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Abstract
Cadmium (Cd) is a dangerous transition element that causes environmental and health problems due to its high mobility in the soil-plant system. In plants, Cd causes serious alterations in physiological processes, affecting different vital functions such as photosynthesis. Species such as Brassica juncea and Brassica rapa have been selected as suitable plants for phytoremediation purposes due to their ability to tolerate the toxic effect of heavy metals. In order to improve this strategy, techniques of plant mutagenesis such as TILLING (Targeting Induced Local Lessions in Genomes) have been employed. In the present work we studied the role of the HMA4 gene in the tolerance to Cd toxicity (100 μM CdCl2) using a TILLING mutant of B. rapa (BraA.hma4a-3). These mutant plants presented a lower biomass reduction and a higher Cd concentration in leaves. An increase in the GSH / GSSG ratio, in the content of photosynthetic pigments and a reduction of oxidative stress was observed, as well as a better photosynthetic index, confirming that BraA.hma4a-3 plants showed a higher tolerance to Cd. In conclusion, according to the results obtained in this work, BraA.hma4a-3 plants could be used for phytoremediation purposes of Cd contaminated soils.
Keywords: Brassica rapa; cadmium; nutrients; photosynthesis; phytoremediation; TILLING
Abbreviations: Chl, chlorophyll; DC, distribution coefficient; HMA, heavy metal associated; LOX, lipoxygenase; MDA, malondialdehyde; NPSHs, non-protein thiols; PCs, phytochelatins; ROS, reactive oxygen species; TILLING, targeting induced local lesions in genomes.


1. Introduction 
[bookmark: _GoBack]Nowadays, several toxic heavy metals are present at low concentrations in the environment mainly derived from anthropogenic activities. Among these heavy metals, Cd is a potentially dangerous metal that causes environmental and health problems due to its high mobility in the soil-plant system. Indeed, Cd is considered as one of the major heavy metals that reach the food chain through several activities. Contamination by this heavy metal in soils is a major threat to plant growth and productivity, especially in urbanized areas (Clemens and Ma, 2016).
[bookmark: _Hlk7013934]Despite of Cd is not an essential element it can enter into the plant through LCT1 and IRT1 transporters (Clemens et al., 1998; Guerinot, 2000). Once inside the plant cell Cd causes severe alterations in physiological plant processes affecting different vital functions, water relations and mineral uptake (Gallego et al., 2012). Some symptoms of Cd toxicity are growth delay, leaf chlorosis, and inhibition of photosynthesis and respiration. In addition, Cd promotes premature chloroplast senescence, which is accompanied by stomatal closure, inhibition of carbon assimilation and photosynthetic electron transport (Gallego et al., 2012). At the cellular level, one of the major consequences of Cd toxicity is increased production of reactive oxygen species (ROS) and the inhibition of ROS detoxifying enzymes such as superoxide dismutase (SOD) and ascorbate peroxidase (APX) (Sandalio et al., 2009; Gratão et al., 2012;  Ali et al., 2014). Because of this ROS overproduction, the most detrimental oxidative effect is membrane lipid peroxidation by inducing lipoxygenase (LOX) activity, which results in the concurrent malondialdehyde (MDA) production (Karuppanapandian et al., 2011).
Only few plant species are able to tolerate Cd given its extreme phytotoxicity. There are two strategies in plants to overcome toxicity by heavy metals: the exclusion strategy, in which plants try to avoid the entry of heavy metals into roots and the tolerance strategy. In the latter, potentially toxic metals accumulate mainly in the aerial part, which is a fundamental requirement for phytoextractive plants used in soil phytoremediation. These hyperaccumulator plants grow in soils contaminated by heavy metals and tolerate from 100 to 1000-fold higher concentrations than other species. Plant species such as Brassica juncea and Brassica rapa (2n) show this metal-hyperaccumulator behaviour, so they are employed as model plants in experimental studies (Ali-Zade et al., 2010). 
One of the main purposes of phytoremediation research is the selection of suitable plants for pollutant accumulation. In recent years researchers are paying increasing attention to the search for new genotypes with higher storage capacity of heavy metals (Ali-Zade et al., 2010). In order to improve this strategy, mutagenesis induction techniques have recently been developed, generating thousands of new crop varieties in hundreds of species. In this sense, TILLING (Targeting Induced Local Lesions in Genomes) technique has recently been used, which is a high-performance agronomic tool that generates and identifies unique nucleotide mutations in a specific gene region. This technique allows the identification of new variations in target genes that may be useful for the development of germplasm with improved characteristics (Barkley and Wang, 2008).
HMA4 gene is a potential target for TILLING because HMA4 transporters are able to transport Cd besides Zn to the shoot. There are experiments in which HMA4 expression was modified and as a result, Zn levels increased in leaves (Mills et al., 2010). HMA4 belongs to the group of P1B ATPases, also called heavy metal ATPases or HMA (Heavy Metal Associated). Indeed, the role of AtHMA2 and AtHMA4 in Zn and Cd transport from the root to the shoot was demonstrated in Arabidopsis thaliana plants (Wong and Cobbett, 2008). Therefore, the main objective of the present work was to study the tolerance and Cd accumulation of B. rapa (BraA.hma4a-3) mutant plants generated by TILLING technique.
2. Materials and methods 
2.1. Mutant obtention and growth conditions
[bookmark: _Hlk2078960]TILLING technique (Till et al., 2003) was employed to obtain the seeds employed in the experiment. For the present work were used plants of the parental line of B. rapa ssp. Trilocularis ‘R-o-18’ and M3 generation mutant plants obtained from the R-o-18 TILLING population (BraA.hma4a-3). Mutant plants were obtained and identified as described by Lochlainn et al. (2011) and Graham et al. (2014). B. rapa ssp. Trilocularis ‘R-o-18’ seeds were treated with 0.4% EMS to produce mutations (M0 generation). M0 was self-crossed threefold to obtain M1, M2, and M3 generations. M3 generation was homozygous for the BraA.HMA4a-3 mutation. The mutation caused a cysteine to tyrosine change at amino acid 31. Mutations in the BraA.HMA4a gene were identified as described by Lochlainn et al. (2011) using the RevGenUK service (http://revgenuk.jic.ac.uk). A 1 kb fragment, including the transcriptional start site and the first exon, was used as the target for TILLING. M3 line with mutation were back-crossed to the R-o-18 parent line of the TILLING population. The BraA.BC1HMA4a plants were grown and individual plants genotyped using high-resolution melt analysis (Lochlainn et al., 2011), modified to include MeltDoctor HRM Master Mix (Applied Biosystems) according to the manufacturer’s instructions. Plants heterozygous for their mutation were self-crossed, and 20 individual BraA.S1BC1HMA4a plants were grown and genotyped. Homozygous mutant lines were identified, selfed to BraA.S2BC1HMA4a and used in the experiment.

