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Abstract
The sex-dependent differences in the response to salt stress of the dioecious Rumex thyrsiflorus and the influence of different 
concentrations of sodium chloride (NaCl) on the biosynthesis of phenolic compounds in callus suspension cultures were 
evaluated. The cultures originated from callus obtained on hypocotyls isolated from male and female seedlings were cultured 
on Murashige and Skoog medium supplemented with 0.4 mg/L 6-benzylaminopurine and 1 mg/L 2,4-dichlorophenoxyacetic 
acid. The results showed that the response to salt stress depends on both the sex of the plant and the NaCl concentration in 
the culture medium. The analysis of the main morphometric parameters showed that callus tissue derived from the hypoco-
tyls of female seedlings was less sensitive to salt stress than that from male seedlings, which was correlated with higher 
concentrations of phenolic compounds. The optimal NaCl concentration to increase the production of phenolic compounds 
was 129 mM for females and 43 mM for males. In the methanolic tissue extracts 22 compounds were determined using the 
HPLC–DAD method. In general, higher amounts of compounds were detected in the extracts from the female tissue. The 
following dominated: catechin (max. 213.31), cryptochlorogenic acid (max. 76.35) and epicatechin (max. 54.84) (mg/100 g 
DW). This comprehensive phytochemical analysis of the sex-related aspects of the response to salt stress was performed for 
the first time in this dioecious model species. The results revealed potential application of NaCl as the ecological friendly 
and inexpensive elicitor to increase the production of pharmaceutically valuable compounds and highlight the importance 
of dioecy in phytochemistry.

Key message 
The influence of salt stress on the phenolic compounds production as well as the sex-dependent callus tissue response was 
documented for the first time for the dioecious model species Rumex thyrsiflorus.

Keywords  Thyrse sorrel · Salinity Stress · Elicitation · Callus Suspension Culture · Secondary Metabolites · HPLC–DAD

Introduction

Phenolic compounds (PCs) are naturally occurring bioac-
tive molecules demonstrating a wide range of biological 
activities. They impart aroma, flavor and color and act as 
antioxidants against reactive oxygen species (ROS). PCs 
include groups such as phenolic acids, coumarins, flavo-
noids and tannins, and moreover stilbenes, quinones and 
lignans. They have found the greatest use in the pharmaceu-
tical industry, due to their wide range of pharmacological 
activities, i.e., anti-inflammatory, antimicrobial, anticancer 
or antioxidant potential (Al Mamari 2021). The synthesis 
and accumulation of secondary metabolites (SMs), including 
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PCs, is dependent on environmental conditions, i.e., light, 
temperature, or salinity (Yang et al. 2018; Mera et al. 2019). 
This phenomenon is frequently used in plant biotechnology. 
In tissue culture, the synthesis and accumulation of SMs 
under highly controlled conditions is known (Pan et al. 
2020). Elicitation is one of the most promising techniques 
to increase SMs production. The known elicitors used under 
in vitro conditions are physical factors, such as UV radia-
tion, osmotic pressure, or temperature changes, as well as 
chemical factors, such as heavy metals, antibiotics, or salin-
ity (Datta et al. 2021).

According to Van Zelm et al. (2020), salt tolerance of 
plants is a complex trait that can be assessed in different 
ways, e. g. by ion accumulation, tissue-specific growth rates, 
biomass production, survival, and seed production. Halo-
phytes are plants that have adapted to saline environments 
and use specialised strategies to cope with salinity. One 
of the most important salt tolerance mechanisms of halo-
phytes is the accumulation of osmolytes in the cytoplasm 
for osmotic adjustment. These osmolytes are low-molecular-
weight compounds such as proline, sugar alcohols, sorbitol, 
quaternary ammonium compounds, and α-amino nitrogen. 
Maintaining a high cytosolic K+/Na+ ratio, especially in the 
shoots, is crucial for the salt tolerance of glycophytes (Horie 
et al. 2012). Salt stress can not only have a negative effect 
on germination or the morphology of developing plants but 
can also lead to changes at the physiological or molecular 
level. It can affect the stability of many key proteins involved 
in photosynthesis, e.g., ribulose bisphosphate carboxylase/
oxygenase (RuBisCO), and even alter the levels of sugars. 
Such a negative effect can lead to an inhibition of photosyn-
thesis, which leads to stunted plant growth and development. 
Plants sensing the accumulation of Na+ ions accumulate 
large amounts of Ca2+, thus activating ROS and changing 
the composition of phospholipids. Several processes are then 
activated to maintain ionic balance and osmotic homeostasis 
and, as a result, plant growth is slowed down, but metabo-
lism is more activated (Zhao et al. 2021). Salt stress can lead 
to a reduction in water potential, resulting in physiological 
drought. Drought can affect not only the growth of indi-
vidual plants but also the stability of the population struc-
ture and even the sex ratio in dioecious plants (Liao et al. 
2019 and literature therein). Understanding the tolerance of 
male and female individuals to environmental stress factors 
is important to understand the evolution of dioecious plants 
under changing climatic conditions (Juvany and Munné-
Bosch 2015).

Rumex thyrsiflorus, also known as thyrse sorrel, belongs 
to the Polygonaceae family. It is a dioecious plant with 
heteromorphic sex chromosomes. In female individuals: 
2n = 12A + XX, in males: 2n = 12A + XY1Y2 (Żuk 1963). 
It is a synanthropic species that grows along roadsides and 
in ruderal areas, but also occurs in meadows and pastures. 

Its distribution area includes Asia, Europe and Canada 
(Zarzycki and Rychlewski 1982). Phenolic acids, flavo-
noids, tannins and anthraquinones, e. g. emodin, chrys-
ophanol or rhein, have been detected in extracts of R. thyr-
siflorus (Litvinenko and Muzychkina 2008). They have 
also shown an antiproliferative effect on the A431 and 
MCF7 lines, and an antimicrobial effect on various bacte-
rial strains, including Bacillus subtilis and Staphylococcus 
epidermidis (Orbán-Gyapai et al. 2017; Lajter et al. 2013).

