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A B S T R A C T

Stress perception and signalling pathways between plant organs involve complex mechanisms and
remain a major focus of interest. To further address the role of phytohormones in the modulation of stress
perception from root-to-shoot signalling, we used ethylene-insensitive Never ripe (Nr) and auxin-
insensitive diageotropica (dgt) tomato mutants combined with the grafting technique. Lipid peroxidation,
H2O2, chlorophyll and proline contents, and activities of superoxide dismutase (SOD), catalase (CAT),
ascorbate peroxidase (APX) and glutathione reductase (GR) in non-grafted and grafted tomato mutants
subjected to cadmium (Cd) were analysed. The results revealed different responses according to
genotype, grafting combination and Cd application. Non-grafted hormonal mutants exhibited higher Cd
content in roots than MT plants, being 39.9% in Nr and 17.7% in dgt plants, whereas in leaves, the Cd
content was higher in Nr plants. In grafted plants, where the rootstocks were exposed to Cd before
grafting, the MT rootstock exhibited the highest Cd content. In non-grafted plants following Cd
application, roots of Nr also exhibited a decrease in Ca concentration, whilst Mg, S, Cu and Zn decreased in
Nr leaves. In grafted plants, it was possible to notice peculiar differences in nutrient concentration
patterns according to grafting combination and Cd application. The proline and chlorophyll contents
were less affected in the hormonal mutants. In the presence of Cd, the scions of grafted plants exhibited
increased antioxidant enzymes activities in response to a signal from the rootstocks. However, it was
possible to associate the involvement of ethylene and auxin with the antioxidant responses because the
Nr and dgt genotypes were less affected by Cd stress than their wild-type counterpart, MT.
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1. Introduction

Cadmium (Cd) is a dangerous heavy metal that is toxic to many
organisms. This metal can accumulate in the environment as a
result of anthropogenic activities and its main sources are
herbicides, pesticides, chemical fertilizers, irrigation with con-
taminated water and pollutants from industrial processes (Hédiji
et al., 2015; Zouari et al., 2016a). Although Cd is a nonessential
element, it can be easily taken up by plants, causing morphological,
structural, biochemical, physiological dysfunctions and alteration
of transcript profile (Gratão et al., 2009; Polle et al., 2013; Ahmad
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et al., 2016; Luo et al., 2016). Even at low concentrations, Cd can
induce or stimulate uncontrolled oxidation and cause alterations
in cell homeostasis and electrolyte leakage, which trigger
biochemical responses against oxidative stress, inducing a wide
range of antioxidant defence systems (Iannone et al., 2010; He
et al., 2013a,b; Anjum et al., 2015; Zouari et al., 2016b).

Uncontrolled oxidation can be detoxified by complex enzymatic
and non-enzymatic mechanisms that interact in an attempt to
minimize oxidative stress damage and maintain the cell redox
state (Zhang et al., 2014; Gratão et al., 2015). The primary defence
step at the cellular level comprises antioxidant enzymes such as
superoxide dismutase (SOD, EC 1.15.1.1), which converts O2

�� to
H2O2 (Noctor and Foyer, 2016). Subsequently, H2O2 may be
detoxified to H2O by ascorbate peroxidase (APX, EC 1.11.1.11),
catalase (CAT, EC 1.11.1.6) and glutathione peroxidase (GPX, EC
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1.11.1.9) (Roychoudhury et al., 2012; Hippler et al., 2015; Liu et al.,
2015; Khaliq et al., 2015), among other peroxidases.

In addition, non-enzymatic mechanisms including compounds
such as proline, flavonoids, carotenoids, ascorbate and glutathione
(GSH) may also be responsible for quenching excessive reactive
oxygen species (ROS) (Wu et al., 2007; Ferraz et al., 2012; He et al.,
2015; Zouari et al., 2016a,b). The regeneration of GSH formed from
oxidized glutathione (GSSG) is catalysed by glutathione reductase
(GR, EC 1.6.4.2) using NADPH as a reducing agent.

Plant-stress mechanisms may require the interplay between
interconnected networks of cellular responses and signalling
molecules under Cd stress conditions (Chmielowska-Bak et al.,
2014; Islam et al., 2015; Shi et al., 2015). For instance,
phytohormones can also participate and interact with redox
signalling to control responses to abiotic stresses (Gratão et al.,
2012; Carvalho et al., 2013; Bankaji et al., 2014). Nonetheless, the
mechanisms involving the interaction between phytohormones
and stress responses are still poorly understood, especially the
cross talk involved in root-to-shoot communication.

Special attention should be given to ethylene, which can be
considered a ‘stress hormone’ involved in multiple molecular and
physiological plant responses and which regulates various growth
and cellular defence mechanisms in response to toxic metals
(Schellingen et al., 2014; Van de Poel et al., 2015). This implies a
synergistic effect between the biosynthesis of ROS and ethylene
(Djanaguiraman et al., 2009). Although the molecular relationship
between ethylene biosynthesis and Cd stress has not been well
established, ethylene may contribute to the regulation of the early
Cd-induced oxidative challenge via the control of the GSH content
and the expression of signalling genes (Schellingen et al., 2015).
Therefore, answers are still needed with respect to the mecha-
nisms underlying ethylene regulation of plant response to metal
stress and subsequent effects on plant sensitivity or tolerance
(Asgher et al., 2015). Studies have shown that ethylene-insensitive
mutants are less sensitive to heavy metal stress conditions (Bueso
et al., 2007; Gratão et al., 2012).

In addition to ethylene, the phytohormone auxin may also be
involved in stress signalling and defence responses (George et al.,
2010), e.g., heavy metal tolerance and accumulation (Fassler et al.,
2010; Keunen et al., 2016). Current research has shown that auxin
may induce morphogenic responses (Potters et al., 2009; Monteiro
et al., 2012), which may prevent adverse effects of environmental
stresses (Tognetti et al., 2011). In contrast, the suppression of auxin
may improve stress tolerance by mediated growth suppression and
reallocation of metabolic resources to resistance establishment
(Park et al., 2007).

Although multiple stress responses are essential for plant
survival under heavy metal stress conditions, the exact roles of
ethylene and auxin phytohormones in these responses are not
understood. Therefore, the use of hormonal mutants is a powerful
tool to study hormonal modulation, providing insights into the
cross-talk between ROS signalling and phytohormones under
stress conditions. In tomato (Solanum lycopersicum), the ethylene
LeETR3 receptor corresponds to the mutation Never ripe (Nr)
(Wilkinson et al., 1995), which does not respond to either
endogenously generated or exogenous ethylene (Lanahan et al.,
1994). The diageotropica (dgt) tomato mutant exhibits a consider-
ably reduced sensitivity to the hormone auxin (Kelly and Bradford,
1986), related to the DIAGEOTROPICA (DGT) gene, which encodes a
component of the specific auxin-signalling pathway (Retzer and
Luschnig, 2015) and regulates auxin transport in lateral root
formation (Ivanchenko et al., 2015).

