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Abstract
In natural environments, plants are continuously exposed to multiple abiotic stresses, such as high salinity and excess ultraviolet (UV)-B 
radiation. While responses to individual stresses are well understood, less is known about their combined impact. Here, we treated 
quinoa (Chenopodium quinoa) seedlings with salt (0 and 200 mM NaCl) under either photosynthetically active radiation (PAR) or PAR 
supplemented with UV-B radiation (313 nm, 1 h/d, 1.71 W/m2) to investigate their response to combined salt and UV-B stress. While 
salinity had minimal effects on plant growth, it decreased stomatal conductance and photochemical efficiency by 36% to 47%. UV-B 
supplementation mitigated the negative effects of salinity, enhancing photosynthetic efficiency and water relations in UV-B- and salt- 
treated plants. Enhanced leaf water relations in the combined treatment were associated with altered ion translocation and shoot 
compartmentalization, especially for K+. Indeed, UV-B decreased K+ accumulation in epidermal bladder cells, suggesting a redistribution 
from epidermal bladder cells to other leaf tissues. UV-B treatment shifted plant metabolism toward producing hydroxycinnamic acid, 
while quercetin levels remained unchanged, indicating minimal stress. This study describes a protective mechanism in quinoa where 
UV-B radiation enhances ion translocation, water relations, and metabolic adjustments, mitigating salinity stress. Our findings offer key 
insights into plant resilience and physiological adaptation in salt-affected environments under elevated UV-B exposure.

Received January 27, 2025. Accepted October 1, 2025. 
© The Author(s) 2025. Published by Oxford University Press on behalf of American Society of Plant Biologists. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which per
mits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

Introduction
The growing global population and ongoing climate change pose 

critical challenges to agriculture. While population growth in

creases the demand for food, climate change intensifies the envi

ronmental stresses affecting crop productivity (Godfray et al. 

2010; Ray et al. 2013; Suzuki et al. 2014; Pereira 2016; Malhi et al. 

2021). Emerging evidence indicates that the combined impact of 

multiple stresses can lead to unexpected outcomes that are not 

predictable by studying single stresses separately (Mittler 2006; 

Suzuki et al. 2014; Pascual et al. 2022; Zandalinas and Mittler 

2022). Soil salinization is a widespread environmental challenge 

that affects circa 10% of the worlds’ land area (FAO 2024). This is

sue often co-occurs with elevated ultraviolet (UV-B) radiation, a 

significant environmental stressor driven by stratospheric ozone 

depletion (Barnes et al. 2019). Climate change models predict 

that both UV-B irradiance and salinity will concurrently increase 

in many regions worldwide (Barnes et al. 2019; Corwin 2021; 

Hassani et al. 2021; Barnes et al. 2022). Although plant responses 

to either salinity or UV-B as individual stressors are well- 

documented, their combined effects are less studied. Salinity neg

atively affects plant growth primarily through: (i) disrupting water 

relations because of osmotic stress; (ii) direct cellular damage 

caused by ion toxicities (mainly sodium (Na+) and chloride (Cl−)) 
and nutrient imbalances (e.g, potassium (K+) deficiency)), and 
(iii) oxidative damage induced by excessive reactive oxygen species 
(ROS) production (Shabala and Pottosin 2014; van Zelm et al. 2020; 
Melino and Tester 2023). Conversely, UV-B radiation functions 
both as a regulatory signal and a stressor according to the dose. 
Although negative synergistic interactions between stresses can ex
acerbate plant stress (Zlatev et al. 2012; Ma et al. 2016), combined 
salt and UV-B exposure can have antagonistic effects, with less se
vere impact than the sum of their individual effects (Ouhibi et al. 
2014; Ma et al. 2016; Mohamed et al. 2023). At the same time, nega
tive synergistic interactions that exacerbate plant stress responses 
have also been reported (Zandalinas and Mittler 2022; Fitzner et al. 
2023). Despite these contrasting results, a critical aspect that so far 
remains unexplored is the impact of UV-B radiation on ion relations. 
Since radiation quality, such as red and blue light, modulates root 
ion uptake and translocation (Mankotia et al. 2024), and ion regula
tion is crucial for plants to survive under saline conditions, it is 
important to investigate whether UV-B radiation affects ion (partic
ularly K+, Na+, and Cl−) relations in salt-treated plants.

Halophytes have evolved to thrive in extreme and inhospitable 
environments where multiple stress factors, such as high UV-B ra
diation and drought, co-occur with salinity (Nikalje et al. 2019; 
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Lopes et al. 2023). They represent promising candidates to under
stand the mechanisms underpinning cross-tolerance to multiple 
stresses (Hamed et al. 2013; Shabala 2013; Nikalje et al. 2019). 
Among halophytes, quinoa (Chenopodium quinoa Willd.), a tetra
ploid annual pseudocereal crop, has attracted significant atten
tion as it can adapt to diverse environmental conditions and has 
high nutritional value (Angeli et al. 2020). As a facultative halo
phyte, quinoa has a good tolerance to salinity, with optimal 
growth around 100 mM NaCl (Hariadi et al. 2011). Its salt tolerance 
mechanisms are primarily associated with efficient Na+ exclusion 
and enhanced regulation of tissue-specific and ROS-specific K+ re
tention in roots (Cai and Gao 2020; Bazihizina et al. 2022; Tanveer 
et al. 2024). Additionally, quinoa seems tolerant to elevated UV-B 
radiation (e. g. 7.5 W/m2), likely due to constitutive traits such as 
stable pigment composition, accumulation of UV-screening com
pounds, and anatomical adaptations such as epidermal bladder 
cells (EBCs) (González et al. 2009; Perez et al. 2015).

Halophytes achieve salt tolerance by coordinating various phys
iological, anatomical, and morphological traits. One of the most 
striking adaptations contributing to salt tolerance in many halo
phytes, including quinoa, is the ability to secrete salt out of leaf tis
sues through EBCs and salt glands (Supplementary Fig. S1). This 
mechanism is considered a critical determinant of salt tolerance. 
Although removing quinoa EBCs impairs responses to high salin
ities by decreasing growth, disrupting ion homeostasis, and altering 
levels of key osmolytes and metabolites (Kiani-Pouya et al. 2017), 
the precise role of EBCs in salt tolerance remains unclear and is still 
a subject of debate (Moog et al. 2022). They are proposed to store 
metabolites and act as external reservoirs for water and/or ROS 
scavenging compounds and organic osmoprotectants (Hasegawa 
et al. 2000; Agarie et al. 2007; Kiani-Pouya et al. 2017, 2019, 2020; 
Bazihizina et al. 2022). Additionally, EBCs have also been identified 
as crucial for protecting leaves against UV-B radiation damage, act
ing as a secondary epidermal layer that provides physical shielding 
and serves as reservoirs for UV-screening metabolites and 
ROS-scavenging compounds (Kiani-Pouya et al. 2017; Imamura 
et al. 2020). Alternatively, bladder cells may function as an 
ABA-producing factory (Zou et al. 2017), thus playing a pivotal 
role in mediating plant responses to combined abiotic stresses 
such as salinity and UV-B radiation. Although the functional signif
icance of EBCs in plants exposed to concurrent UV-B and salinity 
has not been considered, they could contribute to the maintenance 
of ion homeostasis and osmotic balance under stress conditions via 
ABA-regulated stomatal closure or by altering ion compartmenta
tion in the leaves.

In this study, we examined the physiological responses of qui
noa seedlings to salinity in combination with high UV-B radiation, 
with a particular focus on how these concurrent stresses affect 
water and ion relations. Since Na+ and K+ dynamics are critical 
in salt-treated plants and radiation quality may influence ion up
take and translocation, potentially via modulation of transcrip
tion factors (Mankotia et al. 2024), we hypothesized that UV-B 
radiation could modify K+ and Na+ homeostasis and compartmen
talization within salt-stressed leaves and EBCs, thereby affecting 
overall plant performance under saline conditions.

Results
Plant growth
While leaf elongation measurements did not differ between treat
ments (Supplementary Fig. S2), salt addition decreased stem 
height and leaf number by 40% and 17%, respectively, compared 

to the relative controls (Fig. 1, A to C). UV-B treatment did not af
fect these variables. Shoot dry weight was similar across the 4 
treatments (Fig. 1D). However, salt treatment increased biomass 
allocation to leaves and decreased allocation to stems and roots 
(Supplementary Table S1). Consequently, leaf/stem dry weight ra
tio increased by 1.5-fold and 1.7-fold in photosynthetically ac
tive radiation (PAR)-200 and UV-200, respectively, compared 
to their controls (Fig. 1E). Similarly, the shoot/root ratio in 
PAR-200 increased by 1.6-fold and in UV-200 by 1.3-fold com
pared to the relative controls. The UV treatment did not signifi
cantly affect the leaves/stem ratio. Salinity only decreased root 
dry weight by 44% in the PAR-200 treatment (Supplementary 
Table S1). Under control conditions, UV-B exposure also in
creased the specific leaf area (SLA), with changes significant 
only when compared with UV-200 (Supplementary Table S1). 
By contrast, in all other treatments, SLA values remained with
in the 440 to 470 cm² g⁻¹ range.