Studies on natural populations of R. thyrsiflorus, in 
which female-biased sex ratio occurred, have shown a 
sex-dependent content of certain PCs. Female plants of 
this species were found to have a statistically significantly 
higher content of eleven natural compounds compared to 
male individuals. Among the free phenolic acids, chloro-
genic acid, p-coumaric acid, gallic acid and vanillic acid as 
well as flavonoids such as rutin and catechin were detected 
(Dziedzic et al. 2020).

The aim of the study was to determine whether the 
response or tolerance to salt stress is sex-related and 
whether NaCl can act as an elicitor to increase the produc-
tion of pharmaceutically valuable phenolic compounds.

Materials and methods

Induction of callus tissue

Seeds of Rumex thyrsiflorus Fingerh. (POLAN, Poland) 
were surface sterilized in 70% EtOH for 1 min, and then in 
50% (v/v) commercial bleach (< 5% sodium hypochlorite) 
for 12 min. The sterilized seeds were rinsed three times in 
sterile, deionized water. The prepared seeds were sown on 
Petri dishes with sterile, moist filter paper. The Petri dishes 
were placed in a culture room for 11 days at 25± 3 °C, 
16 h/8 h photoperiod (day/night) and fluorescent white 
light (intensity: 60 – 90 µmol · m−2 s−1).

In the next step, hypocotyls (approx. 5  mm) were 
isolated from seedlings and placed on MS medium 
(Murashige and Skoog 1962) containing 3% (w/v) 
sucrose, 0.8% (w/v) agar, and two plant growth regula-
tors: 0.4 mg/L BAP (6-benzylaminopurine) and 1 mg/L 
2,4-D (2,4-dichlorophenoxyacetic acid) callus induction 
medium (CIM) as described by El-Shafey et al. (2019). 
Five explants were inoculated onto one Petri dish (90 mm) 
(185 explants/37 Petri dishes in total). The experiment was 
repeated four times. Passage of cultures into fresh medium 
was done every 4 weeks to multiply callus tissue. Two 
lines of callus cultures were performed from hypocotyls 
isolated from male and female seedlings, as soon as their 
sex was determined (see below). The scheme of the experi-
ment is shown in Fig. 1.
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Identification of the sex

To determine the sex of the hypocotyls used as explants for 
callus induction, the cotyledons and roots isolated from the 
same germinated seedling from which the hypocotyl was 
excised, were used for DNA isolation. Extraction of genomic 
DNA was performed using the hexadecyltrimethylammo-
nium bromide (CTAB) method, based on the protocol of 
Gawel and Jarret (1991) with some modifications (Kwolek 
and Joachimiak 2011). A PCR-based approach employing 
DNA markers specific to Y chromosomes was used. Primers 
developed by Korpelainen (2002) targeting the male-specific 
RAYSI sequence found on the Y chromosomes of R. acetosa 
and its closely related species, as described by Navajas-Pérez 

et al. (2006), were used. Specifically, the primers 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′) were used. 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′), designed for the 
amplification of the male-specific repetitive sequence RAY-
SII in R. acetosa L., were employed, following the methodol-
ogy described by Mariotti et al. (2009). To verify the integ-
rity of the template DNA, primers targeting the autosomal 
sequence RAE730: R730-A (5′-CTC​GGA​CCA​ATT​ATC​
TCA​T-3′) and R730-B (5′-CAT​TAT​TTG​GGA​GCC​GAT​-3′) 
were employed (Navajas-Pérez et al. 2005). The amplifica-
tion process was conducted using a T100 Thermal Cycler 

Fig. 1   Scheme of the experi-
ment: hypocotyls that were 
derived from 11-day-old male 
and female seedlings were used 
as the explants, non-morpho-
genic callus tissue induced on 
explants was used for initiation 
of suspension culture

determination of fresh
weight and growth index

phytochemical analysis of 
phenolic compounds using

HPLC-DAD

roots and 
cotyledons used for  
identification of the 

sex (genetic sex 
markers)

callusexplants

0 mM 43 mM 86 mM 129 mM 172 mM
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(BioRad), as described by Ślesak et al. (2015). PCR products 
were then separated in a 1% agarose gel in 1 × TBE buffer 
with Simply Safe (EURx) for 60 min at a constant voltage of 
120 V, with Perfect Plus 100 bp DNA Ladder (EURx) as a 
molecular standard.

Initiation of suspension culture

The 500 mg of highly viable and friable callus induced on 
female (F) (Fig. 2a) or male (M) (Fig. 2b) explants (referred 
to as female or male callus) were weighed under sterile con-
ditions and then transferred to Erlenmeyer flasks (100 mL) 
containing 40 mL of liquid MS medium (same composition 
as CIM but without agar) (see above) (Fig. 2c). An appropri-
ate amount of NaCl was dissolved in the medium to obtain 
the required NaCl concentration as follows: 0 mM (control), 
43 mM, 86 mM, 129 mM and 172 mM (Fig. 1). Three rep-
licates of each concentration were prepared for each sex. 
The flasks were maintained for 4 weeks on a rotary shaker 
(Elpin + , type 358S, Poland) at a constant 120 c.p.m. (cycles 
per minute) with an amplitude of 3 mm in the culture room 
under the conditions described above.