Our prior studies with Nr and dgt tomato mutants (Monteiro
et al., 2011; Gratão et al., 2012) revealed the involvement of
ethylene and auxin in antioxidant mechanisms. For example, Nr
genotype was shown to be more affected than dgt plants by the Cd-
imposed stress because Nr retains a partial sensitivity to ethylene
(Castagna et al., 2007), whilst dgt may withstand or avoid stress
imposed by Cd, due to the fact that the known auxin-stimulated
ethylene production is compromised in dgt plants (Gratão et al.,
2012). In another recent study, the tomato sitiens ABA-deficient
mutant (sit) exposed to Cd has also shown a number of antioxidant
responses, which helped to unravel the relative importance of ABA
in regulating cell responses to stressful conditions induced by Cd
(Pompeu et al., 2017). With these results, new questions arise
regarding the mechanisms connecting antioxidant responses, ROS
and signalling triggered by plant hormones in communication with
plant organs.

The grafting technique can be an elegant mechanism to
demonstrate root-to-shoot and shoot-to-root communication
(Molnar et al., 2010). This is because the plant vascular system can
serve as a conduit for the transport of long-distance nutrients and
signalling molecule inter-organ communication (Spiegelman
et al., 2013). Therefore, the use of grafting can be an interesting
tool to study the effect of metals on plant development, in
particular the antioxidant stress response. In another recent
study in our group, the use of grafted tomato plants revealed
distinct trends in crosstalk between antioxidant responses and
signalling of plant organs during stress (root-to-shoot) that
clearly indicated signalling responses from the rootstocks,
allowing sufficient time to activate defence mechanisms in the
shoot (Gratão et al., 2015).

In this report, we used the Nr and dgt tomato mutants and the
grafting technique with the objective to gain a better understand-
ing or to provide more information on the modulation of inter-
organ oxidative stress with a focus on the antioxidant systems and
the roles of auxin and ethylene under Cd stress conditions.

2. Materials and methods

2.1. Plant material and growth conditions

Seeds of the tomato (S. lycopersicum L.) cultivar Micro-Tom (MT)
and the mutants diageotropica (dgt) and Never ripe (Nr) were
sterilized using a sodium hypochlorite solution (5%), rinsed three
times and sown in boxes filled with a mixture of 1:1 (by volume)
commercial pot mix (Plantmax HT Eucatex, Brazil) and vermiculite
supplemented with 1 g L �1 10:10:10 NPK (nitrogen-phosphorus-
potassium) and 4 g L �1 lime (MgCO3 + CaCO3). The boxes were
maintained in a greenhouse with an average mean temperature of
23.2 �C, relative humidity 77.6%, and an 11.8 h photoperiod
(autumn). When two true leaves were completely formed, two
seedlings were transplanted to 0.350 L Leonard pots (Vincent,
1975) containing sterilized sand, polystyrene (4:3) and modified
Hoagland’s nutrient solution (250 mL). After seedling establish-
ment, only one plant was maintained per pot. Thirty five-day-old
plants were further grown in the same solution with 0 mM or 1 mM
CdCl2 (Gratão et al., 2015), which was changed weekly.

Forty five-day-old plants were grafted using the cleft method,
and the plant was cut off approximately 3 cm above soil level; this
part was used as the rootstock, and a portion of the shoot was used
as scion. The scion was inserted into the slit in the centre of the
rootstock stem, and the joined parts were tied firmly using 5-cm-
wide plastic film and a spring clip. When the grafting was
completed, all seedlings were covered with transparent plastic
bags and a shade net. The transparent plastic films were
maintained for four days to ensure high relative humidity. The
plastic binding films were moistened daily and removed when the
graft union was formed. Germinating buds of rootstocks were also
removed daily. The rootstocks had Cd exposure blocked at the time
of grafting. The establishment of the scion-rootstock and the non-
grafted plants are presented in Fig. 1.



Fig. 1. Outline of the grafting design. (1–3) Non-grafted plants with nutrient solution without Cd(-Cd), (4–6) non-grafted plants with nutrient solution with Cd(+Cd), (7–11)
grafted plants: �Cd/-Cd = scion/rootstock, nutrient solution without Cd, (12–16) grafted plants: �Cd/ + Cd = scion/rootstock, nutrient solution with Cd.
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After a period of 75 days post germination, corresponding to
45 days of exposure to CdCl2 and 30 days after grafting, samples of
roots and leaves (excluding petioles) were harvested, rinsed and
immediately immersed in liquid N2 and stored at �80 �C for further
analysis of lipid peroxidation, H2O2 content, chlorophyll determi-
nation, proline content, enzyme extraction and protein determi-
nation; samples of roots and leaves were kept in paper bags and
dried in a drying oven (60 �C) until constant weight for dry mass
determination, Cd content and nutritional analysis.

2.2. Cd content and nutritional analysis

Dry root and leaves samples (200.0 mg DW) were milled and
microwave digested with 2 mL 70% HNO3, 2 mL H2O2 and 2 mL
Milli-Q water (18.2 MX cm a 25 �C) at a controlled pressure of
2 MPa (Chilimba et al., 2011). The digested samples were diluted
to 10 mL with Milli-Q water and stored. The Cd content was
determined using ICP-OES (Jobin Yvon, JY50P Longjumeau,
France). The P, K, Ca, Mg, Cu, Fe, Mn and Zn contents were
determined by X-ray fluorescence (EDXRF) analysis, using
samples prepared as loose powder, as described by Tezotto
et al. (2013).

2.3. Lipid peroxidation

Lipid peroxidation was measured by estimating the content of
thiobarbituric acid reactive substances (TBARS) as described by
Heath and Packer (1968). Plant tissue was ground with 20% (w/v)
polyvynilpyrrolidone (PVPP) and 0.1% trichloroacetic acid (TCA).
After centrifugation at 11,000 � g for 10 min, the supernatant was
added to a solution of 20% TCA and 5% thiobarbituric acid (TBA) and
incubated in a water bath at 95 �C for 30 min. The reaction was
stopped by cooling in an ice bath for 10 min and centrifuged at
11,000 � g for 10 min. The concentration of malondialdehyde
(MDA) equivalents was determined spectrophotometrically be-
tween 535 and 600 nm; data were calculated using an extinction
coefficient of 1.55 �10�5mol�1 cm�1 (Gratão et al., 2012).

2.4. H2O2 content

The H2O2 content was estimated following the method of
Alexieva et al. (2001). Plant tissues were homogenized in
thiobarbituric acid (0.1%) and centrifuged at 10,000 � g for
10 min. The supernatant was added to100 mM potassium phos-
phate buffer (pH 7.50) and 1 M potassium iodide solution. This
solution was incubated on ice for one hour, the absorbance was
read at 390 nm, and the H2O2 content was determined using a
known H2O2 concentration curve as a standard.

2.5. Chlorophyll determination

Fresh leaves (0.50 mg) were added in tube with 2 mL acetone
(100%). After shaking for 72 h at 60 � g at 4 �C the sample was read
spectrophotometrically in 470 nm for carotenoids and 645 nm and
662 nm for chlorophyll a and b, respectively. The chlorophyll and
content was calculated as described by Lichtentlaler (1987).

