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the effect of uranyl nitrate exposure (50 μM) on PSII and 
parameters involved in water transport (leaf transpiration 
and aquaporin gene expression) of Arabidopsis wild type 
(Wt) and mutant plants that are deficient in tocopherol 
(vte1: null α/γ-tocopherol and vte4: null α-tocopherol) and 
glutathione biosynthesis (high content: cad1.3 and low 
content: cad2.1). We show how U exposure induced pho-
tosynthetic inhibition that entailed an electron sink/source 
imbalance that caused PSII photoinhibition in the mutants. 
the Wt was the only line where U did not damage PSII. 
the increase in energy thermal dissipation observed in all 
the plants exposed to U did not avoid photo-oxidative dam-
age of mutants. the maintenance of control of glutathione 
and malondialdehyde contents probed to be target points 
for the overcoming of photoinhibition in the Wt. the rela-
tionship between leaf U content and leaf transpiration con-
firmed the relevance of water transport in heavy metals par-
titioning and accumulation in leaves, with the consequent 
implication of susceptibility to oxidative stress.

Keywords arabidopsis · chlorophyll fluorescence · 
Photosynthesis · Plant hormones · transpiration · 
tocopherol · Uranium

Introduction

Heavy metals (HM) is a collective term that applies to the 
group of metals and metalloids with a density over 4 g 
cm−3. this group is made up of compounds such as ura-
nium (U), cadmium (cd), lead (Pb) and others. Unlike 
most organic pollutants, heavy metals are elements found 
naturally in the earth’s crust. In europe, the amount of 
waste generated (excluding agricultural waste) reaches 
1,300 million tonnes (of which 36 million tonnes are 

Abstract although oxidative stress has been previously 
described in plants exposed to uranium (U), some uncer-
tainty remains about the role of glutathione and tocoph-
erol availability in the different responsiveness of plants 
to photo-oxidative damage. Moreover, in most cases, lit-
tle consideration is given to the role of water transport in 
shoot heavy metal accumulation. Here, we investigated 
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hazardous waste) (european environment agency 1999). 
as described by the european environment agency (eea), 
in 1999 in Western europe 1,500,000 contaminated areas 
were estimated and 300,000 were identified (european 
environment agency 1999). In the case of France, the 
european agency indicates that there are 700,000 poten-
tial cases and 895 confirmed contamination sites. However, 
the report also notes that most european countries are in 
an early stage of identification and registration of contami-
nated sites.

the origins of the pollutants are the combustion of fossil 
fuels (cars, etc.), industry, slurry and waste, and raw materi-
als (applied to agriculture) and phosphates (Battarbee et al. 
1988). Uranium is a naturally occurring radionuclide and 
heavy metal with an average concentration in the continental 
crust of 1.7 ppm (Wedepohl 1995). In the soluble form, U 
may be taken up by plants and can therefore contaminate the 
food chain (neves et al. 2012). U is a chemotoxic and a radi-
otoxic element: chemical toxicity is particularly significant 
in compounds containing natural uranium, whereas its radio-
logical toxicity is directly related to ionizing radiation effects 
of enriched U (ribera et al. 1996 and references therein).

although the effect of U exposure has been previ-
ously tested in human and animal species (ribera et al. 
1996), information on the effect of U exposure in plants 
is scarce (Vanhoudt et al. 2008, 2011a, b, c; Viehweger 
et al. 2011). Similar to descriptions for other heavy met-
als such as cd (lópez-Millán et al. 2009) and cr (rodri-
guez et al. 2012), U has been characterised as an induc-
ing oxidative stress agent in plants (Vanhoudt et al. 2008, 
2011a, b, c; Viehweger et al. 2011). Most of these studies 
have been focused on the expression of genes involved in 
the removal of reactive oxygen species (rOS). the steady-
state level of rOS in cells needs to be tightly regulated to 
avoid their accumulation in excess that might induce oxida-
tive damage. Under stress conditions it has been described 
(Schützendübel and Polle 2002; Villiers et al. 2011) to be 
an increase/decrease in the capacity of the antioxidative 
defence system. Plants have developed three main mecha-
nisms to diminish photooxidation. First, although under 
high-energy donation conditions might cause photo-oxi-
dative damage, in some cases, the plants might prevent 
the production of rOS by diminishing the electron trans-
port chain. Second, the plants might diminish photooxida-
tion of the photosystem II light-harvesting antenna through 
the xanthophyll cycle-dependent thermal dissipation and 
changes in photosynthetic light-harvesting complex II 
antennae (Verhoeven et al. 1999; Janik et al. 2013). the 
third mechanism consists in the capacity to scavenge rOS 
formed by an integrated system of enzymatic (e.g. super-
oxide dismutase, catalase, ascorbate peroxidase; Mittler 
et al. 2004) and non-enzymatic antioxidants [e.g. ascorbate 
(asa), glutathione (gSH) and tocopherols asada (1999)].

glutathione (gSH) is the major non-protein thiol source 
in plants and among its many functions it serves as one of 
the major scavengers of peroxides (May et al. 1998). It can 
act as an antioxidant by scavenging radicals, resulting in 
the oxidation of gSH to glutathione disulphide (gSSg). 
gSH is related to ascorbate (asa) through the ascorbate–
glutathione cycle (asa–gSH cycle). the ascorbate–glu-
tathione cycle is the most important antioxidant cycle in 
plants (Foyer and noctor 2011). Higher ascorbate levels in 
uranium-exposed plants have been suggested to increase 
antioxidant defences via the ascorbate–glutathione path-
way (Vanhoudt et al. 2008, 2011a, b, c). tocopherols also 
have been described as important antioxidants (cela et al. 
2011). tocopherols are lipophilic antioxidants that are part 
of the vitamin e group and are only synthesized in plants 
(Munné-Bosch 2005). Stress-tolerant plants show increased 
tocopherol levels, whereas in stress-sensitive plants tocoph-
erol content decreases with consequent oxidative dam-
age (Munné-Bosch and alegre 2002). In cooperation with 
other antioxidants, tocopherol plays a part in reducing rOS 
levels (Munné-Bosch 2005). α-tocopherol can physically 
quench, and therefore deactivate 1O2 in chloroplasts. It has 
been estimated that before being degraded, one molecule 
of α-tocopherol can deactivate up to 120 1O2 molecules 
by resonance energy transfer (Fahrenholzt et al. 1974). In 
addition, α-tocopherol can chemically scavenge 1O2 and 
lipid peroxyl radicals. although previous studies (Munné-
Bosch and alegre 2002; ricciarelli et al. 2001) reflect the 
relevance of tocopherols in oxidative stress regulation, up 
to the present time its role in plants exposed to HM has 
only been investigated under challenge with cadmium and 
copper (collin et al. 2008).