Seeds were sown on filter paper moistened with milli-Q water (18.2 MV cm) in 9 cm Petri dishes. The dishes were incubated in the dark for 1 d at 4ºC before transferring to pots filled with vermiculite. These pots where placed in a growth chamber under controlled environmental conditions with a relative humidity of 60-80%, temperature of 22/18ºC (day/night) and 14/10-h photoperiod at a photosynthetic photon flux density of 350 µmol m-2s-1 (measured at the top of plants with a 190 SB quantum sensor, LI-COR Inc., Lincoln, NE, USA). Throughout the experiment the plants received a growth solution composed of 4 mM KNO3, 3 mM Ca(NO3)2 • 4H2O, 2 mM MgSO4 • 7 H2O, 6 mM KH2PO4, 1 mM NaH2PO4 • 2 H2O, 2 μM MnCl2 • 4 H2O, 0.25 μM CuSO4 • 5 H2O, 0.1 μM Na2MoO4 • 2 H2O, 5 µM Fe-chelate (Sequestrene; 138FeG100), and 10 µM H3BO3. This solution, with a pH of 5.5–6.0, was renewed every three days. 

2.2. Experimental design and treatments 
The experimental design consisted of randomized complete block with four treatments, arranged in individual benches with eight plants per treatment and three replications each. Treatments were applied 30 days after germination and were maintained for 21 days. The treatments were: (1) R-o-18 Control (nutrient solution without CdCl2); (2) R-o-18 CdCl2 (Nutrient solution + 100 µM CdCl2); (3) BraA.hma4a-3 Control (nutrient solution without CdCl2) and (4) BraA.hma4a-3 CdCl2 (Nutrient solution + 100 µM CdCl2). 