2.6. Proline content

The proline content was determined spectrophotometrically as
described by Bates et al. (1973). Leaves and root samples were
homogenized in 3% sulphosalicylic acid. The mixture filtrate was
reacted with 1 mL each of acid ninhydrin and glacial acetic acid and
was placed in boiling waterfor 1 h. Toluene (4 mL) was added to the
mixture, and the absorbance was measured at 520 nm and
calculated as mmol g�1 fresh weight against standard proline.

2.7. Enzyme extraction and protein determination

Fresh leaf tissue was homogenized in a chilled mortar with a
pestle using an extraction buffer containing 100 mM potassium
phosphate buffer (pH 7.5), 1 mM ethylenediamine tetraacetic acid
(EDTA), 3 mM DL-dithiothreitol and 5% (w/v) insoluble polyvinyl-
polypyrrolidone (Boaretto et al., 2014) in 3:1 vol/fresh weight ratio.
The homogenate was centrifuged at 10,000 � g for 30 min, and the
supernatant was stored at �80 �C for further determination of SOD,
CAT, GR and APX activities. The protein concentration was
determined following the method of Bradford (1976) using bovine
serum albumin as a standard.

2.8. Superoxide dismutase assay

SOD activity was determined by activity staining using non-
denaturing PAGE as described by Azevedo et al. (1998). Plant
extracts were submitted to non-denaturing-PAGE separation: the
gels were rinsed in distilled-deionized water and maintained in the
dark for 30 min in 50 mM potassium phosphate buffer (pH 7.8)
containing 0.05 mM riboflavin, 0.1 mM nitro blue tetrazolium,
1 mM EDTA, and 0.3% N,N,N’,N’-tetramethylethyllenediamine. The
gels were rinsed with distilled–deionized water and then
illuminated in water until the achromatic bands of SOD activity
were visible on a purple-stained gel. SOD isoenzymes were
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distinguished and classified by their sensitivity to inhibition by
5 mM hydrogen peroxide (H2O2) or 2 mM potassium cyanide
(Azevedo et al., 1998).

2.9. Catalase assay

Catalase activity (CAT) was assayed spectrophotometrically at
25 �C in a reaction mixture containing 1 mL of 100 mM potassium
phosphate buffer (pH 7.5) containing 25 mL H2O2 (30% solution).
The activity was determined by monitoring the decomposition of
H2O2 at 240 nm over 1 min as described by Nogueirol et al. (2015).
CAT activity was expressed as mmol min�1mg�1 protein.

2.10. Ascorbate peroxidase assay

Ascorbate peroxidase (APX) activity was measured spectropho-
tometrically in a reaction consisting of plant extract, 80 mM
potassium phosphate buffer (pH 7.0) containing 5 mM ascorbate,
1 mM EDTA, and 1 mM H2O2 (Gratão et al., 2012). APX activity was
measured by monitoring the rate of ascorbate oxidation at 290 nm at
30 �C. APX activity was expressed as nmol ascorbate min�1mg�1

protein.

2.11. Glutathione reductase assay

Glutathione reductase (GR) was assayed spectrophotometrical-
ly at 30 �C as described in Carvalho et al. (2013). The assay mixture
consisted of 100 mM potassium phosphate buffer (pH 7.5)
containing 1 mM 5,5 dithiobis (2-nitrobenzoic acid), 1 mM GSSG
and 0.1 mM NADPH. The rate of reduction of GSSG was followed by
Fig. 2. Roots and leaves dry mass (g dry wt) in MT, Nr and dgt plants grown over 45-day p
below x-axis, roots. Different uppercase letters on the top of the columns indicates non-
P < 0.05 by Duncan test.
monitoring the increase in absorbance at 412 nm over 1 min. GR
activity was expressed as mmol min�1mg�1 protein.

2.12. Statistical analysis

The experimental design was randomized using six plants per
treatment from three replicate pots. The result of each plant was
expressed as the mean and standard error of the mean (�SEM) of
three independent replicates of each extract for plant growth, Cd
content and nutritional analyses, TBARS, chlorophyll and proline
contents, CAT, APX and GR activities. The statistical analysis was
performed using the Assistat software 7.7 Beta 1. A multiple
comparison between means using Duncan’s test was followed by an
individual ANOVA for each character at a 0.05 level of significance.

3. Results

3.1. Plant growth and Cd content

Over a 75 days post germination period, grafted plants
exhibited a reduction in dry mass when compared with non-
grafted plants. The grafting technique had a negative effect on
growth of all genotypes. Rootstock and scion exhibited a drastically
reduction in dry mass when compared with roots and leaves of
non-grafted plants (Fig. 2). Among non-grafted plants, MT plants
cultivated in the presence of CdCl2 exhibited a decrease of 41.5% in
root growth when compared with the MT genotype. The Nr mutant
exhibited a reduction of 58% in leaf dry mass, whilst for dgt plants
there was no alteration when compared with control plants
(without CdCl2) (Fig. 2). Non-grafted hormonal mutants exhibited
higher Cd content in roots than in roots of MT plants, with 39.9% for
eriod in the presence of 0 mM or 1 mM CdCl2. Data above x-axis represent leaves and
grafted plants and lowercase indicates grafted plants with significantly different at



Table 1
Cd accumulation (mg g�1 dry weight) in MT, Nr and dgt plants grown over a 45-day
period in the presence of 1 mM CdCl2. The 0 mM CdCl2 values were all below
0.6 mg g�1 dry weight. Different uppercase letters indicates non-grafted plants and
lowercase indicates grafted plants with significantly different at P < 0.05 by Duncan
test.

Treatments Cd

mg g�1

Non-grafted plant MT (Cd) leaves 492.77 � 39.32B

MT (Cd) roots 5662.90 � 736.52C

Nr (Cd) leaves 931.93 � 63.21A

Nr (Cd) roots 9325.07 � 470.69A

dgt (Cd) leaves 407.60 � 121.25B

dgt (Cd) roots 7673.53 � 526.29B

Grafted plant MT scion 120.57 � 20.73a

MT (Cd) rootstock 1908.43 � 121.55a

MT scion 83.47 � 11.58a

Nr (Cd) rootstock 879.83 � 262.90c

MT scion 101.30 � 12.68a

dgt (Cd) rootstock 1468.17 � 132.00b

Nr scion 112.33 � 10.92a

Nr (Cd) rootstock 1029.90 � 141.28c

dgt scion 33.07 � 14.67b

dgt (Cd) rootstock 454.33 � 164.58d
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Nr and 17.7% for dgt plants, whereas in leaves, the Cd content was
higher in Nr plants (Table 1). In grafted plants, where the
rootstocks were exposed to Cd before grafting, the MT rootstock
exhibited the highest Cd content, and a small portion of Cd
accumulated in above-ground parts of all combination (Table 1).
Table 2
Nutritional analysis of macronutrients (mg g�1) and micronutrients (mg g�1). Different u
with significantly different at P < 0.05 by Duncan test.