the implications of oxidative stress in light capture and 
gas exchange parameters have received little attention in 
studies analysing the U effect on plant performance. How-
ever, this is a matter of major concern because photosyn-
thesis represents a major energy sink, and because keeping 
control of photosynthetic rates is essential for plant devel-
opment. changes in c assimilation require modifications in 
the partitioning of the absorbed energy between heat dissi-
pation and photochemistry. When photosynthesis decreases 
and the light excitation energy is in excess, over-excitation 
of the photosynthetic pigments in the antenna can occur. 
Impairment of photosynthetic function will lead to exces-
sive excitation energy in photosystem II (PSII), leading to 
the accumulation of rOS, and resulting in oxidative stress 
(chaves et al. 2009; lawlor and tezara 2009). research 
has indicated that stomatal closure is involved in the inhi-
bition of photosynthesis in plants exposed to different 
HM, such as cr (Subrahmanyam 2008; rodriguez et al. 
2012) and cd (lópez-Millán et al. 2009). However, even 
if those studies describe a reduction in stomatal conduct-
ance of between 25 and 60 %, the mechanisms leading to 
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regulation of water transport in plants exposed to HM have 
been poorly questioned.

the role of glutathione and tocopherol in the responsive-
ness of plants to U exposure has not been explored. Fur-
thermore, the consequences of oxidative stress in photo-
synthetic performance remain to be elucidated in U-treated 
plants. the aim of this study was to characterize the role of 
these two major antioxidants (glutathione and tocopherol) 
in the response of Arabidopsis thaliana plants to U expo-
sure. Furthermore, we also investigated the mechanisms 
leading to the limitations in water transport described in 
other HM studies by following hormone and antioxidant 
contents together with analyses of the expression of genes 
encoding aquaporins. to clarify these aspects, we examined 
the effect of U on arabidopsis mutants with altered abili-
ties in accumulating glutathione (cad1.3, cad2.1) (Howden 
et al. 1995) and tocopherol biosynthesis (vte1) (Porfirova 
et al. 2002) by completing a physiological and photosystem 
II chlorophyll fluorescence characterization.

Materials and methods

experimental design

In this study, we worked with arabidopsis wild type (col-
0, Wt), together with tocopherol (vte1: null α/γ-tocopherol 
content and vte4: null α-tocopherol) (Porfirova et al. 2002) 
and glutathione (cad1.3: high content and cad2.1 low con-
tent) mutants (Howden et al. 1995). the seeds were germi-
nated by placing one seed per seed holder (araponics S.a, 
liège, Belgium) filled with agar solution (0.65 %). Plants 
were grown in hydroponically controlled pots of 350 ml. For 
each treatment combination, four pots containing our four 
plants per pot were grown. nutrient solution was replaced 
every 2 days. the photoperiod was 10 h, with a photosyn-
thetic photon flux density (PPFD) of ≈110 μmol photons 
m−2 s−1. the day/night temperature was 22/20 °c and the 
relative humidity was maintained close to 65 %. the min-
eral solution was Hoagland’s. the pH of the medium was 
checked and adjusted daily to 5.3–5.6. When plants were 
50 days old, half of them were selected randomly and were 
placed into a new solution containing uranyl nitrate (50 μM) 
dissolved in milliQ water solution. the plants were grown in 
this media over 48 h. after U exposure, roots were first rinsed 
with 10 mM na2cO3, then with water, and finally samples 
were stored at −80 °c. the experiment was repeated three 
times to improve the repeatability of obtained results.

Uranium quantification

U was determined in shoot (about 100 mg of fresh mate-
rial) samples dried for one night at 80 °c and mineralized 

in 9 ml of 65 % (v/v) HnO3 (Suprapur; Merck) and 3 ml 
of 30 % (v/v) Hcl (Suprapur, Merck) at 125 °c. after 
complete evaporation of the mixture, residual material 
was dissolved in 1 % (v/v) HnO3. the U concentration in 
the extract was then determined using IcP-MS (HP4500 
chemStation IcP-MS device; Yokogawa analytical Sys-
tems) following 238 U.

glutathione and ascorbate content and determination 
of oxidative damage to lipids

For determination of glutathione content and oxidative 
damage to lipids, aliquots of leaves were homogenized in 
sulfosalicilic acid 5 % (w/v) in an ice-cold Potter–elvehjem 
homogenizer and centrifuged at 20,000g, 10 min, 0–4 °c. 
the supernatants were kept at −70 °c for subsequent 
determinations. ascorbic acid (asa) and dehydroascor-
bic acid (DHa), which were extracted with m-phosphoric 
acid (6 %) and 0.2 mM diethylenetriaminepentaacetic acid 
(DtPa), were determined using the ascorbate oxidase 
assay as described (turcsányi et al. 2000). the oxidized 
state was calculated as asa/(asa + DHa) × 100.