Determination of growth indices of callus

The fresh weight (FW) of the suspension culture was deter-
mined by removing the culture medium after 4 weeks. The 
callus suspension from each flask (Fig. 2d) was separated from 
the liquid medium by filtration through a Buchner funnel and 
washed with distilled water under a vacuum pump. The fresh 
weight of the callus (FW) was then weighed (Fig. 2e). The 
dry weight (DW) was determined after drying at 65 °C for 
48 h in a hot air oven (Fig. 2f). The following parameters were 
calculated:

Percentage of callus water content (PCWC) (Salehi et al. 
2017):

Relative fresh weight growth (RFWG) (Salehi et al. 2017):

where:
W0 – initial fresh callus mass,
W1 – final fresh callus mass.

PCWC =
FW − DW

FW
× 100

RFWG =
W1 − W0

W0 Relative growth rate per day RGR (day−1) (Salehi et al. 
2017):

Tolerance index (TI) (Soheilikhah et al. 2013):

RGR (d−1) =
ln(W1) − ln(W0)

duration of culture in days
× 100

a b

c d

fe

Fig. 2   Callus used to initiate suspension culture on MS medium 
with BAP and 2,4-D: female a and male b (after 12 weeks from the 
beginning of the culture). Callus suspension culture before c and after 
28 days of treatment with NaCl d. Fresh callus drained from suspen-
sion culture medium e and dried callus after 48  h at 65 °C f. Bars 
3 mm a-b, 2 cm c-d, 7 mm e–f 
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where:
RGR1 – relative growth rate of the treatment,
RGR0 – relative growth rate of the control.

Extraction and HPLC–DAD analyses

Lyophilized callus tissue 200 mg each sample, were extracted 
with methanol (3 mL, HPLC-grade pure, Merck, Germany) 
in falcons by sonification (Sonic 2, POLSONIC Palczyński 
ultrasonic bath, Warszawa, Poland) 2 times over 30 min at 
room temperature. The extracts were centrifuged for 8 min at 
4000 rpm (MPW-223E, MPW, Warsaw, Poland). The superna-
tant was passed through syringe filters (pore diameter = 0.2 μm 
Millex® GP, Filter Unit, Millipore, Bedford, MA, USA). Anal-
ysis of PCs was carried out using the HPLC–DAD method 
(Ellnain-Wojtaszek and Zgórka 1999; Sułkowska-Ziaja et al. 
2017; Szopa et al. 2017a, b). A liquid chromatograph appara-
tus (Merck-Hitachi, Japan) was used, which is equipped with a 
DAD detector (L – 245) in the UV light range (200 – 400 nm). 
The analytical column, Purospher® RP – 18e (4× 250 mm, 
5 μm; Merck, Germany), which was used utilizes a gradient 
program with a flow rate of 1 mL/min. at 25 °C, a detection 
wavelength 254 nm and an injection volume of 10 μL. The 
mobile phase consisted of: A – methanol: 0.5% acetic acid 
in a ratio of 1:4 (v/v), B – methanol, and the gradient elution 
occurred according to the scheme: 100% A 0 – 20 min; 100 
– 80% A 20 – 35 min; 80 – 60% A 35 –55 min; 60 – 0% A 55 
– 70 min; 0% A 70 – 75 min; 0 – 100% A 75 – 80 min; 100% 
A 80 – 90 min at a flow rate of 1 mL/min. All samples were 
injected in three replications. Identification of PCs was based 
on comparison of their spectra with UV spectra and reten-
tion times of reference substances acquired in Sigma-Aldrich 
(Germany) and Chemfaces (China): phenolic acids: gallic, 
neochlorogenic, protocatechuic, chlorogenic, cryptochloro-
genic, vanillic, caffeic, p-coumaric, ferulic acids; flavonoids: 
catechin, epicatechin, vitexin, rutoside, hyperoside, isoquerce-
tin, myricetin, quercitrin, quercetin, apigenin, rhamnetin; anth-
raquinones: emodin, chrysophanol. Quantitative analysis of the 
compounds was performed using the calibration curve method.

Statistical analysis

The results of FW, DW, RFWG, RGR, PCWC, TI measure-
ments for each sample from the 0, 43, 86, 129 and 172 mM 
NaCl treatment of each sex were expressed as mean val-
ues ± SEM. Differences between means were analyzed using 
two-way ANOVA and Tukey’s Multiple Comparison Test. 
The results of PCs measurements were expressed as mean 
values ± SD. Differences between means within the same sex 
were analyzed using one-way ANOVA and Tukey’s Multiple 
Comparison Test. In addition, differences between the diverse 

TI =
RGR1

RGR0

sexes within the NaCl concentration were analyzed using the 
unpaired Student’s t-test. Statistical analysis was performed 
using GraphPad Prism software (v. 8.01).

Results

Identification of the sex

In males, the PCR reaction with primers RAY-R and RAY-F 
targeting the RAYSI sequence resulted in a product of 
approximately 930 bp (Fig. 3a). In addition, the use of prim-
ers URG08-R and URG08-F led to a strong amplification of 
the RAYSII sequence, which resulted in two different prod-
ucts of approximately 700 and 600 bp in males (Fig. 3b). 
The integrity of the DNA template was confirmed by the 
successful amplification of the autosomal sequence RAE730 
with the primers R730-A and R730-B (Fig. 3c).

[bp]
f     f     f    f     f    f    f   m   m   m   m   mM

f     f    f     f     f     f    f    m   m  m   m  mM

f     f    f     f     f     f    f    m   m  m   m  mM

a

b

c

1000
500

1000
500

1000

Fig. 3   PCR products of Rumex thyrsiflorus explants cultured in vitro: 
RAY-F and RAY-R primers a, URG08-F and URG08-R primers b, 
R730-A and R730-B primers c; f – female, m – male, M – 100  bp 
molecular weight marker
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Effect of salt stress on callus growth

The analysis of variance (ANOVA) showed that the NaCl 
concentration had a significant sex-specific effect on cal-
lus growth. After 4 weeks of suspension culture, the weight 
of the female callus increased sevenfold at 0 mM NaCl, 
while that of the male callus increased threefold (Fig. 4a, 
Table S1 and S2). For the female callus, the medium with 
the addition of 172 mM NaCl was best suited for callus 
growth (4.10 ± 0.25 g), for the male callus the medium with-
out NaCl (1.92 ± 0.2 g). The fresh weight values (Fig. 4a) 
showed significant differences between the sexes on each 
medium tested and between the female callus on 129 mM 
and 172 mM NaCl medium.