Treatments P Ca Mg S 

mg g-1

Non-grafted
plant

MT leaves 4.4 � 0.5AB 11.6 � 0.3A 3.4 � 0.1A 3.9 �
MT root 2.0 � 0.5 A 6.4 � 1.0A 3.9 � 0.9AB 3.0 �
Nr leaves 3.9 � 0.4AB 10.4 � 0.4AB 3.4 � 0.1A 3.4 �
Nr root 1.6 � 0.3A 6.1 � 0.2A 3.6 � 0.4AB 2.9 �
dgt leaves 5.3 � 0.2A 11.1 � 0.4A 3.6 � 0.1A 3.3 �
dgt root 1.5 � 0.5 A 6.0 � 0.6A 3.6 � 0.2AB 2.5 �
MT (Cd) leaves 2.8 � 0.3C 10.8 � 0.4A 3.1 � 0.1B 3.6 �
MT (Cd) root 1.3 � 0.1A 5.0 � 0.4AB 4.0 � 0.2A 3.1 �
Nr (Cd) leaves 4.3 � 0.3AB 10.6 � 0.4A 2.7 � 0.0C 2.8 �
Nr (Cd) root 0.8 � 0.4A 2.7 � 1.4B 1.9 � 1.0B 2.1 �
dgt (Cd) leaves 3.3 � 0.6AB 9.2 � 0.5B 2.4 � 0.1D 2.7 �
dgt (Cd) root 1.3 � 0.1A 4.7 � 0.4AB 2.9 � 0.2AB 3.0 �

Grafted plant MT scion 4.1 � 0.1ab 11.5 � 0.1ab 3.5 � 0.1ab 3.4 �
MT rootstock 1.4 � 0.1bc 7.0 � 1.1a 2.8 � 0.6b 1.7 �
MT scion 4.1 � 0.1ab 10.1 � 0.6ab 3.0 � 0.1ab 3.0 �
Nr rootstock 2.3 � 0.3a 5.8 � 0.3ab 2.6 � 0.1b 2.1 �
MT scion 4.0 � 0.2ab 12.0 � 0.3a 3.6 � 0.3a 3.8 �
dgt rootstock 1.4 � 0.2bc 4.7 � 0.4bc 3.8 � 0.8b 2.3 �
Nr scion 4.6 � 0.6a 9.9 � 0.2bc 2.9 � 0.1b 3.0 �
Nr rootstock 1.8 � 0.4ab 5.4 � 0.4ab 3.0 � 0.4b 1.9 �
dgt scion 2.5 � 0.6b 8.9 � 1.1c 3.2 � 0.4ab 2.6 �
dgt rootstock 0.8 � 0.1d 4.1 � 0.6bc 3.4 � 0.3b 1.3 �
MT scion 2.8 � 1.4ab 9.8 � 0.5bc 3.3 � 0.1ab 3.8 �
MT (Cd) rootstock 1.1 � 0.1cd 4.4 � 0.6bc 3.0 � 0.7b 2.4 �
MT scion 4.1 � 0.7ab 10.6 � 1.0ab 3.3 � 0.3ab 3.1 �
Nr (Cd) rootstock 1.8 � 0.3ab 4.8 � 0.5bc 4.4 � 0.8b 2.4 �
MT scion 4.2 � 0.3ab 10.2 � 0.3ab 3.6 � 0.1a 4.0 �
dgt (Cd) rootstock 1.2 0.1bc 3.8 � 0.3c 3.8 � 0.1b 2.0 �
Nr scion 3.3 � 0.3ab 10.2 � 0.1ab 3.2 � 0.2ab 3.0 �
Nr (Cd) rootstock 1.3 � 0.1bc 5.7 � 0.3ab 16.9 � 10.3a 2.4 �
dgt scion 2.7 � 0.3ab 9.6 � 0.4bc 3.3 � 0.2ab 3.0 �
dgt (Cd) rootstock 0.9 � 0.0d 4.4 � 0.3bc 4.0 � 0.4b 1.8 �
3.2. Nutritional analysis

Macronutrients and micronutrients were taken up and
distributed differently among plant genotypes depending on the
Cd exposure treatment and the tissue analysed (Table 2). In non-
grafted plants following Cd application, MT roots exhibited a
decrease in Ca concentration, whereas the P, Mg, K, Cu and Zn
concentrations decreased in MT leaves. Roots of Nr also exhibited a
decrease in Ca concentration, whilst Mg, S, Cu and Zn decreased in
Nr leaves (Table 2). No changes were observed in roots nutrient
concentrations in dgt plants, irrespective of Cd application.
However, leaves of dgt plants exhibited an increased S concentra-
tion in the presence of Cd. In grafted plants, it was possible to
notice peculiar differences in nutrient concentration patterns
according to grafting combination and Cd application. For instance,
MT scions of grafted MT(-Cd)/MT(+Cd) plants did not exhibit
differences in nutrient concentration compared with control
scions of grafted MT(-Cd)/MT(-Cd) plants. However, scions of
grafted MT(-Cd)/MT(+Cd) plants exhibited low Cu concentrations
compared with scions of grafted MT(-Cd)/dgt(+Cd) plants. More-
over, scions of grafted MT(-Cd)/Nr(+Cd) plants exhibited a
decreased S concentration compared with scions of grafted MT
(-Cd)/MT(+Cd) plants. On the other hand, the Nr(-Cd)/Nr(+Cd)
rootstocks exhibited an increase in Mg concentration compared
with MT(-Cd)/Nr(+Cd) rootstocks, whilst grafted MT(-Cd)/Nr(+Cd)
and Nr(-Cd)/Nr(+Cd) rootstocks exhibited an increase in Mn.
Moreover, rootstocks of grafted dgt(-Cd)/dgt(+Cd) plants exhibited
an increased P concentration compared with rootstocks of grafted
MT(-Cd)/dgt(+Cd) plants (Table 2).
ppercase letters indicates non-grafted plants and lowercase indicates grafted plants