One millilitre of supernatant was neutralized by 1.5 ml 
0.5 M K-phosphate buffer (pH 7.5). the standard incu-
bation medium was a mixture of: 100 μl 0.1 M sodium 
phosphate buffer (pH 7.5) containing 5 mM eDta, 50 μl 
6 mM 5,5-dithiobis-(-2-nitrobenzoic acid), 25 μl 2 mM 
naDPH, and 25 units of glutathione reductase (gr). 
the reaction was initiated by the addition of 25 μl glu-
tathione standard or extract. the change in absorbance at 
412 nm was recorded for 4 min. the calibration curve was 
made using oxidized glutathione (gSSg) in the range of 
0–100 μmol.

lipid peroxidation was estimated as the content of 
2-thiobarbituric acid reactive substances (tBarS) and 
expressed as equivalents of malondialdehyde (MDa). 
the chromogen was formed by mixing 200 μl of super-
natants with 1 ml of a reaction mixture containing 15 % 
(w/v) trichloroacetic acid (tca), 0.375 % (w/v) 2-thio-
barbituric acid (tBa), 0.1 % (w/v) butyl hydroxytolu-
ene, and 0.25 n Hcl, and by incubating the mixture at 
100 °c for 30 min (Minotti and aust 1987). after cool-
ing to room temperature, tubes were centrifuged at 800g 
for 5 min and the supernatant was used for spectrophoto-
metric reading at 532 and 600 nm. the calibration curve 
was made using MDa in the range of 0.1–10 μmol. 
a blank for all samples was prepared by replacing the 
sample with extraction medium, and controls for each 
sample were prepared by replacing tBa with 0.25 n 
Hcl. In all cases, 0.1 % (w/v) butyl hydroxytoluene was 
included in the reaction mixtures to prevent artifactual 
formation of tBarS during the acid-heating step of the 
assay.
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gas exchange and chlorophyll fluorescence determinations

Fully expanded apical leaves were enclosed in a lI-cOr 
6400 gas exchange portable photosynthesis system (lI-
cOr, lincoln, nebraska, USa). the gas exchange deter-
minations were conducted at 25 °c with a photosynthetic 
photon flux density of 90 μmol m−2 s−1. Photosynthetic 
activity was calculated using equations developed by 
von caemmerer and Farquhar (1981). Stomatal conduct-
ance (gs) was determined as described by (Harley et al. 
1992). the electron transport rate (etr) was measured as 
described by Harley et al. (1992).

Steady-state modulated chlorophyll fluorescence was 
determined with a portable fluorimeter (Mini-PaM; 
Walz, effeltrich, germany). light-adapted components 
of chlorophyll fluorescence were measured: Steady-
state fluorescence (F), maximal fluorescence (F′m), vari-
able fluorescence F′v equivalent to (F′m − F) and quan-
tum yield of PS II photochemistry (ΦPSII) equivalent to 
(F′m − F)/F′m. leaves were then dark adapted to obtain 
Fo (minimum fluorescence), Fm (maximum fluorescence), 
Fv variable fluorescence (equivalent to Fm − Fo) and 
Fv/Fm (maximum quantum yield of PSII photochemistry, 
equivalent to (Fm − Fo)/Fm). leaves were dark adapted 
for at least 20 min, after which Fv/Fm values reach about 
95 % of the pre-dawn values. F′o was estimated as Fo/
((Fvc/Fm) + (Fo/F′m)). F′o was used to calculate photo-
chemical quenching (qP), photochemical quenching of 
fluorescence (equivalent to F′m − F)/(F′m − F′o)), and 
F′v/F′m, the intrinsic efficiency of open PSII centres during 
illumination (equivalent to (F′m − F′o)/F′m). three differ-
ent leaves of each individual were measured. all data were 
corrected for changes in the fluorescence detector sensi-
tivity induced by temperature variation of the Mini-Pam. 
Photochemical quenching was estimated as (F′m − Fs)/F′v. 
non-photochemical quenching (nPQ) was calculated as 
(Fm − F′m) − 1. the variable F′v/F′m was calculated and 
was an indicator of absorbed light dissipated thermally.

Pigment content

extracts for pigment analysis were prepared by grinding 
100 mg fresh weight in a cold mortar with 10 ml of etha-
nol (95 %, v/v). the homogenate was centrifuged at 3,165g 
for 10 min at 4 °c. an aliquot of 1 ml from the superna-
tant was taken, 4 ml of 95 % ethanol were added, and the 
absorbance measured at 750, 665, 649 and 470 nm. absorb-
ance determinations were carried out with a Spectronic 
2000 (Bausch and lomb, rochester, USa) spectropho-
tometer. chlorophyll a, b, total and carotenoid (chla, chlb, 
chla + b and cx + c, respectively) contents were determined 
according to liechenthaler (lichtenthaler 1987). In brief,  
chla = 13.36 × a665 − 5.19 × a649; chlb = 27.43 ×  

a649 − 8.12 × a665, chla + b = 5.24 × a664 + 22.24 × a649,  
cx + c = (1,000 × a470 − 2.13 chla − 97.46 chlb)/198.

Hormones and tocopherols

Phytohormones, including aBa, Ja and Sa were measured 
by UPlc-MS/MS as described (Müller and Munné-Bosch 
2011). Deuterium-labelled hormones were used to estimate 
recovery rates for each sample. tocopherols were measured 
by HPlc as described by cela et al. (2011).

expression of plasma membrane intrinsic proteins isoforms 
(PIP1.1; PIP1.2; PIP2.1; PIP2.5 and PIP2.6)

RNA isolation

total rna was isolated from Arabidopsis leaves by phenol/
chloroform extraction (Kay et al. 1987). Dnase treatment 
of total rna was performed according to Qiagen’s proto-
col (Quantitect reverse transcription KIt cat#205311, 
Qiagen, ca).