2.3. Plant sampling 
After 51 days after germination, the plant material was sampled. The leaves and roots were washed with distilled water, dried on filter paper and weighed to determine fresh weight (FW). Half of the plant material from each treatment was frozen at -30 °C for subsequent biochemical tests and the other half of the plant material was lyophilized to measure dry weight (DW) and nutrient concentrations. 

2.4. Analysis of Cd concentration
Samples were mineralized by wet digestion according to Wolf (1982). For that, 0.1 g of lyophilized leaves were mineralized with HNO3 and H2O2 30% at a temperature of 90-100 °C. From the resulting mineralization, 20 mL of deionized water were added and finally the concentration of Cd was quantified by ICP-MS.

2.5. Distribution coefficient of Cd 
Distribution coefficient (DC) was calculated as the ratio of leaf Cd concentration and root Cd concentration (Zhu et al., 2003). 

2.6. MDA and H2O2 concentrations and LOX activity
H2O2 concentration was measured colorimetrically according Mukherjee and Choudhuri (1983). 0.1 g of leaves was homogenized in 1 ml of cold acetone. The yellow color intensity of the supernatant was measured at 415 nm. The result of H2O2 concentration was expressed as μg g−1 DW. 
For the MDA assay, 0.1 g of leaves was homogenized in 1 ml of a 0.25% thiobarbituric acid solution in 10% trichloroacetic acid. The mixture was heated at 95 °C for 30 min and then cooled in an ice bath. Subsequently the samples were centrifuged at 8300 x g rpm for 10 min. The MDA concentration in the supernatant was quantified by measuring absorbance at 532 nm. The non-specific absorbance value at 600 nm was obtained to correct the turbidity. MDA concentration was calculated using 155 mM-1 cm-1 as extinction coefficient (Fu and Huang, 2001).
LOX activity was measured according to Minguez-Mosquera et al. (1993) using 50 mM potassium phosphate buffer (pH 6.0) for extraction. The reaction mixture consisted of 25 μL of enzymatic extract and 200 μL of 0.5 mM linoleic acid in potassium phosphate buffer (pH 6.0). Absorbance changes were recorded at a wavelength of 234 nm. 

2.7. Concentration of photosynthetic pigments 
The concentration of photosynthetic pigments was analysed following the method of Wellburn (Wellburn, 1994). 0.1 g of frozen vegetable material was macerated in 1 mL of methanol. It was then centrifuged for 5 minutes at 2200 x g. Absorbance was measured at 3 different wavelengths: 653 nm, 666 nm and 470 nm. Pigments concentration was calculated as follows:
Chlorophyll a = 15.65 X A666 nm - 7.34 X A653 nm 
Chlorophyll b = 27.05 X A653 nm - 11.21 X A666 nm 
Carotenoids = (1000 X A470 nm - 2.86 X Chl a - 129.2 X Chl b) / 221 

2.8. Chl a fluorescence and analysis of the fluorescence transients
Plants were adapted to dark for 30 min before measurements using a special leaf clip holder that was allocated in each leaf. Chl a fluorescence kinetics was determined using the Handy PEA Chlorophyll Fluorimeter (Hansatech Ltd., King’s Lynn, Norfolk, UK); the OJIP transients were induced by red light (650 nm) with 3000 µmol photons m-2s-1 light intensity and recorded by the instrument. OJIP transients data were analysed using the JIP-test (Strasser et al., 2000). Measurements were conducted with six plants of fully expanded leaves at midstem position. Parameters employed in this research to study the energy flow and photosynthetic activities by JIP-test were: initial fluorescence (Fo), maximum fluorescence (Fm), variable fluorescence (Fv = Fm – Fo), maximum quantum yield for primary photochemistry (ΦPo = Fv/Fm), the area over the fluorescence curve between Fo and Fm, the number of times that QA is reduced from time 0 to the time that the maximum fluorescence (N), performance index for energy conservation from photons absorbed by PSII antenna to the reduction of QB (PIABS), proportion of active reaction centres (RCs) (RC/ABS), the efficiency/probability with which a PSII trapped electron is transferred from QA to QB (ΨEo), and maximum quantum yield of electron transport (ΦEo = ETo/ABS) (Strasser et al., 2000).