Water relations
Compared to controls, salt treatment significantly decreased rela
tive water content (RWC) by 28% in the PAR treatment but by 11% 
in the UV treatment (Fig. 2A), resulting in a leaf RWC in UV-200 
plants 1.2 times higher than in PAR-200 plants. Similar changes 
were also observed for Ψl, with this value decreasing only in the 
PAR-200 treatment (Fig. 2B).

Chlorophyll fluorescence
Neither salinity nor UV exposure significantly affected Fv/Fm 

(Supplementary Table S2). On the other hand, salinity differen
tially affected chlorophyll fluorescence parameters in light- 
adapted leaves in UV and PAR plants. In PAR plants, adding 
200 mM NaCl decreased Fv’/Fm’ by 13% (Fig. 3). By contrast, no salt- 
induced reduction occurred in UV-treated plants, where Fv’/Fm’ 
values were comparable to those in PAR-0 and UV-0 plants and 
15% higher than those in PAR-200 plants (Fig. 3A). Similarly, 
ΦPSII and electron transport rate (ETR) decreased (36%) only in 
PAR-200 plants (Fig. 3B and C). Finally, nonphotochemical 
quenching (NPQ) significantly decreased in UV-200 plants, de
creasing by 31% compared to UV-0 and by 38% compared to 
PAR-200 (Fig. 3D). Photosynthetic performance aligned with chlor
ophyll fluorescence data, with more pronounced Pn declines in 
PAR-200 plants. Indeed, salt treatment decreased Pn by 61% under 
PAR treatment but by only 38% under UV treatment 
(Supplementary Fig. S3A). Stomatal conductance showed salt- 
induced reductions in the PAR treatment (Supplementary Fig. 
S3B). In contrast, UV treatment alone did not significantly affect 
Pn or gs when compared to PAR-0 plants.

Pigment concentration
The combined salt and UV treatment affected chlorophyll (chl) a, 
chlb, and carotenoid concentrations. Chla and chlb concentra
tions increase in UV-200 plants by 2.1- and 3.3-fold, respectively, 
compared to the other treatments (Fig. 4, A and B). Despite a sig
nificant increase in carotenoid concentration (1.6-fold, Fig. 4C), 
in UV-200 plants, the car/chla + b ratio declined by 23% (Fig. 4D).

Tissue ion concentrations
Ion concentrations were measured in intact (i.e. nonbrushed) 
young leaves and youngest fully expanded leaves, and stems 
(Table 1). Salt stress increased K+ concentrations of young leaves 
by 1.5- and 1.2-fold in the PAR and UV treatments, respectively. 
Without salt, UV treatments increased leaf K+ concentrations of 
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the youngest fully expanded leaves by 1.2-fold. Salt-treated plants 
further increased leaf K+ concentrations by 1.6-fold and 1.3-fold in 
PAR-200 and UV-200 plants, respectively.

Leaf Na+ concentrations also increased in salt-treated plants 
under both PAR and UV light, albeit to a much lower extent. 
While K+ values in salt-treated plants always exceeded 300 mM, 

Na+ values ranged between 17 and 117 mM. Nevertheless, values 
in nonbrushed salt-treated young leaves increased by 8.8- and 
4.8-fold, respectively, in PAR-200 and UV-200 compared to the rel
ative controls (Table 1). Likewise, in the youngest fully expanded 
leaves, Na+ concentrations increased by 7.1 to 7.3-fold in 
PAR-200 and UV-200 compared to the relative controls. Both in 

Figure 1. Growth of quinoa under 4 treatments over 26 d: PAR with tap water (PAR-0), PAR with 200 mM saline water (PAR-200), supplemental UV-B 
radiation with tap water (UV-0), and supplemental UV-B radiation with 200 mM saline water. A) Visible effects of treatments on representative plants 
from each group. B) Stem height, C) number of leaves on the primary stem, D) shoot dry weight, and E) dry weight (DW) leaves/stem ratio. In B and C, 
data are presented as means ± SE (n = 5). Asterisks (* P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001) indicate significant differences based on a 2-way 
ANOVA followed by Tukey’s multiple comparison test. In D and E, the top and bottom of each box represent the 25th and 75th percentiles, respectively. 
The horizontal line inside each box represents the median, the “+” symbol indicates the mean (n = 5), and the whiskers show the minimum and 
maximum values.
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young leaves or the youngest fully expanded leaves, there were no 
significant differences between PAR-0 and UV-0, or between 
PAR-200 and UV-200. The 3-way ANOVA reveals a significant in
teraction between the type of tissue, salt, and UV treatment but 
only for Na+ (Supplementary Table S3). Conversely, there was no 
significant interaction between these factors for Cl− concentra
tion; however, for K+, a significant interaction was observed be
tween the UV and salt treatment.

The salt treatment affected the Cl− concentration in both non
brushed young leaves and the youngest fully expanded leaves. 
Indeed, in young leaves, salinity in PAR-200 and UV-200 plants, re
spectively, led to a 2.1- and 3.3-fold increase in leaf Cl− compared 
to the relative controls. In the youngest fully expanded leaves, val
ues increased by 4.8- and 5.2-fold, respectively (Table 1). No differ
ences in Cl− were found between PAR-0 and UV-0, or between 
PAR-200 and UV-200, for both young leaves and youngest fully ex
panded leaves (Table 1).

Compared to controls, salinity increased stem K+ concentra
tions by 1.5-fold in both PAR and UV-treated plants, while stem 
Na+ increased by 8.4-fold and 5.8-fold in PAR- and UV-plants, re
spectively. Similar salt-induced increases were observed for 
stem Cl−, with values 3-fold greater than the relative controls in 
both PAR- and UV-treated plants.

Both salt and UV treatments decreased K+/Na+ ratio in young 
leaves compared to PAR-0 plants (Supplementary Table S4). In 
particular, salt treatment decreased this ratio by 83% and 75% 
in PAR-200 and UV-200 plants compared to their respective con
trols (PAR-0 and UV-0). By contrast, in the youngest fully ex
panded leaves, only the salt treatment reduced K+/Na+ ratio, 
with a 79% to 82% decrease in both PAR-200 and UV-200 plants.

As quinoa uses EBCs to sequester ions (Bazihizina et al. 2022), 
K+, Na+, and Cl− concentrations between intact/nonbrushed 
(i.e. leaf including bladders) and brushed (i.e. the leaf without 
the bladders) leaves (cf. Kiani-Pouya et al. 2017; Bazihizina et al. 

Figure 2. Water relations under the 4 treatments. A) Leaf relative water content (RWC; %) and B) leaf water potential (Ψl, MPa). A 2-way ANOVA 
followed by Tukey’s multiple comparisons test was conducted to assess significant differences (* P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001). Top and 
bottom of each box represent the 25th and 75th percentiles, the horizontal line inside each box represents the median, the «+» inside each box 
represents the average (n = 5), and the whiskers represent the minimum and maximum values.

Figure 3. Responses of the chlorophyll fluorescence parameters to the 4 treatments. Measurements were made on the youngest fully expanded leaves 
on Day 26. A) Fv’/Fm’ (capture efficiency of excitation energy by the open, oxidized PSII reaction center in the light), B) ΦPSII (PSII efficiency in 
light-adapted leaves), C) ETR (electron transport rate), and D) NPQ (nonphotochemical quenching). All treatments showed an average Fv/Fm of 0.81 (not 
shown in the figure). A 2-way ANOVA followed by Tukey’s multiple comparisons test was performed. The graph shows significant differences (*P ≤ 0.05, 
**P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001). The top and bottom of each box represent the 25th and 75th percentiles, the horizontal line within each box 
represents the median, the “+” symbol indicates the average (n = 5), and the whiskers show the minimum and maximum values.
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2022) were compared to estimate ion concentrations with and 
without EBCs. While Na+ and Cl− concentrations did not signifi
cantly differ between nonbrushed and brushed leaves in both 
young and youngest fully expanded leaves (Supplementary 
Table S5), this comparison highlighted different patterns in K+ 

compartmentalization between the EBCs and the leaf tissues 
(i.e. with no EBCs, Fig. 5). Indeed, while no significant differences 
were observed in PAR-0, in UV-0 estimated K+ concentrations 
were always greater in EBCs compared to the brushed leaf tissues 
(Fig. 5, A and B). In salt-treated plants, 2 contrasting accumulation 
patterns emerged. Indeed, in PAR-200 plants, the estimated K+ 

concentration in EBCs was 2.9- and 2.0-fold greater than the val
ues in brushed leaves, in young leaves, and in the youngest fully 
expended leaves, respectively. By contrast, in UV-200, K+ concen
trations in EBCs dramatically declined, with no significant differ
ence found between EBCs and leaf concentration in the 
youngest fully expanded leaves, and a 19% decline compared to 
concentrations in the brushed leaves in young leaves.