Quantitative real‑time RT‑PCR

the expression of each plasma membrane intrinsic pro‑
tein (PIP) gene was studied by real-time Pcr using an 
icycler (Bio-rad, Hercules, california, USa). cDnas 
were obtained from 2.5 μg of total Dnase-treated rna 
in a 20 μl reaction containing oligo(dt)15 primer (Pro-
mega, Madison, WI), 10 mM dntP (Invitrogen, carlsbad, 
california, USa), 0.1 M Dtt (Invitrogen, carlsbad, ca, 
USa), 40 U of rnase inhibitor (Promega, Madison, WI), 
5X first strand buffer (Invitrogen) and 200 U of Super-
script II reverse transcriptase (Invitrogen) with the tem-
perature recommended by the enzyme supplier. the primer 
sets used, including that of reference gene actin, to amplify 
each studied gene in the synthesized cDnas are shown in 
supplemental table 1.

each 23 μl reaction contained 3 μl of a 1:10 dilution 
of the cDna, 10.5 μl of Master Mix (Bio-rad laborato-
ries S.a, Madrid), 8.6 μl of deionised water and 0.45 μl of 
each primer pair. the Pcr programme consisted of a 3-min 
incubation at 95 °c to activate the hot-start recombinant taq 
Dna polymerase, followed by 31 cycles of 30 s at 94 °c, 
30 s at the established annealing temperature and 30 s at 
72 °c, where the fluorescence signal was measured, fol-
lowed by 1 cycle of 1 min at 95 °c, 1 min at 70 °c and 60 
cycles of 10 s at 70 °c. the specificity of the Pcr amplifi-
cation procedure was checked with a heat dissociation pro-
tocol (from 70 to 100 °c) after the final cycle of the Pcr.

real-time Pcr experiments were carried out four times 
with biological independent samples, with the thresh-
old cycle (cT) determined in triplicate. the relative levels 
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of transcription were calculated using the 2−ΔΔct method 
(livak and Schmittgen 2001), using actin gene as refer-
ence with ct variation among treatments <1. all the prim-
ers used presented efficiencies close to 1.9 calculated as 
described Pfaffl 2001). negative controls without cDna 
were used in all Pcr reactions.

Statistic analyses

Data were processed by two-way analysis of variance 
(anOVa) to test the effects of U and mutation using the 
statistical software package, SPSS 12.0 (SPSS Inc., chi-
cago, Il, USa). the results were accepted as significant at 
P < 0.05. When differences between treatments were sig-
nificant according to the anOVa analysis, least significant 
differences (lSD) were evaluated using Fisher’s lSD test 
(P < 0.05).

Results

Shoot uranium content

the amounts of U present in the shoots showed that the U 
content was quite low. Interestingly, the lowest U values 
were observed in the Wt and the cad2.1 mutant (7.7 and 
4.4 μg g−1 of dry matter, respectively).

antioxidant contents in arabidopsis mutants affected 
in glutathione and α-tocopherol biosynthesis

antioxidant molecule quantifications including α- and 
γ-tocopherol, glutathione, ascorbate and dehydroascor-
bate were performed in leaves of the different arabidopsis 

mutants and in the Wt used in this study (Fig. 1). In accord-
ance with the literature, our analyses confirmed that: (1) no 
α-tocopherol was detected in vte1 and vte4 plants and no 
γ-tocopherol was detected in vte1 plants (Porfirova et al. 
2002); and (2) the cad2.1 mutant deficient in glutathione 
synthetase contained less glutathione than the wild type 
(Howden et al. 1995), whereas an increase in glutathione 
content was observed in the mutant affected in phytochelatin 
synthase (cad1.3) (Howden et al. 1995). Under non-stressed 
conditions, the cad1.3 mutant had the largest α-tocopherol 
content, indicating that an increase in glutathione content is 
accompanied by an increase in α-tocopherol. Interestingly, 
the vte4 mutant that contained no α-tocopherol is the mutant 
that contains less glutathione, suggesting a link between the 
biosynthesis of these two molecules. U affected α-tocopherol 
content negatively in the Wt and the cad mutants. concern-
ing γ-tocopherol characterization, the largest values were 
observed in the vte4 mutant followed by the Wt. the lowest 
γ-tocopherol levels were observed in the cad1.3 and cad2.1 
mutants (Fig. 1). U diminished the γ-tocopherol content 
in the Wt. On the other hand, vte1 mutants had the low-
est ascorbate content in control conditions. the treatment 
with uranyl nitrate provoked a strong decrease in ascorbate 
content, regardless of the plant analysed (Fig. 1), whereas 
no significant differences were detected in dehydroascor-
bate (DHa) contents between the different lines and treat-
ments. the ascorbate oxidized state was dramatically low in 
the U-treated plants (Fig. 1). vte1 and cad1.3 (as mentioned 
before) were the lines with the largest glutathione content 
in control conditions, followed by the Wt and cad2.1. glu-
tathione availability was not significantly affected by U in 
the Wt, whereas its content decreased in the vte1, cad1.3 
and cad2.1 mutants, and surprisingly increased in the vte4 
mutant.

Table 1  Uranium (U) exposure (50 μM) effect on leaf net photo-
synthesis (An), electron transport rate (etr) and the etr/An ratio of 
Arabidopsis thaliana wild type (Wt, ecotype columbia), tocopherol 

(null α/γ-tocopherol: vte1 and vte4: null in α-tocopherol) and glu-
tathione (high content: cad1.3 and low content: cad2.1) mutants

each value represents the mean of 4 replicates ± Se. Statistical analysis was made by a two-factor analysis of the variance (anOVa). When 
significant differences were detected in anOVa, lSD analysis was applied. Means that differed significantly (P < 0.05) were followed by a dif-
ferent letter according to the lSD test parameters

line treatment an (μmol cO2 m
−2s−1) etr (μmol e−2 s−1) etr/an (μmol cO2 μmol e−2)

