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Abstract. A greenhouse experiment was conducted to determine the influence of long-term
cadmium (Cd) exposure (0, 25, or 50 pm of Cd) on crop productivity, fruit quality, leaf
chlorophyll content, fluorescence, and mineral composition in plants of tomato (Solanum
Iycopersicum L. cv. Ikram), either nongrafted, self-grafted, or grafted onto rootstocks of
tomato (Maxifort or Unifort) and eggplant (Black Beauty). Both moderate (25 M) and high
(50 pm) concentration of Cd in root environment considerably decreased the fruit yield and
fruit number in response to Cd levels, whereas mean fruit weight decreased but was similar
to both Cd supply levels. The fruit yield, shoot and root biomass, and leaf area (LA) were
higher in plants grafted onto tomato rootstocks and especially onto Maxifort in comparison
with nongrafted or self-grafted plants and especially grafted onto Black Beauty. The higher
plant performance of tomato rootstock—grafted plants were related to higher chlorophyll
fluorescence and photosynthetic pigments concentration in leaves associated with better
nutrient translocation and availability (higher Ca, Mg, Fe, Mn, and Cu) in leaves. The
content of Cd was also lower in leaves and fruits of Maxifort-grafted plants. Concerning
fruit quality, especially peel color, toxicity symptoms, and Cd concentration, Black Beauty
followed by Maxifort-grafted plants were better than the other grafting combinations.
However, plants grafted onto Black Beauty rootstock resulted in lowest fruit yield and plant
growth attributes due to lower nutrient uptake and translocation indicating some in-
compatibility reaction between Black Beauty rootstock and Ikram scion.

The growing concerns over heavy metal
pollution of soil and water in the current era
of industrialization have received increasing
attention of researchers worldwide as its
consequences can potentially endanger plant
and human health. In particular, Cd is one of
the most dangerous metals in agricultural
soils (Dong et al., 2007). Cd concentration
above 3 ug-g' in agriculture soil is consid-
ered to be unsafe for crop production (Lux
etal., 2011). It is suggested that Cd can cause
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damage even at very low concentrations, and
healthy plants may contain Cd levels that are
toxic for humans and animals (Chen et al.,
2007). Cd is a nonessential element for plant
growth but can easily be taken up by plants
and its accumulation in plants may result
serious human health concern via food chain
(Zhou and Qiu, 2005).

In plants, Cd has been reported to severely
affect morphological and physiological pro-
cesses such as leaf chlorosis and roots brown-
ing (Hasan et al., 2011; Lépez-Millan et al.,
2009), decline of plant growth (Lépez-Millan
et al., 2009; Moral et al., 1994), nutritional
deficiency, decrease in chlorophyll synthesis,
photosynthetic efficiency, nitrogen assimila-
tion, membrane integrity, and enzymes activ-
ity (Hédiji et al., 2010; Xu et al., 2012).
However, the intensity of Cd stress varies
among plant species/cultivars, plant tissues,
and its concentrations and duration of expo-
sure (Alexander et al., 2006; Groppa and
Benavides, 2008).

In recent years, concerted efforts fo-
cused on reducing heavy metals uptake and
accumulation in the aerial plant organs. De-
velopment of cultivars able to limit uptake
and translocation of heavy metals represents
a constituent part of environmentally friendly
technologies, which allow harvesting clean
agricultural products on polluted soil
(Alybayeva et al., 2014). However, it is too
long process and takes years to breed a variety
of desired traits. Moreover, it is still not clear
whether plant’s Cd tolerance and hyper-
accumulation abilities are genetically inde-
pendent or related traits (Tsyganov et al.,
2007).

One of the possible sustainable strategies
for improving plant tolerance to Cd stress,
particularly in fruit vegetables, would be by
grafting them onto resistant/tolerant root-
stocks. Grafting has been primarily used in
fruiting vegetables to improve plant tolerance
against some soilborne pathogens (Crino
et al., 2007; Lee, 1994) but its application
dramatically increased over the years in
mitigating the negative effects of other biotic
and abiotic stresses with expanding the rea-
sons of grafting. In recent past, grafting has
emerged as useful tool to increase plant vigor
and yield (Colla et al., 2008), induce higher
tolerance to abiotic stress conditions such as
salinity, alkalinity (Colla et al.,, 2010a,
2010b, 2012, 2013), heavy metal, (Kumar
et al., 2015; Rouphael et al., 2008b; Savvas
et al., 2013), thermal stress (Schwarz et al.,
2010), water stress (Rouphael et al., 2008a),
and improve fruit quality (Rouphael et al.,
2010, 2012).

To our knowledge, few studies are report-
ing the effectiveness of grafting in reducing
fruit and/or shoot Cd contents in vegetables
(Arao et al., 2008; Mori et al., 2009; Savvas
et al., 2013). A substantial reduction of fruit
and shoot Cd content in eggplant (Solanum
melongena L.) was achieved by grafting onto
Solanum torvum rootstock (Arao et al.,
2008). The reduced fruit and shoot Cd con-
tent was mainly due restricted root-to-shoot
Cd transfer by S. forvum rootstock, as also
revealed by the study of Mori et al. (2009).
Similarly, Savvas et al. (2013) were able to
effectively reduce fruit Cd content in cucum-
ber (Cucumis sativus L.) by grafting onto
a commercial interspecific hybrid Cucurbita
rootstock, ‘Power’ (Cucurbita maxima Duch. X
Cucurbita moschata Duch.), where the re-
duced fruit Cd content was mainly due to
limited Cd uptake by the roots apparatus.
However, no information is available up-to-
date regarding the impact of grafting and
rootstock genotype on the uptake and ac-
cumulation of Cd in tomato, which is one of
the world’s most important vegetables,
grown in both the open field and greenhouse
conditions.