Salt treatment almost doubled the ion contribution to leaf OP in 
both PAR-200 and UV-200 plants. Among the inorganic solutes, K+ 

was the major contributor, accounting for 62% to 77% of the total 
leaf OP across all treatments (Table 2). The OP attributed to K+ was 
significantly affected by the salt treatment, with a 1.6-fold in
crease in PAR-200 compared to PAR-0 and a 1.3-fold increase in 
UV-200 compared to UV-0. Additionally, UV-0 plants showed a 
1.2-fold higher K+ OP than in PAR-0 plants. While UV radiation 
treatment alone did not affect Na+ OP, salinity increased Na+ OP 
by 12-fold in PAR-200 and by 7-fold in UV-200 compared to the rel
ative controls. Finally, as for K+ and Na+, the OP due to Cl− was sig
nificantly affected by the salt treatment, with a 4.8-fold increase 
in PAR-200 and a 5.4-fold increase in UV-200 compared to relative 
controls.

While compared to relative controls, salinity did not signifi
cantly affect the total sugar OP (Table 2 and Supplementary 
Table S6). The total sugar OP of PAR-200 was 1.8 times higher 
than UV-200. When examining individual sugars, the OP of fruc
tose was 2.5-fold higher in PAR-200 compared to PAR-0. By con
trast, for glucose OP, there were no significant effects observed 
due to the UV radiation exposure or the combined salt and UV 
treatment. In terms of sucrose OP, both salt and UV treatments 
had significant individual effects. In PAR-200, sucrose OP de
creased by 50% compared to PAR-0, and in UV-0, it was reduced 
by 67% compared to PAR-0.

Secondary metabolites
From the polyphenols analysis, 12 principal peaks were identified 
in the youngest fully expanded leaves (Supplementary Table S7). 
To provide an overview of the plant secondary metabolism, the 
compounds separated by high-performance liquid chromatogra
phy (HPLC) were grouped by classes: hydroxycinnamic acids (si
napic acid and coumaric acid derivatives), quercetin derivatives 
(rutin and an unidentified quercetin derivative), and kaempferol 
derivatives (Table 3). Overall, UV treatment shifted the metabo
lism towards the production of hydroxycinnamic compounds, 
with concentrations 1.7-fold higher in UV-0 compared to PAR-0 
and 1.5-fold higher in UV-200 compared to PAR-200. No significant 
differences were found in the concentrations of quercetin and 
kaempferol derivatives.

Gene expression analysis
The gene expression mainly highlighted an UV-dependent 
changes in the expression levels of plasma membrane aquaporin 
(PIP1A) in salt-treated plants, with a 3-fold increase in brushed 
UV-200 leaves compared to brushed PAR-200 leaves (Fig. 6A). 
While the trend remained the same for nonbrushed leaves, differ
ences were not significant. While similar increases were observed 
for voltage-gated K+ channel (AKT1) expression levels in brushed 
leaves, differences were not significantly (Fig. 6B). When compar
ing brushed and nonbrushed leaves, expression levels of both 
PIP1A and AKT1 were generally higher in brushed leaves across 
all treatments, although these differences were not statistically 
significant. The exception was AKT1 in UV-200 plants, where ex
pression in brushed leaves was 3 times higher than in nonbrushed 
leaves. For all other analysed genes (zeaxanthin epoxidase (ABA1), 
cytochrome P450 monooxygenase (CYP707A4), Supplementary Fig. S), 
no significant differences emerged across all treatments.

Abscisic acid quantification
Abscisic acid (ABA) concentrations were quantified in young 
leaves with (nonbrushed) and without (brushed) EBCs under all 
treatment conditions (Supplementary Fig. SC). Salt treatment 
markedly increased ABA concentrations under both PAR and UV 
conditions, with values reaching up to a 3.2-fold increase in 
nonbrushed leaves. A similar trend was observed in brushed 
leaves, although the increase was not statistically significant. 

Figure 4. Pigment concentration in the youngest fully expanded leaves under the 4 treatments. A) chlorophyll a (chl a) concentration, B) chlorophyll b 
(chl b) concentration, C) carotenoids (car) concentration, D) ratio of carotenoids to total chlorophyll (car/chl). A 2-way ANOVA followed by Tukey’s 
multiple comparisons test was performed. The graph shows significant differences (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001). The top and bottom of 
each box represent the 25th and 75th percentiles, the horizontal line inside each box represents the median, the «+» inside each box represents the 
average (n = 5), and the whiskers represent the minimum and maximum values.
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No significant differences were found between brushed and non
brushed leaves within the same treatment.

Discussion
UV-B radiation improved leaf photochemistry 
of salt-treated plants
While both individual stresses and their combination had limited 
effects on plant growth, salinity increased the leaf/stem dry 
weight ratio especially in UV-200 plants (Fig. 1E). Together with 
the observed decreased shoot elongation under saline conditions, 
this suggests that resource allocation shifted towards the leaves, 
likely to sustain transpiration and maintain physiological activity 
under osmotic stress (Munns and Tester 2008; Jaramillo Roman 
et al. 2021). An antagonistic interaction occurred between salt 
and UV-B treatments, with the presence of UV-B improving PSII ef
ficiency while decreasing NPQ in UV-200 plants compared to 
PAR-200 plants. The substantially decreased NPQ in UV-200 
plants was unexpected, as it plays a crucial photoprotective 
mechanism for dissipating excess energy following excessive radi
ation absorption (Kromdijk et al. 2022). Nevertheless, this reduced 
NPQ, combined with similar ΦPSII of UV-200 and control (PAR and 
UV-treated) plants suggests that the combined stress did not in
crease photooxidative damage or photoinhibition under our ex
perimental conditions. This improved leaf photochemistry was 
linked with increases in both chlorophyll and carotenoids concen
trations in UV-200 plants, albeit at different extents and thus re
sulting in a reduced car/chl ratio. As carotenoids are involved in 
dissipating excess energy and chlorophylls play a central role in 
absorbing radiation and facilitating electron transport (Guidi 
et al. 2016; Simkin et al. 2022), this decrease in car/chl ratio of 
UV-200 plants might explain the simultaneous decline in NPQ de
clined and improved photosystem efficiency. Nevertheless, the 
enhanced photochemical capacity in UV-200 plants did not trans
late into a greater biomass accumulation, which suggests that a 
greater portion of fixed C was used for stress tolerance mecha
nisms (e.g. altered ion compartmentation or altered solute trans
port, as described below). This view is further supported by the 
lack of photoinhibition or ROS-related damage. By contrast, all 
measured chlorophyll fluorescence parameters declined in light- 
adapted PAR-200 leaves. Although total chlorophyll concentra
tion remained unchanged, alterations in chloroplast ultrastruc
ture may have reduced photosynthetic efficiency and energy 
capture. Although total chlorophyll concentration was not af
fected, chloroplast ultrastructural alterations may have reduced 
photosynthetic efficiency or energy capture. These changes, com
monly associated with salinity stress, could impair organization 
and functionality of the photosynthetic apparatus, thereby dimin
ishing photochemical performance (Parida et al. 2003; Shu et al. 
2012).

UV-B improved osmotic adjustment and altered 
K+ compartmentalization
Combined UV-B and salt treatment improved quinoa water rela
tions. While 200 mM NaCl reduced both RWC and Ѱl in 
PAR-treated plants, the combined treatment mitigated these ef
fects, with UV-200 and PAR-0 plants showing comparable values. 
Similarly, previous studies have shown that UV-B can improve 
drought tolerance by enhancing leaf hydration, associated with 
osmolyte accumulation, stomatal closure, and shoot anatomical 
and morphological modifications (Poulson et al. 2002; Robson 
et al. 2015; Shoaib et al. 2024). These modifications include T
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increased leaf thickness, increased trichome density, and altered 
shoot structure, such as plant height and root/shoot ratio. In this 
study, without root-zone salinity, UV-B and PAR-treated plants 
maintained similar photosynthetic rates, despite lower stomatal 
conductance of the former. While decreased gs was probably 
caused by ABA increments (Supplementary Fig. S4), attenuated 
mesophyll limitations could improve CO2 diffusion to the chloro
plasts of control plants. This hypothesis is supported by SLA data 
(Supplementary Table S1), with UV-0 plants having a higher SLA 
than all other treatments. As greater SLA has been associated 
with thinner leaves and shorter CO₂ diffusion paths that facilitate 
CO₂ transfer to the chloroplasts (Xu et al. 2013), this may explain 
high Pn values despite lower gs of UV-0 plants (Supplementary 
Fig. S3). As a result, while salt addition to PAR-treated plants ap
proximately halved stomatal conductance, UV plants showed no 
further declines in gs. This aligns with previous studies demon
strating that stomatal closure and/or reduced stomatal density 
decreased stomatal conductance of UV-B-treated plants 
(Schumaker et al. 1997; Correia et al. 1999; Nogués et al. 1999; 
Poulson et al. 2002; Reyes et al. 2018; Williams et al. 2022). 
Additionally, the protective function of UV-B under osmotic stress 
was associated with greater osmotic adjustment, likely due to in
creased concentrations of soluble sugars and compatible solutes 
(Puniran-Hartley et al. 2014).