Wt control 9.63 ± 0.77 a 176.61 ± 8.21 a 18.63 ± 2.01 f

U 0.08 ± 0.24 e 191.33 ± 12.59 a 700.48 ± 166.54 a

Vte 1 control 8.28 ± 0.46 ab 175.89 ± 5.11 a 20.80 ± 1.74 f

U 0.95 ± 0.14 e 155.55 ± 4.87 ab 122.69 ± 35.76 d

Vte 4 control 6.71 ± 0.07 bc 175.42 ± 9.27 a 26.77 ± 1.50 f

U 0.46 ± 0.06 e 148.24 ± 5.28 b 334.61 ± 68.74 bc

Cad 1.3 control 5.65 ± 0.69 c 181.31 ± 4.69 a 32.2 ± 6.25 f

U 1.32 ± 0.78 e 157.75 ± 10.77 ab 251.18 ± 95.03 c

Cad 2.1 control 3.5 ± 0.25 d 188,03 ± 3.10 a 58.57 ± 3.18 e

U 0.43 ± 0.08 e 169.06 ± 5.12 ab 393.37 ± 4.45 b
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Malondialdehyde (MDa), a marker of lipid peroxida-
tion, was also quantified in the different lines stressed or 
not stressed with U. Figure 2 shows that no significant 
differences were detected in plant grown under control 
conditions, whereas an increase in lipid peroxidation was 
observed in U-treated plants, especially in cad2.1. In con-
trast, in cad1.3 the phenomenon was less pronounced.

gas exchange, chlorophyll fluorescence and pigment 
content parameters

leaf photosynthesis was followed during the experiment so 
as to check whether the exposure to applied U did cause 
a physiological response. the main parameters are shown 
in table 1. regardless of the lines analysed, after 48 h of 
exposure to 50 μM uranyl nitrate, U strongly inhibited the 
photosynthetic rates (an) of plants. With the exception of 

vte4 (where its values decreased), etr was not affected by 
U (table 1). etr/an ratio increased in plants exposed to U, 
being the Wt (followed by the cad2.1) the plants were the 
largest values were observed. although the lower stomatal 
conductance (gs) measured in the presence of U indicates 
stomatal closure and suggests that a lower cO2 concen-
tration could be the cause of photosynthetic inhibition in 
U-treated plants, the measured accumulation of intercellu-
lar cO2 concentration (Ci) (table 2) refuted such a hypoth-
esis. nevertheless, stomatal closure was confirmed by the 
diminished 13c discrimination (Δ13c) observed in plants 
exposed to U and by the decrease in leaf transpiration (tr) 
measured in stressed plants (table 2).

as shown in Fig. 3, even in the case of control condi-
tions, chlorophyll fluorescence data did not reveal signifi-
cant differences among arabidopsis lines. exposure to U 
affected the light capture and processing machinery in a 
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Fig. 1  Uranium exposure (48 h to 50 μM uranyl nitrate) effect 
on ascorbate, dehydroascorbate (DHa), ascorbate reduced state, 
α-tocopherol, γ-tocopherol and glutathione of Arabidopsis thali‑
ana wild type (Wt, ecotype columbia) and arabidopsis mutants 
affected in tocopherol biosynthesis (no α/γ-tocopherol: vte1 and 
vte4: no α-tocopherol) and in glutathione (high content: cad1.3 and 

low content: cad2.1). each value represents the mean of 4 repli-
cates ± Se. Statistical analysis was made by a two-factor analysis of 
the variance (anOVa). When significant differences were detected in 
anOVa, lSD analysis was applied. Means that differed significantly 
(P < 0.05) were followed by a different letter according to the lSD 
test parameters
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different manner. although the maximum quantum yield of 
the PSII photochemistry (Fv/Fm) and photochemical PSII 
efficiency (ΦPSII) were not affected in the Wt, exposure to 
U affected this parameter negatively in vte1, vte4 and cad2.1 
(Fig. 3). In cad1.3 while ΦPSII was not altered by U, Fv/Fm 
was negatively affected by the exposure to the heavy metal. 
even though no significant differences were observed in 
the Wt, in all the arabidopsis mutants, Fv′/Fm′ decreased 

in stressed plants. no significant differences were also 
observed for photochemical quenching (qP) (Fig. 3). no 
significant differences were detected in the non-photochem-
ical quenching (nPQ) between plants and treatments. expo-
sure to U had no significant effect on chlorophyll content 
(chla + b), carotenoids (car) and car/chl (Fig. 4). chla/chlb 
diminished in vte1, vte4 and cad2.1, whereas in the Wt and 
cad1.3 no significant differences were detected.

Plasma membrane intrinsic proteins (PIP) gene expression

the expression of several PIP member genes analysed by 
quantitative real-time rt-Pcr (Fig. 5) revealed that in all 
cases the cad1.3 line had the largest PIP expression levels, 
whereas the vte1 line and especially the Wt had the lowest 
levels under control conditions. When plants were exposed 
to U the gene expression of PIP1.1, was not affected in the 
Wt and vte1 mutants, while it increased in the vte4 and 
cad1.3 lines. In the case of cad2.1, PIP1.1 was up-regulated 
(Fig. 5). With respect to PIP1.2, its expression increased in 
the Wt exposed to U and no significant effect was detected 
in the vte1 and cad2.1 lines. In the other mutants such as 
the vte4 and cad1.3, PIP1.2 was down-regulated. PIP2.1 
expression was also down-regulated in vte4 and cad1.3 
stressed plants, but no significant effect was detected in 
Wt, vte1 and cad2.1. Figure 5 also shows that while the 
expression of gene PIP2.5 was not significantly affected by 
U in Wt and cad2.1 (where no differences were observed), 
the expression of this gene was down-regulated in the other 
lines. Finally, regarding the expression of PIP2.6, two ten-
dencies were detected. In cad2.1 the expression of this 
gene was up-regulated by U exposure. In vte4 and cad1.3 U 
decreased the expression of this plasma membrane protein.
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Fig. 2  Uranium exposure (48 h to 50 μM uranyl nitrate) effect on 
malondialdehyde (MDa), of Arabidopsis thaliana wild type (Wt, 
ecotype columbia) and arabidopsis mutants affected in tocopherol 
biosynthesis (no α/γ-tocopherol: vte1 and vte4: no α-tocopherol) and 
in glutathione (high content: cad1.3 and low content: cad2.1). each 
value represents the mean of 4 replicates ± Se. Statistical analysis 
was made by a two-factor analysis of the variance (anOVa). When 
significant differences were detected in anOVa, lSD analysis was 
applied. Means that differed significantly (P < 0.05) were followed by 
a different letter according to the lSD test parameters

