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• RBOHs C, D and F differentially regulate 
photosynthesis and transpiration. 

• The lack of any RBOHs produced an 
increase in Cd2+ influx and changes in 
net K+ fluxes in roots, mainly in the 
elongation zone. 

• RBOHs differentially regulate the trans-
porters IRT1, NRAMP3 and NRAMP6, 
KUP8, HAK5 and GORK, and the tran-
scription factors TGA3 and TGA10.  
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A B S T R A C T   

NADPH oxidase, an enzyme associated with the plasma membrane, constitutes one of the main sources of 
reactive oxygen species (ROS) which regulate different developmental and adaptive responses in plants. In this 
work, the involvement of NADPH oxidases in the regulation of photosynthesis and cell ionic homeostasis in 
response to short cadmium exposure was compared between wild type (WT) and three RBOHs (Respiratory Burst 
Oxidase Homologues) Arabidopsis mutants (AtrbohC, AtrbohD, and AtrbohF). Plants were grown under hydro-
ponic conditions and supplemented with 50 µM CdCl2 for 24 h. Cadmium treatment differentially affected 
photosynthesis, stomatal conductance, transpiration, and antioxidative responses in WT and Atrbohs mutants. 
The loss of function of RBOH isoforms resulted in higher Cd2+ influx, mainly in the elongation zone of roots, 
which was more evident in AtrbohD and AtrbohF mutants. In the mature zone, the highest Cd2+ influx was 
observed in rbohC mutant. The lack of functional RBOH isoforms also resulted in altered patterns of net K+

transport across cellular membranes, both in the root epidermis and leaf mesophyll. The analysis of expression of 
metal transporters by qPCR demonstrated that a loss of functional RBOH isoforms has altered transcript levels for 
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metal NRAMP3, NRAMP6 and IRT1 and the K+ transporters outward-rectifying K+ efflux GORK channel, while 
RBOHD specifically regulated transcripts for high-affinity K+ transporters KUP8 and HAK5, and IRT1 and RBOHD 
and F regulated the transcription factors TGA3 and TGA10. It is concluded that RBOH-dependent H2O2 regu-
lation of ion homeostasis and Cd is a highly complex process involving multilevel regulation from transpirational 
water flow to transcriptional and posttranslational modifications of K/metals transporters.   

1. Introduction 

Since the industrial revolution, the contamination of soil and water 
resources with heavy metals has become one of the most serious prob-
lems in all worldwide ecosystems (Kamran et al., 2014; Wang et al., 
2015). Cadmium, one of the heavy metals, is a non-essential element and 
highly toxic restricting plant growth and productivity, largely due to its 
negative effects on photosynthesis. It was demonstrated that Cd affects 
photosynthesis through several pathways including (i) inhibition of 
chlorophyll biosynthesis and substitution of Mg2+ by Cd (Küpper et al., 
1996; Wang et al., 2014), (ii) damaging the proteins localized in the 
thylakoids (Fagioni et al., 2008), (iii) altering stomata movement and 
affecting enzymes of the Calvin cycle (Rubisco and PEPC) (Wang et al., 
2009), and (iv) damaging chloroplast ultrastructure (Wang et al., 2014). 
Furthermore, when grown in polluted soils, plants roots take up Cd and 
transport it to the aerial parts of plants, so Cd enters the food chain, with 
major consequences for human health (Clemens et al., 2002, 2013; 
DalCorso et al., 2008; Cuypers et al., 2010). 

The metal uptake by the root can take place via both apoplastic and 
symplastic mechanisms. The symplastic pathway is an energy- 
consuming transmembrane pathway, which depends on operation of 
metal transporter proteins, while the apoplastic pathway is a passive 
process mediated by covalent or ionic bonding to functional groups on 
cell walls that has been correlated with transpiration (Van der Vliet 
et al., 2007). In plants, Cd-specific transporters have not been identified 
and Cd seems to be transported via various transporters mediating 
cation uptake by roots (such as for K+, Ca2+, Mg2+, Cu2+, Fe2+ and Zn2+) 
thus potentially interfering with their uptake and distribution (Clemens, 
2006; Roth et al., 2006). Amongst the major ones are NRAMP (NATU-
RAL RESISTANCE-ASSOCIATED MACROPHAGE PROTEIN) transporters 
that are essential for Fe2+ and Mn2+ uptake but can also transport Zn2+, 
Co2+, Cd2+, Cu2+, Ni2+ and Pb2+ (Thomine et al., 2000; Sasaki et al., 
2012; Zha et al., 2016). Other transporters like IRT1 (IRON TRANSPORT 
PROTEIN 1), a member of the large ZIP (for Zinc regulated transporter 
1/IRT1–like Protein) family, which is the main entry vehicle for Fe2+ in 
Arabidopsis roots (Grotz and Guerinot, 2006). A passive influx of Cd 
through non-selective (NSCC) cation channels also operates in plant 
roots (Perfus-Barbeoch et al., 2002; Chen et al., 2018; Huang et al., 
2020). 

One of the consequences of the metal stress in plants is a production 
of reactive oxygen species (ROS; Romero-Puertas et al., 2012). Reactive 
oxygen species (H2O2,⋅OH, O2

.-, 1O2) originate from subproducts of the 
aerobic metabolism and their accumulation is determined by the bal-
ance between their production and elimination by antioxidant systems. 
An excess of ROS is toxic, causing oxidative stress involving damage to 
different macromolecules (lipids, proteins and DNA; Sandalio et al., 
2012). However, plants have developed highly regulated enzymatic 
antioxidants like superoxide dismutase, catalase, ascorbate peroxidase, 
and glutathione reductase, in order to keep a balance between ROS 
production and destruction and consequently maintaining cellular redox 
homeostasis (Rodríguez-Serrano et al., 2006). ROS also play an impor-
tant signaling role in the control of processes such as growth, develop-
ment, and responses to different biotic and abiotic stress situations 
(Fichman and Mittler, 2020). Transcriptomic studies have demonstrated 
the existence of a specificity in ROS signaling and the response induced 
by different factors, although the mechanisms involved are not clearly 
understood and may require the involvement of other molecules (Mittler 
et al., 2011; Sewelam, 2014). 

The plasma membrane-based NADPH oxidase represents one of the 
major sources of ROS production in plants exposed to hostile environ-
mental conditions (Mittler, 2017; Gupta et al., 2017). The Arabidopsis 
homologs of the mammalian gp91phox respiratory burst 
membrane-bound NADPH oxidases are encoded by 10 RBOH genes 
(AtRBOH A-J; Torres and Dangl, 2005), with AtRBOHD and AtRBOHF 
being most highly expressed (Torres et al., 2002). AtRBOHC has been 
associated mainly with roots where it plays a role in regulating root hair 
formation and growth and cellular integrity (Foreman et al., 2003; 
Takeda et al., 2008). AtRBOHD and ATRBOHF accomplish a wide range 
of functions including: (i) pathogen defense response, (ii) abiotic stress 
signaling, and (iii) abscisic acid-induced stomatal closure (Torres et al., 
2002; Kwak et al., 2003; Suzuki et al., 2011). The contribution of RBOHs 
to ROS production in response to Cd has been reported in different plant 
species. Thus, Cd-dependent H2O2 accumulation in the plasma mem-
brane was observed by cytochemistry in pea leaves, tobacco cell culture 
and alfalfa roots (Olmos et al., 2003; Romero-Puertas et al., 2004; 
Ortega-Villasante et al., 2005; Garnier et al., 2006). In Arabidopsis 
plants, Remans et al. (2010) showed a Cd-dependent induction of RBOHs 
and H2O2 production, with RBOHC and RBOHF showing the highest 
induction levels in leaves. 