The values of RFWG (Fig. 4c) and RGR (d−1) (Fig. 4d) 
decreased with increasing NaCl concentration, but on the 
medium with 172 mM NaCl they increased above the control 

value in the female callus. The statistical analysis of the 
parameter RFWG (Fig. 4c) showed the same statistically 
significant difference trend as for FW (Fig. 4a). The values 
of RGR (d−1) (Fig. 4d) showed statistically significant differ-
ences between the sexes on 43 mM, 86 mM and 172 mM as 
well as between female individuals on medium with 129 mM 
and 172 mM NaCl.

The values of PCWC (Fig.  4e) varied between 
89.88 ± 0.87 (female callus on medium with 172  mM 
NaCl) and 84.78 ± 0.25 (male callus on medium with 
86 mM NaCl) (Table S1 and S2). The results of the statis-
tical analysis of this parameter showed no statistical dif-
ferences between the sexes and the media.

The values of the tolerance index (TI) (Fig. 4f) show 
that the female callus was more tolerant to salinity than 
the male callus. The values ranged from 0.70 to 1.09 
for the female callus, with the highest values on the 

Fig. 4   Growth indices of callus: 
callus fresh weight (FW) [g] 
a, callus dry weight (DW) [g] 
b, relative fresh weight growth 
(RFWG) c, relative growth rate 
per day (RGR (d−1)) d, percent-
age of callus water content 
(PCWC) e and tolerance index 
(TI) f on day 28 after treatment 
with 0, 43, 86, 129 and 172 mM 
NaCl; F female callus, M male 
callus; data are mean ± SEM 
(n = 3–4). Asterisks indicate 
significant differences between 
means at the level of p ≤ 0.05 
(*), p ≤ 0.01 (**), p ≤ 0.0001 
(****) according to Tukey’s 
Multiple Comparison Test
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172 mM NaCl medium (Table S1 and S2) and were statis-
tically significant compared to the male callus on the same 
medium and the female callus on 129 mM NaCl.

Influence of the NaCl stress on the phenolic 
compounds production

In the analyzed methanol extracts of the biomass from 
suspension cultures, 9 phenolic acids, 11 flavonoids and 
2 hydroxyanthraquinone derivatives were determined 
(Fig. S1). The phenolic acids included: gallic acid, neo-
chlorogenic acid, protocatechuic acid, chlorogenic acid, 
cryptochlorogenic acid, vanillic acid, caffeic acid, p-cou-
maric acid, and ferulic acid. Among flavonoids, vitexin, 
rutin, hyperoside, isoquercetin, myricetin, quercitrin, 
quercetin, apigenin, rhamnetin, catechin and epicatechin 
were identified. In addition, the 2 hydroxyanthraquinone 
derivatives emodin and chrysophanol were quantified. 
There were observed differences in the content of PCs 
related to sex and the studied NaCl concentration in the 
culture medium (Tables 1 and 2). For phenolic acids, the 

average content ranged from 1.02 mg/100 g DW (p-cou-
maric acid) to 76.35 mg/100 g DW (cryptochlorogenic 
acid), for flavonoids from 0.19 mg/100 g DW (vitexin and 
isoquercetin) to 213.31 mg/100 g DW (catechin), and for 
hydroxyanthraquinone derivatives from 1.60 mg/100 g 
DW (emodin) to 5.58 mg/100 g DW (chrysophanol). The 
highest PCs content was observed in female callus, with 
the exception of hyperoside and myricetin, whose con-
tent was higher in male callus grown exclusively on a 
medium containing 43 mM NaCl. The following trend was 
observed: male callus exhibited the highest concentrations 
of phenolic compounds when cultured on medium contain-
ing 43 mM NaCl, but in the case of chlorogenic acid, api-
genin and catechin, the peak levels also occurred in male 
callus cultivated in 86 mM NaCl medium. In contrast, in 
most cases, female callus showed the highest concentra-
tions of phenolic compounds when grown on medium 
supplemented with 129 mM NaCl, with the exception of 
neochlorogenic acid (172 mM NaCl). In most cases, the 
lowest content of phenolic compounds was found in male 
callus cultured on medium with 0 mM NaCl and in female 

Table 1   Average content of phenolic compounds [mg/100 g DW ± SD] in extracts of Rumex thyrsiflorus from female callus tissue cultured on 
media with different concentrations of NaCl (0 mM, 43 mM, 86 mM, 129 mM and 172 mM)

n = 3; DW – dry weight; the same letters (a-e) next to values indicate no significant differences between means, at least at the level of p ≤ 0.05. 
One-way ANOVA and Tukey's Multiple Comparison Test as post-hoc for the statistical analysis of data were used (with the exception of com-
pounds next to which there is an *, Kruskall-Wallis test with Dunn's Multiple Comparison Test as post-hoc were used)

Phenolic compounds NaCl concentration

0 mM (control) 43 mM 86 mM 129 mM 172 mM

Gallic acid 9.21 ± 0.03a 14.01 ± 0.12b 12.85 ± 0.08c 26.25 ± 0.07d 22.44 ± 0.18e

*Neochlorogenic acid 3.05 ± 0.13a 4.73 ± 0.16ab 9.08 ± 0.02ab 5.67 ± 0.32ab 10.96 ± 2.88b

Protocatechuic acid 3.9 ± 0.02a 6.37 ± 0.18b 6.72 ± 0.12bc 9.89 ± 0.22d 9.19 ± 0.39c