K Cu Fe Mn Zn
mg g�1

 0.2A 18.2 � 0.2A 1.3 � 0.1A 75.7 � 3.9B 43.2 � 4.3AB 2.8 � 0.3A

 0.4A 16.1 � 1.4A 3.0 � 0.3A 251.6 � 23.5A 189.0 � 55.5A 22.0 � 18.4A

 0.1AB 17.8 � 0.6A 1.3 � 0.1A 75.9 � 3.1B 35.7 � 4.1AB 2.6 � 0.3A

 0.3A 11.1 � 2.9AB 3.4 � 1.2A 330.1 � 23.5A 257.6 � 74.4A 19.0 � 10.8A

 0.1B 16.2 � 0.4AB 1.3 � 0.0A 106.1 � 14.3A 24.4 � 1.1B 1.4 � 0.1B

 0.7A 12.1 � 1.6AB 2.4 � 1.1A 394.8 � 43.8A 178.0 � 47.0A 32.2 � 30.2A

 0.1AB 15.0 � 0.8B 1.0 � 0.1B 76.4 � 6.6B 33.3 � 2.3AB 1.0 � 0.3B

 0.4A 10.6 � 0.4AB 2.7 � 0.4A 360.9 � 29.8A 87.8 � 24.5A 1.9 � 0.4A

 0.2C 16.6 � 0.5AB 1.1 � 0.1B 77.4 � 4.6B 73.3 � 31.5A 1.1 � 0.2B

 1.1A 6.8 � 3.4B 2.0 � 1.0A 249.5 � 129.4A 227.6 � � 195.6A 1.4 � 0.8A

 0.2C 16.6 � 0.8AB 1.3 � 0.1A 79.1 � 13.3B 29.7 � 2.4AB 1.5 � 0.3B

 0.5A 12.2 � 0.6AB 3.3 � 0.1A 226.2 � 18.2A 58.9 � 8.7A 1.8 � 0.4A

 0.1ab 18.5 � 0.3bc 1.2 � 0.0b 76.5 � 7.8a 38.4 � 1.8ab 2.7 � 0.3a

 0.0cd 14.0 � 0.6bc 2.3 � 0.1b 668.4 � 168.7ab 134.5 � 38.9b 8.3 � 1.2a

 0.2bc 20.5 � 0.6ab 1.6 � 0.1a 79.4 � 9.0a 36.5 � 4.5ab 2.9 � 0.1a

 0.0ab 18.7 � 0.2a 3.1 � 0.2ab 379.7 � 48.2b 231.4 � 21.2a 20.0 � 1.2a

 0.4a 18.3 � 0.5cd 1.4 � 0.1ab 77.9 � 5.9a 20.4 � 1.1cd 2.1 � 0.4ab

 0.3ab 14.4 � 1.7bc 3.7 � 1.1a 267.8 � 36.9b 86.1 � 14.3b 3.2 � 0.1a

 0.2bc 19.8 � 0.8ab 1.3 � 0.1ab 70.7 � 5.2a 44.0 � 5.1a 2.6 � 0.2a

 0.2ab 17.0 � 0.4ab 4.6 � 2.3ab 532.9 � 146.7ab 224.6 � 72.0a 60.1 � 56.9a

 0.3c 15.8 � 1.6e 1.3 � 0.0b 67.4 � 5.5a 17.5 � 1.9d 1.6 � 0.2b

 0.3d 10.6 � 1.4d 4.4 � 2.4ab 337.5 � 6.7b 89.4 � 25.4b 3.8 � 0.9a

 0.1a 20.9 � 0.3ab 1.2 � 0.1b 52.5 � 22.2a 30.7 � 3.5bc 2.0 � 0.3ab

 0.2a 14.3 � 0.8bc 2.1 � 0.1b 573.6 � 45.3ab 105.8 � 12.9b 3.7 � 0.9a

 0.2bc 20.5 � 0.7ab 1.4 � 0.1ab 70.3 � 5.2a 38.5 � 6.5ab 2.5 � 0.6ab

 0.2a 16.2 � 1.4ab 3.1 � 0.6ab 385.7 � 102.1b 103.3 � 22.8b 49.6 � 34.0a

 0.2a 21.4 � 0.4a 0.8 � 0.3c 69.8 � 3.2a 23.1 � 1.9cd 2.0 � 0.3ab

 0.1ab 11.5 � 0.4cd 3.1 � 0.1ab 835.1 � 262.3a 63.4 � 0.9b 2.5 � 0.2a

 0.1bc 20.7 � 0.5ab 1.1 � 0.0b 61.3 � 4.4a 29.1 � 1.0bc 1.6 � 0.1b

 0.2a 15.0 � 1.5b 3.1 � 0.3ab 505.6 � 123.7ab 50.8 � 3.2b 3.5 � 1.3a

 0.1bc 17.9 � 0.8de 1.3 � 0.1ab 80.1 � 9.4a 20.8 � 2.3cd 1.6 � 0.1b

 0.1bc 9.4 � 0.4d 2.3 � 0.2b 478.6 � 125.1ab 61.7 � 9.2b 2.4 � � 0.5a



Fig. 3. Content of a lipid peroxidation measured as malondialdehyde (MDA) (nmol g�1 fresh weight) and b hydrogen peroxide (H2O2) (mmol g�1 fresh weight) in roots and
leaves of MT, Nr and dgt plants grown over 45-day period in the presence of 0 mM or 1 mM CdCl2. Data above x-axis represent leaves and below x-axis, roots. Different
uppercase letters on the top of the columns indicates non-grafted plants and lowercase indicates grafted plants with significantly different at P < 0.05 by Duncan test.
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3.3. Lipid peroxidation and H2O2 content

Lipid peroxidation, expressed as MDA content, was more
pronounced in leaves than in roots for all genotypes of grafted and
non-grafted plants (Fig. 3A). In the presence of Cd, non-grafted
plants exhibited pronounced increases in the MDA content in the
leaves and roots compared with non-grafted control plants
(Fig. 3A). The same pattern was observed among the scions of
all genotypes of grafted plants following Cd application, which
increased lipid peroxidation rates (Fig. 3A); this effect was more
pronounced in scions of grafted MT(-Cd)/MT(+Cd) and MT(-Cd)/Nr
(+Cd) plants. The H2O2 content was higher in leaves of grafted and
non-grafted plants exposed to CdCl2 application (Fig. 3B), whereas
roots of dgt non-grafted plants appeared to be less affected by Cd
exposure.

3.4. Chlorophyll content

The chlorophyll content differed among genotypes and Cd
exposure treatments (Fig. 4). It is clear that the chlorophyll content
was less affected by Cd exposure in dgt plants (Fig. 4). Interesting,
the scions of MT plants grafted onto dgt rootstocks exhibited a high



Fig. 4. Total chlorophyll content (mg cm�2) measured in leaves of MT, Nr and dgt plants grown over 45-day period in the presence of 0 mM or 1 mM CdCl2. Different uppercase
letters on the top of the columns indicates non-grafted plants and lowercase indicates grafted plants with significantly different at P < 0.05 by Duncan test.
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chlorophyll content compared with scions of MT plants grafted
onto either MT or Nr rootstocks (Fig. 4).

3.5. Proline content

Following treatment with CdCl2, non-grafted plants exhibited
higher proline contents in both leaves and roots; this effect was
more pronounced in dgt mutant plants (Fig. 5). In grafted plants,
the proline content was lower in rootstocks subjected to Cd
application. On the other hand, scions of grafted MT(-Cd)/MT(+Cd)
and MT(-Cd)/Nr(+Cd) plants exhibited higher proline contents
compared with grafted plants without Cd (Fig. 5).

3.6. Antioxidant enzyme activities

Three common SOD isoenzymes were detected in leaves
(Fig. 6A) and roots (Fig. 6B), which were characterized as Mn/
SOD (SOD I and II) and Cu/Zn-SOD (SOD III) (data not shown).
Changes were observed between tissue type and Cd treatment. For
instance, SOD I and II were more pronounced in the roots of both
grafted and non-grafted plants (Fig. 6B). Following Cd application,
the activity of SOD III decreased to almost zero in the leaves and
roots of non-grafted plants (Fig. 6, lanes 4–6), although non-
grafted dgt leaves also exhibited very low SOD III activity without
Cd (Fig. 6A, lane 3). The activity of SOD I in leaves was affected
when �Cd scions were grafted onto +Cd rootstocks, independent of
the genotype/combination, leading to an increase in SOD I activity
(Fig. 6A, lanes 12–16).