Many ion channels were shown to be directly regulated by ROS 
(Zhao et al., 2020)⋅ H2O2-sensitive Ca2+-permeable ion channels have 
been found in both root epidermal cells (Demidchik et al., 2007) and 
stomatal guard cells (Pei et al., 2000); H2O2 also regulated K+-selective 
inward-rectifying channels (Köhler et al., 2003). By interacting with 
transition metals (Fe3+ or Cu2+) in cell walls, H2O2 can also lead to the 
formation of highly aggressive hydroxyl radicals (⋅OH) that can directly 
activate a broad range of non-selective (K+ permeable) cation channels 
(Demidchik et al., 2003) as well as GORK-like K+ efflux channels 
(Demidchik et al., 2010; Zepeda-Jazo et al., 2011). A clear correlation 
between abiotic stress tolerance and the extent of desensitization of 
K+-permeable channels was demonstrated (Shabala et al., 2016; Wang 
et al., 2018). ROS also control the expression of high affinity K+ trans-
porters such as HAK5 under K+ deficiency conditions (Jung et al., 2009). 
Gupta et al. (2017) demonstrated that Arabidopsis lines lacking one of 
RBOH C, D or F showed different patterns of accumulation and trans-
location of Cd and macro and micronutrients (PO4

3-, K+, Ca2+, Cu2+, 
Zn2+, and Fe2+) after 24 h of Cd treatment. In addition, when cultivated 
in media containing arsenic, Arabidopsis mutants lacking functional 
RBOHC showed a reduction in the accumulation of the metalloid and 
some macro- and micro-nutrients in the same period (Gupta et al., 
2013). These findings suggest that RBOH-dependent ROS production 
play a central role in the coordinated regulation of the transport and 
accumulation of toxic metals, macro- and micro-elements, during the 
first 24 h of Cd treatment, although the mechanisms need to be eluci-
dated. Whether the regulatory effect of ROS operates at transcriptional 
and/or post-transcriptional level, and the molecular identity of trans-
porters involved, remain to be solved. 

There are many factors that could significantly affect metal uptake 
such as electrochemical gradients, root architecture, photosynthesis and 
transpiration, as well as transporters functionality. Several evidence at 
biochemical and molecular levels demonstrated that ROS production 
and RBOHs can regulate both oxidative damages and cell response to Cd 
in Arabidopsis plants (Smeets et al., 2009; Gupta et al., 2017), and also 
participate in signaling processes and ion homeostasis in leaves and 
roots, although the mechanism involved has not been determined yet. 
Therefore, in this work we have analyzed the role of three RBOHs, 
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namely rbohC, rbohD, and rbohF, on different traits potentially involved 
in Cd2+ uptake and translocation, by comparing the differences in 
photosynthesis and transpiration rates, Cd2+/K+/H+ fluxes and trans-
porters gene expression under short exposure to Cd. In addition, we have 
analyzed the alterations of some parameters related to ROS metabolism. 
We have found that under Cd exposure the lack of individual RBOHs 
differentially regulated antioxidative enzymes, negatively affected 
photosynthesis and transpiration, considerably increased Cd2+ fluxes 
and changed net K+ fluxes in plant roots. This fact is explained by the 
differential regulation of metal and K transporters in the three Atrbohs 
mutants analyzed. 

2. Materials and methods 

2.1. Plant material and growth conditions 

In this study, we used Arabidopsis thaliana wild-type (WT) and three 
Atrboh mutants, AtrbohC, AtrbohD, and AtrbohF, obtained from SALK 
Institute, all of them being Col-0 ecotype. Seeds were sown in compost/ 
vermiculite mixture (2:1) and the plantlets were grown in growth 
chamber at 22 ± 1 oC under long-day conditions (16 h light and 8 h 
darkness) with 120–150 µM m-2 s-1 of irradiance. Plants were irrigated 
with tap water. Three-week-old plants were transferred to hydroponic 
cultures containing half Hoagland (Hoagland and Arnon, 1950) nutrient 
solution for one week. Afterwards, plants were supplemented or not 
(control plants) with 50 µM CdCl2 (Gupta et al., 2017). Harvest was done 
after 24 h of Cd treatment and the plants were divided into shoots and 
roots. Roots were rinsed twice with cold distilled water. 

For microelectrode ion flux estimation (MIFE) experiments, seeds of 
WT and Atrbohs were sterilized in 20% commercial bleach for 10 min, 
washed thoroughly with sterilized distilled water and sown in Petri 
dishes with media containing ½ strength Murashige and Skoog (MS) 
basal salt, 0.5% (w/v) phytogel and 1% (w/v) sucrose at pH 5.8. The 
Petri dishes were then sealed with parafilm and placed in a growth 
chamber in vertical position to allow root growth along the surface of 
the medium. The conditions in the growth chamber were 16 h/8 h light/ 
dark cycles at the temperature of 22 ◦C. Ten days-old seedlings were 
used for analysis. 

2.2. Water content determination (WC %) 

Root water content was calculated as WC = (100 − (DW × 100/FW) 
according to Kováčik et al. (2014) with DW, dry weight and FW, fresh 
weight. 

2.3. Analysis of pigments 

After extraction in 80% acetone, chlorophyll and carotenoid con-
centrations (mg g-1 FW) were quantified spectrophotometrically from 
fresh leaves following the method of Lichtenthaler and Wellburn (1983). 

2.4. Gas exchange measurements 

Photosynthetic gas exchange was measured using a portable LI-6400 
infrared gas analyzer (LI-COR Biosciences, Inc., Lincoln, NE, USA). The 
CO2 assimilation rate was determined in the same fully expanded leaves 
of wild-type and the different mutant plants under control condition and 
treated with Cd by changing light intensities (light curve), with a range 
from 0 to 2000 µmol quanta m-2 s-1. The temperature in the block was 
maintained at 22ºC, the flow was of 350 µmol s-1, and the CO2 concen-
tration of 400 µmol mol-1. The response of net assimilation to irradiance 
(A/Q curves), as well as conductance (gs) and transpiration were per-
formed as described elsewhere (Rojas-González et al., 2015). In addi-
tion, Photosyn Assistant, software developed by Dundee Scientific 
(Parsons and Ogston, 1999), was used to estimate the dark respiration 
rate (Rd), light compensation point (Г), light saturation estimate (LSE) 

and the maximum photosynthesis rate (Amax). 

2.5. Enzyme extractions and assays 

All operations were carried out at 4 oC. Frozen root tissues (500 mg 
fresh weight) were ground in a mortar with liquid nitrogen and 1 ml 
buffer was added (50 mM Tris-HCl buffer (pH 7.5) containing 0.1 mM 
EDTA, 0.2% (v/v) Triton X-100, 2 mM DTT), containing a protease in-
hibitor cocktail (Sigma). The homogenate was centrifuged at 16,700 g 
for 30 min and the supernatants were collected and used for different 
enzyme assays. Superoxide dismutase (SOD, EC 1.15.1.1) isoenzymes 
were individualized by native-PAGE on 12% acrylamide gels and were 
localized by photochemical method and catalase (CAT, EC 1.11.1.6), 
guaiacol peroxidase (GPX, EC 1.11.1.7) activities were analysed ac-
cording to Peco et al. (2020) and glycolate oxidase (GOX, EC 1.1.3.15) as 
Kerr and Groves (1975). 

2.6. Protein determination 

Proteins were determined by the method of Bradford (1976) using 
bovine serum albumin (BSA) as a standard. 