Chlorogenic acid 5.06 ± 0.23a 7.5 ± 0.53b 5.8 ± 0.09ab 12.66 ± 0.51d 7.06 ± 1.06b

*Cryptochlorogenic acid 8.7 ± 0.98a 34.22 ± 1.58b 15.76 ± 0.06ab 76.35 ± 2.06ab 17.66 ± 3.64ab

Vanillic acid 1.63 ± 0.25a 2.11 ± 0.35ab 1.74 ± 0.04ab 2.78 ± 0.33b 1.25 ± 0.53a

Caffeic acid 8.38 ± 0.97a 8.1 ± 1.07a 4.73 ± 0.1b 7.99 ± 0.63a 5.56 ± 1.06b

p-Coumaric acid 4.89 ± 3.28a 1.02 ± 0.22a 2.79 ± 1.15a 5.22 ± 4.98a 3.2 ± 1.33a

Ferulic acid 5.31 ± 3.37a 1.65 ± 0.02a 2.07 ± 0.9a 6.06 ± 3.12a 2.32 ± 0.48a

Vitexin 2.34 ± 1.66a 0.19 ± 0.05a 1.22 ± 0.69a 3.34 ± 1.32a 1.65 ± 0.14a

Rutin 6.36 ± 3.55a 1.36 ± 0.44a 1.75 ± 0.91a 7.14 ± 3.22a 1.98 ± 0.25a

Hyperoside 6.23 ± 3.08a 1.38 ± 0.22a 1.73 ± 0.8a 3.53 ± 1.66a 1.73 ± 0.13a

*Isoquercetin 2.47 ± 2.04a 0.19 ± 0.02a 0.98 ± 0.59a 4.21 ± 2.02a 1.01 ± 0.12a

*Myricetin 9.91 ± 5.91a 1.4 ± 0.37a 1.25 ± 0.67a 5.69 ± 3.34a 0.55 ± 0.13a

*Quercitrin 5.79 ± 3.92a 0.95 ± 0.27a 0.88 ± 0.6a 3.92 ± 2.06a 0.37 ± 0.06a

*Quercetin 7.6 ± 3.76ab 6.87 ± 0.14ab 2.05 ± 0.77ab 24.41 ± 4.23b 0.78 ± 0.06a

Apigenin 20.19 ± 7.74ab 24.18 ± 0.59ab 15.23 ± 0.94ab 29.06 ± 7.6a 9.11 ± 2.52b

Rhamnetin 9.55 ± 3.11a 9.36 ± 0.13a 8.61 ± 0.59a 10.76 ± 1.63a 6.65 ± 1.17a

Catechin 89.83 ± 2.31a 110.76 ± 3.36b 117.93 ± 0.31b 213.31 ± 4.02c 205.71 ± 7.64c

*Epicatechin 50.2 ± 18.12ab 35.43 ± 0.83ab 17.09 ± 1.05ab 54.84 ± 19.53a 5.28 ± 2.31b

Emodin 2.42 ± 0.49a 2.25 ± 0.04a 2.19 ± 0.05a 2.48 ± 0.29a 1.96 ± 0.18a

Chrysophanol 5.58 ± 0.8a 5.29 ± 0.1a 5.05 ± 0.07a 5.36 ± 0.42a 4.55 ± 0.34a
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callus with 86 mM NaCl. Flavonoids were the most abun-
dant group. Catechin was the predominant metabolite in 
each gender on all media tested, with its content in callus 
tissue ranging from 213.31 mg/100 g DW (female callus 
on 129 mM NaCl) to 64.46 mg/100 g DW (male callus on 
0 mM NaCl).

Influence of the NaCl stress on the phenolic compounds 
production within the same sex

One-way ANOVA and Tukey's Multiple Comparison Test 
as post-hoc or Kruskal–Wallis test with Dunn’s Multiple 
Comparison Test as post-hoc analysis revealed statisti-
cally significant differences in eleven phenolic compound 
contents in females (Table 1) and seven in males (Table 2) 
among 22 identified compounds. No statistically signifi-
cant differences were found for the following PCs in both 
sexes regardless of NaCl concentration: p-coumaric acid, 
ferulic acid, vitexin, rutin, hyperoside, isoquercetin, myri-
cetin, quercitrin, rhamnetin, emodin, chrysophanol and 

additionally in males for neochlorogenic acid, caffeic acid, 
quercetin and apigenin.

In both the female and male callus cultures, only the con-
tent of gallic acid showed significant differences on each 
medium. In this case, the highest concentration was signifi-
cant in the female callus at 129 mM and in the male at 43 mM 
NaCl. Significantly higher PCs concentrations in the female 
callus compared to the control culture (0 mM NaCl) were 
found for neochlorogenic acid on 172 mM NaCl, for proto-
catechuic acid and catechin on all substrates compared to the 
control medium, for chlorogenic acid on 43 mM, 129 mM 
and 172 mM NaCl, for cryptochlorogenic acid on 43 mM, 
for vanillic acid on 129 mM NaCl and for caffeic acid on 
86 mM, and 172 mM. In the male callus, on the other hand, 
such differences were found in the content of protocatechuic 
acid and catechin on all substrates compared to the control 
medium, chlorogenic acid on media with 43 mM, 86 mM and 
129 mM NaCl, cryptochlorogenic acid and epicatechin on 
43 mM NaCl. The catechin content was statistically higher in 
all media analyzed than in the control culture (0 mM NaCl).

