (Fv/Fm) at the IV stage 
of the experiment f, plant performance index (PI) at the I stage of the 

experiment g, expressed in arbitrary units [a. u.]; FR female regener-
ants, FC female control, MR male regenerants, MC male control; data 
are mean ± SE (n = 11–44). Asterisks indicate significant differences 
between means at the level of p < 0.05 (*), p < 0.001 (**), p < 0.0001 
(***) according to Dunn’s Multiple Comparison Tests
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highly statistically significant differences (p < 0.0001) 
were observed between FC plants, with the mean value 
of this parameter being significantly lower compared to 
FR (Fig. 4f); (4) plant performance index (PI) at the I 
stage of the experiment was higher in FC plants than in 
FR (Fig. 4g).

PSII efficiency – comparison between the stages 
of the experiment

The comparative analysis of the mean values of the stud-
ied parameters between the four stages of the experi-
ment showed highly statistically significant differences 
(p < 0.0001) in the following parameters: F0, Fm, Fv, Fv/
Fm, TFm and PI (Figs. 5, 6).

The comparison of the mean value of the minimum 
Chl a fluorescence yield in the dark-adapted state (F0) 
showed statistically significant differences in female con-
trol plants between I and IV, as well as III and IV stage of 
experiment (Fig. 5a). Moreover, only FR showed a lower 
mean value of F0 during acclimation to field conditions, 
compared to the other groups analysed. Analysis of the 
mean value of the maximum Chl a fluorescence yield in 
the dark-adapted state (Fm) revealed differences between 
the I and IV stages in the case of FC and FR (Fig. 5b). 
In both cases, the value was lower at the IV stage of the 
experiment. A similar trend was observed for the maxi-
mum variable fluorescence (Fv), additionally the mean 
value of this parameter was significantly lower in the FC 
plants at the II stage of the experiment compared to the 
stage I (Fig. 5c).

Comparative analysis of the mean value of  the maxi-
mum quantum yield of PSII photochemistry (Fv/Fm) 
showed significant differences between the I and IV 
stages of the experiment in both MC and FC plants. In 
this case, the mean value of this parameter was lower dur-
ing acclimation to field conditions (IV stage) (Fig. 6a). 
Moreover, the differences (decrease in Fv/Fm value) were 
visible between I and II, as well as III and IV stage of 
experiment in FC plants. In case of the time at which the 
maximum fluorescence value was reached (TFm) (Fig. 6b) 
FR and FC plants showed statistically significant differ-
ences between all experimental stages (I and IV, II and 
IV, III and IV), and MR and MC plants only between II 
and IV stages. In all cases, the value of this parameter was 
highest at the II stage (short-term heat stress) and lowest 
at the IV stage (field conditions).

A similar trend, in terms of statistically significant dif-
ferences, was observed in the analysis of the plant perfor-
mance index (PI) (Fig. 6c). In general, a decrease in the 
value of this parameter was observed after treatment with 

high temperatures and an increase in plants that grew for 
several weeks under field conditions (IV stage).

a

b

c

***
***

******

***
******

0

100

200

300

400

500

600

700
FR
FC
MR
MC

I  II  III IV I  II  III IVI  II  III IV I  II  III IV
stages of experiment

].u.a[ oF
0

500

1000

1500

2000

2500

3000

I  II  III IV I  II  III IVI  II  III IV I  II  III IV
stages of experiment

].u.a[ 
mF

0

500

1000

1500

2000

2500

3000

I  II  III IV I  II  III IVI  II  III IV I  II  III IV
stages of experiment

].u.a[ vF

Fig. 5   Comparison of the mean value of the minimum Chl a fluo-
rescence yield in the dark-adapted state (F0) a,  the maximum Chl a 
fluorescence yield in the dark-adapted state (Fm) b and maximum 
variable fluorescence (Fv) c between the I-IV stages of the experiment 
expressed in arbitrary units [a. u.]; FR female regenerants, FC female 
control, MR male regenerants, MC male control; data are mean ± SE 
(n = 11-44). Statistically significant differences were verified for 
p < 0.05 (*), p < 0.001 (**), p < 0.0001 (***) according to Dunn’s 
Multiple Comparison Tests
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Analysis of the content of photosynthetic pigments

Chlorophylls (a and b) were most abundant in the leaves of 
the plants in the first three stages of the experiment (Fig. 7). 
In the first stage of the experiment, the chlorophylls/carot-
enoids ratio was highest in the in vitro regenerated female 

plants (Fig. 7a). A general trend of decreasing carotenoid 
content was observed at the II and III stages, excluding male 
control plants at the III stage of the experiment. At the IV 
stage of the experiment (field conditions), carotenoids were 
the dominant pigments in the leaves of the tested plants, 
except for the MC individuals, where twice as many chlo-
rophylls as carotenoids were found. Moreover, the highest 
mean content of carotenoid pigments was found in MR and 
FR at the IV stage (Fig. 7d). Similarly, the mean ratio of 
chlorophyll a/b at the IV stage of the experiment was highest 
in MR and FR (Fig. 8).