2.7. RNA extraction and RT-PCR/qRT-PCR analysis 

Total RNA was isolated from Arabidopsis plants using Trizol reagent 
(Invitrogen) according to the manufacturer’s instructions. First strand 
cDNA was synthesized by reverse transcriptase (RT) reaction (iScriptTM 
cDNA Synthesis, Bio-Rad) of 1 µg RNA. Primers used in the experiment 
are listed in Supplementary Table 1. RNA integrity was confirmed by 
electrophoresis on 3% agarose gels. RNA was quantified using a spec-
trophotometer (mySPEC). For semiquantitative RT-PCR, band intensity 
was expressed as relative absorbance units. Each cDNA band density was 
first normalized by dividing it by the density of the tubulin band used as 
reference to compensate variations in the cDNA loading onto the gel. 
The relative increase or decrease in gene expression in the Cd treated 
roots was then calculated by dividing the normalized band density of the 
gene from the Cd-treated roots by that of the same gene from the un-
treated (control) roots (Marone et al., 2001). Quantitative real time PCR 
was performed on an iCycler iQ5 (Bio-Rad) as described elsewhere 
(Rodríguez-Serrano et al., 2016). Amplification efficiency was calcu-
lated using the formula (E = [10(1/a) − 1] × 100) where “a” is the slope 
of the standard curve. The relative expression of each gene was 
normalized to that of TUB-4 and the analysis of the results was done 
using the comparative critical threshold (CT) method (Huggett et al., 
2005). TUB-4 gene was selected for normalization by the GrayNorm 
algorithm (Remans et al., 2014) from five candidate reference genes as 
we described previously in Terrón-Camero et al. (2020). 

2.8. Ion-selective microelectrodes preparation 

Net Cd2+, K+ and H+ fluxes were measured with ion-selective mi-
croelectrodes noninvasively using the MIFE technique (University of 
Tasmania, Hobart, Australia) as described by Shabala et al. (1997). 
Briefly, salinized electrodes were flattened to 2–3 µm in diameter, 
backfilled with respective backfilling solutions and front-filled with 
appropriate ion-selective ionophore cocktails (Catalog No. 99311 for K+

and 95291 for H+, all from Sigma- Aldrich). For Cd2+, the electrode was 
backfilled with 10 mM Cd(NO3)2 plus 100 mM KCl and front-filled with 
freshly prepared Cd-selective ionophore cocktail consisted of 10% 
(w/w) cadmium ionophore I (N,N,N’,N’-tetrabutyl-3,6-dioxaoctanedi 
[thioamide]; ETH 1062 catalog no. 20909, Sigma-Aldrich), 10% (w/w) 
sodium tetrakis ([3,5-bis (trifluoromethyl) phenyl] boron sodium; cat-
alog no. 72017, Sigma-Aldrich), and 80% (w/w) 2-nitrophenyl octyl 
ether (1-nitro-2- octyloxybenzene; catalog no. 73732, Sigma-Aldrich) as 
per Piñeros et al. (1998). Filled microelectrodes were calibrated in a set 
of respective calibration solutions before and after measurements. Only 
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electrodes with a slope of > 50 mV per decade for K+ and H+ and > 25 
mV per decade for Cd2+, and correlation coefficients of > 0.9990 were 
used. 

2.9. Ion flux measurements 

Cd-induced Cd2+, H+, and K+ fluxes were measured from the elon-
gation and mature root zones as well as from leaf mesophyll from 10-D- 
old seedlings. For mesophyll measurements, lower leaf epidermis was 
peeled off using fine forceps and then cut into 5 × 5 mm segments. 
Mesophyll segments were placed in basic salt medium (BSM solution, 
0.1 mM CaCl2 and 0.5 mM KCl, pH 5.8 non-buffered), with a peeled side 
down, and kept floating on the surface in darkness overnight to mini-
mize possible confounding effects of tissue damage on ion fluxes (Sha-
bala and Newman, 1999). Mesophyll segments were immobilized in a 
measuring chamber containing 30 ml BSM and left for 40 min for 
adaptation prior to the measurement. For root measurements, plants 
were immobilized in the measuring chamber 1 h prior to commencing 
experiments. Net ions fluxes were measured from mature (20 mm from 
root tip) and elongation (1 mm) root zones for 4–5 min to ensure the 
stability of initial ion fluxes. Then the cadmium stressor Cd(NO3)2 (with 
a final working concentration of 25 μM in BSM) was added to the bath 
and ions fluxes were recorded for another 20 min 

2.10. Stomatal aperture index analyses 

Leaf discs were incubated in 10 mM MES (pH 6.5) containing 50 mM 
KCl and 0.1 mM CaCl2 for 90 min and visualized at light microscopy 
(Tarnowski et al., 2020). Stomatal aperture index (SAI) was calculated 
by analyzing stomatal width/length ratio using Image J and Stat-
graphycs 18 as reported by Eisele et al. (2016). 

2.11. Statistical analysis 

All data were analyzed by two-way ANOVA test, and means were 
compared using Duncan’s multiple-range test at p ≤ 0.05 level of sig-
nificance by means of IBM SPSS 20 for Windows. For each analysis, 3–6 
different experiments were carried out with 3 replicates each one con-
taining at least 2–3 roots per extracts. 

3. Results 

3.1. Effect of cadmium on root growth and water content in WT and 
Atrbohs mutants 

Root growth, measured as dry weight (DW), was analyzed in WT and 
Atrboh mutants after 24 h of treatment with 50 μM Cd (Suppl. Fig. 1A). 
Under control conditions, AtrbohF showed a slight reduction of root DW 
compared with WT, while the others Atrbohs did not show any statistical 
difference. Cadmium treatment negatively affected the weight of root 
only in AtrbohC mutants (Suppl. Fig. 1A). Water content was slight and 
significantly reduced by the Cd treatment in all genotypes without sta-
tistical differences between the different genotypes (Suppl. Fig. 1B). 

3.2. Cadmium effect on antioxidative enzymes in roots 

The analysis of superoxide dismutase (SOD) activity in roots showed 
the presence of two main SOD isoforms (Suppl. Fig. 1C), Mn-SOD and 
CuZn-SOD (Jozefczak et al., 2014). Under control conditions a decrease 
in Mn-SOD isozyme (48%) was observed in AtrbohF, while in AtrbohC 
and D the reduction was around 20% as compared to WT plants. In its 
turn, CuZn-SOD was decreased in AtrbohF (60%), while just a slight 
reduction (12.17%) was observed in AtrbohC and AtrbohD compared to 
WT. A Cd-dependent decrease of Mn-SOD activity was observed in WT 
(30%), while in AtrbohC and AtrbohD no changes were observed and 
AtrbohF showed a considerable increase (60%). CuZn-SOD activity was 

decreased by Cd in WT (40%), and AtrbohC (25%), in contrast to AtrbohD 
which did not show changes and AtrbohF showing an increase of 60%, 
compared to their respective untreated control plants. 

Under control conditions, catalase (CAT) activity was higher in 
Atrbohs mutants than in WT. Cd exposure induced CAT activity in WT 
plants and AtrbohF, while no changes were observed in AtrbohC and 
AtrbohD (Suppl. Fig. 1D). The activity of another enzyme involved in 
removing H2O2, guayacol peroxidase (GPX), did not change within ge-
notypes and treatments and only increased by Cd in AtrbohD (Suppl. 
Fig. 1E). Glycolate oxidase (GOX) is a key enzyme in the photorespira-
tion in leaves and is considered one of the main sources of H2O2 pro-
duction in green tissues under light conditions. GOX is also present in 
roots and no statistically significant effect of Cd on its activity was 
observed in all genotypes analyzed (Suppl. Fig. 1F) ruling out GOX as a 
source of ROS production in roots under Cd toxicity. 

Fig. 1. Photosynthetic carbon fixation rates (A) were determined in the same 
leaf position of WT plants and AtrbohC, AtrbohD and AtrbohF mutants grown for 
24 h under 50 μM Cd (C: control. Cd: cadmium), as a function of increasing 
irradiance at saturating CO2 (400 µmol mol-1; A/Q response curve). B, Stomatal 
conductance (gs) and, transpiration (E), were determined in the same leaves 
under increasing irradiance. Values represent the mean of 4 plants. 
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3.3. Cadmium effects on photosynthetic parameters in WT and Atrbohs 
lines 

3.3.1. Pigment contents 
Cd exposure for 24 h resulted in a reduction of total chlorophyll 

(30%) and chlorophyll a (Chl a; 32.8%) in WT, while no changes were 
observed in Atrboh mutants. Cd had no significant effects on Chl b, ca-
rotenoids contents and the ratio Chl a/ Chl b in all genotypes analyzed 
(Table 1). 