2.9. Determination of the different GSH forms
Reduced GSH, GSSG and total GSH (reduced GSH + GSSG) were assayed according to the GSSG-recycling method (Griffith, 1980). Leaves material were homogenized in liquid N2 with metaphosphoric acid at 5% (w/v) and centrifuged at 13,500 × g and 4ºC for 15 min. GSSG and total GSH were assayed in the same extract. A standard curve was analysing in the same manner as for the extracts. Reduced GSH levels were estimated as the difference between total GSH and GSSG.

2.10. Non-protein thiols and phytochelatins (PCs) determination
Non-protein thiols (NPSHs) were determined as described by Garg and Kaur (2013). 100 µl of the supernatant was taken in a microfuge tube, to which 0.5 ml reaction buffer (100 mM K-phosphate buffer (pH 7.0), 0.5 mM EDTA and 1 mM DTNB were added. The reaction mixture was incubated for 10 min, and absorbance was read at A412 nm. Values were corrected for the absorbance by preparing a blank without extract. A standard curve was prepared from varying concentrations of cysteine to calculate NPSHs content in samples. PCs levels were estimated from the difference between NPSHs and reduced GSH concentrations (PCs = NPSHs – GSH) (Hartley-Whitaker et al., 2001).

2.11. Statistical analysis 
Data were subjected to a simple ANOVA at 95% confidence, using the Statgraphics Centurion XVI program. A two-tailed ANOVA was applied to ascertain whether the mutation (M), the Cd application (C), or the interaction of the two factors (M * C) significantly affected the results. Means were compared by Fisher’s least significant differences (LSD). The significance levels for both analyses were expressed as * P<0.05, ** P<0.01, *** P<0.001, or NS (not significant). 

3. Results and discussion 
3.1. Biomass and Cd concentration
The presence of Cd in plants interfere in different metabolic processes such as photosynthesis, respiration, transpiration and nutritional content (Gallego et al., 2012). D’Alessandro et al. (2013) observed phytotoxicity symptoms in B. juncea plants when Cd was applied at a dose higher than 25 µM CdCl2 and they observed the inhibition of different metabolic processes and the reduction in plant growth was proportional to CdCl2 concentration. In the present study, biomass decreased significantly in both the shoot and root parts in genotype R-o-18 and BraA.hma4a-3 plants when Cd was applied. However, BraA.hma4a-3 presented a lower biomass reduction (56% lower) compared with its control than the parental R-o-18 (62% lower) (Fig. 1). Despite this, mutant plants reached a lower DW until sampling time (7 weeks after germination) (Fig.1). Previous experiments observed different effects of HMA mutations on plants. Mills et al. (2010), in their studies in A. thaliana plants, observed that hma2-4 and hma4-2 single mutations presented no alteration in growth in comparison to the WT genotype. In contrast, in hma2-4 hma4-2 double mutant’s growth was significantly lower compared to WT plants. In addition, Liedschulte et al. (2017) observed a biomass reduction by 50% in tobacco mutant plants (HMA4.1 Q293*/HMA4.2 Q561*) after 5 weeks of growth; however, after 11 weeks mutant plants reached a similar biomass than WT plants. Therefore, it is possible that the biomass of BraA.hma4a-3 mutants reaches similar values to R-o-18 plants after a large culture period.

[image: ]
Fig. 1. Leaf biomass (A), and root biomass (B) in R-o-18 and BraA.hma4a-3 genotypes subjected to control and Cd toxicity treatments. Columns represent mean values ± standard error (n = 6), and differences between means were compared by Fisher’s least-significance test (LSD; P=0.05). The levels of significance were represented by p>0.05: NS (not significant), p<0.05 (*), p<0.01 (**) and p<0.001 (***).

HMA transporters, in particular P1B-2 type, are known to transport Zn to the shoot. However, researchers demonstrated the role of AtHMA2 and AtHMA4 in A. thaliana plants in the discharge of Cd from the root to the stem. Thus, the silencing of tobacco HMA4, directly reduced the Cd content in the shoot proving the role of HMA4 in Cd transport to the shoot (Wong and Cobbett, 2008; Liedschulte et al., 2017). Our results indicated that Cd concentration in leaves significantly increased in mutant plants (46%) compared with genotype R-o-18 (Table 1). In roots, Cd concentration was not affected by the mutation in comparison to R-o-18 when Cd was applied (Table 1). These results show that the distribution coefficient towards the shoot was higher in mutant plants (Table 1). In addition, Zn concentration in leaves greatly increased in mutant plants subjected to both treatments (data not shown). Therefore, the Cd and Zn accumulation in leaves could be attributed to a greater HMA4 transporter activity in BraA.hma4a-3 plants. Another possibility is that the mutation of an allele is compensated by the expression of another allele or other Cd transporters such as HMA2 and HMA3 (Wong and Cobbett, 2008; Liedschulte et al., 2017).