Foliar osmotic adjustment after salt treatment was primarily 
driven (82% to 96%) by the accumulation of inorganic ions 
(K+, Na+, Cl−) rather than organic (fructose, glucose, and sucrose) 

solutes, with K+ playing a dominant role (62% to 77%). This contri
bution of inorganic solutes was even greater in UV-treated plants, 
representing a critical energy-saving mechanism. Using abundant 
inorganic ions is preferable to spending energy to synthesize new 
organic osmolytes. Thus, salinity and, to a lesser extent, UV de
creased leaf sucrose levels compared to PAR-0 plants. As EBCs ex
hibit low photosynthetic performance, they depend on sugar 
transporters, like SUCs and SWEETs, for solute transport activity 
and metabolite production (Kiani-Pouya et al. 2017; Böhm et al. 
2018; Bazihizina et al. 2022; Moog et al. 2022). Thus, it could be ar
gued that the decreases in sucrose concentrations and concomi
tant increases in fructose and glucose in UV, UV-200, and 
PAR-200 enhanced sucrose breakdown, possibly through the deg
radative activity of sucrose synthase and/or invertase. This, in 
turn, would facilitate the breakdown of sucrose into glucose and 
fructose, providing energy to increase activity in EBCs, either for 
solute transport activity (e.g. K+ movement from EBCs to leaf tis
sues as discussed below) and/or produce metabolites (e.g. GABA, 
Kiani-Pouya et al. 2017).

The different salt and UV-B treatments altered foliar K+ com
partmentalization. Adding salt to the root zone substantially in
creased shoot K+ concentrations, independently of the UV 
treatment (Moog et al. 2022; Palacios et al. 2024). In particular, 
the combined salt and UV-B treatment influencing K+ allocation 
between young leaves and the youngest fully expanded leaves, 
specifically between EBCs and leaf tissues (Fig. 5). When applied 
individually (PAR-200, UV-0), K+ primarily accumulated in EBCs 

Figure 5. Comparison of K+ concentration between EBCs and leaf tissue in both young leaves (YL) and youngest fully expanded leaves (YFEL). K+ 

concentration in YL A) and YFEL B) in plants irrigated with tap water. C) Microscopic view of EBCs from a control plant (image reused from 
Supplementary Fig. S1C). K+ concentration in YL D) and YFEL E) in plants treated with salt. A 2-way ANOVA followed by Tukey’s multiple comparisons 
test was performed, and the graph shows only significant differences (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001) between EBCs and leaf tissue. The 
x-axis of the boxplot represents the light and salt treatments, with the top and bottom of each box representing the 25th and 75th percentiles. The 
horizontal line inside each box indicates the median, the “+” symbol represents the average (n = 5), and the whiskers show the minimum and maximum 
values.
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of both young leaves and the youngest fully expanded leaves, as 
estimated by comparing brushed and nonbrushed leaves. As no 
significant differences occurred between brushed and non
brushed leaves in the UV-200 treatment, this suggests either sim
ilar K+ concentrations between the leaf tissues and EBCs (putative 
K+ relocation from the EBCs to leaf tissues) or a reduced K+ accu
mulation in EBCs, indicating that K+ may not have been loaded 
into the EBCs.

The similar stomatal conductance, ABA concentrations, and 
expression levels of ABA-related genes in PAR-200 and UV-200 
leaves (Supplementary Figs. S3 and S4) likely reflect a salt-induced 
response independent of the light treatment. While it was not pos
sible to exclude that the improved leaf water relations might be 
linked with increased ABA levels in UV-200 plants, the improved 
leaf water relations observed only in this treatment suggest addi
tional mechanisms are involved. In this context, the differential 
K+ compartmentalization between EBCs and leaf tissues in these 
2 treatments raises some interesting questions regarding the po
tential role of K+ and the improved water relations in UV-200 
plants. Indeed, given the observed differences in K+ concentra
tions and the differential CqAKT1 expression levels between leaf 
tissues and EBCs, we hypothesize that the combined UV and salt 
stress upregulated genes encoding the voltage-gated K⁺ channel 
and the plasma membrane aquaporin in epidermal cells in 
UV-200 plants. This would catalyze K⁺ movement from the basal 
side of EBCs stalk cells into the epidermal cells, thereby creating 
a K⁺ gradient driving water movement from EBCs to leaf cells. 
Increased expression of CqPIP1A in UV-200 plants would further 
enhance this process. Overall, EBCs might act as an external res
ervoir of water for the leaf cells (Shabala and Mackay 2011; 
Shabala and Pottosin 2014; Shabala et al. 2014).

Adding UV-B radiation did not alter salt-induced changes in 
Na+ and Cl− concentrations or their compartmentalization be
tween EBCs and leaf tissues. Although salt treatment increased 
these ions by up to 9-fold compared to the values in control plants, 
their concentrations (particularly Na+) were always lower than K+ 

concentrations, as previously observed in salt-treated quinoa 
(Moog et al. 2022; Palacios et al. 2024). Moreover, leaf Na+ and 
Cl− concentrations were lower than those generally reported for 
other halophytes and more comparable to those in salt-sensitive 
glycophytes (e.g. Kim et al. 2021). For instance, in the obligate hal
ophytes Atriplex mummularia and Suaeda dolichostachys grown with 
200 mM NaCl, leaves accumulated 350 to 400 mM Na+ (Bazihizina 
et al. 2009; Katschnig et al. 2013), which is 10 to 20 times higher 
than the values observed in the present study. Furthermore, 
most Na+ in salt-treated shoots was concentrated in the stems, 
with concentrations up to 6.8-fold higher than those in young 
leaves. This therefore explains the relatively low Na+ concentra
tions calculated in EBCs, as only a limited amount of Na+ appears 
to reach the leaf tissues. These results indicate that foliar Na+ and 
Cl− concentrations in quinoa did not reach toxic levels under sal
ine conditions, with their accumulation unlikely to be the primary 
factor limiting plant growth under our experimental conditions.

Salt and UV-B effects on secondary metabolism
Rather than uniformly increasing the production of hydroxycin
namic acids with a simple chemical backbone with high UV-B 
screening efficacy (Table 3, Supplementary Table S7) (Stelzner 
et al. 2019), UV-B treatment significantly increased the production 
of a specific hydroxycinnamic acid derivative with peak absorb
ance at the irradiation wavelength (313 nm). However, salinity 
minimally affected polyphenol concentrations, with only kaemp
ferol derivatives slightly increasing under single-stress conditions 
(PAR-200). Although quercetin derivatives with an antioxidant 
function typically accumulate under osmotic stress in plants 
(Di Ferdinando et al. 2012; De Souza et al. 2018; Xu et al. 2020), con
centrations of these compounds remained remarkably stable 
across all treatments. Collectively, these results suggest that 
moderate salinity did not significantly challenge quinoa, as it 
maintained ionic homeostasis and overall biomass accumulation 
to some extent.

Conclusions
This study expands our understanding of halophyte physiological 
responses to salinity, demonstrating how UV-B radiation and sal
inity interact to shape plant stress responses and highlighting that 

Table 2. Osmotic potential of solutes (ΨS) and their percentage contributions in leaf tissues

Contribution of solutes PAR-0 UV-0 PAR-200 UV-200

MPa % MPa % MPa % MPa %

K+ −0.66 b* 72.0 −0.78 b* 77.4 −1.07 a 61.7 −1.02 a 64.1
Na+ −0.01 b 1.3 −0.02 b 2.2 −0.12 a 6.0 −0.14 a 8.4
Cl− −0.08 b 8.4 −0.07 b 7.8 −0.38 a 21.9 −0.38 a 23.1
∑ ion −0.75 b 81.8 −0.88 b 87.3 −1.56 a 89.7 −1.53 a 93.7
Fructose −0.02 a 1.7 −0.05 a 4.5 −0.05 b 3.1 −0.03 a 1.7
Glucose −0.03 b 3.8 −0.04 b 4.4 −0.06 a 3.3 −0.04 b 2.6
Sucrose −0.12 a* 12.7 −0.04 b* 3.8 −0.06 b 3.9 −0.03 b 2
∑ sugar −0.17 a 18.2 −0.13 a 12.7 −0.18 a* 10.3 −0.10 a* 6.3
Ψs (∑ solutes) −0.92 −1.01 −1.74 −1.63

Data are presented as means (n = 4). Significant differences (P ≤ 0.05, 2-way ANOVA followed by Tukey’s test) between salt treatments (PAR-0 vs. PAR-200 and UV-0 vs. 
UV-200) are shown using lowercase letters, and significant differences between radiation treatments (PAR-0 vs. UV-0 and PAR-200 vs. UV-200) are shown using an 
asterisk.