Starting from the above consideration, the
present study aimed at evaluating the perfor-
mance of tomato (Solanum lycopersicum L.
cv. Ikram), either nongrafted or grafted onto
its own roots (self-grafted) or onto selected
rootstocks of tomato and eggplant under long-
term Cd exposure (0, 25, and 50 pum of Cd).
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The relative performance of different graft-
ing combinations under Cd stress was de-
termined in terms of plant growth, fruit yield
and quality, SPAD index and chlorophyll
fluorescence, chlorophyll and carotenoid
content, and mineral element composition
and partitioning in different plant organs.

Materials and Methods

Plant material and growing conditions.
Tomato (S. lycopersicum L.) cv. Ikram (Syn-
genta, Milan, Italy), a leading cluster-bearing
cultivar in Italy and other Mediterranean
countries, was selected as scion. Scion cv.
Ikram either self-grafted or grafted onto
tomato or eggplant rootstocks, whereas non-
grafted Ikram was used as a control plant.
Plants were grown during autumn growing
season over the period from 4 Aug. to 18 Dec.
2012 (136 d after transplanting) in a heated
greenhouse located at the Experimental Farm
of Tuscia University, Italy (lat. 42°25'N,
long. 12°08’E, alt. 310 m above sea level).
The greenhouse was maintained at daily tem-
perature between 18 and 33 °C, and day/night
relative humidity of 55/85%. The selected
tomato rootstocks were Maxifort and Unifort
(De Ruiter/Monsanto, Bergschenhoek, The
Netherlands), where Maxifort provides higher
plant vigor than the Unifort. However, the
eggplant (S. melongena L.) Heirloom cv. Black
Beauty was included based on its earlier shown
capability as rootstock for tomato in alleviat-
ing adverse effects of certain abiotic stresses
in grafted tomato plants (Abdelmageed and
Gruda, 2009).

Seedlings were produced by a commercial
company (Centro SEIA, Sicilia, Italy) using
the slant-cut (splice) graft technique. Tomato
seedlings of good health at three to four true-
leaf stage were transferred into pots (6 L)
containing quartziferous sand. Pots were
arranged in double rows providing the space
between plants within a row 0.45 m and the
distance between the centers of double rows
1.2 m, giving a plant density of 3.7 plants/m?.
Pollination was facilitated by the bumble
bees. Plants were grown as vertical cordons
where all lateral branches were pruned and
later the terminal bud was removed after
having sixth fruit cluster.

Plants were subjected to three Cd concen-
trations namely 0, 25, and 50 pum by adding
appropriate amount of CdCl, to the basic
nutrient solution. The Cd treatment was initial-
ized 27 d after the transplanting and continued
until final crop harvest. The Cd concentration
and duration of exposure decided as per the
previous studies (Bertoli et al., 2012; Hediji
et al.,, 2010). The basic (control) nutrient
solution used in this experiment was a mod-
ified Hoagland and Arnon formulation,
which was in the beginning applied at half
concentration for 3 weeks and later shifted to
full concentration (Jones, 1983). A composi-
tion of the basic nutrient solution, using salts
of analytical grade, was 14.0 mm N-NOs,
l.6mm S, 1.5mm P, 6.0 mm K, 4.5 mm Ca,
1.5 mm Mg, 20 um Fe, 9 um Mn, 0.3 pum Cu,
1.6 uM Zn, 20 um B, and 0.3 pm Mo.
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Deionized water was used for the preparation
of all nutrient solutions. Nutrient solution,
with or without Cd, was pumped from in-
dependent supply tanks of 478 L through
a drip irrigation system, with one emitter per
plant of 2 L-h™" flow rate. Five to 15 fertiga-
tions were applied per day, each of 2—5 min
duration. Timing of the irrigations was in-
creased to have at least 30% of the nutrient
solution draining out from the pots (Rouphael
et al., 2004, 2008c). The nutrient solutions
were changed at every 10- to 12-d intervals
(in the beginning) to 56 d (full-grown plants
stage). The pH of the nutrient solutions was
adjusted to 5.6-5.8 by adding proper amounts
of 1N HNOj stock solution.

The three nutrient solution treatments (non-
Cd control, 25, and 50 um Cd) were combined
with the five grafting treatments (nongrafted
Ikram, Ikram/lkram, lkram/Black Beauty,
Ikram/Maxifort, or Ikram/Unifort), arranged
in a randomized complete block design. Each
treatment was replicated three times with
three plants per plot.

Fruit and plant biomass production. Fully
ripe fruit harvest was started on 26 Oct. and
continued until the end of the experiment (18
Dec.). The fruit yield, number of fruits, and
mean fruit weight were recorded for all individ-
ual plant. At the end of the experiment (136 d
after transplanting, 18 Dec.), each plant was
separated into different plant organs (stem,
leaf, and root) and were dried in a forced-air
oven at 80 °C until constant weight for biomass
determination. Shoot biomass was equal to
the sum of aerial vegetative plant parts (leaves +
stems). Leaf area was measured with an
electronic area meter (Delta-T Devices Ltd.,
Cambridge, UK). At the termination of the
experiment, stem girth of scion and rootstock
were also measured above and below the graft
union point, respectively.