Table 2  Uranium (U) exposure (50 μM) effect on leaf transpiration 
(Tr), stomatal conductance (gs, mol cO2 m

−2s−1), intercellular [cO2] 
concentration (Ci, μmol cO2 mol−1air) and 13c isotopic discrimi-
nation (Δ13c,  ‰) of Arabidopsis thaliana wild type (Wt, ecotype 

columbia), tocopherol (null α/γ-tocopherol: vte1 and vte4: null in 
α-tocopherol) and glutathione (high content: cad1.3 and low content: 
cad2.1) mutants

each value represents the mean of 4 replicates ± Se. Statistical analysis was made by a two-factor analysis of the variance (anOVa). When 
significant differences were detected in anOVa, lSD analysis was applied. Means that differed significantly (P < 0.05) were followed by a dif-
ferent letter according to the lSD test parameters

line treatment Tr gs Ci Δ13c

Wt control 1.48 ± 0.55 a 666.50 ± 114.91 a 246.00 ± 48.06 c 14.88 ± 0.10 a

U 0.40 ± 0.14 bc 187.25 ± 33.18 d 427.75 ± 70.03 b 12.62 ± 0.33 b

vte1 control 1.98 ± 0.58 a 681.66 ± 50.71 a 244.00 ± 62.96 c 14.89 ± 0.20 a

U 0.76 ± 0.09 bc 333.01 ± 21.86 bc 340.75 ± 8.46 bc 12.51 ± 0.44 b

vte4 control 1.35 ± 0.61 a 559.50 ± 31.21 abc 266.51 ± 23.44 c 17.09 ± 1.50 a

U 0.69 ± 0.20 ab 296.75 ± 43.51 cd 353.75 ± 32.29 bc 13.76 ± 0.13 b

cad1.3 control 1.07 ± 0.39 a 608.25 ± 26.38 abc 230.71 ± 47.76 c 14.54 ± 0.14 ab

U 0.69 ± 0.28 bc 354.80 ± 83.81 cd 376.55 ± 36.84 bc 12.53 ± 0.70 b

cad 2.1 control 1.13 ± 0.43 a 587.53 ± 69.5 abc 262.75 ± 10.40 c 14.45 ± 0.03 ab

U 0.22 ± 0.09 c 92.57 ± 17.82 d 667.75 ± 153.77 a 12.81 ± 0.32 b
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Hormone content

aBa content was not significantly affected by U, with the 
exception of the cad2.1 line which presented the highest 
aBa content under control conditions. as shown in Fig. 6, 
jasmonate (Ja) and salicylic acid (Sa) contents were not 
the same, but were comparable among the plant lines and 
were not significantly affected by U.

Discussion

In the current study, we characterised the effect of U exposure 
on the oxidative state of A. thaliana plants and the role of two 
major antioxidants (glutathione and tocopherol) in maintain-
ing oxidative equilibrium. U can be found in immobile and 

mobile forms, so to ensure that uranyl ions are more avail-
able for the plants, we decided to apply U in a water solution 
(Doustaly et al. unpublished data). to characterize the role 
of glutathione and tocopherol in the oxidative state of arabi-
dopsis leaves, in addition to the determination of the main 
enzymatic and non-enzymatic antioxidants, we worked with 
mutant arabidopsis plants with altered tocopherol (vte1: null 
α/γ-tocopherol content and vte4: null in α-tocopherol) (Porfi-
rova et al. 2002) and glutathione (cad1.3: high content and 
cad2.1 low content) (Howden et al. 1995) contents.

Imbalanced light absorption and photochemistry 
requirements induce oxidative stress

as mentioned previously, the maintenance of equilibrium 
between light capture and photochemistry requirements is 
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cant differences were detected in anOVa, lSD analysis was applied. 
Means that differed significantly (P < 0.05) were followed by a differ-
ent letter according to the lSD test parameters
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a key point for the avoidance of rOS (niinemets and Kull 
2001). the dramatic decrease in photosynthetic activity 
(an, a major electron sink) in U-treated plants suggests that, 
as observed in the case of exposure to other heavy metals 
(lópez-Millán et al. 2009), photosynthetic machinery was 
a primary target of high U. although photosynthetic activ-
ity has been previously described in plants exposed to cd 
(lópez-Millán et al. 2009) and cr (Subrahmanyam 2008), 
to our knowledge this is the first time that gas exchange 
characterization (together with the above mentioned chlo-
rophyll fluorescence determinations) has been conducted in 

plants exposed to U. Our data showed that the strong inhi-
bition of photosynthetic activity in U-treated plants implied 
the inhibition of a major electron sink. the large etr/an 
ratio detected in plants exposed to U suggests that those 
plants were subjected to an increase in the proton gradi-
ent, with the consequent susceptibility to generate rOS. 
Depleted Fv/Fm and ΦPSII confirmed that U induces an oxi-
dative stress in arabidopsis leaves like other HM such as 
cd (clemens 2006; lópez-Millán et al. 2009; Villiers et al. 
2012; Vanhoudt et al. 2008, 2011a, b, c). However, our 
study revealed that U exposure-derived PSII damage was 
focused in the tocopherol (vte1 and vte4) and glutathione 
(cad1.3 and cad2.1) mutants, with no significant effect 
in the Wt. Our finding is supported by previous studies 
(Vanhoudt et al. 2008, 2011a, b, c) conducted with Arabi‑
dopsis where the cellular redox balance was strongly dis-
rupted during U stress, but at relatively high concentration 
(100 μM). the present study supports the fact that the inhi-
bition of a major electron sink (as etr/an suggest) would 
have been involved in the PSII damage. the presence of 
the same chlorophyll content in all the plants meant that 
the concept of reductions in light absorbance as a protec-
tion mechanism against photoinhibition could be discarded 
(galmés et al. 2007). On the other hand, the absence of 
significant differences in qP and nPQ highlighted the fact 
that ΦPSII diminished as a consequence of the diminished 
F′v/F′m.