Table 1. Cd concentration in leaves, roots and its distribution coefficient (DC) in R-o-18 and BraA.hma4a-3 genotypes subjected to Cd toxicity 
	
	
Leaf Cd concentration
(μg g-1 DW)

	
Root Cd concentration
(μg g-1 DW)
	
DC of Cd

	R-o-18
	72.35±4.23
	683.45±89.25
	0.10±0.01

	BraA.hma4a-3
	105.87±6.01
	667.01±102.35
	0.16±0.12

	p-value
	***
	NS
	***

	LSD0.05
	21.67
	87.40
	0.02



Values are means (n=9) and differences between means were compared by Fisher’s least-significance test (LSD; P=0.05). Values with different letters indicate significant differences. The levels of significance were represented by p>0.05: NS (not significant), p<0.05 (*), p<0.01 (**) and p<0.001 (***).

3.2. Oxidative stress indicators (LOX, H2O2 and MDA) 
The presence of Cd in plants triggers ROS generation that causes oxidative stress. An excessive ROS production is very harmful since it causes the degradation of photosynthetic structures and, in turn, photosynthesis inhibition. Likewise, one of the most important effects of oxidative stress is lipid peroxidation in membranes, which impairs its permeability due to the induction of LOX activity and the consequent MDA production (Karuppanapandian et al., 2011). Furthermore, Noriega et al. (2012) proved that Cd inhibits ROS-detoxifying enzymes such as SOD and APX. Surprisingly, in the present experiment, no significant differences were observed in the H2O2 production between treatments, genotypes or the interaction of both. It was observed a reduction of LOX activity in mutant plants compared to R-o-18 (Table 2). According to Zong et al. (2017), B. rapa plants grown with a 50 µM Cd treatment showed an increase of more than 50% in MDA content compared to control plants. Our results indicated a decrease in MDA concentration in the R-o-18 genotype, while in mutant plants MDA increased as a result of Cd treatment. However, MDA concentration in BraA.hma4a-3 plants was lower compared to R-o-18 plants. This might be related to the decreased LOX activity in mutant plants, which can result in lower membrane lipid peroxidation (Table 2). 



Table 2. Oxidative stress indicators in R-o-18 and BraA.hma4a-3 genotypes subjected to CdCl2 treatment
	
	
	H2O2
(μg g-1 FW)
	LOX
(ΔAbs mg prot-1min-1)
	MDA
(μM g-1 FW)

	R-o-18
	Control
	0.54±0.05
	0.17±0.01
	11.20±0.39

	
	100 μM Cd
	0.49±0.05
	0.19±0.03
	9.17±0.30

	
	p-value
	NS
	NS
	***

	
	LSD0.05
	0.10
	0.07
	1.05

	
	
	
	
	

	BraA.hma4a-3
	Control
	0.54±0.02
	0.11±0.01
	6.60±0.11

	
	100 μM Cd
	0.54±0.01
	0.10±0.01
	7.68±0.11

	
	p-value
	NS
	NS
	***

	
	LSD0.05
	0.04
	0.48
	0.34

	Analysis of variance

	Mutation (M)
	
	NS
	***
	***

	Cd (C)
	
	NS
	NS
	NS

	M x C
	
	NS
	NS
	***

	LSD0.05
	
	0.05
	0.04
	0.50



Values are means (n=9) and differences between means were compared by Fisher’s least-significance test (LSD; P=0.05). Values with different letters indicate significant differences. The levels of significance were represented by p>0.05: NS (not significant), p<0.05 (*), p<0.01 (**) and p<0.001 (***).