Fruit quality analysis. At peak harvesting
period, nine full red ripe fruits were selected
per plot (three from each plant) to determine
the fruit quality. Fruit firmness (N-cm™), by
using a penetrometer (Bertuzzi FT 011; Milan,
Italy), fitted with an 8-mm-diameter round-
head probe and fruit shape index (SI), the ratio
of width to length were determined for each
fruit. Total soluble solids (TSS, Brix) content
of the fruit juice was determined by an Atago
N1 refractometer (Atago Co. Ltd., Tokyo,
Japan) and titratable acidity (TA) was deter-
mined by potentiometric titration with 0.1 m
NaOH up to pH 8.1 and the results were
expressed as percentage of citric acid in the
juice. Fruit juice pH was also measured with
a pH meter (HI-9023; Hanna Instruments,
Padova, Italy). Fruits were dried in a forced-
air oven at 80 °C until constant weight and
weighed to determine the fruit dry matter (DM).

Fruit color measurements were performed
on the surface of the tomatoes, around the
equatorial region. The color was measured
for 10 tomatoes per plot with four times for
each tomato. A Minolta Chroma Meter CR-
200 (Minolta Camera Co. Ltd., Osaka, Japan)
tristimulus color analyzer, consisting of a
head with an 8-mm-diameter measuring area
a diffuse illumination/0° viewing, was used.

Readings were reported in the L*, a*, and b*
system (Fanasca et al., 2006).

Chlorophyll fluorescence measurements.
The Photosystem II (PSII) efficiency of
leaves, estimated by the variable to maximum
chlorophyll fluorescence ratio (F,/F,) was
measured by chlorophyll fluorometer Handy
PEA (Hansatech Instruments Ltd, Norfolk,
UK) as described by Colla et al. (2013). The
measurement was done on the adaxial surface
of six random leaves (in third—fourth leaflets
from the top) per plot after at least 20-min dark
adaptation. The maximum quantum yield of
open PSII (F,/F,,) was calculated as (F,, — Fo)/
F., (Maxwell and Johnson, 2000). The SPAD
and fluorescence measurements were done at
90 d after the initiation of Cd treatment.

Leaf pigment determination. The leaf pig-
ments (total chlorophyll and carotenoids) were
extracted by homogenization of fresh leaf
tissues (0.5 g) in acetone (80%). The resulting
extracts were centrifuged at 4800 g;, for 20 min.
The total chlorophyll and carotenoid contents
were determined by taking absorbance of the
supernatant at 470, 647, and 664 nm by an
ultraviolet—visible spectrophotometer (Perkin
Elmer Inc., Norwalk, CT). The chlorophyll
and carotenoid contents were calculated as
were described by Lichtenhaler and Wellburn
(1983) and the content was expressed on a fresh
weight basis (mg-g ™).

Analysis of Cd and mineral nutrient
concentrations. The leaf, stem, fruit, and root
tissues were ground separately in a Wiley
mill to pass through a 20-mesh screen. Then,
0.5 g of the dried plant tissues were analyzed
for the following macro and micronutrients
and toxic element: N, P, K, Ca, Mg, Fe, Mn,
Zn, Cu, B, and Cd. Nitrogen concentration in
the plant tissues was determined after miner-
alization with sulfuric acid by “Kjeldahl
method” (Bremner, 1965), instead of, P, K,
Ca, Mg, Fe, Mn, Zn, Cu, B, and Cd concentra-
tions were determined by dry ashing at 400 °C
for 24 h, dissolving the ash in 1:20 HNOs, and
assaying the solution obtained using an in-
ductively coupled plasma emission spectropho-
tometer (ICP Iris; Thermo Optek, Milano,
Italy) (Karla, 1998).

Statistical analysis. All data were statisti-
cally analyzed by analysis of variance using
the SPSS software package (SPSS 10 for
Windows, 2001). Duncan’s multiple range
test was performed at P = 0.05 on each of the
significant variables measured.

Results

Visual toxicity symptoms. Leaf chlorosis
was observed only on older leaves especially
in Ikram/Black Beauty grafting combination
or nongrafted tomato plants, under severe
Cd stress condition (50 um Cd) (data not
shown). The symptoms of Cd toxicity were
also observed on fruits as stem-end yellow-
ing, originating from fruit-stem attachment
point, more pronounced under severe Cd
stress (Fig. 1). The symptom was more pro-
nounced in fruits of nongrafted plants fol-
lowed by Ikram/Unifort and self-grafted
plants, whereas the symptom was scarcely
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Fig. 1. Cadmium toxicity symptoms in tomato fruits: (A) Control, (B) 25 um Cd, and (C) 50 um Cd.

Bar = 8 mm.

observed in fruits from Ikram/Maxifort and
especially Tkram/Black Beauty grafting com-
bination.

Fruit yield and biomass production. To-
mato fruit yield of all grafted and nongrafted
plants decreased in response to Cd concen-
tration in nutrient solution; the decrease in
yield was due to both the reduced fruit
number and mean fruit weight caused by Cd
treatments (Table 1). Compared with control
(3.37 kg/plant), mean fruit yield reduced to
2.77 and 2.51 kg/plant at 25 and 50 pm Cd
level, respectively. Regardless of Cd level,
the fruit yield of different grafting combina-
tions was in the following order: Ikram/
Maxifort > Ikram/Unifort > Ikram/Ikram >
nongrafted Ikram > Ikram/Black Beauty
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combination (Table 1). The highest fruit yield
of Maxifort-grafted plants (3.37 kg/plant) was
mainly because of higher mean fruit weight
(102.4 g). Shoot and root dry biomass and LA
were also decreased in response to Cd level
(Table 1). The highest shoot and root dry
biomass and LA were recorded in Ikram/
Maxifort combination, whereas the lowest
shoot dry biomass and LA were in lkram/
Black Beauty combination followed by non-
grafted and self-grafted plants (Table 1). In
contrast, the roots’ dry biomass was signifi-
cantly higher in lkram/Maxifort from non-
grafted or self-grafted plants, but similar to
that of Ikram/Black Beauty or Ikram/Unifort
combination (Table 1). Cd also significantly
depressed the stem girth of rootstock as well