Table 2   Average content of phenolic compounds [mg/100 g DW ± SD] in extracts of Rumex thyrsiflorus from male callus tissue cultured on 
media with different concentrations of NaCl (0 mM, 43 mM, 86 mM, 129 mM and 172 mM)

n = 3; DW – dry weight; the same letters (a-e) next to values indicate no significant differences between means, at least at the level of p ≤ 0.05. 
One-way ANOVA and Tukey's Multiple Comparison Test as post-hoc for the statistical analysis of data were used (with the exception of com-
pounds next to which there is an *, Kruskall-Wallis test with Dunn's Multiple Comparison Test as post-hoc were used)

Phenolic compounds NaCl concentration

0 mM (control) 43 mM 86 mM 129 mM 172 mM

Gallic acid 11.13 ± 0.03a 22.13 ± 0.09b 18.43 ± 0.08c 15.83 ± 0.04d 16.45 ± 0.01e

*Neochlorogenic acid 5.51 ± 0.07a 7.99 ± 0.03a 7.08 ± 0.11a 5.37 ± 0.04a 5.27 ± 0.35a

Protocatechuic acid 5.54 ± 0.09a 9.08 ± 0.03b 7.68 ± 0.08c 7.19 ± 0.02d 4.48 ± 0.14e

Chlorogenic acid 5.37 ± 0.14a 8.43 ± 0.06b 8.79 ± 0.05b 6.99 ± 0.03c 5.8 ± 0.63a

*Cryptochlorogenic acid 19.66 ± 0.46a 41.45 ± 0.1b 30.54 ± 0.14ab 26.59 ± 0.11ab 23.38 ± 1.99ab

*Vanillic acid 1.7 ± 0.09ab 2.84 ± 0.04a 2.64 ± 0.02ab 2.33 ± 0.03ab 1.53 ± 0.36b

*Caffeic acid 4.79 ± 0.31a 7.04 ± 0.05a 5.98 ± 0.04a 7.01 ± 0.08a 6.08 ± 0.88a

p-Coumaric acid 5.13 ± 3.6a 7.95 ± 1.27a 2.62 ± 1.71a 3.77 ± 0.4a 5.87 ± 3.65a

Ferulic acid 4.29 ± 2.47a 6.34 ± 0.96a 3.14 ± 1.94a 3.05 ± 0.45a 4.67 ± 2.44a

Vitexin 1.88 ± 1.07a 2.45 ± 0.59a 1.36 ± 1.44a 1.7 ± 0.19a 2.05 ± 1.09a

Rutin 4.44 ± 1.95a 4.71 ± 1.41a 2.93 ± 2.35a 3.16 ± 0.82a 4.5 ± 2.08a

Hyperoside 8.06 ± 2.64a 10.35 ± 2.18a 5.55 ± 3.12a 5.99 ± 1.25a 8.54 ± 2.71a

Isoquercetin 3.23 ± 1.66a 3.76 ± 1.35a 2.12 ± 2.04a 2.12 ± 0.84a 2.92 ± 1.77a

Myricetin 10.13 ± 4.58a 11.83 ± 4.05a 5.83 ± 4.6a 4.59 ± 1.32a 5.78 ± 3.16a

Quercitrin 5.13 ± 2.47a 5.34 ± 2.13a 3.39 ± 2.48a 2.44 ± 1.36a 4.41 ± 2.73a

Quercetin 7.94 ± 3.42a 12.07 ± 3.52a 8.31 ± 3.26a 7.46 ± 2.54a 9.08 ± 4.18a

Apigenin 16.7 ± 8.07a 18.21 ± 7.32a 18.33 ± 3.51a 14.89 ± 3.59a 10.99 ± 9.24a

Rhamnetin 8.56 ± 4.81a 9.53 ± 2.81a 9.27 ± 1.18a 8.43 ± 1.69a 5.18 ± 4.58a

Catechin 64.46 ± 0.99a 117.2 ± 0.41bc 123.34 ± 1.52b 113.95 ± 0.74c 90.48 ± 4.51d

Epicatechin 26.06 ± 1.35a 41.5 ± 1.04b 26.27 ± 4.13a 26.25 ± 4.06a 22.27 ± 6.73a

Emodin 2.13 ± 0.77a 2.4 ± 0.43a 2.39 ± 0.2a 2.2 ± 0.19a 1.6 ± 0.74a

Chrysophanol 5.1 ± 1.15a 5.39 ± 0.68a 5.18 ± 0.31a 4.92 ± 0.39a 3.97 ± 1.09a
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Influence of the NaCl stress on the phenolic compounds 
production between the diverse sexes

The unpaired Student’s t-test was used to reveal statistically 
significant differences in PCs content between the male and 
female callus suspension cultures. The highest statistically 
significant differences (p ≤ 0.0001) were found between 
female and male calli in each medium for gallic acid con-
tent (Table 3). In addition, there were statistically significant 
differences in protocatechuic acid content, but with different 
levels of significance (Table 3). Statistically significant dif-
ferences (p ≤ 0.0001) were also found between female and 
male calli in the content of: neochlorogenic acid on 0 mM, 
43 mM and 86 mM NaCl; chlorogenic and cryptochloro-
genic acids on 86 mM and 129 mM NaCl (two-fold in male 
and almost three-fold higher content in the female calli, 
respectively); vanillic and caffeic acids on 86 mM NaCl; 
catechin on 129 mM NaCl (almost two-fold higher content 
in the female calli), with an additional significant differ-
ence (p ≤ 0.001) between the callus of the different sexes 
on 0 mM NaCl medium (Table 3). Statistically significant 
differences (p ≤ 0.001) between female and male calli were 
also found on the control medium in the content of cryp-
tochlorogenic acid, with additional difference occurring at 

the level p ≤ 0.01 appeared on 43 mM NaCl. A significant 
difference (p ≤ 0.01) was also observed in the content of: 
caffeic acid between female calli (two-fold higher content) 
and male calli on the control medium, without salt stress; 
p-coumaric acid, ferulic acid, vitexin, hyperoside and epi-
catechin at 43 mM NaCl and catechin on 86 mM NaCl and 
quercetin on 129 mM NaCl, with additional difference 
occurring at the level p ≤ 0.05 on 172 mM NaCl. A signifi-
cant difference (p ≤ 0.05) was also observed in the content 
of: neochlorogenic acid and epicatechin on 172 mM NaCl 
(over 4 times higher content in male calli); vanillic acid, 
rutin, isoquercetin, myricetin, quercitrin on 43 mM and epi-
catechin on 86 mM NaCl (Table 3).