3.3. Pigments concentration and photosynthetic performance
Vital processes such as photosynthesis and respiration are strongly affected in plants growing in medium containing large heavy-metals concentrations (Ali-Zade et al., 2010). Experiments in Zea mays plants showed a net photosynthesis inhibition, while transpiration, stomatal conductance and CO2 content increased due to Cd application (Zhang et al., 2011). Indeed, one of the most affected compounds by Cd are photosynthetic pigments (Gallego et al., 2012). In contrast, our results showed no significant differences of chlorophyll a, b and carotenoids concentration in R-o-18 plants subjected to Cd toxicity in comparison to control plants. Even BraA.hma4a-3 plants presented higher concentration of these pigments when Cd was applied (Table 3). These results indicate that mutant plants might be able to preserve photosynthetic pigments against toxicity by this metal. Regarding Chl a/b ratio, it was not affected by Cd treatment in both lines (Table 3). Chl a mostly is associated with core antenna proteins of PSII and RCs while Chl b is mainly present in light-harvesting complexes (LHCII). Thus, Chl a/b ratio is an indicator of RC/LHCII proportion. When Chl a/b increases, this usually indicates a conversion of Chl b to Chl a to maintain Chl a levels and thereby active RCs (Nyongesah et al., 2015). However, our results did not show any difference regarding Chl a/b ratio, so neither Cd nor HMA mutation affected to the Chls proportion in RC and LHCII (Table 3).

Table 3. Photosynthetic pigments in R-o-18 and BraA.hma4a-3 genotypes subjected to CdCl2 treatment
	
	
	Chl a
(mg g-1 FW)
	Chl b
(mg g-1 FW)
	Carotenoids
(μg g-1 FW)
	Chl a/b Ratio

	R-o-18
	Control
	0.117±0.002
	0.055±0.001
	14.99±0.30
	2.129±0.023

	
	100  μM Cd
	0.118±0.001
	0.054±0.001
	15.36±0.40
	2.184±0.022

	
	p-value
	NS
	NS
	NS
	NS

	
	LSD0.05
	0.006
	0.003
	1.56
	0.066

	
	
	
	
	
	

	BraA.hma4a-3
	Control
	0.099±0.001
	0.045±0.001
	13.50±0.12
	2.178±0.012

	
	100  μM Cd
	0.107±0.002
	0.050±0.001
	14.21±0.25
	2.148±0.007

	
	p-value
	***
	***
	*
	NS

	
	LSD0.05
	0.004
	0.002
	0.09
	0.030

	Analysis of variance
	

	Mutation (M)
	
	***
	***
	***
	NS

	Cd (C)
	
	*
	NS
	NS
	NS

	M x C
	
	*
	**
	NS
	*

	LSD0.05
	
	0.003
	0.002
	0.1
	0.035



Values are means (n=9) and differences between means were compared by Fisher’s least-significance test (LSD; P=0.05). Values with different letters indicate significant differences. The levels of significance were represented by p>0.05: NS (not significant), p<0.05 (*), p<0.01 (**) and p<0.001 (***).

The study of the chlorophyll fluorescence provides useful information about the functioning of the photosynthetic apparatus. Thus, stress conditions can disturb or block the photosynthetic electron transport, which reflects in a fluorescence increase. JIP test is used for the quantification of Chl fluorescence, providing parameters indicating in vivo PSII functioning (Strasser et al., 2000). Taking into account all fluorescence parameters, it was determined that Cd negatively affects photosynthetic activity mainly in R-o-18 plants; this is shown by reductions in Fv, Fv/Fm, Area, PIABS, Ψo and ΦEO in comparison to control plants (Table 4). In contrast, only RC/ABS decreased in BraA.hma4a-3 plants and the rest of parameters presented similar values than control plants. The parameters that showed a higher decrease in R-o-18 plants were PIABS and Area (Table 4). PIABS indicates the vitality of the plant and the ability to withstand external pressures and it depends on 3 factors: the ratio of active PSII RCs, Fv/Fm, and the efficiency of electron transport beyond QA (Ψo). On the other hand, the Area is defined as the area over the fluorescence curve between Fo and Fm, which represents the size of electron acceptors (QA) pool. Thus, during stress, electron transference from RCs is blocked and area is reduced (Strasser et al., 2000). The results for Fv and Fv/Fm suggest that Cd is reducing the energy that reaches to RCs, whereas the results for Area, Ψo and ΦEO showed that Cd blocked the electron transfer through PSII. Conversely, BraA.hma4a-3 photosynthetic performance parameters indicated a greater efficiency and resilience to stress caused by Cd. This is also supported by the higher N value in BraA.hma4a-3 (Table 4). N value represents the number of times QA is reduced from time 0 to the time that the maximum fluorescence is reached.
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Table 4. Values of Chl a fluorescence parameters derived from the JIP test in R-o-18 and BraA.hma4a-3 genotypes subjected to CdCl2 treatment
	