as scion, measured below and above the graft
union point, respectively, at the termination
of experiment. The stem girth of rootstock
decreased from 12.6 to 11.0 and 10.5 mm and
of scion from 12.5 to 11.7 and 9.90 mm from
control to 25 and 50 um Cd levels, respec-
tively. However, grafting combination had
no significant effects on stem girth on either
side of graft union, which varied from 11.0 to
12.1 mm and 11.0 to 12.2 mm for rootstock
and scion stem girth, respectively (data not
shown).

Mean fruit SI and pH decreased, but
similarly at both Cd levels (25 and 50 um
Cd), whereas fruit DM and TSS content were
increased at only 50 um Cd, while TA in-
creased, similarly at both Cd levels. Fruit
firmness also increased in response to Cd
level (Table 2). Averaged over Cd levels,
measure of highest DM and TSS content was
recorded in Black Beauty—grafted plants,
with no statistical difference to other grafting
treatments, except Maxifort-grafted plants,
which was observed with lowest DM and TSS
contents. Moreover, the fruit color indicators
(L*, a*, and b*) were significantly affected,
but similarly for the two Cd levels (Table 2).
The tomato fruit of Ikram/Black Beauty was
characterized by higher redness (higher a*)
and brightness (lower L*) as compared with
the other grafting combinations (Table 2).

Chlorophyll fluorescence and leaf pigments.
Chlorophyll fluorescence, which represents
maximum quantum yield of PSII (F,/Fp),
and leaf pigments chlorophyll (Chl a, Chl b,
and Chl a + b) and total carotenoid contents
significantly decreased in concentration-
dependent manner of Cd in nutrient solution
(Table 3). The F,/F,,, and Chl a, Chl b, and
Chl a + b contents were distinctly higher in
Ikram/Maxifort combination, whereas these
(F,/Fy, and chlorophyll, especially Chl a con-
tent) were recorded lowest in Ikram/Black
Beauty plants, regardless of Cd level (Table 3).
Total carotenoid content was similar among
all the grafting combinations, except Ikram/
Black Beauty combination, which showed
significantly lower value than others (Table 3).

Cadmium uptake and distribution. Cad-
mium content in tomato plant parts (roots,
leaves, and fruits) increased in response to Cd
concentration in nutrient solution (Table 4).
The distribution of Cd within the plant was in
order of roots > leaves > fruits. The signifi-
cantly lower root Cd content was recorded in
Ikram/Black Beauty or Ikram/Unifort com-
bination, whereas higher but similar Cd
content was in Ikram/Maxifort, nongrafted
or self-grafted plants. However, the situation
of Cd accumulation in aerial plant parts was
apparently different to that was observed in
roots in response to grafting. There was
marked effect of grafting incision as such
on Cd transfer from root to shoot, especially
to the leaf as indicated by reduced level of Cd
(10%) in leaves, which is main site for
important physiological activities, of self-
grafted plants in comparison with nongrafted
ones, but the difference in Cd content among
these two was not clear in fruit (Table 5).
Higher Cd accumulation in aerial plant parts
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Table 1. Mean effects of cadmium (Cd) concentration and grafting combination on yield, fruit number and mean weight, shoot and root dry weight, and final leaf
area (LA) of tomato plants.

Fruit mean wt Shoot Root LA
Treatments Fruit yield (kg/plant) Fruit number (per plant) (g/fruit) Dry weight (g/plant) (m?/plant)
Cd level (um)
0 337a 387a 93.7a 2104 a 192 a 236a
25 2.77b 3260 87.8b 154.7b 155b 1.78 b
50 251¢ 298 ¢ 85.6b 1363 ¢ 13.6¢ 1.62¢
Graft combination (G)
Ikram 2.87 be 33.96 ab 88.6 b 163.7b 152b 1.87¢
Ikram/Ikram 2.94b 34.04 a 90.7b 170.4 b 157b 1.92 be
Ikram/Black Beauty 2.19¢ 32480 703 ¢ 147.7 ¢ 16.3 ab 1.69d
Ikram/Unifort 3.09 ab 34.08 a 93.1b 173.0 ab 16.0 ab 2.00 ab
Tkram/Maxifort 332a 33.89 ab 102.4 a 182.8 a 17.1a 2.12a
Significance
Cd skesfeok sk sk ksfeok sk sk
G skskosk * skskosk skkk * kkk
Cdx G NS NS NS NS NS NS

Values are the means of three replicate samples.
Means within columns separated using Duncan’s multiple range test P = 0.05.
s % **Nonsignificant or significant at P < 0.05 or 0.001, respectively.

Table 2. Mean effects of cadmium (Cd) concentration and grafting combination on fruit shape index (SI), firmness, dry matter (DM), total soluble solids (TSS)
content, juice pH, titratable acidity (TA), and Hunter color values (L*, a*, and b*) of tomato fruits.