SOD and CAT activities

Manganese (MnSOD), iron (FeSOD), and two copper-zinc 
isoforms (Cu/ZnSOD I and Cu/ZnSOD II) were identified 
(Fig. 9). The presence of Cu/ZnSOD I, Cu/ZnSOD II and 
MnSOD was observed in control plants and in vitro regen-
erated plants of both sexes at all stages of the experiment. 
FeSOD was identified only in FC and MC plants at II stage 
(heat stress) of the experiment (Fig. 9b).

CAT activity was observed in leaves of in vitro regener-
ated plants and control plants of both sexes at all stages of 
the experiment (Fig. 10), except for male and female regen-
erants at the IV stage (field conditions) (Fig. 10d).

Discussion

The sex differences could be due to different resource man-
agement and are most evident under conditions unfavour-
able to the plant. Reproductive costs are much higher in 
females than in males. Thus, the investment in reproduction 
in females results in less energy that can be used for growth 
or defence, making females less resistant to stress (Liu et al. 
2021). However, dimorphic species do not always show sex-
specific differences in stress response. An example of such 
a species is Salix viminalis, where there were no differences 
between the sexes under flood stress (Zhai et al. 2020). An 
interesting species described in Juvany and Munné-Bosch 
(2015) is Honckenya peploides, which showed no sex dif-
ferences in response to salt stress, but under water stress, 
females showed higher tolerance than males. In contrast, 
in Populus, male individuals were more tolerant to drought 
stress than females because they had higher values of total 
chlorophyll concentration, net photosynthetic rate and super-
oxide dismutase and peroxidase activities (Chen et al. 2014; 
Hao et al. 2020). In general, the responses of a given sex 
are highly species-specific and depend on the type of stress 
factor.

High temperature stress as well as many other abiotic 
stresses as a result of climate change, have become recently 
a serious threat to plants, affecting their growth and 
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Fig. 6   Comparison of the mean value of  the maximum quantum 
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performance index (PI) c between the I-IV stages of the experiment 
expressed in arbitrary units [a. u.]; FR female regenerants, FC female 
control, MR male regenerants, MC male control; data are mean ± SE 
(n = 11-44). Statistically significant differences were verified for 
p < 0.05 (*), p < 0.001 (**), p < 0.0001 (***) according to Dunn’s 
Multiple Comparison Tests
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development. Throughout the life cycle, plants are exposed 
to temperature fluctuations, but globally elevated tempera-
tures have a negative impact on plant biomass production. 
Nevertheless, plants have developed a molecular system that 
helps them to perceive changes and adapt to unfavourable 
conditions (Ahuja et al. 2010).

PSII efficiency within the experimental stages—
comparison between sex and origin of the plants

The comparative analysis of the mean values of selected 
chlorophyll fluorescence parameters of R. thyrsiflorus within 
the different stages of the experiment showed significant dif-
ferences only between FR and FC plants. One of the ana-
lysed parameters was the mean value of the minimum Chl 
a fluorescence yield in the dark-adapted state (F0). This 
parameter describes the level of fluorescence when primary 
quinone electron acceptors of PSII (QA) are maximally oxi-
dised, i.e. the PSII centres are open. It indicates the loss of 
excitation energy during its transfer from the energy anten-
nas to the PSII reaction centre (Baker and Rosenqvist 2004). 
Higher values of this parameter indicate lower efficiency of 
transfer of excitation energy between chlorophyll molecules. 
In the present experiment, the mean value of this parameter 
increased after the heat stress treatment at FR compared to 
FC plants, in contrast to the last stage of the experiment 
(IV), where the opposite results were obtained, indicating 
that the in vitro regenerated female plants adapted better to 
the field conditions. A similar trend was observed for the 
plant performance index (PI).

Analysis of the mean value of the maximum fluorescence 
level of dark adapted leaves (Fm), which indicates the fluo-
rescence level when QA is maximally reduced (PSII centres 
are closed), revealed a statistically significant decrease at the 
III stage in FC plants (7 days after high temperature stress) 
compared to FR. Similar results were obtained for maxi-
mum quantum efficiency of PSII photochemistry (Fv/Fm) at 

Fig. 7   The mean content (mg/g 
DW) of photosynthetic pig-
ments: chlorophylls (chlorophyll 
a + b) and carotenoids at each 
stage of the experiment I a, II 
b, III c and IV d; FR female 
regenerants, FC female control, 
MR male regenerants, MC male 
control

a b c d

Fig. 8   The ratio of chlorophyll a/b at each stage of the experiment I 
a, II b, III c and IV d; FR female regenerants, FC female control, MR 
male regenerants, MC male control
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IV stage, where a highly statistically significant decrease in 
mean Fv/Fm was observed in female control plants compared 
to female regenerants. The results described above could 
indicate a better efficiency of the photosynthetic apparatus 
in in vitro regenerated plants and an impairment of photo-
synthesis in seed-derived control plants.