CAT (Fig. 7A), APX (Fig. 7B) and GR (Fig. 7C) activities are crucial
for the detoxification of any excess H2O2 produced by SOD and/or
by other metabolic processes. Leaves of non-grafted plants
exhibited increases in APX, CAT and GR activities following Cd
application, whilst scions of grafted plants exposed to Cd exhibited
increases in CAT (Fig. 7A) and APX (Fig. 7B) activities. When roots
of grafted and non-grafted plants were analysed, an interesting
tendency was observed: the application of Cd triggered differences
in enzyme activities among genotypes of non-grafted and grafted
plants (Fig. 7). Non-grafted MT plants exposed to Cd application
exhibited increased CAT, APX and GR activities, whereas Nr plants
exhibited decreased CAT activity (Fig. 7A). Grafted MT(-Cd)/dgt
(+Cd) and MT(-Cd)/Nr(+Cd) plants maintained low APX activity
compared with MT(-Cd)/MT(+Cd) plants. On the other hand, MT
(-Cd)/MT(+Cd) plants exhibited decreased GR activity (Fig. 7B)
compared with grafted MT(-Cd)/dgt(+Cd) and MT(-Cd)/Nr(+Cd)
plants.

4. Discussion

When plants are subjected to environmental stresses, their
development can be drastically affected and their growth and yield
may be reduced due to changes in metabolism. The stress
perception, signal transduction and communication between root
and shoot can involve complex mechanisms, including antioxidant
system (Gratão et al., 2015), and these mechanisms seem to be
modulated by auxin and ethylene (Monteiro et al., 2011, 2012;
Gratão et al., 2012). We used hormonal mutants and the grafting
technique to highlight the role of auxin and ethylene in stress (Cd
exposure) perception in roots and signalling to the upper plant
parts. Cd toxicity has obvious negative effects on plant growth
(Fidalgo et al., 2011; Gallego et al., 2012; Anjum et al., 2015) and can
inhibit root dry weight, root diameter and number of lateral roots
(Shafi et al., 2010). Inhibition of 40% in root growth was clearly
observed in MT non-grafted plants exposed to CdCl2 (Fig. 2).
Among grafted plants, a pronounced decrease in the growth of
both stressed and non-stressed plants was also observed (Fig. 2).
During graft formation, plants undergo numerous processes,



Fig. 5. Proline content (mmol g�1 fresh weight) in roots and leaves of MT, Nr and dgt plants grown over 45-day period in the presence of 0 mM or 1 mM CdCl2. Data above x-
axis represent leaves and below x-axis, roots. Different uppercase letters on the top of the columns indicates non-grafted plants and lowercase indicates grafted plants with
significantly different at P < 0.05 by Duncan test.
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including adhesion of the rootstock and scion, cell proliferation,
connection of the vascular tissues and then resumption of growth
(Melnyk et al., 2015). This might be the main reason for the low
biomass accumulation and might also explain the results obtained.
Furthermore, the biomass accumulation was clearly independent
of genotype or Cd treatment.
Fig. 6. Superoxide dismutase (SOD) activity stained following non-denaturing polyacryl
grafted MT, Nr and dgt plants grown over 45-day period in the presence of 0 mM or 1 mM
(-Cd), (4) MT(+Cd), (5) Nr(+Cd), (6) dgt(+Cd), (7) MT(-Cd)/MT(-Cd), (8) MT(-Cd)/Nr(-Cd),
(+Cd), (13) MT(-Cd)/Nr(+Cd), (14) MT(-Cd)/dgt(+Cd), (15) Nr(-Cd)/Nr(+Cd) and (16) dgt 
Roots are the first organs to come into contact with Cd. This
tissue has been shown to accumulate high concentrations of Cd in
the majority of plant species (Pereira et al., 2002; Gallego et al.,
2012). The data obtained in this work confirmed previous reports
of high Cd accumulation in roots and rootstocks, with the Cd
content varying considerably among genotypes (Table 1). Cd
amide gel electrophoresis of leaves (a) and roots (b) isolated from non-grafted and
 CdCl2. The lanes listed are: (P) bovine SOD standard; (1) MT(-Cd), (2) Nr(-Cd), (3) dgt

 (9) MT(-Cd)/dgt(-Cd), (10) Nr(-Cd)/Nr(-Cd), (11) dgt(-Cd)/dgt(-Cd), (12) MT(Cd)/MT
(-Cd)/dgt(+Cd) .The SOD isoforms are (I) Mn-SOD, (II) Mn-SOD; (III) Cu/Zn-SOD.



Fig. 7. Antioxidant total enzyme activity. a CAT specific activity (mmol min�1mg�1), b APX specific activity (nmol min�1mg�1) and c GR specific activity (mmol min�1mg�1)
in MT, Nr and dgt plants grown over 45-day period in the presence of 0 mM or 1 mM CdCl2. Data above x-axis represent leaves and below x-axis, roots. Different uppercase
letters on the top of the columns indicates non-grafted plants and lowercase indicates grafted plants with significantly different at P < 0.05 by Duncan test.

110 L.R. Alves et al. / Environmental and Experimental Botany 134 (2017) 102–115



L.R. Alves et al. / Environmental and Experimental Botany 134 (2017) 102–115 111
perception and translocation trigger signal transduction cascades
and can be associated with hormones (Asgher et al., 2015). In a
previous ultrastructural study using MT tomato plants and
hormonal mutants subjected to Cd exposure (Gratão et al.,
2009), the stomata of MT plants were closed, whereas the majority
of stomata of Nr and dgt mutants remained open under Cd stress
conditions. This might suggest that Cd accumulation was higher in
non-grafted mutants due to transpiration, based on the open
stomata. Moreover, Nr plants accumulate more Cd in leaves when
compared with MT and dgt plants, which can suggest that ethylene
can down-regulate this mechanism, because Nr plants exhibit
better ability of Cd translocation via xylem, once it is the main
physiological process determining the Cd accumulation in shoots
(Uraguchi et al., 2009). Cd accumulation in rootstocks of grafted
plants subjected to Cd showed a distinct trend compared with non-
grafted plants (Table 1). The rootstocks of grafted hormonal
mutants exhibited decreases in Cd accumulation compared with
MT. The rootstocks were exposed to Cd at the time of grafting,
which suggests that inhibition of auxin and ethylene perception
may have contributed to the increase in Cd over time.