Treatment SI Firmness (N-cm?) DM (%) TSS (°Brix) pH TA (%) L* a* b*
Cd level (um)
0 1.25a 228¢ 6.00 b 546 b 431a 0.24b 36.43b 30.73 a 28.31b
25 1.20b 2.56b 6.11 ab 557b 4210 034a 37.89a 29.54b 2941 a
50 1.22b 2.76 a 6.26 a 5.86a 4.16b 0.35a 3823 a 29.07 b 30.12 a
Graft combination (G)
Ikram 1.21 2.56 6.08 ab 556b 4.22 0.31 37.6 ab 29.5b 29.1
Ikram/Ikram 1.23 2.55 6.11 ab 5.61b 4.26 0.30 37.5 ab 29.1b 28.6
Ikram/Black Beauty 1.20 2.50 6.29a 584a 4.20 0.33 37.0b 3l14a 29.9
Ikram/Unifort 1.23 2.51 6.13 ab 5.61b 4.22 0.30 380a 2940 29.6
Ikram/Maxifort 1.22 2.56 6.00 b 5.54b 422 0.32 37.5 ab 29.4b 29.1
Significance
Cd skeskeok sk sk koskeok skeskeok sk sk sk sk sk
G NS NS * * NS NS * * NS
CdxG NS NS NS NS NS NS NS NS NS

Values are the means of three replicate samples.
Means within columns separated using Duncan’s multiple range test P = 0.05.
N " " Nonsignificant or significant at P < 0.05, 0.01, or 0.001, respectively.

Table 3. Mean effects of cadmium (Cd) concentration and grafting combination on SPAD index, maximum quantum use efficiency of PSII (Fv/Fm), leaf
chlorophyll (Chl a, Chl b, Chl a + b), and total carotenoids of tomato plants.

Chl a Chl b Chla+b Carotenoids
Treatment Fv/Fm (mg-g™' fresh weight)
Cd level (um)
0 0.829 a 0.61 a 030a 091 a 0.19a
25 0.809 b 0.52b 025D 0.76 b 0.17b
50 0.791 ¢ 045c¢ 02lc 0.66 ¢ 0.15¢
Graft combination (G)
Ikram 0.809 b 0.52 be 0.24b 0.76 b 0.17a
Tkram/Tkram 0.813 b 0.53b 0.24b 0.77 b 0.17a
Ikram/Black Beauty 0.794 ¢ 0.50 ¢ 0.24b 0.75b 0.16 b
Tkram/Unifort 0.816 ab 0.55 ab 0.24b 0.79 ab 0.17 a
Tkram/Maxifort 0.824 a 0.57 a 0.27 a 0.83 a 0.18a
Significance
Cd sksksk skksk kksk kkk skskosk
G * * * * *
Cdx G NS NS NS NS NS

Values are the means of three replicate samples.
Means within columns separated using Duncan’s multiple range test P = 0.05.
xs " **Nonsignificant or significant at P < 0.05 or 0.001, respectively.

observed in nongrafted plants followed by
Unifort-grafted plants. However, signifi-
cantly, lower Cd content in leaves and fruits
was detected in Ikram/Black Beauty fol-
lowed by Ikram/Maxifort plants, in compar-
ison with nongrafted or self-grafted plants
and Ikram/Unifort combination (Table 5).
Moreover, the detected levels of Cd content
in fruit of different grafting combinations
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were in corresponding to the observed fruit
toxicity symptoms in respective plants. Con-
versely, compared with nongrafted plants,
the mean reduction in Cd contents in Ikram/
Black Beauty and lkram/Maxifort plants
were 23%, 17% and 39%, 23% in leaves
and fruits, respectively (Table 4).

Mineral composition and partitioning. Un-
der Cd stress, the content of N significantly

increased in roots but it decreased in leaves,
while it remained unaffected in fruits as com-
pared with control (0 um Cd). Nongrafted and
self-grafted plants markedly had higher N in
their roots, especially under control than the
grafted plants (data not shown). Leafand fruit N
did not differ among grafting combinations
(Table 5). Root P content decreased only at
25 um Cd, contrarily, leaf P content increased
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similarly at both Cd levels, whereas in fruits it
decreased only at higher Cd level (50 um Cd).
The content of P in roots and leaves was found
lower in Ikram/Black Beauty and Ikram/
Unifort combination, whereas the highest P
was found in nongrafted plants, though was
similar to the others (Table 5). Root K content
was unaffected by either Cd or grafting
treatments. Compared with control, the con-
tents of K in fruits significantly increased only
at 25 um Cd, whereas it decreased in leaves but
only at 50 um Cd. Grafting had significant
effects on K content in leaves with highest
value in lkram/Black Beauty followed by
Ikram/Unifort  combination, while the
lowest K was in nongrafted plants (Table 5).
Roots’ and leaves’ Ca decreased with no
difference in their contents at 25 and 50 um
Cd supply, whereas fruit Ca was decreased at
only higher Cd level (Table 5). However,
grafted plants onto Maxifort or Unifort root-
stocks had significantly higher level of Ca in
their leaves, fruits, and roots compared with

Table 4. Mean effects of cadmium (Cd)
concentration and grafting combination on Cd
distribution in leaf, stem, fruit, and root of
tomato plants.

Leaf  Fruit Root
(mg-kg™" dry weight)

Cd treatment
Cd level (um)
0

020c¢ 0.02c¢c 02c¢
25 1195b 6.13b 525.1b
50 225.0a 7.96a 780.0a
Graft combination (G)
Ikram 131.3a 5.51a 519.7a
Tkram/Ikram 1183b 5.04a 511.8a
Ikram/Black Beauty 100.9c¢ 3.35c 267.4Db
Ikram/Unifort 1151b 536a 3273b
Tkram/Maxifort 109.0bc 4.25b 549.4 a
Significance
Cd sk sk sksksk
G * skskk sksksk
Cd X G NS skesksk eoksk

Values are the means of three replicate samples.
Means within columns separated using Duncan’s
multiple range test P = 0.05.

xs. * "™*Nonsignificant or significant at P < 0.05 or
0.001, respectively.

nongrafted or self-grafted plants for leaves Ca
and Tkram/Black Beauty for fruits and roots Ca
content (Table 5). The Mg content in leaves
was similarly decreased at both 25 and 50 pum
Cd level, whereas in fruits Mg decreased at
only higher Cd level. The Mg content in leaves
was significantly higher in Ikram/Maxifort or
Ikram/Unifort than the other grafting combina-
tions (Table 5).