Fv/Fm is used to detect stress-induced perturbations in the 
photosynthetic apparatus, as a decrease in Fv/Fm may be due 
to the development of slowly relaxing quenching processes 
and photodamage of PSII reaction centres, which reduce 
the maximum quantum efficiency of PSII photochemistry 
(Baker and Rosenqvist 2004). Under stress conditions, the 
value of the Fv/Fm parameter may decrease (Kalaji and Bosa 

Fig. 9   Native polyacrylamide 
gel electrophoresis (PAGE) 
of the different SOD forms in 
in vitro regenerated and control 
plants of Rumex thyrsiflorus. 
Inhibitors were KCN and H2O2: 
20 μg protein was loaded per 
lane; stages of the experiment: 
I a, II b, III c, IV d; MC male 
control, FC female control, MR 
male regenerants, FR female 
regenerants
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2011). As a result of high temperatures, a decrease in Fv/Fm 
was observed in wheat cultivars in a study by Sharma et al. 
(2015). However, Zhai et al. (2020) observed a relatively 
stable value of the parameter Fv/Fm under elevated tempera-
ture conditions in Salix viminalis. Fm is also related to the 
chlorophyll content of the tissue (Kalaji and Bosa 2011), 
which can be seen in the case of stage IV of the experiment, 
where the lowest Chl a + b content was recorded in most of 
the analysed leaves of R. thyrsiflorus compared to stage I, 
II and III.

No statistically significant differences were found in the 
values of the main photosynthetic parameters in male plants 
obtained from seeds, indicating a lower sensitivity to heat 
stress and a greater stability of the photosynthetic apparatus 
in response to high temperature stress compared to female 
plants obtained from seeds.

PSII efficiency‑comparison 
between the experimental stages

Comparative analysis of the F0 parameter between the four 
stages of the experiment showed a general tendency for this 
parameter to increase in all the plants analysed after treat-
ment with short-term heat stress and under field conditions, 

with the exception of FR, where a decrease in F0 was 
observed at the IV stage, indicating better stress tolerance. 
In FC plants, the increase in F0 value was observed between 
III and IV stage, indicating impairment of the photosyn-
thetic apparatus under field conditions. Moreover, in FC, a 
decrease in Fv and Fm was observed 1 week after the heat 
stress treatment, indicating a better stress tolerance of the 
in vitro regenerated plants. Although a decrease in Fv/Fm was 
observed in all the plants studied at the II (heat stress) and 
IV (field conditions) stages, the greatest statistically signifi-
cant differences were observed in male and female control 
plants obtained from seeds compared to in vitro regener-
ated plants, demonstrating the better stress tolerance of the 
latter. The reason for this result could be due to changes 
at the cellular level, namely the susceptibility of cells to 
somaclonal variation.Testing plants for somaclonal varia-
tion, has been used to obtain disease-resistant crop species, 
e.g. alfalfa, maize, sugarcane and tomato. Somaclonal vari-
ability results from pre-existing mutations in explant cells, 
but much of the variability is induced during the cell culture 
cycle and is responsible for chromosomal changes (Ham-
merschlag 1990). However, we cannot conclude this based 
on these studies, as more in-depth studies at the molecular 
and cytological level are still required.

It has been shown that under heat stress conditions the 
total chlorophyll content was reduced. This could be at least 
partly due to the inhibition of enzymes involved in chlo-
rophyll biosynthesis. In a study on Rumex acetosa, ROS 
was found to influence the perturbations of the Chl a to b 
ratio, because under stress conditions Chl a is the main sub-
strate of Chl b biosynthesis (Biczak and Pawłowska 2016). 
Similar results were obtained in R. thyrsiflorus during our 
experiment, where the decrease in the ratio of Chl a/b was 
observed after a short-term treatment with high tempera-
tures. Interestingly, at the IV stage of the experiment (field 
conditions), Chl a/b was highest in the leaves of MR and 
FR compared to the plants germinated from seeds, proving 
that they are better adapted to field conditions. In the pre-
sent study, in the III stage of the experiment, i.e. recovery 
(7 days after heat stress) the content of total Chl decreased 
compared to stage I and II. Similar results were obtained in 
Sorghum under heat stress (Gosavi et al. 2014). Under field 
conditions, carotenoids appeared to be the dominant pigment 
group due to the higher intensity of sunlight. Carotenoids 
dissipate excess photon energy, protecting chlorophylls from 
photooxidation (Jo et al. 2008). It is interesting that the con-
tent of carotenoids in R. thyrsiflorus MR and FR represents 
a kind of “pre-adaptation” to field conditions with strong 
sunlight.