leaf stomatal conductance (gs) and transpiration (Tr) in 
U-treated plants indicated the stomatal closure induced by 
U. carbon isotope discrimination (Δ13c) has been widely 
described as integrating stomatal opening, transpiration 
efficiency and the ratio of net photosynthesis to water tran-
spired (araus et al. 2003). the lower Δ13c detected in 
U-treated plants confirmed the stomatal closure of those 
plants. although stomatal conductance (gs) decreased in U 
plants, the larger intercellular cO2 content (Ci) discarded 
cO2 limitations as being the cause of photosynthetic inhi-
bition. Our data suggest that the photosynthetic inhibi-
tion of U-treated plants was related to the inhibition of 
the Bassham, Benson and calvin (BBc) cycle, maybe at 
the level of rubisco activity. experiments need to be per-
formed to confirm that rusbisco is a primary enzyme target 
of the BBc cycle.

Uranium exposure effect in water and U transport

although HM-induced stomatal closure has been previ-
ously described (lópez-Millán et al. 2009; Subrahman-
yam 2008) information related to the involvement of HM 
in water transport of plants is scarce. HM are taken up 
by root cells and transported through xylem towards the 
stem and leaves. transpiration (Tr), which is the dominant 
process that controls water transport in plants, has been 

C
h

la
+b

(m
g 

g-1
 F

W
)

0.2

0.6

1.0

1.4

1.8

C
hl

a/
C

hl
b

2.1

2.2

2.3

2.4

2.5

C
ar

(m
g 

g-1
 F

W
)

0.02

0.06

0.10

0.14

0.18

C
ar

/C
hl

0.085

0.090
0.095

0.100
0.105

0.110
0.115

Control
Uranyle

a a a a a

a
abab ab bc

a a a a a

a a a a a

a a a a a

d

bcbcbc c

a a a a a

a a a

a

a

Fig. 4  Uranium exposure (48 h to 50 μM uranyl nitrate) effect on 
chlorophyll a and b (chla + b), chlorophyll a and b ratio (chla//chlb), 
carotenoid (car) and carotenoid chlorophyll ratio (car/chl) of Arabi‑
dopsis thaliana wild type (Wt, ecotype columbia), tocopherol 
(vte1 and vte4) and glutathione (high content: cad1.3 and low con-
tent: cad2.1) mutants. each value represents the mean of 4 repli-
cates ± Se. Statistical analysis was made by a two-factor analysis of 
the variance (anOVa). When significant differences were detected in 
anOVa, lSD analysis was applied. Means that differed significantly 
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test parameters
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described as a key parameter conditioning HM transport 
in plants (Bartoli et al. 2012; claus et al. 2013). the fact 
that in plants where Tr was lower (cad2.1 and Wt), the U 
content was also lower, might be explained by the fact that 
lower transpiration rates were linked to lower absorption 
and translocation of HM towards shoots (renkema et al. 
2012). this hypothesis was also supported by the obser-
vation that in vte1 (that showed the highest transpiration 

rates) the highest leaf U levels were detected. even when 
photosynthesis is diminished by stomatal closure, water 
needs to circulate between the phloem and xylem (Moril-
lon and chrispeels 2001). Furthermore, when Tr decreases, 
cell-to-cell water movement has been described as being 
stimulated (aroca et al. 2012; Morillon and chrispeels 
2001). aquaporins (aQP) are central components in plant–
water relations at all levels of organization (cell, tissue, 
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organ and whole plant). It is now widely known that most 
(75–95 %) water transport is mediated by aquaporins 
(Maurel 1997). therefore, the open/closed state of aQP 
and their regulation is essential in maintaining cell water 
balance and the adjustment of plant–water relations. In our 
case, the responsiveness of several PIP aquaporins varied 
depending on the lines analysed. In vte1, vte4 and cad1.3, 
PIP transcript content decreased, whereas in the Wt no 
significant effect was observed and in the cad2.1 line its 
expression increased. HM-induced inhibition of aquaporin 
content has been previously described in plants exposed to 
cd (Yamaguchi et al. 2010), cu, Hg, Pb, Zn (Przedpelska-
Wasowicz and Wierzbicka 2011). the inhibition in tran-
scription of PIP aquaporin observed in U-treated plants 
would contribute to the above-mentioned restriction of U 
assimilation and transport in vte1, vte4 and cad1.3. In this 
sense, it is remarkable that PIP transcription in the Wt was 
least affected by U exposure. as observed by (Sakurai-Ishi-
kawa et al. 2011), the sensitivity of PIP expression to Tr 
rates differs depending on the aQP analysed. In agreement 

with Sakurai-Ishikawa et al. (2011), our study showed that 
PIP2.5 was the most sensitive to changes in Tr. Finally, 
we would also like to highlight that the increase in PIP1.1 
and PIP2.6 observed in the plants (cad2.1) where the Tr in 
U-treated conditions was the lowest and the intercellular 
cO2 concentration the highest. Such data suggest the idea 
that that as described for ntaQP1 aquaporin (Flexas et al. 
2006), PIP1.1 and PIP2.6 improved cO2 transport instead 
of H2O transport in plants exposed to U.