As presented in Table 6, the contents of
micronutrient elements like Fe, Zn, and Cu
significantly increased in roots of plants
supplied with Cd, whereas root Mn content
decreased. The contents of Fe, Mn, and Cu in
leaves decreased with increase of Cd stress,
while Zn content decreased only at higher Cd
level. In fruits, the contents of Fe, Zn, and Cu
significantly decreased only at higher Cd
supply condition (50 pum). The Mn contents
in fruits decreased at only 25 um Cd. (Ta-
ble 6). Concerning the grafting combination,
the contents of Fe and Mn were significantly
higher in Ikram/Maxifort or Ikram/Unifort as
compared with other grafting combinations,
whereas roots’ Zn content was significantly
higher in nongrafted or self-grafted tomato
and roots’ Cu in Ikram/Black Beauty combi-
nation (Table 6). The Mn and Cu contents
significantly changed only in fruits, where
Mn content was higher in lkram/Maxifort
and Cu content was lower in Ikram/Black
Beauty than in the other grafting combina-
tions (Table 6). The root B content increased
under Cd stress, which was similar for both
Cd levels, while no clear effect of Cd was
observed on either leaf or fruit B contents.
There was no significant effect of grafting
combination on B content in any of the
analyzed plant parts (Table 6).

Discussion

Plant growth, fruit yield, and quality. A
general response of Cd toxicity in plants has
been the inhibition and reduction of shoot and
root biomass production (Hayat et al., 2012;
Lopez-Millan et al., 2009) and yield reduc-
tion in many crops (Irfan et al., 2013; Yang
et al., 1998), including tomato (Khan and

Khan, 1983; Moral et al., 1994). In the
present study, a significant depression in
yield, shoot and root biomass, and LA was
observed; however, the effects varied in re-
sponse to Cd concentration in the nutrient
solution (Table 1). The decrease in fruit yield
was directly related to the decrease in fruit
number and mean fruit weight (Table 1). This
result is supported by the findings of Shekar
et al. (2011), who observed the reduction in
flower and fruit number and mean fruit
weight of tomato in response to increased
Cd level in soil. Moreover, Cd toxicity re-
duced LA in tomato plants (Djebali et al.,
2005, 2010; Hayat et al., 2012), this was
reportedly due to reduction in leaf expansion
as a result of reduced cell size and small
intercellular spaces (Djebali et al., 2005).
Plants exposed to highest Cd level (50 um
Cd) exhibited leaf chlorosis symptoms, espe-
cially on older leaves, as also reported in
earlier studies on tomato in response to Cd
stress (Hasan et al., 2011; Ldpez-Millan
et al., 2009). The high mobile nature of Cd
in plants (Gallego et al., 2012) explains the
appeared toxicity symptoms on older leaves.
In addition to leaf chlorosis, we observed
a typical disorder in fruit in this study as
stem-end-fruit yellowing (Fig. 1). Although
vegetable crop productivity reduced under
abiotic stresses, the enhancement in some
quality attributes was reported to occur
(Rouphael et al., 2010, 2012). In fact, fruit
quality parameters such as DM, TSS, TA,
and firmness increased in presence of Cd in
nutrient solution; this was due to reduced
accumulation of water in the fruits, thus
resulting in enhanced concentration of some
fruit solids (e.g., sugars and acids), as re-
ported under saline stress (Flores et al., 2010)
while others were adversely affected like
fruit SI, pH, and fruit color factors, described
by decreased fruit redness (a*) and increased
lightness (L*) and yellowness (b*) (Table 2).
Based on the fruit quality parameters, Ikram/
Black Beauty combination has shown to have
better fruit quality as compared with other
grafting combinations (Table 2). Neverthe-
less, excess level of Cd in the growth medium

Table 5. Mean effects of cadmium (Cd) concentration and grafting combination on macronutrient concentration in leaves, stems, fruits, and roots of tomato plants.

Macronutrients (g-kg™' dry weight)

N P K Ca Mg
Treatment Leaves Fruits Roots Leaves Fruits Roots Leaves Fruits Roots Leaves Fruits Roots Leaves Fruits Roots
Cd level (um)
0 324a 26.1 270b 59b 6.la 45a 353a 20.8b 16.0 384a 12 a 10.0a 7.1a 1.5ab 1.8

25 303b 249 30.0a 7.0a 55ab 3.7b 343a 304a 144 3410b 1.2a 87b 50b 20a 1.7

50 30.1b 249 312a 72a 45b 45a 298b 20.6b 16.6 34.6b 0.8b 83b 49b 1.3b 1.8
Graft combination (G)

Tkram 30.35 25.03 31.5a 7.74a 527 48a 3004c 2410 169 3183b 1.03ab 9.6ab 566b 1.53 1.8

Tkram/Ikram 30.01 24.83 31.5a 7.2lab 577 47a 31.02bc 23.63 158 3259b 1.07ab 84bc 589b 147 1.7

Ikram/Black Beauty 30.59 24.60 28.5ab 50lc 470 3.6b 37.44a 23.10 143 37.60ab 0.87b 77¢ 442c¢ 1.57 1.6

Tkram/Unifort 3227 26.63 27.5b 6.76b 557 40b 3440ab 2450 162 3634ab 1.17a 10.1a 6.03ab 1.57 1.8

Tkram/Maxifort 31.30 2490 27.8b 695ab 553 4.1ab 32.79bc 24.67 151 38.13a 127a 93ab 6.29a 1.67 1.8
Significance

Cd * NS sk 3k skkk k3 * kkk NS * sksksk k3 sksksk kkk NS

G NS NS * Hokk NS *x Hokk NS NS * * * * NS NS

Cd x G NS NS * NS NS NS NS NS NS NS NS NS NS NS NS

Values are the means of three replicate samples.