Fig. 10   Catalase activity in in vitro regenerated and control plants of 
Rumex thyrsiflorus; 20 μg protein was loaded per lane; stages of the 
experiment: I a, II b, III c, IV d; MC male control, FC female control, 
MR male regenerants, FR female regenerants
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SOD and CAT activities

There is limited data on the relationship between sex and 
antioxidant enzyme activity. In the present study: MnSOD, 
FeSOD, Cu/ZnSOD I and Cu/ZnSOD II were identified 
for the first time in Rumex thyrsiflorus. The presence of 
Cu/ZnSOD at each stage, could be due to the fact that it 
is the only isoform of SOD found in multiple locations in 
the plant cell: in the cytosol, chloroplasts, peroxisomes, 
apoplast, and also in the cell nucleus (Sheng et al. 2014; 
Ogawa et al. 1996). The presence of the FeSOD form was 
only detected in female and male plants obtained from seeds 
(control plants) at the II stage of the experiment and enabled 
them to cope better with direct exposure to a stress factor-at 
this stage plants regenerated in vitro showed a reduction in 
PSII activity.

CAT activity was observed in leaves of plants regener-
ated in vitro and control plants of both sexes at all stages 
of the experiment, excluding MR and FR at stage IV (field 
conditions). The absence of CAT activity in leaves of female 
and male plants regenerated in vitro under field conditions 
might indicate that the detection method used is not accu-
rate enough or that the function of CAT is replaced by other 
H2O2-degrading enzymes, for example peroxidases. Such a 
phenomenon was observed in Jatropha curcas where cata-
lase activity decreased with increasing water deficit (Sofo 
et al. 2015). Chen et al. (2015) observed that the increase 
of ROS as signalling molecules affected the expression of 
antioxidant systems and the activity of antioxidant enzymes: 
SOD and ascorbate peroxidase (APX) in females. Roba-
kowski et al. (2018) concluded that larger Taxus baccata 
female reproductive effort compared with males was not at 
the cost of photochemical capacity but may to some extent 
be due to differences between the sexes in the ability to pro-
tect the photosynthetic apparatus with antioxidants against 
photoinhibition. Tolerance to high temperatures varies 
between species. In the wheat study, increased activity of 
all antioxidants tested was found at 35°C, but the activity of 
POX continued to increase with increasing temperature. In 
contrast, the activity of CAT gradually decreased, suggest-
ing that plants have a species-specific tolerance threshold 
(Sarkar 2016).

Conclusion

The complex analysis of selected physiological and bio-
chemical aspects of sex-related heat stress response was 
carried out for the first time in the dioecious model species 
Rumex thyrsiflorus. The results showed that high-temper-
ature stress response depended on the sex and the origin 
of the plants, i.e. in vitro regenerated plants versus plants 

obtained from seeds. Even short-term heat stress led to dif-
ferences in photosynthetic efficiency.

In general, in vitro regenerated plants showed a reduc-
tion in PSII activity when directly exposed to a stress factor. 
However, in contrast to plants from seeds, they efficiently 
adapted to recovery conditions within 1 week after termina-
tion of the stress factor. The regenerants also acclimatised 
well to field conditions and in this case showed better effi-
ciency of the photosynthetic apparatus and greater stress 
tolerance compared to seed-derived control plants. This was 
also reflected in the Chl a/b ratio, which was highest at this 
stage in the leaves of the male and female regenerants. Anal-
ysis of the main photosynthetic parameters showed that male 
plants derived from seeds were less sensitive to heat stress 
and showed greater stability of the photosynthetic apparatus 
in response to high temperature stress than female plants 
derived from seeds.

In the present study the forms of SOD: manganese 
(MnSOD), iron (FeSOD), and two copper-zinc isoforms 
(Cu/ZnSOD I and Cu/ZnSOD II) were identified for the first 
time in Rumex thyrsiflorus.

Sex-specific differences in adaptability to environmen-
tal stress are still poorly understood, although studying the 
stress adaptation mechanisms of male and female dioecious 
plants is essential to understand the evolution of these spe-
cies in the context of global warming. In our opinion, the 
results of these studies can be applied in agriculture and 
are also a good starting point for phytochemical studies on 
the relationship between sex-specific stress response and the 
production of secondary metabolites, which are currently 
being initiated.
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