	
	Fo
	Fm
	Fv
	Fv/Fm
	Área
	N
	PIABS
	RC/ABS
	Ψo
	ΦEO

	R-o-18
	Control
	265±4.26
	1779±19.62
	1436±25.14
	0.84±0.00
	58556±1949
	39.95±0.99
	7.87±0.52
	0.76±0.02
	0.66±0.00
	0.55±0.00

	
	100 μM Cd
	264±2.50
	1743±13.25
	1248±61.73
	0.83±0.00
	49577±1864
	37.85±1.19
	5.81±0.53
	0.71±0.02
	0.61±0.01
	0.51±0.01

	
	p-value
	NS
	NS
	**
	***
	**
	NS
	*
	NS
	**
	**

	
	LSD0.05
	12.10
	46.87
	119.74
	0.00
	5762
	3.88
	1.57
	0.08
	0.02
	0.02

	
	
	
	
	
	
	
	
	
	
	
	

	BraA.hma4a-3
	Control
	261±6.66
	1706±18.82
	1449±15.18
	0.847±0.00
	66706±1058
	52.94±1.10
	8.31±0.41
	0.78±0.01
	0.65±0.00
	0.55±0.00

	
	100 μM Cd
	267±0.84
	1683±15.44
	1416±15.12
	0.844±0.00
	64588±1855
	50.53±0.93
	7.40±0.32
	0.72±0.01
	0.64±0.00
	0.54±0.00

	
	p-value
	NS
	NS
	NS
	NS
	NS
	NS
	NS
	**
	NS
	NS

	
	LSD0.05
	14.96
	54.25
	47.74
	0.00
	4760
	3.19
	1.16
	0.04
	0.01
	0.01

	Analysis of variance
	
	
	
	
	
	
	
	
	
	

	Mutation (M)
	
	NS
	**
	*
	***
	***
	***
	NS
	NS
	NS
	NS

	Cd (C)
	
	NS
	NS
	**
	***
	**
	NS
	**
	*
	***
	**

	M x C
	
	NS
	NS
	*
	*
	*
	NS
	NS
	NS
	*
	*

	LSD0.05
	
	9.13
	34.58
	74.13
	0.00
	3885
	2.61
	1.03
	0.04
	0.01
	0.01



Values are means (n=9) and differences between means were compared by Fisher’s least-significance test (LSD; P=0.05). Values with different letters indicate significant differences. The levels of significance were represented by p>0.05: NS (not significant), p<0.05 (*), p<0.01 (**) and p<0.001 (***).

	
3.4. Glutathione forms, PCs and thiols 
Plants possess various antioxidant systems to eliminate ROS and therefore increase stress tolerance (Pitzschke et al., 2006). Thus, GSH contributes to H2O2 elimination, prevents lipid peroxidation caused by heavy metals and acts as a PC biosynthesis precursor (Szalai et al., 2009). Furthermore, GSH is considered a biochemical indicator of heavy-metal toxicity in plants (Tausz et al., 2004). Garg and Kaur (2013) observed an increase in GSH synthesis in an experiment applying Cd to Cajanus cajan plants. In contrast, in the present experiment, both the R-o-18 plants and BraA.hma4a-3 mutants showed a similar tendency in terms of their GSH concentrations and the proportion of their forms when Cd was applied to the medium. Cd treatment reduced the total GSH concentration mainly due to the decrease in its oxidized form because the reduced form did not change with respect to control. The decrease in GSSG form increased the GSH/GSSG ratio and in the GSH redox state (Table 5). These results disagree with what Hendry et al. (1992) observed because during stress ascorbate and glutathione are mostly in their oxidized forms and their redox states decrease. In our plants, the higher GSH/GSSG ratio might contribute to a higher Cd stress tolerance. 