Since Cd can induce plant structural and biochemical barriers
that can control the loading and unloading of elements (Gratão
et al., 2009; Lux et al., 2011). Certainly, these responses are
controlled by hormones, such as auxin and ethylene. In fact, Gratão
et al. (2009) observed that Cd induced distinct ultrastructural
patterns in roots of MT and hormonal mutants, such as root
diameter, disintegration of the epidermis and the external layers of
the cortex. These alterations can result in differences in the
nutritional status of the genotypes (Table 2). For instance,
rootstocks of grafted MT(-Cd)/Nr(+Cd) and Nr(-Cd)/Nr(+Cd) plants
exhibited an intense decrease in Mn concentration (66% and 77%,
respectively) compared with the grafted control. In the presence of
Cd, the uptake of polyvalent cations, such as Mn, can decrease due
to Cd interaction with essential nutrients (Gonçalves et al., 2009).
Self-grafting combinations with Cd application exhibited increases
in the S concentration of rootstocks of self-grafted MT/MT and dgt/
dgt plants compared with the same combination without Cd. It is
well known that Cd may be detoxified in plants through the
chelation of metal ions with high-affinity phytochelatins, a family
of S-rich peptides, which indicates the association of S-containing
groups as an important defence response against Cd toxicity
(Bashir et al., 2015). Moreover, scions of grafted MT(-Cd)/MT(+Cd)
plants increase 20% S concentrations compared with grafted MT
(-Cd)/Nr(+Cd) plants, suggesting that different rootstocks may
exhibit dissimilar abilities in mineral uptake efficiencies. The data
suggest that the uptake and translocation of S during Cd stress may
be associated with ethylene signalling, considering that interplay
between ethylene signalling pathway and the transduction of the
signal of S deficit (Moniuszko, 2015). Yet, it would be particularly
interesting in future research to investigate phytochelatins
synthesis and action in the different genotypes of tomato used
and under the same grafting combinations used in this study.

On the other hand, rootstocks of grafted MT(-Cd)/dgt(+Cd)
plants showed an increased Fe content, whereas the Mg content
increased in the rootstocks of grafted Nr(-Cd)/Nr(+Cd) plants.
These elements play a role in preventing oxidative stress binding of
proteins and enzymes (Hänsch and Mendel, 2009), which can
contribute to the alleviation of Cd stress. Among all treatments, the
dgt plants appeared to take up and translocate less macro- and
micronutrients compared with Nr and MT. Auxin synthesis and
transport contribute to the establishment of auxin gradients for the
initiation of lateral roots in the pericycle (Fukaki and Tasaka, 2009).
The dgt tomato mutant is relatively insensitive to auxin, which
leads to less lateral root formation as well as dry mass reduction
(Fig. 2), which in turn may result in are reduction in nutrient
uptake and Cd accumulation because non-grafted dgt and dgt(-Cd)/
dgt(+Cd) plants accumulated 17.7% and 55.8% less Cd in roots
compared with Nr and Nr(-Cd)/Nr(+Cd) plants (Table 1). Although
ethylene induces modifications of auxin synthesis and transport
(Fukaki and Tasaka, 2009), the genotype Nr did not exhibit any
major changes in nutrient uptake and root dry mass as exhibited by
the dgt plants. Although the dgt plants exhibited low nutrient
contents, increases in the Fe content in the leaves of non-grafted
plants and the rootstocks of grafted MT(-Cd)/dgt(+Cd) plants were
observed.

A large number of studies indicated that auxin and ethylene can
modulate oxidative stress (Djanaguiraman et al., 2011; Krishna-
murthy and Rathinasabapathi, 2013). However, we observed that
non-grafted dgt and Nr plants appeared to be less affected by Cd
stress conditions because they exhibited the lowest MDA and H2O2

contents in both tissue types (Fig. 3A and B), even though more Cd
was accumulated compared with the MT genotype (Table 1).
Therefore, auxin and ethylene suppression led to a smaller effect
on cell homeostasis because lipid peroxidation may trigger
membrane leakage (Talukdar, 2011; Piwowarczyk et al., 2016).
Our results are in accordance with other studies, where the
inhibition of auxin and ethylene perception can minimize Cd toxic
effects through increased membrane stability (Iakimova et al.,
2008; Monteiro et al., 2011).

Grafted plants whose rootstocks originated from plants
exposed to CdCl2 exhibited higher lipid peroxidation rates and
H2O2 accumulation in the scions (Fig. 3A and B), although low Cd
concentrations were observed (Table 1), suggesting that the stress
caused by Cd in the rootstock was signalled to the scion. It is
interesting to note that grafted MT(-Cd)/MT(+Cd) plants exhibited
high lipid peroxidation, which indicates that low sensitivity to
auxin and ethylene can regulate developmental responses under
environmental stress. Moreover, MT scions exhibited changes in
MDA content depending on the rootstock combination. For
instance, rootstocks of grafted Nr(+Cd) and dgt(+Cd) plants
triggered different responses in MT scions compared with MT
(-Cd)/MT(+Cd) plants, minimizing lipid peroxidation expressed as
MDA content in 25.3% and 40.2%, respectively (Fig. 3A).

Membrane selectivity and mechanisms of heavy metal immo-
bilization can prevent Cd uptake and translocation to the
chloroplast (Siedlecka and Krupa, 1999). Nonetheless, Cd can
circumvent these barriers and accumulate in chloroplasts, which
exhibit changes in organelle shape and internal organization
(Gratão et al., 2009), reducing their content per cell and per unit
leaf area (Fagioni et al., 2009). Moreover, Cd toxicity can reduce the
chlorophyll content of several plant species (Lysenko et al., 2015;
Muradoglu et al., 2015). These alterations in the chloroplasts of
plants exposed to Cd may occur due to an increase in ROS
production in the leaves (Fig. 3B). In our study, the chlorophyll
contents were lower in grafted and non-grafted plants subjected to
CdCl2 application (Fig. 4). The chlorophyll content in non-grafted
MT plants was more strongly affected by Cd compared with
hormonal mutant plants. This result may be explained by the high
lipid peroxidation of the chloroplast membrane of MT plants
measured as the MDA content (Fig. 3A).

In contrast, the chlorophyll content decreased 35% in scions of
grafted MT(-Cd)/MT(+Cd) plants compared with MT(-Cd)/dgt(+Cd)
and 20.6% compared with MT(-Cd)/Nr(+Cd) plants (Fig. 4),
indicating possible differences as to how mutants and MT
rootstocks may transmit information to MT scions. It is interesting
to note that dgt plants exhibited a high chlorophyll content
compared with the MT and Nr genotypes, as verified in grafted and
non-grafted plants subjected to the stress condition. These results
can be associated with the size and number of starch grains in the
dgt genotype, which were not reduced, in contrast to the MT and Nr
starch grains, when subjected to Cd application (Gratão et al.,
2009). On the other hand, it is interesting to note that the dgt plants
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appeared to exhibit leaves with a dark green phenotype due to a
reduction in cell size, which causes an increased concentration of
chloroplasts per leaf area (Koornneef et al., 1990) and can result in
high chlorophyll content, but this requires further elucidation
under stress conditions. A more detailed study focused exclusively
on ultrastructural changes in grafted and non-grafted plant models
is currently underway in our laboratory.