Table 3. Secondary metabolites concentration in the youngest 
fully expanded leaves of quinoa after 26 d of treatment

Class of compounds 
(mg/g DW)

PAR-0 UV-0 PAR-200 UV-200

Hydroxycinnamic 
acids

9.8 ± 1.6 * 16.7 ± 0.5 * 9.3 ± 0.3 * 13.9 ± 0.9 *

Quercetin derivatives 8.6 ± 1.3 7.3 ± 1.0 5.5 ± 1.2 6.5 ± 0.5
Kaempferol 

derivatives
0.4 ± 0.1 0.8 ± 0.2 1.4 ± 0.4 0.9 ± 0.3

Data are presented as means ± SE (n = 5). The table shows significant 
differences (P ≤ 0.05, 2-way ANOVA followed by Tukey’s test) between salt 
treatments (PAR-0 vs. PAR-200 and UV-0 vs. UV-200) using lowercase letters, 
and between radiation treatments (PAR-0 vs. UV-0 and PAR-200 vs. UV-200) 
using an asterisk.
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investigating the combined effects of these stresses is important 
to understand the potential agricultural implications. Overall, 
combined salt and UV-B treatment enhanced the physiological 
performance of quinoa plants compared to those exposed to salt 
alone, by increasing photosynthetic efficiency and enhancing 
water and ion relations. Together, these adaptations mitigated 
the osmotic component of salinity stress. Understanding whether 
such interactions modify ion and water relations of different spe
cies across the salt tolerance continuum is essential to predict and 
improve crop performance in salt-affected fields.

Materials and methods
Plant material and growth conditions
Quinoa (Chenopodium quinoa accession Q20) plants were grown 
from seeds with universal potting soil composed of neutral sphag
num peat, composted green soil improver, and expanded perlite 
(less than 5%). The pots were placed in a growth chamber with 
day/night temperature set at 25 and 22 °C, respectively. The pho
toperiod was maintained at 12 h/d using time-controlled LED 
lights (LumiGrow Pro 650), providing an average PAR with an aver
age photon flux density of 210 μmol photons m−2 s−1.

Salt and UV-B treatments
After initial measurements confirmed homogeneity of the seed
lings, twenty 10-d-old plants were divided into 4 groups (n = 5). 
Each group was assigned to a different treatment to investigate 
the effect of UV-B radiation, soil salinity, and their interaction. 
Plants were treated with PAR and tap water (PAR-0), PAR and 
200 mM NaCl saline water (PAR-200), UV-B and tap water (UV-0), 
and UV-B and 200 mM NaCl saline water (UV-200).

UV-B was applied by supplementing PAR for 1 h daily at midday, 
using 2 tubular Philips UV-B Narrowband PL-L 36 W/01 lamps 
(Signify NV, Eindhoven, Netherlands), which emit at a peak wave
length of 313 nm. The mean irradiance of the UV-B radiations 
throughout the experiment was 1.71 W/m2, as measured by a 
PD300-UV Ophir (Ophir Optronics Solutions Ltd., Jerusalem, Israel) 
radiometer set at 313 nm and previously calibrated with a portable 
spectroradiometer (model SR9910-PC; Macam Photometrics Ltd., 

Livingstone, UK) on the used UV-B lamp. To prevent light contamina
tion between treatments, the seedlings treated with PAR and UV-B 
were placed in 2 separate containers made of UV-blocking LEE 226 
plastic film (Lee Filters, Andover, UK) (Supplementary Fig. S5).

Plant growth
Plants were sampled 26 d after the start of treatments to assess 
shoot and root fresh and dry mass. Throughout the treatment pe
riod, plant growth was monitored weekly by measuring stem and 
leaf extension with a ruler and the number of leaves on the pri
mary stem. At the end of the experiment, plants were separated 
into leaves, stems, and roots, and their fresh and dry weights 
were measured. Using leaf discs collected to estimate leaf RWCs 
(as described in the section below), we also estimated SLA calcu
lated as the fresh area (cm2) divided by dry mass (g).

Leaf gas exchanges
A LI-COR 6400XT photosynthesis system (Li-6400-40; Li-Cor Inc.), 
equipped with a LI-6400-40 leaf chamber fluorometer, measured 
the following parameters: net photosynthetic rate (Pn), stomatal con
ductance (gs), intercellular CO2 concentration (Ci), maximum quan
tum efficiency of the PSII (Fv/Fm), capture efficiency of excitation 
energy by the open (oxidized) PSII reaction center under light (Fv’/ 
Fm’), PSII efficiency in light-adapted leaves (ΦPSII), ETR, and NPQ. 
Measurements (n = 5 per treatment) were taken on the youngest fully 
expanded leaf from 9:00 to 11:30 AM on Day 26. These measurements 
were conducted at ambient relative humidity, with a reference CO2 

concentration of 400 μmol mol−1, a flow rate of 500 μmol s−1, a PAR 
of 1000 μmol m−2 s−1, and a leaf chamber temperature set to 25 °C. 
Chlorophyll fluorescence parameters were measured on both light- 
and dark-adapted leaves by covering the same leaf with foil for at 
least 30 min (Netondo et al. 2004; Bazihizina et al. 2016).

Water relations
Leaf RWC was calculated for each plant (n = 5 per treatment) using 
leaf discs according to the following formula:

RWC =
FW − DW
TW − DW

× 100 

Figure 6. Gene expression patterns in nonbrushed (i.e. intact) and brushed young leaves of quinoa after 26 d of treatment. A) PIP1A, plasma membrane 
aquaporin and B) AKT1, voltage-gated K+ channel. Two-way ANOVA with Tukey’s multiple comparisons test was performed, and only differences 
between EBCs and leaf tissues and between treatments within the same tissue (brushed or nonbrushed) are shown (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, 
****P ≤ 0.0001). The x-axis of the boxplot represents the light and salt treatment. The top and bottom of each box represent the 25th and 75th percentiles, 
respectively. The horizontal line inside each box represents the median, the «+» inside each box represents the average (n = 3), and the whiskers 
represent the minimum and maximum values.
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where TW stands for turgid weight (measured after 4 h in deion
ized (DI) water in darkness), FW for fresh weight, and DW for 
dry weight.

Midday leaf water potential (Ψl; MPa) was measured on 2 leaves 
per plant (i.e, the second or third pair of youngest fully expanded 
leaves) using a pressure chamber (Model 1000, PMS, USA) at the 
end of the experiment. After Ψl measurements, the leaves were 
immediately snap-frozen in liquid nitrogen and subsequently 
used to measure leaf osmotic potential (OP) in the leaf sap. The sap 
was extracted by placing the thawed leaves in a custom-built separa
tion column and centrifuging at 8000 rpm for 2 min. Leaf sap OP was 
measured with a psychrometer (PSY1; ICT International, Armidale, 
NSW, Australia) with relative contributions of the different osmo
lytes (K+, Na+, Cl−, glucose, fructose, and sucrose, as described in 
the following paragraphs) calculated using the Van’t Hoff equation 
with the molar concentration:

π = −RTC 

where R is the universal gas constant, T is the temperature (Kelvin), 
and C is the molar concentration of the solutes (Alarcón et al. 1993; 
Gori et al. 2023). The calculated OP, based on the sum of each solute 
OP, closely matched the measured OP (98%). This consistency sug
gests that the measured ions and soluble carbohydrates were the pri
mary contributors to leaf osmolality.

Tissue ion concentrations
To better understand ion accumulation in the leaf versus EBCs, 
ion concentrations (n = 5 per treatment) were measured in both 
nonbrushed and brushed leaves. Hard brushing with a small 
paintbrush removed the EBCs from the leaves, while nonbrushed 
leaves retained intact EBCs (Kiani-Pouya et al. 2017; Bazihizina 
et al. 2022). The 2 youngest fully expanded leaves per plant were 
sampled, and each was divided into 2 halves along the midrib; 
one half was brushed to remove the EBCs (brushed leaves), and 
the other was left intact (nonbrushed leaves). The leaf tissues 
were then snap-frozen in liquid nitrogen and freeze-dried. 
Additionally, young leaves were collected as above to have leaves 
with and without EBCs. These young leaves were immediately fro
zen and stored at −80 °C until further analysis.