3.3.2. Gas exchange parameters 
The light-response curves (A/Q) at ambient CO2 are shown in 

Fig. 1A. The CO2 assimilation rates in leaves of WT and Atrbohs mutants 
under control conditions increased throughout the increasing irradiance 
up to the maximum of 2000 μmol m-2 s-1. In addition, the highest value 
of Amax was observed in WT plants (Table 2), while those of the mutants 
were reduced in comparison to WT, by 17% in AtrbohF, 33% in AtrbohD, 
and 41% in AtrbohC, suggesting that the lack of these genes have a 
negative impact on leaf photosynthesis; this is specifically true for 
AtRBOHC and AtRBOHD. Cadmium treatment considerably affected 
CO2 assimilation with an Amax reduction of about 46% in WT and 51% in 
AtrbohF compared to appropriate controls, while the reduction in Atr-
bohD was 27%, and in AtrbohC of about 20% (Fig. 1A and Table 2). 

Despite being statistically not significant, dark respiration (Rd) of 
AtrbohF under control conditions was half the value of WT and the other 
mutant lines. Interestingly, Cd did not have any effect on Rd of this 
mutant, while a slight induction was detected in AtrbohC. On the con-
trary, Cd increased this parameter by about ~2-fold in AtrbohD mutants 
and WT. In leaves of WT, AtrbohC and AtrbohF mutants, light compen-
sation point was increased by 1.4, 1.25 and 2-fold, respectively, 
following cadmium treatment, while any change was detected for Atr-
bohD. With the exception of AtrbohF, cadmium stress reduced light 
saturation by 50%, 21% and 55% in WT, AtrbohC and AtrbohD mutants, 
respectively (Table 2). All these data were suggesting that the mutation 
and Cd treatment were affecting differently the photosynthetic 
parameters. 

3.3.3. Stomatal conductance 
Stomatal conductance (gs) of WT plants at saturating light was 

higher than that in the mutant lines by 27%, 24% and 16%, in AtrbohC, 
AtrbohD and AtrbohF, respectively (Fig. 1B). Stomatal conductance 
values have dropped first in 0–200 µmol m-2 s-1 irradiance range and 
then increased in a dose-dependent manner with higher light intensities, 
with gs values at saturating intensities being similar to those at the 
beginning of the curve (0 µmol m-2 s-1). The only exception was AtrbohD 
mutant, in which gs increased rapidly (50%>) in parallel with the in-
crease of light intensity. The gs values of WT and mutants were 
considerably affected by the Cd treatment. In all the cases under Cd 
treatment, the gs curve profile showed that after a slight decrease at the 
beginning of the irradiance (between 0 and 300 µmol m-2 s-1) the values 
remained constant until the end of the light curve (Fig. 1B). The 
reduction in the stomatal conductance of WT, AtrbohC, AtrbohD and 
AtrbohF, was 44%, 70%, 68% and 61%, respectively, in relation with 

their control. WT was the line least affected and, as expected, the lack of 
any of functional RBOH isoform induced a strong inhibition of the sto-
matal conductance. 

3.3.4. Cadmium effect on transpiration 
Under control conditions the highest rate of transpiration (E) was 

observed at 2000 µmol m-2s-1 in WT plants and slightly smaller values 
were reported for AtrbohC and AtrbohF, with 87% and 91% of that found 
for control plant (WT), respectively. AtrbohD transpiration decreased by 
32%, relative to WT. Cadmium treatment affected all genotypes by 
inducing a transpiration decrease of 45%, 62%, 53% and 57% in WT, 
AtrbohC, AtrbohD and AtrbohF, respectively, as compared to appropriate 
control. Independently of the treatment, the E decreased slightly at the 
beginning of the light curve (~200 µmol m-2 s-1) and then increased very 
slowly along the light curve (Fig. 1C). The values indicate that Cd 
treatment strongly affect the transpiration of WT and especially of Atr-
bohs mutants. 

3.4. Stomatal aperture and density 

The bright field images of the leaf surface and stomata aperture index 
(SAI) of WT plants and Atrbohs mutants are presented in Fig. 2 A and B. 
Under control conditions, SAI significantly decreased in AtrbohC (10.7% 
reduction compared to WT), while no significant changes were noted in 
AtrbohD and AtrbohF mutants in comparison to WT (Fig. 2). Cd stress 
significantly decreased SAI by 14.8%, 17.3%, 17.9%, and 13.7% in WT, 
AtrbohC, AtrbohD, and AtrbohF, respectively, compared to their controls 
(Fig. 2B). The stomata density did not change between the genotypes 
and because of Cd treatment (data not shown). 

3.5. Cadmium effect on ion flux in roots and leaf mesophyll cells 

Net Cd2+, K+ and H+ fluxes were measured from root epidermal and 
leaf mesophyll cells of WT and Atrbohs mutants by non-invasive 
microelectrode MIFE technique in response to Cd treatment. In roots, 
two values were determined: the first one was the peak value which 

Table 1 
Cadmium effect on photosynthetic pigment contents in leaves of WT plants and AtrbohC, AtrbohD, and AtrbohF mutants grown for 24 h under 50 μM Cd. Data are the 
mean of three replicates ± SE. Values followed by different letters indicate significant differences between genotypes and treatments at P < 0.05.  

Pigments Chl a (mg g-1 FW) Chl b (mg g-1 FW) Carotenoids (mg g-1 FW) Chl a+Chl b (mg g-1 FW) Chl a/Chl b 

WT control 
Cd 

0.70 ± 0.18bc  
0.47 ± 0.04a 

0.30 ± 0.10ab 
0.23 ± 0.02a 

0.03 ± 0.008ab 
0.03 ± 0.01ab 

1.00 ± 0.28bc 
0.70 ± 0.05a 

2.32 ± 0.16a 
2.00 ± 0.02a 

AtrbohC control 
Cd 

0.68 ± 0.08bc  
0.51 ± 0.13ab 

0.30 ± 0.03ab 
0.25 ± 0.06a 

0.04 ± 0.01b 
0.02 ± 0.004a 

0.98 ± 0.11bc 
0.76 ± 0.19ab 

2.27 ± 0.04a 
2.00 ± 0.16a 

AtrbohD control 
Cd 

0.78 ± 0.09c 
0.64 ± 0.04abc 

0.34 ± 0.02b 
0.30 ± 0.01ab 

0.02 ± 0.01a 
0.02 ± 0.01a 

1.12 ± 0.11c 
0.94 ± 0.05abc 

2.31 ± 0.18a 
2.13 ± 0.03a 

AtrbohF control 
Cd 

0.69 ± 0.06bc  
0.55 ± 0.19ab 

0.30 ± 0.02ab 
0.24 ± 0.07a 

0.02 ± 0.005a 
0.03 ± 0.004ab 

0.99 ± 0.09bc 
0.79 ± 0.24ab 

2.25 ± 0.03a 
2.31 ± 0.51a  

Table 2 
Photosynthetic parameters of WT plants, and AtrbohC, AtrbohD, and AtrbohF 
mutants under control and Cd treatment. Values were obtained from A/Q curves 
using the Photosynt Assistant software as described in the Materials and 
methods. Values followed by different letters indicate significant differences 
between genotypes and treatments at P < 0.05. Amax: Maximum photosynthesis 
rate, Rd: Dark respiration, ᴦ: Light compensation point, LSE: Light saturation 
estimate.  