Means within columns separated using Duncan’s multiple range test P = 0.05.

NS, *, Rk ok
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Nonsignificant or significant at P < 0.05, 0.01, or 0.001, respectively.
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Table 6. Mean effects of solution cadmium concentration and grafting combination on micronutrient composition of leaves, fruits, and roots of tomato plants.

Micronutrients (mg-kg™' dry weight)

Fe Zn Mn Cu B
Treatment Leaves Fruits Roots Leaves Fruits Roots Leaves Fruits Roots Leaves Fruits Roots Leaves Fruits Roots
Cadmium level (Cd, um)
0 421a 247a 219.7b 322a 133a 252b 1928a 11.1b 854a 293a 423a 156¢ 57.1 809b 10.5b

25 352b 232a 4793a 297a 14.1a 573a 1842b 19.1a 64.1b 221b 4.17a 255b 604 9.11a 113a

50 304c 124b 4663a 243b 102b 563a 1682c 104b 43.1c¢ 124c 239b 352a 650 832b 114a
Graft combination (G)

Tkram 352b 19.0 4019b 29.2 120 56.1a 1787bc 12.7b 683b 191a 4.14a 249bc 59.0 821 12.1

Ikram/Ikram 331b 193 3919b 284 12.1 522ab 1632c¢ 13.1b 594bc 2.02a 344a 210c 61.1 932 112

Ikram/Black Beauty 31.3b 21.8 250.5¢ 273 132 322c¢ 1743bc 126b 555c¢ 125b 2.33b 314a 583 738 114

Tkram/Unifort 38.8ab 20.2 3739b 30.2 11.8 443b 190.1a 134b 578c 2.11a 42la 233bc 644 9.20 10.9

Ikram/Maxifort 40.1a 224 524.1a 288 124 464b 2029a 157a 80.0a 2.35a 3.38a 267ab 602 922 113
Significance

Cd dkkck kkck dkksk ek kksk Hkksk * ksksk dekck dkkck dkck dkkck NS ki *

G ok NS sfeksk NS NS eoksk sk * skesksk * sk ok NS NS NS

Cdx G NS NS * NS NS * NS NS * NS NS HkE NS NS NS

Values are the means of three replicate samples.

Means within columns separated using Duncan’s multiple range test P = 0.05.

N, *, HE| R

can lead to an increase of Cd content in fruits,
which represent a serious risk for human
health.

Recent studies have shown that rootstock-
grafted plants had lower concentration of Cd
in shoots and fruits of eggplants (Arao et al.,
2008; Mori et al., 2009), melon (Edelstein
and Ben-Hur, 2012), and cucumber (Savvas
et al., 2013) as compared with nongrafted
plants. Moreover, working with melon and
cucumber under toxic concentration of B and
Cu, Edelstein et al. (2007) and Rouphael et al.
(2008c), respectively, found that the better
plant growth and fruit yield in these crops
were observed when plants were grafted onto
vigorous rootstock of ‘pumpkin’ as com-
pared with nongrafted plants. The lower level
of toxic metal elements (Edelstein et al.,
2007) along with better plant physiological
functioning associated with the better avail-
ability of nutrients (Rouphael et al., 2008c) in
rootstock-grafted plants ascribed to the over-
all better performance of grafted plants.
Similarly, in the current study, fruit yield
and plant biomass production were higher in
grafted plants, especially onto tomato root-
stocks Maxifort or Unifort as compared with
other grafting combinations. The response of
grafting combination in relation to yield and
biomass production was partly related to the
toxic metal concentration in leaves with
exception of Tkram/Black Beauty combina-
tion, which was most seriously affected even
with having lowest level of Cd in all analyzed
plant parts. In spite of lower level of Cd in
Ikram/Black Beauty plants, the contents of
certain essential elements (P, Mg, Mn, Cu, and
Fe) in leaves were also lower and showing
severe leaf chlorosis symptoms. The nutri-
tional deficiency in Ikram/Black Beauty plants
might have led to the nutrient imbalance and
physiological disorders, thereby poor plant
performance (Dong et al., 2006), possibly
due to some incompatibility reaction between
scion cv. Ikram and Black Beauty rootstock.
Davis et al. (2008) reported that rootstock/
scion incompatibility induced under or over-
growth of scion that could result in decreased
water and nutrient flow through the graft union
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Nonsignificant or significant at P < 0.05, 0.01, or 0.001, respectively.

and eventually led sometimes to wilting of the
plant. However, unlike plant growth and yield,
fruits obtained from Ikram/Black Beauty were
comparatively better than other grafting com-
binations as evident by higher DM and TSS
content and better fruit color (lower fruit
lightness, L* and higher redness, a*), associ-
ated with least Cd toxicity symptoms (stem-
end yellowing); these could be directly related
to lowest detected Cd contents in the fruits.
Besides lkram/Black Beauty, fruits from
Ikram/Maxifort showed intermediate Cd con-
tent (Table 5), thus lower appearance of
toxicity symptoms on fruits. However, further
study is needed to elucidate the relation of Cd
ion localization and damage to specific part or
tissues of fruit.