K+, Na+, and Cl− concentrations were measured in both non
brushed and brushed leaves, as well as in stems. Ion concentra
tions in stems and young fully expanded leaves were measured 
by extracting ground tissues with 0.5 M HNO3 as previously de
scribed (Bazihizina et al. 2012). In young leaves, ion concentra
tions were instead measured using the leaf sap (Shabala et al. 
2013). The diluted extracts or leaf sap were analyzed for K+ and 
Na+ using an atomic absorption spectrophotometer (PinAAcle 
500, Perkin Elmer, Waltham, Massachusetts, USA), as previously 
described (Dainelli et al. 2023). Cl− concentrations were measured 
using the Sigma Chloride Assay Kit (MAK023, Sigma-Aldrich, 
St. Louis, MO) according to the manufacturer’s protocol. Briefly, 
75 μL of reagent was added to 25 μL of sample in a 96-well plate, 
incubated for 15 min at room temperature, protected from light, 
and then measured at 620 nm (A620) using a spectrophotometer 
(Tecan Infinite M200). The reliability of the methods was con
firmed by analyzing a reference tissue sample (Rye Grass 
ERM-CD281, Certified Reference Material) processed through the 
same procedure.

The K+/Na+ ratio was calculated for both young leaves and the 
youngest fully expanded leaves using the ion concentrations from 

nonbrushed leaves. Additionally, the following formula was used 
to estimate the ion concentrations within the EBCs:

EBCs concentration =
NBr − (Br∗LW)

EW 

where NBr is the ion concentration in nonbrushed leaves, Br is the 
ion concentration in brushed leaves, LW is the percentage of 
weight contributed by the leaf without EBCs, and EW is the per
centage of weight contributed by the EBCs in the entire leaf. The 
EW was determined by weighing leaves before and after the 
EBCs removal. If the calculated ion concentration in EBCs was 
negative, the ion concentration was assumed to be 0 mM. 
Finally, the ion concentration of the youngest fully expanded 
leaves was used to determine the relative contribution to the 
leaf OP, as described in the “Water relations” paragraph.

Pigment quantification
Leaf pigments were also quantified in the nonbrushed youngest 
fully expanded leaves collected for ion concentration analysis. 
To determine chlorophyll a (Chl a), chlorophyll b (Chl b), and car
otenoids (Car), 20 mg of dried and ground leaves were extracted 
with 1.2 mL of methanol following the method described by 
Wellburn (1994). After 30 min of extraction in the dark and shak
ing, the supernatant was measured at 665, 652, and 470 nm using 
a spectrophotometer (Tecan Infinite M200). The absorbance val
ues were used to calculate the concentrations of Chl a, Chl b, 
and Car (n = 5 per treatment).

Sugar quantification
Leaf sap used to measure OP was diluted 2.5-fold with distilled 
water (n = 4 per treatment). A 10 μL aliquot of each sample was in
jected into a Series 200 HPLC system equipped with a 200-RI detec
tor (PerkinElmer, Bradfrod, CT, USA) and a 7.7 × 300 mm, 8 μm 
Hi-Plex Ca column (Agilent Technologies, USA) maintained at 85 
± 1 °C, following the method described by Gori et al. (2023). 
Glucose, fructose, and sucrose were identified by comparing the 
retention times with those of carbohydrate standards 
(Sigma-Aldrich, Milano, Italy). Quantification was performed us
ing a 4-point calibration curve for each standard (0.05, 0.1, 0.25, 
and 0.5 mg/mL) (Supplementary Table S6). The concentrations 
of soluble sugars (glucose, fructose, and sucrose) were then used 
to calculate their relative contribution to the leaf OP, as described 
in the “water relations” paragraph.

Analysis of polyphenols
One youngest fully expanded leaf per plant was used for water po
tential measurements and then rapidly snap-frozen for polyphe
nols analysis (n = 5 per treatment). Briefly, polyphenols were 
extracted from frozen leaves using 60% ethanol for 3 times, as pre
viously described (Sillo et al. 2022). The supernatants from the 
samples were partitioned and defatted using n-hexane to remove 
chlorophylls and other substances that could interfere with chro
matographic analysis. The hydroethanolic phase was then dried 
using a Concentrator plus (Eppendorf, Italy), and the residue 
was redissolved in a MeOH: Milli-Q water solution (1:1 v/v, pH 
2.5 adjusted with formic acid). Polyphenol separation and quanti
fication were performed using a Perkin Elmer Flexar liquid chro
matography system (Perkin Elmer, Bradford, CT, USA), equipped 
with a quaternary 200Q/410 pump and an LC 200 diode array de
tector. The resuspended samples were injected into an Agilent 
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Zorbax C18 analytical column (250 mm 4.6 mm, 5 m), maintained 
at 30 °C, to achieve separation and quantification of the polyphe
nols. The mobile phase consisted of (A) Milli-Q water and (B) ace
tonitrile, both acidified with 0.1% formic acid. The flow rate was 
set to 0.4 mL min−1, using the following gradient program: 0 to 
1 min: 3% B, 1 to 55 min: 40% B, 55 to 60 min: 40% B, and 60 to 
61 min: 3% B. A 10-min conditioning step was used to return to 
the initial conditions. Chromatograms were recorded at 280 and 
350 nm, while spectral data from all peaks were collected over a 
wavelength range of 210 to 590 nm. Polyphenols were identified 
by comparing the UV–vis spectral characteristics and retention 
times with those of authentic standards and data from the litera
ture (Paśko et al. 2008; Gawlik-Dziki et al. 2013; Vázquez-Luna 
et al. 2019; Al-Qabba et al. 2020). Quantification of the peaks 
was performed using calibration curves prepared with the follow
ing standards: gallic acid, caffeic acid, kaempferol-3-O-glucoside, 
rutin, and apigenin-7-O-glucoside (all from SigmaAldrich—Merck 
KGaA, Darmstadt, Germany). Polyphenols were extracted from 
fresh leaves, and their content was calculated as milligrams per 
gram of dry weight by normalizing the data based on the leaf 
water content.

Gene expression analysis
Using the available transcriptome of brushed and nonbrushed 
quinoa leaves (Bazihizina et al. 2022), 5 genes expressed in quinoa 
leaves and EBCs and linked to water and ion transport and ABA 
regulation were selected: (A) AKT1, voltage-gated K+ channel, (B) 
PIP1A, plasma membrane aquaporin, (C) ABA1, zeaxanthin epox
idase involved in the first step of ABA biosynthesis, and (D) 
CqCYP707A4, cytochrome P450 monooxygenase encoding ABA 
8′-hydroxylase. After 26 d of treatments, 2 young leaves per plant 
were harvested, 1 was brushed, and the other one was left intact, 
and then immediately frozen in liquid nitrogen and kept at −80 °C 
for further analysis. Subsequently, total RNA was extracted using 
the Plant/Fungi Total RNA Purification Kit (Norgen Biotek Corp) 
according to the manufacturer’s protocol from 50 mg of leaf tissue 
ground in liquid nitrogen. On-column DNase treatment was as
sessed using Norgen’s RNase-Free DNase I Kit (Norgen Biotek 
Corp). Electrophoresis using 1% agarose gel was performed for 
all RNA samples to check for RNA integrity, followed by spectro
photometric quantification. RNA was then reverse transcribed us
ing SuperScript IV Reverse Transcriptase kit (Life Technologies, 
UK) with oligo(dT)20 primers. Gene expression analysis was per
formed using the CFX Connect real-time PCR detection system 
(Bio-Rad, Hercules, CA, USA) employing 30 ng of cDNA for each re
action and SsoAdvanced Universal SYBR Green Supermix 
(Bio-Rad), according to the manufacturer’s instructions for the de
tection system (Bio-Rad). Elongation factor 1-alpha (EF1alpha) was 
used as a housekeeping gene, and 3 technical replicates were per
formed for each biological replicate (n = 3). Primers were designed 
by using Primer3 software (http://primer3.ut.ee/) and double- 
checked using net primer software (http://www.premierbiosoft. 
com/netprimer/), except for the housekeeping primers (Böhm 
et al. 2018). A complete list of primers used for real-time quantita
tive PCR (RT-qPCR) analyses is given in Supplementary Table S8. 
Relative gene expression levels were calculated according to 
Livark and Schmittgen (2001).

ABA quantification
Leaves were freeze-dried and ground into powder. Samples (ap
proximately 20 mg dry weight) were mixed with deionized water 
(1:50 extraction ratio) and shaken at 4 °C overnight to extract 

ABA. After centrifuging the extracts at 15,000 rpm for 5 min, the 
ABA concentration of the supernatant was directly measured 
via radioimmunoassay using the monoclonal antibody AFRC 
MAC 252 (Quarrie et al. 1988).

Data analysis
All statistical analyses were performed using GraphPad Prism 
9.5.1 for Windows (GraphPad Prism Inc., San Diego, CA, USA). 
The data were assessed for normal distribution through a 
Shapiro–Wilk test and homogeneity distribution of variance 
through Bartlett’s test, before a 2-way ANOVA. Additionally, a 
3-way ANOVA was performed to examine potential interactions 
between salt, light, and tissue ion concentration. Treatment dif
ferences (P-value ≤ 0.05) were identified using Tukey’s multiple 
comparison test.