Table 5. GSH forms (μg g-1 FW), ratio GSH/GSH, and GSH redox state in R-o-18 and BraA.hma4a-3 genotypes subjected to CdCl2 treatment 
	
	
	
Total GSH

	
GSH

	
GSSG

	
Ratio GSH/GSSG

	
GSH Redox State

	R-o-18
	Control
	33.02±1.04
	27.76±1.17
	5.25±0.42
	5.65±0.62
	83.96±1.37

	
	100μM Cd
	26.63±1.33
	28.02±2.84
	1.66±0.28
	15.79±3.33
	93.87±1.20

	
	p-value
	*
	NS
	***
	**
	***

	
	LSD0.05
	3.59
	6.51
	1.15
	7.18
	3.86

	
	
	
	
	
	
	

	BraA.hma4a-3
	Control
	35.37±1.84
	30.66±1.82
	4.71±0.36
	6.91±0.82
	86.45±1.11

	
	100 μM Cd
	29.82±1.47
	27.81±1.52
	2.00±0.22
	15.64±2.22
	93.12±0.85

	
	p-value
	*
	NS
	***
	**
	***

	
	LSD0.05
	5.00
	5.03
	0.91
	5.02
	2.97

	Analysis of variance
	
	

	Mutation (M)
	
	NS
	NS
	NS
	NS
	NS

	Cd (C)
	
	***
	NS
	***
	***
	***

	M x C
	
	NS
	NS
	NS
	NS
	NS

	LSD0.05
	
	2.95
	3.95
	0.74
	4.20
	2.34



Values are means (n=9) and differences between means were compared by Fisher’s least-significance test (LSD; P=0.05). Values with different letters indicate significant differences. The levels of significance were represented by p>0.05: NS (not significant), p<0.05 (*), p<0.01 (**) and p<0.001 (***).

In addition to the role of GSH in oxidative stress, GSH has the ability to join heavy metals such as Cd through its thiol group which is considered as a specific defence strategy against heavy-metal toxicity (Szalai et al., 2009). These types of compounds that possess a thiol group are called NPSHs and include mainly GSH and PCs. PCs are synthesized by transpeptidation of Glu-Cys residues in GSH on another GSH molecule or by phytochelatin synthase enzyme which is post-translationally activated by heavy metals (Grill et al., 2007). Therefore, due to PCs synthesis is related to heavy metals stress in plants, its analysis is used to evaluate the toxicity as a metal biomarker (Vázquez et al., 2006). The results showed a reduction in PCs concentration when Cd was applied to R-o-18 plants. Conversely, this concentration increased in mutant plants, which can chelate Cd and block its solubility in the plant to prevent toxic effects (Fig. 2A). In this sense, Roxas et al. (2000) showed that overexpression of enzymes that promote PCs synthesis improved growth in transgenic tomato under abiotic stress conditions. The lower NPSHs concentration observed in R-o-18 plants could be due to the decrease in PCs and GSH levels under Cd toxicity. In contrast, this did not occur in mutant plants that maintained NPSHs levels (Fig. 2B), which might be useful to counteract Cd toxicity.

[image: ]
Fig. 2. Phytochelatins (A), and NPSHs (B) in R-o-18 and BraA.hma4a-3 genotypes subjected to control and Cd toxicity treatments. Columns represent mean values ± standard error (n = 9), and differences between means were compared by Fisher’s least-significance test (LSD; P=0.05). The levels of significance were represented by p>0.05: NS (not significant), p<0.05 (*), p<0.01 (**) and p<0.001 (***).

4. Conclusions 
In conclusion, BraA.hma4a-­‐3 plants showed lower biomass compared to R-­‐o-­‐18 plants, but the mutagenized plants presented a lower loss of biomass under Cd-­‐toxicity conditions, therefore suggesting a better tolerance to Cd. In addition, HMA4 mutation allowed a higher Cd accumulation in leaves, probably due to an enhanced transport from the root probably caused by an increased HMA4 activity in mutants plants. The increase in photosynthetic pigments concentration, the lower oxidative stress, and the better photosynthetic performance, suggest that BraA.hma4a-3 plants exhibit increased Cd tolerance. This could be explained by an increase in PCs synthesis that could block Cd toxic effects. Therefore, BraA.hma4a-3 plants could be a potential resource for phytoremediation purposes of Cd-contaminated soils. 
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