As a direct response to stress, plants enhance the synthesis and
reduce the degradation of protective metabolites such as proline,
which contribute to stabilization of protein molecules and
membranes (Seregin and Kozhevnikova, 2006). High proline
contents in both tissue types of non-grafted plants exposed to
Cd, particularly the dgt plants, were observed (Fig. 5). Although
proline can be associated with ROS scavenging (Zouari et al.,
2016b), the H2O2 content was high in plants exposed to Cd (Fig. 3B),
indicating there was insufficient proline to control the oxidation.
Scions of grafted MT(-Cd)/MT(+Cd) plants exhibited 31.2% more
proline content compared with scions of grafted MT(-Cd)/Nr(+Cd)
and of 35% in MT(-Cd)/dgt(+Cd) plants, which suggests that the
suppression of auxin and ethylene from the rootstock can regulate
proline accumulation in the scion understress conditions.

As a response to Cd stress conditions, antioxidant enzymes
allow plants to avoid or tolerate oxidative stress and to survive
environmental adversities (Gallego et al., 2012; Gratão et al., 2015).
The antioxidant enzymes SOD, APX, CAT and GR were selected
based on several reports on their responses to Cd stress in plants.
These enzymes exhibited varied responses among genotypes,
grafting combinations, tissue types and Cd treatment.

SOD, which converts O2
�� into H2O2, has been shown to be

induced in a number of plant species when exposed to Cd (Cho and
Seo, 2005; Ekmekci et al., 2008; Kapoor et al., 2014). Different
isoenzymes contribute to cell protection against different toxic
substances, such as Cd (Aksmann et al., 2014). In this study, three
SOD isoenzymes (SOD I, II and III) were identified following non-
denaturing PAGE analysis (Fig. 6), with a similar isoenzyme
classification as previously reported by Gratão et al. (2012, 2015)
for tomato. Mn/SOD (SOD I and II) and Cu-Zn/SOD (SOD III) were
highly active in both tissue types and were more pronounced in the
roots. The leaves of grafted plants exhibited an increase in SOD I
activity following Cd application (Fig. 6, lanes 12–16). Cd exposure
can induce up-regulation of Mn-SOD at both transcript and activity
levels (Rodríguez-Serrano et al., 2006), which supports a slight
increase in Mn-SOD activity under Cd stress conditions.

A lower SOD III activity in the roots and leaves of MT, Nr and dgt
non-grafted plants was observed in response to Cd application
(Fig. 6, lanes 4–6). Moreover, MT and Nr plants exhibited decreases
in Zn and Cu concentrations in leaves (Table 2), which might be
related to the fact that Cu and Zn are cofactors of SOD III (Gill et al.,
2015). Although no changes in Cu and Zn concentrations occurred in
grafted plants, we observed a reduction in SOD III activity following
Cd application (Fig. 6, lanes 12–16) because Cd can affect the
expression and regulation of this isoenzyme (Romero-Puertas et al.,
2007).

H2O2 produced in response to SOD activity or other metabolic
activities can subsequently be reduced to H2O by the action of CAT,
APX and other peroxidases. Although low concentrations of Cd
accumulated in the scions (Table 1), we observed increases in CAT
and APX activities compared with the scions from plants that were
not exposed to Cd, indicating stress signalling from the rootstocks
to the scions of grafted plants under Cd stress (Fig. 7A and B). CAT
activity was lower in the scions of grafted dgt(-Cd)/dgt(+Cd) plants
compared with other genotypes, being 33.5% lower in MT(-Cd)/MT
(+Cd). Thus, auxin suppression appears to decrease the scavenging
of H2O2 by CAT, but dgt plants might exhibit other auxin-
independent systems to remove H2O2 because dgt plants exhibited
low levels of H2O2 in scions (Fig. 3B). The up-regulation of APX can
increase the ability to overcome Cd stress (Wu et al., 2015).
Although APX activity increased in the scions of grafted plants
under Cd stress, which indicates signalling of stress from the
rootstock to the upper parts of the plant, this might not be
mediated by hormones because scions exhibited the same APX
activity responses independent of rootstock genotype.

With respect to other antioxidant enzymes, GR plays an
important role in maintaining the metabolic balance between
GSH and ascorbate (AsA) contents and H2O2 degradation, which
can be involved in heavy metal detoxification (Sharma and Dietz,
2009). The Nr mutant accumulated more Cd in non-grafted plants
(Table 1), which probably induced increases in APX and GR
activities (Fig. 7B and C). GR activity requires GSH, an S containing
metabolite. Although Cd stress can cause some S deficient, it can be
less intense in Nr plants due to the suppression in ethylene
perception, which avoid S deficiency and consequently having
little or no effect on GR activity (Moniuszko, 2015). In MT and dgt
non-grafted plants exposed to Cd, the leaves did not exhibit
changes in GR activity, indicating that stress perception and
signalling from the rootstock were inefficient to induce a GR
response. A study conducted by Jozefczak et al. (2014), who
worked with Arabidopsis, indicated a delayed antioxidant response
in leaves as a consequence of Cd accumulation in the roots. On the
other hand, the rootstocks of grafted MT(-Cd)/MT(+Cd) plants
exhibited lower GR activity compared with other grafted plants
exposed to Cd, being up to 54.9% lower than MT(-Cd)/dgt(+Cd)
plants. Such a result suggests that auxin and ethylene can trigger a
signal to regulate GR activity under Cd stress conditions. Such
findings suggest the possible interaction of stress signalling from
the root to the shoot mediated by auxin and ethylene. This may be
related to the subsequent activation of antioxidant defences in
scions, observed as an increase in enzyme activity in this tissue
(Fig. 7A, B and C).

Plant roots can perceive the environmental condition and
propagate the information into a refined network of signals
transmitted to the shoot (Shabala et al., 2016). The use of grafted
tomato plants revealed distinct trends in crosstalk between
antioxidant responses and signalling of plant organs during stress
(root-to-shoot) that clearly indicated signalling responses from the
rootstocks, allowing sufficient time to activate defence mecha-
nisms in the shoot (Gratão et al., 2015). Moreover, plant hormones
are important endogenous factors, and may have an important role
in root-to-shoot communication. For instance, Omid et al. (2007)
have identified, in the phloem of melon (Cucumis melo L.),
transcripts which were associated with signal transduction and
part of them, were associated with auxin signalling.

We observed that MT scions exhibited different responses when
a hormonal mutant was used as rootstock. However, dgt mutant
might avoid better the stress imposed by Cd than Nr mutant,
because the auxin suppression may decline ethylene production,
once it is well known that auxin-stimulated ethylene biosynthesis
(Gratão et al., 2009, 2012; Monteiro et al., 2011). Thus, auxin and
ethylene plays fundamental communication chemical modes to
optimize the performance of shoot antioxidant system during Cd-
stress condition in roots

5. Conclusion

The results clearly indicated distinct trends among the
combinations tested, which indicated that signalling responses
from the rootstock to the scion are related to auxin and ethylene,
allowing sufficient time for defence mechanisms to be stimulated
in the upper parts of the plant in response to the oxidative stress
condition induced by the Cd taken up by the roots. We hoped to
obtain more information on root-to-shoot stress modulation using
grafting, paying special attention to the responses of the
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antioxidant systems and the role of plant hormones. Such
responses based on the interactions between hormones and redox
signalling pathways in the control of growth and cross-tolerance to
stress can be used to manipulate heavy metal tolerance since auxin
and ethylene are directly involved in this mechanism.
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