Accession numbers
Sequence data from this article can be found in the GenBank/ 
EMBL data libraries under accession numbers listed in 
Supplementary Table S9.
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Supplementary data
The following materials are available in the online version of this 
article.

Supplementary Figure S1. Overview of quinoa plant morphol
ogy and epidermal bladder cells (EBCs) structures.

Supplementary Figure S2. Leaf elongation (cm) in quinoa 
under the 4 treatments.

Supplementary Figure S3. Responses of leaf gas exchange pa
rameters of quinoa plants to the 4 treatments on Day 26.

Supplementary Figure S4. Gene expression patterns of 
CqABA1 and CqCYP707A4 (cytochrome P450 monooxygenase) 
and ABA levels in nonbrushed (i.e. intact) and brushed young 
leaves of quinoa after 26 d of treatment.

Supplementary Figure S5. The experiment set up for the study.
Supplementary Table S1. Dry weight of leaves, stem, and 

roots, shoot/root ratio and specific leaf area (SLA) of the youngest 
fully expanded leaves of quinoa after 26 d with the 4 treatments.

Supplementary Table S2. Maximum quantum efficiency of 
photosystem II (Fv/Fm) in quinoa after 26 d under 4 treatments.

Supplementary Table S3. 3-way ANOVA results of K+, Na+, and 
Cl− concentrations across tissue type, radiation treatment, and 
salt treatment.

Supplementary Table S4. K+/Na+ ratio in quinoa young leaves 
(YL) and youngest fully expanded leaves (YFEL).

Supplementary Table S5. Concentration of Na⁺ and Cl⁻ (mM) in 
nonbrushed (N) and brushed (B) young leaves (YL) and youngest 
fully expanded leaves (YFEL).

Supplementary Table S6. Concentration of soluble sugars in 
the sap of youngest fully expanded leaves.
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Supplementary Table S7. Secondary metabolite concentration 
in the youngest fully expanded leaves of quinoa after 26 d of 
treatment.

Supplementary Table S8. List of primer pairs used for qPCR 
analysis of gene expression.

Supplementary Table S9. AGI identifiers and corresponding 
NCBI accession numbers (NM for mRNA transcripts and NP for 
proteins) of the closest Arabidopsis thaliana homologous genes 
used for RT-qPCR analysis of gene expression.
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Antioxidant and anticancer activities of Chenopodium quinoa 
leaves extracts—in vitro study. Food Chem Toxicol. 2013:57: 
154–160. https://doi.org/10.1016/j.fct.2013.03.023

Godfray HCJ, Beddington JR, Crute IR, Haddad L, Lawrence D, Muir JF, 

Pretty J, Robinson S, Thomas SM, Toulmin C. Food security: the 
challenge of feeding 9 billion people. Science. 2010:327(5967): 
812–818. https://doi.org/10.1126/science.1185383

González JA, Rosa M, Parrado MF, Hilal M, Prado FE. Morphological 
and physiological responses of two varieties of a highland species 
(Chenopodium quinoa Willd.) growing under near-ambient 

and strongly reduced solar UV–B in a lowland location. J 
Photochem Photobiol B. 2009:96(2):144–151. https://doi.org/10. 
1016/j.jphotobiol.2009.05.003

12 | Plant Physiology, 2026, Vol. 200, No. 3

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/article/200/3/kiaf569/8320044 by C

eris user on 06 July 2026

http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf569#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf569#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf569#supplementary-data
https://doi.org/10.1093/jxb/erm057
https://doi.org/10.1111/j.1399-3054.1993.tb05196.x
https://doi.org/10.1111/j.1399-3054.1993.tb05196.x
https://doi.org/10.3390/nu12102904
https://doi.org/10.3390/nu12102904
https://doi.org/10.3390/foods9020216
https://doi.org/10.3390/foods9020216
https://doi.org/10.1007/s43630-022-00176-5
https://doi.org/10.1007/s43630-022-00176-5
https://doi.org/10.1038/s41893-019-0314-2
https://doi.org/10.1007/s11104-012-1193-8
https://doi.org/10.1111/nph.18205
https://doi.org/10.1111/nph.18205
https://doi.org/10.1093/aob/mcp151
https://doi.org/10.1093/aob/mcp151
https://doi.org/10.1016/j.envexpbot.2016.05.006
https://doi.org/10.1016/j.envexpbot.2016.05.006
https://doi.org/10.1016/j.cub.2018.08.004
https://doi.org/10.1016/j.cub.2018.08.004
https://doi.org/10.1186/s12870-020-2279-8
https://doi.org/10.1186/s12870-020-2279-8
https://doi.org/10.1016/S0269-7491(98)00191-2
https://doi.org/10.1111/ejss.13010
https://doi.org/10.1111/ejss.13010
https://doi.org/10.1016/j.scitotenv.2023.165119
https://doi.org/10.3390/agriculture8070115
https://doi.org/10.1016/j.jplph.2023.154124
https://doi.org/10.1016/j.jplph.2023.154124
https://doi.org/10.1016/j.fct.2013.03.023
https://doi.org/10.1126/science.1185383
https://doi.org/10.1016/j.jphotobiol.2009.05.003
https://doi.org/10.1016/j.jphotobiol.2009.05.003


Gori A, Moura BB, Sillo F, Alderotti F, Pasquini D, Balestrini R, Ferrini 
F, Centritto M, Brunetti C. Unveiling resilience mechanisms of 
Quercus ilex seedlings to severe water stress: changes in non- 
structural carbohydrates, xylem hydraulic functionality and 
wood anatomy. Sci Total Environ. 2023:878:163124. https://doi. 

org/10.1016/j.scitotenv.2023.163124
Guidi L, Brunetti C, Fini A, Agati G, Ferrini F, Gori A, Tattini M. UV ra

diation promotes flavonoid biosynthesis, while negatively affect
ing the biosynthesis and the de-epoxidation of xanthophylls: 
consequence for photoprotection? Environ Exp Bot. 2016:127: 
14–25. https://doi.org/10.1016/j.envexpbot.2016.03.002

Hamed KB, Ellouzi H, Talbi OZ, Hessini K, Slama I, Ghnaya T, Bosch 
SM, Savouré A, Abdelly C. Physiological response of halophytes to 

multiple stresses. Funct Plant Biol. 2013:40(9):883–896. https://doi. 
org/10.1071/FP13074

Hariadi Y, Marandon K, Tian Y, Jacobsen S-E, Shabala S. Ionic and os
motic relations in quinoa (Chenopodium quinoa Willd.) plants 
grown at various salinity levels. J Exp Bot. 2011:62(1):185–193. 
https://doi.org/10.1093/jxb/erq257

Hasegawa PM, Bressan RA, Zhu J-K, Bohnert HJ. Plant cellular and 

molecular responses to high salinity. Annu Rev Plant Physiol 
Plant Mol Biol. 2000:51(1):463–499. https://doi.org/10.1146/ 
annurev.arplant.51.1.463

Hassani A, Azapagic A, Shokri N. Global predictions of primary soil 
salinization under changing climate in the 21st century. Nat 
Commun. 2021:12(1):6663. https://doi.org/10.1038/s41467-021- 

26907-3
Imamura T, Yasui Y, Koga H, Takagi H, Abe A, Nishizawa K, Mizuno 

N, Ohki S, Mizukoshi H, Mori M. A novel WD40-repeat protein in
volved in formation of epidermal bladder cells in the halophyte 
quinoa. Commun Biol. 2020:3(1):1–14. https://doi.org/10.1038/ 
s42003-020-01249-w

Jaramillo Roman V, van de Zedde R, Peller J, Visser RGF, van der 
Linden CG, van Loo EN. High-resolution analysis of growth and 

transpiration of Quinoa under saline conditions. Front Plant Sci. 
2021:12:634311. https://doi.org/10.3389/fpls.2021.634311

Katschnig D, Broekman R, Rozema J. Salt tolerance in the halophyte 
Salicornia dolichostachya Moss: growth, morphology and physi
ology. Environ Exp Bot. 2013:92:32–42. https://doi.org/10.1016/j. 
envexpbot.2012.04.002

Kiani-Pouya A, Rasouli F, Bazihizina N, Zhang H, Hedrich R, Shabala 

S. A large-scale screening of quinoa accessions reveals an impor
tant role of epidermal bladder cells and stomatal patterning in 
salinity tolerance. Environ Exp Bot. 2019:168:103885. https://doi. 
org/10.1016/j.envexpbot.2019.103885