Parameters Amax Rd r LSE 

WT control 
Cd 

17.6 ± 3.57a 
9.57 ± 2.29ab 

-0.47 ± 1.63a 
-1.94 ± 1.07a  

16.7 
22.8  

276 
139 

AtrbohC control 
Cd 

10.35 ± 2.06ab 
8.25 ± 0.18b 

-0.61 ± 2.92a 
-1.16 ± 0.12a  

12.1 
15  

159 
126 

AtrbohD control 
Cd 

11.85 ± 4.19ab 
8.91 ± 1.92b 

-0.96 ± 0.91a 
-1.54 ± 0.34a  

22.6 
21.8  

289 
129 

AtrbohF control 
Cd 

14.57 ± 2.93ab 
7.07 ± 2.42b 

-0.53 ± 0.43a 
-0.55 ± 0.43a  

7.79 
16.5  

224 
207  
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Fig. 2. A, Optical microscopy images of epidermis and stomata in WT, AtrbohC, AtrbohD, and AtrbohF under control and after 50 µM Cd exposure for 24 h. B, 
Stomatal Aperture Index (SAI) represented by violin plot. Horizontal lines represent de median, “x” represents the means ± SE. Values followed by different letters 
indicate significant differences between genotypes and treatments at P < 0.05. 
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represents the maximum flux after the application of Cd stress and the 
second one was the end value defined as the baseline flux after 20 min of 
Cd treatment (Fig. 3A). Measurements were made in both root mature 
and elongation zones. In WT roots, the onset of Cd stress induced a 
strong influx of Cd2+ in both elongation and matures zones with the 
highest value observed in the elongation zone. The peak Cd uptake was 
observed at around 1 min after stress onset and fluxes then declined 
gradually with time (Fig. 3A). Net Cd2+ uptake was about 3-fold 
stronger in the elongation zone compared with the mature zone. In 
both zones, net Cd2+ uptake was smaller in WT and stronger in mutant 
lines (Fig. 4A). AtrbohC mutant showed the highest Cd2+ uptake fol-
lowed by AtrbohF and AtrbohD. The steady-state (end) values have the 
same trend as peak ones, with the highest end influx being observed in 
AtrbohC and the smallest one in WT. Overall, the lack of one of the 
isoforms resulted in a higher Cd2+ accumulation by root epidermal cells. 

Cd2+ treatment had not much impact on net K+ fluxes in mature root 
zone but caused a significant shift towards net K+ uptake (a reduction of 
net K+ efflux) in the elongation zone (Fig. 4B). This shift was strongest in 

WT and lower in mutant lines (Fig. 5). A similar pattern was also re-
ported for the leaf mesophyll tissue (Fig. 6B). In WT plants, the initial 
(steady-state) values of K+ flux were around − 100 nmol m-2s-1, and 
then shifted to ~ 350 nmol m-2s-1 (net uptake) upon Cd exposure. On the 
contrary, each mutant line had positive (net influx) initial K+ flux values 
from leaf mesophyll that was drastically reduced upon Cd exposure. The 
strongest reduction was reported for AtrbohC line (Fig. 6C). 

Cd effect on net H+ fluxes in plant roots was insignificant (Fig. 3C) 
and short-lived. In leaf mesophyll, Cd treatment resulted in a rapid 
reduction in net H+ uptake (Fig. 6A). 

4. Cadmium effect on transporter genes expression 

4.1. Potassium related transporters 

To understand the effect of Cd and a loss of function of RBOHs on K+

fluxes and its accumulation in roots (Gupta et al., 2017), we analyzed 
the expression of several key K+ transporters. We first carried out a 

Fig. 3. Transient ion flux responses measured from epidermal root cells in elongation (EZ; closed symbols) and mature (MZ; open symbols) root zones of Arabidopsis 
plants (WT) in response to 25 µM Cd2+ treatment. A, Net Cd2+ flux; B, Net K+ flux; C, Net H+ flux. Mean ± SE (n = 5–8). Pv - Peak value; Ev - End value. 
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screening by semiquantitative PCR in WT plants of different genes 
belonging to the Potassium Uptake Permease (KUP) genes family and only 
KUP8 showed changes (down-regulation) in response to Cd (Suppl. 
Fig. 2). qRT-PCR analyses corroborate a significant down-regulation of 
KUP8 by Cd in WT, AtrbohC and AtrbohF, while no significant changes 

were observed in AtrbohD (Fig. 7A). The basal level of KUP8 under 
control conditions was similar in all genotypes, except in AtrbohD which 
showed a 33.3% less expression compared to WT plants, although the 
value was not statistically significant (Fig. 7A). In addition to KUP, other 
K+ transporters were analyzed. High-Affinity K+ Transporter 5 (HAK5) 
also contributes to root K+ uptake and its expression was up-regulated 
by Cd in WT and AtrbohC, while down-regulated in AtrbohD. No statis-
tically significant changes were observed in AtrbohF (Fig. 7B). The 
outward-rectifying potassium efflux GORK (Guard Cell 
Outward-rectifying K+) channel that is highly expressed in root 
epidermis and mediates stress-induced K+ efflux (Adem et al., 2020) was 
statistically significantly down-regulated by Cd in WT, while no signif-
icant changes were observed in Atrbohs mutants (Fig. 7C). On the other 
hand, STELAR K+ OUTWARD RECTIFIER (SKOR), a K+ channel that 
mediates K+ efflux from the parenchyma cells into the xylem (Demid-
chik, 2014), was considerably down-regulated by Cd in all genotypes 
analyzed (Fig. 7D). 

4.2. Cadmium- related transporters 

NRAMP and IRT1 are two major transporters mediating cadmium 
uptake and mobilization by roots (Nakanishi et al., 2006; Cailliatte et al., 
2009; Li et al., 2018; Bahmani et al., 2019). Accordingly, we analyzed 
the expression of NRAMP3 and NRAMP6 in WT and mutant lines. In WT, 

Fig. 4. Comparative analysis of the magnitude of net Cd2+ flux responses (peak 
and end values; see Fig. 3) measured from epidermal root cells in mature (A) 
and elongation (B) region of Arabidopsis plants (WT) and Atrbohs mutants. 
Mean ± SE (n = 5–8). Data labelled with different low case letters are signifi-
cantly different from each other (P < 0.05). 

Fig. 5. Comparative analysis of Cd-induced K+ flux responses measured from 
epidermal root cells in the elongation region of Arabidopsis plants WT and 
Atrbohs mutants. Mean ± SE (n = 5–8). Mature zone data is not show, as Cd2+

stimulation did not result in any significant change in K+ flux in the mature 
region. Data labelled with different low case letters are significantly different 
from each other (P < 0.05). 

Fig. 6. Comparative analysis of net K+ and H+ flux responses measured from 
mesophyll cells of Arabidopsis WT and Atrbohs mutants. Mean ± SE (n = 5–8). 
A, B, transient net flux kinetics in Arabidopsis WT mesophyll in response to 
25 µM Cd2+. C, comparative analysis of the initial (steady-state) K+ flux values 
and the magnitude of net K+ flux responses to Cd2+ treatment between WT and 
Atrboh mutants. No such comparison is shown for H+ data, as none of above 
parameters was significantly different between genotypes. Data labelled with 
different low case letters are significantly different from each other (P < 0.05). 
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Cd exposure has no significant impact on NRAMP3 transcript levels 
while in each mutant lines a major (5- to 8-fold) NRAMP3 upregulation 
was reported (Fig, 8 A). The same trend was also observed for NRAMP6 
(Fig. 8B). In our experiments, 24 h Cd exposure reduced IRT1 transcript 
levels in all genotypes except in AtrbohD (Fig. 8C). 

5. Cadmium effect on transcription factors 

In Brassica juncea the Arabidopsis orthologue of transcription factor 
TGA3, BjCdR15, belonging to the bZIP subfamily, regulates several genes 
related to Cd transport and accumulation (Farinati, 2010). In our study, 
TGA3 expression was up-regulated by Cd in WT and AtrbohC, while no 
statistically significant changes were observed in AtrbohD and AtrbohF, 
although basal level of TGA3 transcripts was higher in AtrbohD 
compared to the other genotypes (Fig. 8D). We then analyzed the 
expression levels of another member of this TF family, TGA10, which 
was upregulated by Cd in all genotypes, although it only was statistically 
significant in AtrbohD and AtrbohF (Fig. 8E). 