Discussion

Salinity is one of the most important abiotic stress fac-
tors that significantly affects the growth and productivity 
of crops worldwide. It leads to various detrimental effects, 
such as osmotic stress, nutrient imbalance and oxidative 
stress (Munns and Tester 2008; Arzani and Ashraf 2016). 
Salt stress increases osmotic pressure in plant cells and 
can lead to an accumulation of toxic sodium concentration 

Table 3   Results of the unpaired Student’s t-test within the content of phenolic compounds between sexes on media with different concentrations 
of NaCl (0 mM, 43 mM, 86 mM, 129 mM and 172 mM)

n = 3; ns – not significant, p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***), p ≤ 0.0001 (****)

Phenolic compounds NaCl concentration

0 mM (control) 43 mM 86 mM 129 mM 172 mM

Gallic acid **** **** **** **** ****
Neochlorogenic acid **** **** **** ns *
Protocatechuic acid **** **** *** **** ****
Chlorogenic acid ns ns **** **** ns
Cryptochlorogenic acid *** ** **** **** ns
Vanillic acid ns * **** ns ns
Caffeic acid ** ns **** ns ns
p-Coumaric acid ns ** ns ns ns
Ferulic acid ns ** ns ns ns
Vitexin ns ** ns ns ns
Rutin ns * ns ns ns
Hyperoside ns ** ns ns *
Isoquercetin ns * ns ns ns
Myricetin ns * ns ns ns
Quercitrin ns * ns ns ns
Quercetin ns ns ns ** *
Apigenin ns ns ns ns ns
Rhamnetin ns ns ns ns ns
Catechin *** ns ** **** ns
Epicatechin ns ** * ns *
Emodin ns ns ns ns ns
Chrysophanol ns ns ns ns ns
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(Zhao et al. 2021). Plants have to develop different strategies 
to adapt to saline environments. These strategies include 
a number of signaling transduction pathways involved in 
activities ranging from salt stress sensing to the expression 
of many salt-stress responsive genes that regulate processes 
such as ion transport, osmotic homeostasis, and detoxifica-
tion. These mechanisms rely on numerous regulatory ele-
ments, such as phytohormones, lipids, the cell wall, and the 
cytoskeleton (Van Zelm et al. 2020; Zhao et al. 2021).

To counteract the harmful effects of salt stress, plant 
cells produce phenolic compounds (PCs), which are 
non-enzymatic antioxidants that help to remove reactive 
oxygen species (ROS) (Santos-Sánchez et al. 2019). An 
important function of these compounds is also their effect 
on human health. Studies have shown an inverse relation-
ship between the consumption of foods rich in antioxidants 
and the occurrence of diseases in humans (Saoudi et al. 
2021). The use of synthetic antioxidants is associated with 
negative health effects. Therefore, there is growing interest 
in the study of natural antioxidants (Aiyegoro and Okoh 
2009) and their identification in different plant species 
(Saoudi et al. 2021).

Modern biotechnology enables the use of numerous plant 
breeding methods and techniques for various purposes. In 
addition to generating high-quality plant material, plant cell 
and tissue culture techniques are now also used to synthesize 
secondary metabolites (SMs) (Baiyin et al. 2021; Ozyigit 
et al. 2023). Considering the fact that female-biased sex ratio 
has been observed in populations of Rumex thyrsiflorus, we 
hypothesise that the response of this plant to abiotic stress 
is the result of sex-specific stress adaptation mechanisms 
based on physiological and biochemical processes, includ-
ing the production of SMs as non-enzymatic antioxidants. In 
general, sexual dimorphism has been found in some physi-
ological traits, such as photochemical capacity, antioxidant 
enzyme activity, stress tolerance or secondary metabolite 
content (Juvany and Munné-Bosch 2015, Robakowski et al. 
2018). Our previous studies have shown that photosynthetic 
and antioxidant activity in the response of R. thyrsiflorus to 
heat stress is sex-specific (Gozdur et al. 2023). The results 
of the present experiment with callus suspension cultures 
show that the combination of auxin 2,4-D and cytokinin 
BAP, at concentrations of 1 mg/L and 0.4 mg/L, respec-
tively, caused a significant increase in callus weight. Specifi-
cally, the weight of female callus increased almost sevenfold, 
while the weight of male callus increased more then three-
fold after 4 weeks of culture. The results of the experiment 
on the effect of salt stress clearly show that on the medium 
with 172 mM NaCl the highest increase in fresh weight 
(4.10 g), dry weight (0.42 g), RFWG (7.20) and RGR (0.08 
d−1) values were obtained for female callus. The values of 
these parameters were significantly higher than at 129 mM 
NaCl (with average values of 2.04 g, 3.08 and 0.05 d−1, 

respectively). It is noteworthy that the difference between 
female and male callus on a medium containing 172 mM 
NaCl was significant for the above parameters, and that the 
values of TI index were significantly higher for female cal-
lus, suggesting that female callus is more tolerant to salinity 
than male callus. However, with the exception of the female 
callus on 172 mM NaCl, the growth of callus tissue of 
both sexes was significantly reduced under the influence of 
increasing NaCl concentration in the medium. This decrease 
in growth could be attributed to nutrient imbalance due to 
disturbance by salt ions, i.e., Na+ and Cl– (Chamoli 2021).