Kiani-Pouya A, Rasouli F, Shabala L, Tahir AT, Zhou M, Shabala S. 
Understanding the role of root-related traits in salinity tolerance 

of quinoa accessions with contrasting epidermal bladder cell pat
terning. Planta. 2020:251(5):103. https://doi.org/10.1007/s00425- 
020-03395-1

Kiani-Pouya A, Roessner U, Jayasinghe NS, Lutz A, Rupasinghe T, 
Bazihizina N, Bohm J, Alharbi S, Hedrich R, Shabala S. 
Epidermal bladder cells confer salinity stress tolerance in the hal
ophyte quinoa and Atriplex species. Plant Cell Environ. 2017:40(9): 

1900–1915. https://doi.org/10.1111/pce.12995
Kim B-M, Lee H-J, Song YH, Kim H-J. Effect of salt stress on the 

growth, mineral contents, and metabolite profiles of spinach. J 
Sci Food Agric. 2021:101(9):3787–3794. https://doi.org/10.1002/ 
jsfa.11011

Kromdijk J, Woese CR, Walter J. Relaxing non-photochemical quenching 
(NPQ) to improve photosynthesis in crops. Burleigh Dodds Series in 

Agricultural Science. Burleigh Dodds Ser Agric Sci; 2022. https:// 
doi.org/10.19103/AS.2022.0119.09

Livak Kenneth J., Schmittgen Thomas D. Analysis of relative gene ex

pression data using real-time Quantitative PCR and the 2−ΔΔCT 

Method. Methods. 2001:25(4):402–408. https://doi.org/10.1006/ 

meth.2001.1262
Lopes M, Sanches-Silva A, Castilho M, Cavaleiro C, Ramos F. 

Halophytes as source of bioactive phenolic compounds and their 

potential applications. Crit Rev Food Sci Nutr. 2023:63(8): 

1078–1101. https://doi.org/10.1080/10408398.2021.1959295
Ma X, Ou Y-B, Gao Y-F, Lutts S, Li T-T, Wang Y, Chen Y-F, Sun Y-F, 

Yao Y-A. Moderate salt treatment alleviates ultraviolet-B radia

tion caused impairment in poplar plants. Sci Rep. 2016:6(1): 

32890. https://doi.org/10.1038/srep32890
Malhi GS, Kaur M, Kaushik P. Impact of climate change on agricul

ture and its mitigation strategies. A review. Sustainability. 

2021:13(3):1318. https://doi.org/10.3390/su13031318
Mankotia S, Jakhar P, Satbhai SB. HY5: a key regulator for light- 

mediated nutrient uptake and utilization by plants. New Phytol. 

2024:241(5):1929–1935. https://doi.org/10.1111/nph.19516
Melino V, Tester M. Salt-tolerant crops: time to deliver. Annu Rev 

Plant Biol. 2023:74(1):671–696. https://doi.org/10.1146/annurev- 

arplant-061422-104322
Mittler R. Abiotic stress, the field environment and stress combina

tion. Trends Plant Sci. 2006:11(1):15–19. https://doi.org/10.1016/j. 

tplants.2005.11.002
Mohamed E, Kasem AMMA, Ghanem A-MFM, Ansari N, Yadav DS, 

Agrawal SB. Effects of salinity and UV-B on seed germination be

haviour of the halophyte Zygophyllum album L.: enforced dormancy 

and trade-off strategy. Flora. 2023:309:152408. https://doi.org/10. 

1016/j.flora.2023.152408
Moog MW, Trinh MDL, Nørrevang AF, Bendtsen AK, Wang C, Øster

berg JT, Shabala S, Hedrich R, Wendt T, Palmgren M. The epider

mal bladder cell-free mutant of the salt-tolerant quinoa 

challenges our understanding of halophyte crop salinity toler

ance. New Phytol. 2022:236(4):1409–1421. https://doi.org/10.1111/ 

nph.18420
Munns R, Tester M. Mechanisms of salinity tolerance. Annu Rev Plant 

Biol. 2008:59(1):651–681. https://doi.org/10.1146/annurev.arplant. 

59.032607.092911
Netondo GW, Onyango JC, Beck E. Sorghum and salinity. Crop Sci. 

2004:44:806–811.  https://doi.org/10.2135/cropsci2004.8060
Nikalje GC, Yadav K, Penna S. Halophyte responses and tolerance to 

abiotic stresses. In: Hasanuzzaman M, Nahar K, Öztürk M, edi

tors. Ecophysiology, abiotic stress responses and utilization of halo

phytes. Singapore: Springer; 2019. p. 1–23.
Nogués S, Allen DJ, Morison JIL, Baker NR. Characterization of stoma

tal closure caused by ultraviolet-B radiation. Plant Physiol. 

1999:121(2):489–496. https://doi.org/10.1104/pp.121.2.489
Ouhibi C, Attia H, Rebah F, Msilini N, Chebbi M, Aarrouf J, Urban L, 

Lachaal M. Salt stress mitigation by seed priming with UV-C in 

lettuce plants: growth, antioxidant activity and phenolic com

pounds. Plant Physiol Biochem. 2014:83:126–133. https://doi.org/ 

10.1016/j.plaphy.2014.07.019
Palacios MB, Rizzo AJ, Heredia TB, Roqueiro G, Maldonado S, Murgida 

DH, Burrieza HP. Structure, ultrastructure and cation accumula

tion in quinoa epidermal bladder cell complex under high saline 

stress. Protoplasma. 2024:261(4):655–669. https://doi.org/10.1007/ 

s00709-023-01922-x
Parida AK, Das AB, Mittra B. Effects of NaCl stress on the structure, 

pigment complex composition, and photosynthetic activity of 

mangrove Bruguiera parviflora chloroplasts. Photosynthetica. 

2003:41(2):191–200. https://doi.org/10.1023/B:PHOT.0000011951. 

37231.69

UV-B improves quinoa salt-induced responses | 13
D

ow
nloaded from

 https://academ
ic.oup.com

/plphys/article/200/3/kiaf569/8320044 by C
eris user on 06 July 2026

https://doi.org/10.1016/j.scitotenv.2023.163124
https://doi.org/10.1016/j.scitotenv.2023.163124
https://doi.org/10.1016/j.envexpbot.2016.03.002
https://doi.org/10.1071/FP13074
https://doi.org/10.1071/FP13074
https://doi.org/10.1093/jxb/erq257
https://doi.org/10.1146/annurev.arplant.51.1.463
https://doi.org/10.1146/annurev.arplant.51.1.463
https://doi.org/10.1038/s41467-021-26907-3
https://doi.org/10.1038/s41467-021-26907-3
https://doi.org/10.1038/s42003-020-01249-w
https://doi.org/10.1038/s42003-020-01249-w
https://doi.org/10.3389/fpls.2021.634311
https://doi.org/10.1016/j.envexpbot.2012.04.002
https://doi.org/10.1016/j.envexpbot.2012.04.002
https://doi.org/10.1016/j.envexpbot.2019.103885
https://doi.org/10.1016/j.envexpbot.2019.103885
https://doi.org/10.1007/s00425-020-03395-1
https://doi.org/10.1007/s00425-020-03395-1
https://doi.org/10.1111/pce.12995
https://doi.org/10.1002/jsfa.11011
https://doi.org/10.1002/jsfa.11011
https://doi.org/10.19103/AS.2022.0119.09
https://doi.org/10.19103/AS.2022.0119.09
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1080/10408398.2021.1959295
https://doi.org/10.1038/srep32890
https://doi.org/10.3390/su13031318
https://doi.org/10.1111/nph.19516
https://doi.org/10.1146/annurev-arplant-061422-104322
https://doi.org/10.1146/annurev-arplant-061422-104322
https://doi.org/10.1016/j.tplants.2005.11.002
https://doi.org/10.1016/j.tplants.2005.11.002
https://doi.org/10.1016/j.flora.2023.152408
https://doi.org/10.1016/j.flora.2023.152408
https://doi.org/10.1111/nph.18420
https://doi.org/10.1111/nph.18420
https://doi.org/10.1146/annurev.arplant.59.032607.092911
https://doi.org/10.1146/annurev.arplant.59.032607.092911
https://doi.org/10.2135/cropsci2004.8060
https://doi.org/10.1104/pp.121.2.489
https://doi.org/10.1016/j.plaphy.2014.07.019
https://doi.org/10.1016/j.plaphy.2014.07.019
https://doi.org/10.1007/s00709-023-01922-x
https://doi.org/10.1007/s00709-023-01922-x
https://doi.org/10.1023/B:PHOT.0000011951.37231.69
https://doi.org/10.1023/B:PHOT.0000011951.37231.69


Pascual LS, Segarra-Medina C, Gómez-Cadenas A, López-Climent 
MF, Vives-Peris V, Zandalinas SI. Climate change-associated mul
tifactorial stress combination: a present challenge for our ecosys
tems. J Plant Physiol. 2022:276:153764. https://doi.org/10.1016/j. 
jplph.2022.153764
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