6. Discussion 

6.1. Cd differentially affects photosynthesis parameters and antioxidative 
response in WT and Atrbohs mutants 

Cadmium exposure for 24 h did not significantly affect root dry mass 
in WT, AtrbohD, and AtrbohF, while AtrbohC mutant was more suscep-
tible to Cd probably because RBOHC is mainly expressed in roots where 
is involved in root and hair roots development (Foreman et al., 2003). 
Regarding ROS metabolism, Cd did not significantly affect GOX activity 
in roots of WT and Atrboh mutants, indicating that GOX may not 
contribute significantly to ROS production in roots under Cd toxicity, in 
contrast to leaves where an increase of activity and GOX3 expression 

was reported (Gupta et al., 2017). The lack of individual RBOHs, how-
ever, differentially regulates antioxidative enzymes in roots such as SOD 
with a decrease of both Mn- and CuZn-SOD activities under control 
conditions mainly in AtrbohF, while Cd considerably increased SOD 
activity in AtrbohF, suggesting a crosstalk between both RBOHs and 
SOD. Thus, the up-regulation of Fe-SOD and the cytosolic CuZn-SOD was 
observed in AtrbohD exposed to high light for short period of time 
(Zandalinas et al., 2019). In its turn, CAT activity, which removes H2O2, 
increased by Cd in WT and AtrbohF mutants, while no significant 
changes were observed in AtrbohC and AtrbohD. These results are in 
contrast with the results obtained in leaves under the same experimental 
conditions (Gupta et al., 2017) with a decrease of CAT activity being 
observed in Atrboh mutants in response to Cd. Interestingly, under 
control conditions the loss of RBOHs promoted higher CAT activity in 
roots and leaves (Gupta et al., 2017), suggesting a close relationship 
between CAT and RBOHs. 

Little attention has been given to the contribution of leaf gas ex-
change in uptake and translocation of Cd. However, in rice plants the 
increase of growth temperature increased the uptake and translocation 
of different metals to the above ground and Sardans et al. (2008) 
attributed this issue to plant photosynthesis capacity. The reduction of 
photosynthesis rate is a common consequence of Cd exposure in 
different plant species (Sandalio et al., 2001; Gill et al., 2012; Wang 
et al., 2014) probably due to a reduction of stomata density (Baryla et al. 
(2001) and opening (Sandalio et al., 2001), promoting a reduction of 
CO2 uptake leading to lower CO2 assimilation rate. The analysis of CO2 
assimilation rate in this work shows disturbances in Atrboh mutants, 
mainly in AtrbohC and D under control conditions, whereas Cd promoted 
a strong reduction in all genotypes (Fig. 1). The AtrbohC was the least 
affected, probably because RBOHC is mainly located in roots (Takeda 
et al., 2008), meanwhile WT plants suffered the highest reduction. These 
results are in accord with the effect of Cd on chlorophyll content being 

Fig. 7. Effect of Cd stress on the expression of K+ transporters KUP8 (A), HAK5 (B), GORK (C), and SKOR (D) in WT plants and AtrbohC, AtrbohD, and AtrbohF 
mutants. Gene’s expression was analyzed by qRT-PCR in roots after 24 h of treatment (C: control and Cd: treatment with 50 μM Cd). Values represent the mean of 3–6 
independent replicates containing 2–3 roots each one ± SE.Values followed by different letters indicate significant differences between genotypes and treatments 
at P < 0.05. 
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less affected in Atrboh mutants (Table 2). Recently a link between 
RBOHD-dependent ROS, Ca2+, electrical signaling and changes in 
photosynthetic parameters, has been reported in Arabidopsis in 
response to a local heat stimulus (Białasek et al., 2017), in an agreement 
with the integrated model of the ROS, calcium and electrical wave-like 
systemic signaling reported by Gilroy et al. (2016). This could explain 
that disturbances of RBOHs could promote changes in photosynthesis 
parameters. AtrbohC and AtrbohF dark respirations (Rd, Table 2) were 
similar under control or Cd treatment, while it increased in AtrbohD and 
WT, suggesting in this case a possible link with an increased metabolism 
as the plant induces acclimation responses following Cd stress as sug-
gested by Flexas et al. (2005). 

Under control conditions, stomatal conductance of the different 
mutant lines was slightly similar compared to WT. However, under Cd 
stress, gs dropped drastically in all mutant lines (Fig. 1) and in less 
extension in WT, which is in accordance with the aperture stomata index 
data (Fig. 2). Interestingly, AtrbohC showed the highest reduction of 

stomata aperture. The role of RBOHD in stomata dynamics have been 
previously established (Kwak et al., 2003), however the contribution of 
RBOHC has not been described before. In fact, RBOHF and RBOHD in 
Arabidopsis are expressed in guard cells and are regulated by ABA and 
the loss of RBOHF leads to partial impairment of ABA-induced stomatal 
closure (Kwak et al., 2003), while did not affect cytokinin-dependent 
stomata closure (Arnaud et al., 2017). The stomatal dynamics is a 
complex process regulated by protein kinases/phosphatases, K+ trans-
porters, and second messengers such as Ca2+, ABA and H2O2 (Acharya 
et al., 2013). Therefore, alterations of K+ level described in leaves from 
rbohs mutants (Gupta et al., 2017) could also affect stomata dynamics 
observed in this work. Moreover, besides the stomatal limitations, we 
cannot rule out that other additional factors such as leaf photochemistry 
and biochemistry could affect the photosynthesis in response to Cd in 
the Atrboh mutants. Transpiration rates followed a similar trend to sto-
matal conductance and stomata aperture with lower transpiration being 
observed in Atrbohs mutants exposed to Cd (Fig. 1 E). Transpiration rate 

Fig. 8. Effect of Cd stress on the expression of Nramp3 (A), Nramp6 (B), IRT1 (C), TGA3 (D), and TGA10 (E) in WT plants and AtrbohC, AtrbohD, and AtrbohF mutants. 
Gene’s expression was analyzed by qRT-PCR in roots after 24 h of treatment (C: control and Cd: treatment with 50 μM Cd). Values represent the mean of 3–6 in-
dependent replicates containing 2–3 roots each one ± SE.Values followed by different letters indicate significant differences between genotypes and treatments 
at P < 0.05. 
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has been reported to be involved in the translocation of Cd from roots to 
shoots in rice (Uraguchi et al., 2009) and tobacco plants (Liu et al., 
2016), suggesting a passive translocation of Cd. Therefore, a reduction 
of transpiration could partially explain the reduction of translocation of 
Cd and other elements such as Ca, Zn, Fe and S, previously reported in 
the same genotypes and under similar experimental conditions (Gupta 
et al., 2017). However, concerning K+ translocation, changes in tran-
spiration do not explain the differential translocation of this element in 
the different genotypes, with high translocation rate in AtrbohC and D 
and low rates in WT and AtrbohF (Gupta et al., 2017). Transpiration 
doesn’t explain either the loading and retention of leaf K+ observed in 
Populus canescens exposed to salinity (Sharmin et al., 2021), suggesting 
that radial and long-distant transport of this nutrient are largely 
uncoupled, and other factors must be involved in the differential 
translocation observed. 