Chlorophyll fluorescence and leaf pigments.
The higher yield and biomass production in
plants grafted onto Maxifort or Unifort could
be in part due to the maintenance of higher
maximum quantum yield of PSII (F,/Fy),
compared with other grafting combinations.
This higher F,/F,, suggests that grafted plants
onto appropriate rootstocks can delay photo-
inhibition under heavy metal stress, as has
been also reported under other type of stresses
(Colla et al., 2013; He et al., 2009). Moreover,
the Maxifort- or Unifort-grafted plants could
have maintained the higher chlorophyll (chl a,
chl b, and chl a + b) content than the other
grafting combinations (Table 3). Similar re-
sponse of grafting was observed for Cu toxicity
(Rouphael et al., 2008c) and salinity toxicity
(Colla et al., 2013), where chlorophyll content
was significantly higher in grafted plant than
those of nongrafted ones. The higher activity of
PSII together with higher chlorophyll contents
in tomato rootstock—grafted plants, especially
onto Maxifort ascribed to higher LA and finally
the overall biomass production than other
grafting combinations.

Cadmium uptake and distribution. The
observed high amount of Cd accumulation
in roots ascribed to the metal chelation and
sequestration process in roots and the devel-
opment of extracellular barriers, which restrict
the apoplastic movements of Cd to xylem
(Lux et al., 2011). The Cd translocation from

root to physiologically active leaf tissue was
restricted by grafting as indicated by the
observed lower leaf Cd concentration of
self-grafted plants than nongrafted plants,
though Cd concentration was similar in their
roots (Table 4). The Black Beauty and Uni-
fort rootstocks displayed better ability to
restrict Cd entry into roots as evident by
observed much lower Cd concentration in
their roots as compared with other grafting
combinations. Furthermore, the lower Cd in
leaves and fruits of Black Beauty—grafted
plants showed limited root-to-shoot Cd trans-
fer, but it was not the case for Unifort-grafted
plants, which had higher Cd content in their
leaves. Although, Cd concentration in roots
of Maxifort-grafted plants was higher,
though similar to those of self-grafted plants
or nongrafted plants, it was much lower in the
leaves and fruits, which indicate the better
ability of Maxifort rootstock in limiting root-
to-shoot transfer of toxic metal. Plant can
deploy different mechanisms to reduce the
level of toxic metals in the shoots as sug-
gested by the results of earlier studies (Arao
et al., 2008; Mori et al., 2009; Savvas et al.,
2013). For example, the lower Cd contents in
aerial parts of cucumber plants grafted onto
pumpkin rootstock was due to restricted Cd
uptake (Savvas et al., 2013), whereas, it was
due to limited root-to-shoot transfer, but not
by restricted uptake in eggplant grafted onto
S. torvum rootstock (Arao et al., 2008; Mori
et al.,, 2009) compared with nongrafted or
self-grafted plants.

Nutrient uptake, translocation, and
accumulation. Excess of Cd in nutrient solu-
tion significantly inhibited translocation of N,
K, Ca, Mg, Fe, Zn, Mn, and Cu to the leaves.
However, there was an increase in uptake of
most of these nutrients along with B, except Mn
and Ca, which were decreased in roots and K
and Mg which remained unaffected as evident
by their observed concentrations in roots (Ta-
bles 5 and 6). In general, the contents of most of
the nutrient elements were decreased in fruit
tissues, especially at 50 um Cd application.
Similar differential response in mineral ele-
ments uptake by roots and their accumulation
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in leaves have been also observed in previous
studies under variable Cd stress (Dong et al.,
2006; Lopez-Millan et al., 2009; Sandalio
et al., 2001). The change in nutrient uptake
is possibly due to affected permeability of
plasma membranes by Cd toxicity (Dong
et al.,, 2006). It has been reported that Cd
interferes mainly with the translocation of
most of the micronutrients, especially those
having same valences, to the leaves despite of
having synergistic effects on their uptake
(Sandalio et al., 2001). Higher plant biomass
and yield in tomato rootstock—grafted plants
(Maxifort or Unifort) under Cd stress could
partly be related to better nutritional status,
especially of Ca, Mg, Fe, Mn, and Cu (Tables 5
and 6); some of these nutrient elements (e.g.,
Fe, Mn, and Cu) are important constituents of
many enzymes and proteins (Hall, 2002;
Lopez-Millan et al., 2009). In contrast, the
severe reduction in growth and yield and the
appeared phytotoxicity symptoms of Cd stress
in plants grafted onto Black Beauty rootstock
was mainly ascribed to the reduction of
nutrient availability in the leaf tissue (P, Mg,
Fe, Mn, and Cu, Tables 5 and 6).

Conclusions

The yield and biomass production decreased
in grafted, self-grafted, and nongrafted plants in
response to the increase of Cd concentration in
the nutrient solution. However, grafting onto
appropriate rootstocks reduced the toxic effects
of Cd. Plants grafted onto tomato rootstocks,
especially onto Maxifort were able to reduce
toxic metal contents in aerial parts while
maintaining better nutritional status (i.e., higher
Ca, Mg, Fe, Mn, and Cu) in leaves and higher
chlorophyll content and F,/F,, ratio in compar-
ison with nongrafted or self-grafted and espe-
cially those grafted onto Black Beauty
rootstock.
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