Previous studies conducted with cd showed that HM 
affect aBa content and root permeability to water (Przed-
pelska-Wasowicz and Wierzbicka 2011). However, in our 
case, aBa content was only decreased in cad2.1, which 
was the line with the greatest reduction in stomatal con-
ductance. regulation of stomatal opening through aBa 
has been linked to the role of this hormone in H2O2 pro-
duction (Zhang et al. 2001). although not significant, such 
tendency was only observed in the cad2.1 mutants. It is 
also worth noting that H2O2 is also conditioned by ascor-
bate content. Indeed, our data match other studies (chen 
and gallie 2004) in suggesting that the lower leaf ascor-
bate content of stressed plants could reflect a higher H2O2 
content that leads to stomatal closure and transpiration 
decrease.

glutathione and tocopherol in oxidative state maintenance

the fact that the Wt was the only Arabidopsis line that 
kept control levels of glutathione and ascorbate under 
U-exposed conditions, underscores the relevance of these 
antioxidants as target points in maintaining oxidative sta-
tus. concerning the glutathione mutants, although cad1.3 
showed higher glutathione content in control conditions, 
the fact that it was not capable of maintaining these values 
under U exposure explained the oxidative stress of these 
plants. Moreover, the fact that the glutathione deficient 
mutant (cad2.1) had the highest MDa and least reduced 
(although no statistically significant) levels of ascorbate, 
highlighted the role of this antioxidant in oxidative stress 
avoidance. as observed by Viehweger et al. (2011), keep-
ing high levels of reduced glutathione (gSH) levels is very 
important to avoid oxidative stress. the authors showed 
that, whereas exposure to 10 μM of U did not affect gSH 
content (no being oxidative stress), when the plants were 
exposed to 50 μM of U, high gSH levels were detected 
to probably support the leaf rOS detoxification processes 
(Viehweger et al. (2011).

even though tocopherols have been described as play-
ing a role as rOS scavengers and quenchers (Munné-
Bosch 2005), to our knowledge the relevance of these 
antioxidants has not been tested in U-stressed plants. It is 
remarkable that the lack of tocopherols in the vte1 line was 
not reflected in a worse PSII status (compared to cad1.3 
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and cad2.1). vte1 mutants were capable of maintaining 
high glutathione content, but similar to the observations 
in cad1.3, U exposure strongly decreased glutathione lev-
els. although vte1 mutants lack both α/γ-tocopherol and 
α-tocopherol, these mutants accumulate plastoquinol, 
an important lipid-soluble antioxidant, which in addi-
tion to tocopherols protects chloroplasts from oxidative 
stress (Szymanska and Kruk 2010). It is therefore likely 
that plastoquinol accumulation substituted the lack of toc-
ochromanol in vte1. responsiveness to U was similar in 
γ-tocopherol mutants (vte4). Furthermore, although these 
mutants lack α-tocopherol, they have been described as 
accumulating γ-tocopherol in leaves (Mène-Saffrané 
et al. 2010). the fact that γ-tocopherol might be as effi-
cient as α-tocopherol (cela et al. 2011) suggests that a 
large amount of γ-tocopherol could have helped overcome 
α-tocopherol deficiency (Falk and Munné-Bosch 2010) 
in U-treated plants. Stress-related phytohormones such 
as abscisic acid (aBa), jasmonic acid (Ja) and salicylic 
acid (Sa) have been implicated in oxidative stress avoid-
ance (larkindale and Knight 2002). Moreover, tocoph-
erol content has been described as being conditioned by 
these hormones. In rice, several genes related to tocoph-
erol biosynthesis contain aBre elements (related with 
aBa response) in their promoter regions (chaudhary 
and Khurana 2009) and in Cistus creticus, both aBa 
and α-tocopherol biosynthetic pathways have a similar 
response to water stress (Munné-Bosch et al. 2009). It was 
suggested that Ja levels can be regulated by α-tocopherol 
levels (Munné-Bosch 2007; Munné-Bosch et al. 2009), 
and Sa treatments during drought periods improve the lev-
els of α-tocopherol, ascorbic acid and glutathione in Cten‑
anthe setosa (Kadioglu et al. 2011). the absence of a U 
effect on aBa, Ja and Sa reveals that the general deple-
tion of α-tocopherol could have been linked to the lower 
ascorbate content of U-treated plants. It must be men-
tioned that the quantification of the signalling hormones 
was performed after a 48 h exposure. although the current 
experimental design cannot confirm it, it could be possible 
that hormone responsiveness to U, after 48 h, was different 
from that during the initial hours of exposure (Maksymiec 
et al. 2007).

However, other mechanisms that may operate in these 
mutants cannot be excluded. a recent study conducted 
by Vanhoudt et al. (2011a) in Arabidopsis plants exposed 
to U revealed that H2O2 detoxification was tightly linked 
to ascorbate content. although ascorbate content was 
maintained under control levels in U-treated Wt, vte1 
and cad2.1 plants, the fact that photoinhibition was only 
avoided in the Wt revealed that the availability of this 
antioxidant, together with the ascorbate/dehydroascorbate 
redox balance, was not by itself enough to avoid photo-oxi-
dative damage.

Conclusion

this study revealed the relevance of maintaining a regu-
lated electron sink/source balance in Arabidopsis for the 
correct functioning of PSII in plants exposed to U. the 
Wt plants were the only ones capable of overcoming 
photo-oxidative stress. the fact that the Wt was the only 
line where PSII was not damaged shows the importance 
of keeping in control glutathione and malondialdehyde 
contents for the overcoming of photoinhibition in the Wt. 
Interestingly, our data also suggest that lower transpira-
tion rates, together with the down-regulation of aquaporin 
expression, were linked to U absorption and translocation. 
Stomatal closure decreased leaf transpiration and conse-
quently reduced U accumulation in leaves with the conse-
quent effect in shoot oxidative stress.
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