6.2. Ion fluxes and transporters are differentially regulated in WT and 
Atrbohs mutants 

In the present study we have demonstrated that Cd influx into the 
roots is dependent on H2O2 produced by RBOHs because the lack of any 
of analyzed functional RBOHs isoforms gave rise a significant increase of 
Cd influx into cell roots, mainly in the elongation zone (Fig. 3 A). A 
higher Cd2+ influx and accumulation in elongation root rice has been 
recently reported (Chen et al., 2018) and was explained because the 
higher expression of the transporter genes OsIRT1, OsNRAMP1, OsN-
RAMP5, and OsZIP1 in the root tip. In our study the highest Cd influx 
value was observed in AtrbohC (Fig. 4A). This result is in accord with the 
highest content of Cd previously observed in Atrbohs roots at the same 
period of treatment (Gupta et al., 2017) and clearly demonstrates a 
negative role of RBOH-dependent H2O2 on Cd uptake. Interestingly, an 
opposite effect was observed in K+ trend with a change from efflux to 
influx being triggered by Cd in the elongation zone, although differences 
between WT and Atrbohs show a clear RBOH-dependent reduction of K+

fluxes, in comparison to WT (Fig. 5). A similar pattern of K+ flux was also 
observed in mesophyll leaf cells of WT and Atrbohs plants (Fig. 6). 
However, despite the highest influx of K+ observed in WT in this study, 
the content of K+ was significantly higher in roots and leaves of Atrboh 
mutants (Gupta et al., 2017), demonstrating a complex regulation of K+

homeostasis in both organs. An explanation could be the differences in 
the time of study, while ion flux was analyzed for 25 min, the accu-
mulation of ions was analyzed by ICP after 24 h of Cd treatment (Gupta 
et al., 2017). Potassium efflux from roots has been reported in response 
to stress conditions such as salinity, freezing, oxidants and heavy metals 
(Demidchik, 2014). In this context, the capacity of plants to retain K+ in 
roots is considered an essential mechanism for stress tolerance (Shabala 
and Pottosin, 2014). The next question was how RBOH-dependent H2O2 
can alter Cd+ and K+ fluxes and accumulation? H2O2 is a potent 
signaling molecule regulating the expression of a huge number of genes 
(Wang et al., 2019a). Therefore, we analyzed the expression of some 
genes coding for transporters involved in Cd2+ and K+ uptake and 
translocation. 

Several gene families have been reported to be involved in K+

transport differing in their kinetics properties and tissue expression. The 
KT/HAK/KUP family has been identified in plants by homology to K+

Uptake Permeases (KUP) from bacteria and high affinity K+ transporters 
from fungi (Ragel et al., 2019). The analysis of different members of KUP 
family only showed changes in KUP8 transcription in response to Cd 
with down-regulation being observed in all genotypes, although the 
highest down-regulation was observed in AtrbohC, while no statistically 
significant differences were observed in AtrbohD (Fig. 7A). These results 
suggest that AtrbohC has more K available to translocate to shoots, 
although doesn’t explain the translocation data observed in AtrbohD. 
Recently, Sanz-Fernández et al. (2021) have demonstrated that Atkup8 
are more tolerant to a mix of heavy metals (Cd, Cr and Cu), showing a 
higher fresh weight than WT plants under control and stress conditions. 

This effect was not due to changes in the ability of Atkup8 to accumulate 
metals but was related to lower oxidative damages in Atkup8 plants 
(Sanz-Fernández et al., 2021). 

In Arabidopsis, the High-Affinity K+ Transporter5 (AtHAK5), whose 
gene is expressed mainly in root epidermal cells, has been identified as 
the major systems involved in K+ uptake (Gierth et al., 2005; Rubio 
et al., 2008). Our results demonstrate a differential regulation of HAK5 
by RBOHs, with RBOHD being a player involved in HAK5 regulation. 
Knocking out of RBOHD in pumpkin resulted in lower root apex H2O2 
and K+ content and HAK5 expression, which affected the tolerance to 
salinity (Huang et al., 2019). However, the trend of HAK5 transcription 
in our work does not explain the switch in K+ efflux/influx and Cd2+

influx observed in response to Cd, especially in Artbohs mutants. 
Potassium efflux out the cytosol is mediated by GORK (Adem et al., 

2020). Cd triggers down-regulation of GORK transcript mainly in WT, 
while no significant changes were observed in Atrbohs mutants; 
although basal level of GORK transcripts, in absence of Cd, were 
considerably reduced in AtrbohC, and in less extent in AtrbohD and 
AtrbohF (Fig. 7C). This could explain the shift from efflux to influx of Cd 
in WT and Artbohs mutants. In Arabidopsis plants, GORK channel may be 
activated by reactive oxygen species (hydroxyl radicals) and blocked by 
nitric oxide through protein S-nitrosylation (reviewed in Adem et al., 
2020). In wheat and barley, Wang et al. (2018) demonstrated that 
exogenous application of H2O2 resulted in intensive K+ efflux in both 
mature and elongation root zones which increased with increasing H2O2 
concentration in the medium. Therefore, the reduction of H2O2 in Art-
bohs mutants could explain a reduction of GORK efficiency and therefore 
a reduced efflux in Atrbohs mutants. Interestingly, AtrbohC also showed a 
higher NO content than WT and the other Atrbohs (Gupta et al., 2017), 
which may contribute to regulate GORK functionality. Therefore, 
RBOHC apparently could regulate GORK at transcriptional and 
post-translational levels. 

The stellar outward rectifying K+ channel (SKOR), a Shaker-type 
efflux channel found in the xylem parenchyma, is implicated in K+

secretion from root cells into the xylem sap for long distance transport 
toward shoots (Ragel et al., 2019), thereby contributing directly to K+

homeostasis. However, the analyses of SKOR transcripts showed a 
Cd-dependent down-regulation in WT and Atrbohs mutants (Fig. 8D), 
suggesting that in addition to transcriptional regulation, H2O2-depend-
ent post-translational modification of SKOR could regulate its func-
tionality. In fact, Garcia-Mata et al. (2010) demonstrated that SKOR is 
activated by ROS, therefore reduction of ROS production in Atrbohs 
mutants could regulate the functionality of this protein. However, we 
cannot rule out that other K+ efflux channels could be involved in K 
translocation to shoots. 

The NRAMP is a ubiquitous genes family of metal transporters being 
present in all organisms from Archae to Human, which play important 
roles in Fe and Mn metal homeostasis, although they can also transport 
Cd2+ (Thomine et al., 2000; Li et al., 2018). In this work we analyzed the 
expression of NRAMP3 associated to vacuole membrane and NRAMP 6 a 
plasma membrane protein, which have been previously demonstrated to 
be able to transport Cd2+ (Cailliatte et al., 2009; Li et al., 2018). Inter-
estingly Cd2+ up-regulated NRAMP3 mainly in Atrboh, (Fig. 7 A), which 
is in accordance with the increase of Cd flux and accumulation previ-
ously shown, thus suggesting that RBOHs negatively regulate NRAMP3 
expression. This result contrast with the up-regulation of NRAMP3 
transcript by oxidative stress imposed by H2O2, paraquat and excess of 
iron reported in transcriptomic available data (Gagnot et al., 2008), 
although specific ROS signals could give rise specific signature. 
NRAMP6 follows a similar pattern to NRAMP3, being up-regulated by Cd 
in Atrbohs mutants (Fig. 7 B). Studies carried out in three different 
peppers cultivars differing in tolerance to Cd reported Cd-dependent 
upregulation of all NRAMP (1− 6) genes but the metal accumulation 
ability of pepper in different organs was related to differences in the 
expression sites of NRAMP gene family in the plant (Hu et al., 2021). 
Overexpression of NRAMP6 from Triticum turgidum in Arabidopsis plants 
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enhanced the Cd accumulation in roots and shoots, without affecting the 
translocation factor (Wang et al., 2019b). These results suggest that 
NRAMP 3 and 6 can be differentially regulated by RBOHs upon Cd 
treatment, and both could be involved in the higher Cd flux in Atrbohs 
genotypes observed in this work. The IRT1 expression was 
down-regulated by Cd in WT and its expression could be regulated by 
RBOHC and RBOHD to judge by the absence of differences of transcripts 
levels observed in the respective mutants in response to Cd, in com-
parison to WT (Fig. 7 C). These results, however, do not explain the 
increase of Cd and Fe accumulation observed in Atrboh mutants roots 
(Gupta et al., 2017) and the increased of Cd influx in Atrbohs observed in 
this study, suggesting that other transporters should be also involved in 
the uptake of both metals under Cd treatment. However, Atirt1 mutant 
showed a significant reduction of net Cd2+ influx, compared with the 
wild type (Wu et al., 2020). Differences in IRT1 expression in different 
experiments could be due to the concentration and time of exposure to 
Cd. 