The fluctuations in the activity of PCs at different salt 
contents are species-specific. For example, Glaux maritima 
showed peaks in different groups of phenolic compounds 
at concentrations of 50 – 300 mM NaCl, while Spergularia 
marina showed the highest content of phenolic compounds 
when cultured without NaCl or with 500 mM NaCl (Pungin 
et al. 2023). Remarkable studies have shown a direct cor-
relation between salinity and the concentration of phenolic 
compounds in different plant species such as Thymus vul-
garis and Thymus daenensis (Bistgani et al. 2019), buck-
wheat (Lim et al. 2012) or even in cotton (Wang et al. 2015). 
Conversely, the opposite findings have been documented, 
showing a decrease in the content of phenolic compounds 
when exposed to NaCl in certain plant species such as broc-
coli (López-Berenguer et al. 2009) or sugarcane (Wahid and 
Ghazanfar 2006). Previous studies have confirmed the pres-
ence of PCs in extracts from R. thyrsiflorus roots, including 
phenolic acids (caffeic acid, gallic acid, p-hydroxybenzoic 
acid), flavonoids (isorhamnetin, myricetin, rutoside, querce-
tin), catechins (catechin, epicatechin gallate) and other 
phenols, e. g. hydroquinone or pyrogallol (Litvinenko and 
Muzychkina 2008). In 2017, Orbán-Gyapai confirmed the 
presence of epicatechin, palmitoyl glycerol, β-sitosterol and 
procyanidin B5 in extracts from the underground parts of R. 
thyrsiflorus. The author also found a significant inhibitory 
effect of these compounds against human cancer cell lines 
and bacterial strains.

In the study by Ma et al. (2018) on germinated hulless 
barley, a peak in total phenolic content was observed after 
treatment with 60 mM NaCl. However, in our study, we 
observed the highest phenolic compound content at 129 mM 
for females and 43 mM NaCl for males. In this experiment, 
gallic acid content was found to increase significantly in cal-
lus tissue of both sexes cultured on NaCl-containing media 
compared to the control. Gallic acid has been attributed to 
anti-HIV activity, as it inhibits HIV reverse transcriptase and 
protease activity (Nutan et al. 2013). The supply of this acid 
increases the salt tolerance of plants by increasing growth 
and chlorophyll content (Babaei et al. 2022). A significant 
increase in the concentration of neochlorogenic acid was 
only observed in the female callus growing on medium 
with 172 mM NaCl in this experiment. Neochlorogenic 
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acid influences lipid and glucose metabolism and has hypo-
glycaemic and hypolipidemic effects in particular (Yu et al. 
2021). The content of protocatechuic acid was significantly 
increased in the callus tissue of both sexes in the test sample. 
Protocatechuic acid exhibits antiatherosclerotic, anti-inflam-
matory, anticancer, analgesic, antimicrobial, hepatoprotec-
tive and antiviral properties (Zhang et al. 2021). Chlorogenic 
acid has properties that can fight cancer, inflammation, oxi-
dation, bacterial infections, and viral infections (Ma et al. 
2022). A significant increase in this acid concentration was 
observed in female callus (except 86 mM NaCl) and male 
callus (except 172 mM NaCl). Structurally like the former, 
cryptochlorogenic acid can alleviate inflammatory symp-
toms caused by the LPS endotoxin of gram-negative bac-
teria by modulating signaling cascades (Zhao et al. 2020). 
Its concentration was the highest among the phenolic acids 
analyzed in R. thyrsiflorus, in female callus tissue at 129 mM 
NaCl and in male tissue at 43 mM NaCl (76.35 mg/100 g 
DW and 41.45 mg/100 g DW, respectively). Of the flavo-
noids analyzed, the most notable compound was catechin, 
the concentration of which increased significantly when the 
tissue was treated with salt stress. Significant gender differ-
ences were found in the concentrations at 0 mM, 129 mM 
and 172 mM NaCl, with a predominance of female callus 
tissue at 129 mM NaCl, similar to epicatechin. Catechin and 
epicatechin are flavonoids with an isomeric structure relative 
to each other. These molecules help prevent cell damage 
and combat certain chronic diseases such as cardiovascular 
and neurodegenerative diseases. They also have properties 
that can inhibit tumor growth, reduce inflammation and fight 
viruses (Eugène et al. 2022). Interestingly, the catechin con-
tent of R. thyrsiflorus was 1.5-fold higher in female callus 
suspension cultures on a medium with 129 mM and 172 mM 
NaCl and 2.5-fold higher in male callus cultures on 86 mM 
NaCl than in leaf extracts from natural populations. Simi-
larly, the content of gallic acid was fivefold higher in callus 
tissue compared to leaves from natural populations (Dzied-
zic et al. 2020).

Conclusion

For the first time, a comprehensive phytochemical analy-
sis of gender-related aspects of the salinity response was 
performed in suspension cultures of the dioecious model 
species Rumex thyrsiflorus. It was shown that the response 
of R. thyrsiflorus to salt stress is dependent on sex and NaCl 
concentration in the medium. The analysis of the main mor-
phometric parameters showed that the callus tissue derived 
from the hypocotyls isolated from female seedlings was 

less sensitive to salt stress compared to male, which corre-
lated with higher concentrations of PCs which may serve as 
non-enzymatic antioxidants in the female callus. The most 
suitable concentration to increase PCs production in female 
callus was 129 mM NaCl, while in male callus was 43 mM 
NaCl in the culture medium. Based on these results, it will 
be possible to obtain lines of female callus tissue that exhibit 
increased synthesis of 11 secondary metabolites, with the 
dominance of catechin. These results also have important 
implications for the study of tolerance of dioecious plants 
to environmental stress in the context of climate change. 
Furthermore, they have shown that NaCl can be used as an 
elicitor to increase the production of pharmaceutically valu-
able compounds and highlight the importance of dioecy in 
phytochemistry.
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