Non-selective cation channels (NSCCs) can transport many nutrients 
including K+, Ca2+, Mg2+, NH4

+, Zn2+, Mn2+ and the use of gadolinium, 
an inhibitor of NSCCs, and Ca2+ have allowed to demonstrate that 
NSCCs can also transport Cd2+ into the root cells in rice (Chen et al., 
2018; Han et al., 2019). However, the molecular mechanism involved in 
Cd uptake regulation by NSCCs remains elusive. These non-selective 
cations channels are activated by⋅OH radicals (Demidchik, 2010) and 
therefore, down-regulation of RBOHs would compromise the activation 
of these channels, suggesting that NSCCs could not be involved in the 
influx of Cd in Atrboh mutants. 

H+-ATPase is a plasma-membrane enzyme responsible for the 
pumping of H+ from the cytosol to the apoplast and consequently 
creating an electrochemical gradient that forms the plasma membrane 
potential (Palmgren, 2001). This gradient provides the energy needed 
for secondary ion transport (Michelet and Boutry, 1995). It has been 
reported that NADPH oxidase may indirectly affect the activity of 
H+-ATPase and both H+-ATPase and NADPH oxidase have been 
involved in the activation of some elements of the brassinosteroid 
(BR)-induced pathway under Cd stress (reviewed in Hu et al., 2020). In 
our study, Cd did not trigger efflux of H+ in WT roots and no changes 
were observed also in Atrbohs mutants, therefore an indirect effect of 
NADPH oxidase on H+-ATPase in Atrbohs mutants is unlikely. 

Arabidopsis contains the subfamily bZIP transcription regulators 
which are involved in the regulation of expression of pathogenesis- 
related genes during systemic acquired resistance (Zhang et al., 2003) 
but can also regulate cadmium-responsive gene expression in yeast and 
Brassica juncea (Chen et al., 2007; Farinati et al., 2010). Thus, TGA3 
regulated the synthesis of phytochelatin synthase and the expression of 
several metal transporters, AtHMA4, AtNRAMP3, AtMRP3 and AtPDR8, 
thus regulating cadmium uptake, and long-distance root to shoot cad-
mium transport (Farinati et al., 2010). For this reason, we analyzed the 
expression of TGA3 in WT and Atrbohs mutants. TGA3 transcripts level in 
our experimental conditions were upregulated by Cd exposure in WT 
and AtrbohC plants, while no significant changes were observed in Atr-
bohD and AtrbohF (Fig. 8D) suggesting that RBOHD and F could regulate 
TGA3. However, the pattern of TGA3 expression raise some doubts 
about an important role of this gene in regulating Cd influx and accu-
mulation observed in Atrbohs mutants. However, the effect of Cd on the 
expression of TGA3 and its orthologue BjCdR15 in Brassica juncea is 
time-dependent being up-regulated during the first hours of treatment 
(2 h), while decreased latter (Farinati et al., 2010) and therefore, we 
cannot discard a role of TGA3 in the regulation of fast response to Cd. In 
its turn, TGA10 expression was statistically significant up-regulated by 
Cd in Atrbohs D and F, suggesting that TGA10 could be regulated by both 
RBOHs and could contribute to Cd cell response. So far TGA10 has been 
associated to anther development (Murmu et al., 2010) and is also 
required for signaling responses to pathogen-associated molecular pat-
terns responses which involves chloroplastic ROS production and sub-
sequent expression of H2O2-responsive genes (Noshi et al., 2016). 

However, different function(s) of TGA factors can be suggested since 
TGA1 and 4 were recently found to be important regulatory components 
of the nitrate response of Arabidopsis thaliana roots (Aceituno et al., 
2014). 

7. Conclusion 

The lack of individual RBOHs differentially regulated antioxidant 
enzymes and negatively affected the photosynthesis and the transpira-
tion, under Cd exposure. A common response to all RBOHs analyzed was 
a considerable increase of Cd and changes in net K+ flux in roots, mainly 
associated with the elongation zone. This fact could be due to differ-
ential regulation of metal and K transporters in the three analyzed Atr-
bohs mutants. All three RBOHs regulate the metal transporters NRAMP3, 
NRAMP6 and IRT1 and the K transporter GORK, while RBOHD specif-
ically regulates the K transporters KUP8 and HAK5, and IRT1 and 
RBOHF regulates the transcription factors TGA3 and TGA10. Up- 
regulation of NRAMP3 and 6 in Atrboh mutants could explain the 
higher influx and accumulation of Cd in these genotypes. However, the 
analysis of K transporters does not clarify the mechanisms of changes 
observed in flux and accumulation of K in roots and shoots and other 
possibilities should be considered such as H2O2-dependent redox 
changes of transporters, such as GORK and SKOR affecting their activity 
(Ragel et al., 2019). Therefore, RBOH-dependent H2O2 regulation of ion 
homeostasis under Cd stress conditions could be highly complex 
involving multilevel regulation from transcriptional to posttranslational 
modifications which deserve further analyses. This data could be useful 
for designing strategies to improve crops productivity under contami-
nated soils and to define new strategies to implement phytoremediation, 
which are some of the most important biotechnological challenges fac-
ing agriculture today. 

CRediT authorship contribution statement 

Chokri Hafsi: Investigation, Writing – original draft. Aurelio M. 
Collado-Arenal: Investigation Haiyang Wang: Investigation; María 
Sanz: Investigation; Mariam Sahrawy: Investigation; Sergey Shabala: 
Supervision, Writing – review & editing, Funding acquisition. María C. 
Romero: Supervision. Luisa M. Sandalio: Conceptualization, Supervi-
sion, Writing – original draft, Review, Funding acquisition, Visualiza-
tion, Editing. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

C. Hafsi acknowledges Erasmus Mundus – Al Idrisi II fellowship 
financed by the Erasmus Mundus Programme of the European Union. 
This work was supported by FEDER Funds (A1123060E00013), Junta de 
Andalucía I+D+I grants Ref PY20_00364, and Spanish Ministry of Sci-
ence and Innovation Ref PGC2018-098372-B-I00. Sergey Shabala ac-
knowledges funding from National Natural Science Foundation of China 
(project 31870249), the National Distinguished Expert Project 
(WQ20174400441), and Joint Research Projects between Pakistan Sci-
ence Foundation and National Natural Science Foundation of China 
(grant 31961143001). 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.jhazmat.2022.128217. 

C. Hafsi et al.                                                                                                                                                                                                                                    



Journal of Hazardous Materials 429 (2022) 128217

13

References 

Aceituno, F., Gómez, I., Ruffel, S., Lejay, L., Jordan, X., Gutiérrez, R.A., 2014. Systems 
approach identifies TGA1 and TGA4 transcription factors as important regulatory 
components of the nitrate response of Arabidopsis thaliana roots. Plant J. 80, 1–13. 

Acharya, B.R., Jeon, B.W., Zhang, W., Assmann, S.M., 2013. Open Stomata 1 (OST1) is 
limiting in abscisic acid responses of Arabidopsis guard cells. New Phytol. 200, 
1049–1063. 

Adem, G.D., Chen, G., Shabala, L., Chen, Z.H., Shabala, S., 2020. GORK channel: a master 
switch of plant metabolism? Trends Plant Sci. 25, 434–445. 

Arnaud, D., Lee, S., Takebayashi, Y., Choi, D., Choi, J., Sakakibara, H., Hwang, I., 2017. 
Cytokinin-mediated regulation of reactive oxygen species homeostasis modulates 
stomatal immunity in Arabidopsis. Plant Cell 29, 543–559. 

Bahmani, R., Kim, D.G., Na, J.D., Hwang, S., 2019. Expression of the tobacco non- 
symbiotic class 1 hemoglobin gene hb1 reduces cadmium levels by modulating Cd 
transporter expression through decreasing nitric oxide and ROS level in Arabidopsis. 
Front. Plant Sci. 10, 201. 

Baryla, A., Carrier, P., Franck, F., Coulomb, C., Sahut, C., Havaux, M., 2001. Leaf 
chlorosis in oilseed rape plants (Brassica napus) grown on cadmium-polluted soil: 
causes and consequences for photosynthesis and growth. Planta 212, 696–709. 
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