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Abstract

Drought is the main meteorological threat to plants and limits plant growth, development, and adaptation to environmental
changes. However, root-shoot communication plays a vital role in improving tomato plant drought tolerance, especially when
cultivars are grafted onto drought-tolerant rootstock. In this study, the relationship between photosynthetic capacity and reactive
oxygen species (ROS) in response to drought stress was studied in tomato grafted with different drought-resistant tomato
seedlings. To determine the drought-relieving effect of drought-tolerant rootstocks, we measured the effects of grafting on plant
growth, net photosynthetic rate (Pn), ROS accumulation, and antioxidant enzyme activities in tomato leaves and roots under
drought stress. Plant growth and Pn were significantly inhibited by drought, but ROS accumulation and antioxidant enzyme
activities were significantly increased. Treatment with drought-tolerant tomato seedlings significantly increased plant growth and
increased Pn under water-deficit conditions compared with those grafted with drought-susceptible rootstock. In addition, the
plants grafted with drought-tolerant seedlings had increased activities of partial antioxidant enzymes, leading to decreased ROS
production. Our results indicate that tomato grafted with drought-tolerant seedlings alleviated the phytotoxicity and oxidative
damage caused by drought by regulating antioxidant enzymes under drought stress.
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Abbreviations POD  Peroxidase

APX  Ascorbate peroxidase PSII Photosystem II

CAT  Catalase REL  Relative electrolyte leakage
H,0, Hydrogen peroxide ROS  Reactive oxygen species

F v / maximal photochemical efficiency SOD  Superoxide dismutase

Fm Tr Transpiration rate

Fv'/F mEffective quantum use efficiency of (photosystem II)
! PSII in the light-adapted state
MA Malic acid

MDA  Malondialdehyde Introduction
0, Superoxide anion
Pn Net photosynthetic rate Drought is one of the most common abiotic stresses for plants
around the world that inhibits plant growth and is becoming a
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Yamaguchi-Shinozaki 2007; Liu et al. 2014). However, in re-
sponse to the oxidative damage that results from the accumula-
tion of ROS, mainly superoxide anion (O,. ), hydroxylradical
(‘OH), and hydrogen peroxides (H,0,), plants have evolved
many protective mechanisms, such as the enzymatic antioxidant
defense system and nonenzymatic antioxidant defense system
(Kawasaki et al. 2001; Liu et al. 2016; Nahar et al. 2016).
Improving the drought tolerance of crops and improving the
water use efficiency of plants under drought conditions are a
key goal of global agriculture.

According to records, when grafting was developed in
the late 1920s, the main purpose of employing this tech-
nology was to offset soil pathogens; however, after de-
cades of development, grafting now has a wide range of
uses (Ke and Saltveit 1988; Lee et al. 2010). Grafting
has promoted horticultural improvement and develop-
ment by combining the excellent traits of rootstocks
and scions to produce new plants, and it is used as a
tool for vegetative propagation. It is a common practice,
for example, in Japan, Korea, China, the Mediterranean
basin, and several European countries, to graft vegetables
onto appropriate rootstocks. In recent years, the grafting
technique has been widely used not only to treat soil-
borne pests and diseases but also to achieve a higher
tolerance to abiotic stress conditions such as drought,
salinity, nutrient stress, chilling stress, thermal stress,
heavy metal, organic pollutants, and alkalinity
(Martinez-Rodriguez et al. 2008; Rouphael et al. 2008;
Savvas et al. 2009; Colla et al. 2010; Schwarz et al.
2010; Huang et al. 2013; Li et al. 2014b; Silva et al.
2018). Moreover, in terms of drought resistance, it has
been confirmed that grafted apples, grapevines, cucum-
bers, and tomatoes have improved responses to drought
(Liu et al. 2012; Liu et al. 2016; Yao et al. 2016;
Pagliarani et al. 2017). However, the effect of scion/
rootstock interaction on the adaptation of plants to stress
remains controversial (Gambetta et al. 2012), and the
mechanisms by which ROS metabolism contributes to
differential drought resistance among tomato rootstocks
are not well understood. Thus, the relative contribution
of ROS metabolism to drought resistance and the differ-
ences obtained by the grafted combination of tomatoes
need further research.

Tomato (Lycopersicon esculentum Mill.) is one of the most
common vegetable crops cultivated worldwide and a model
horticultural crop; it has a large growth volume, high yield,
and relatively advanced root system. However, under water
stress conditions, the photosynthetic rate (Pn) and the light
saturation point of tomato decreased, while the light compen-
sation point increased, resulting in decreased light energy use
efficiency (Weerasinghe et al. 2003). Under severe water
stress, tomato roots have a shallow distribution in the soil,
and plant growth is inhibited, which eventually leads to a
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significant decrease in fruit weight and yield (Ozbahce and
Tari 2010). Several studies have shown that grafting tomato
onto stress-tolerant rootstocks might increase the tolerance of
tomato plants to chilling or salinity (Ruiz et al. 2010; Ntatsi
et al. 2014); however, relatively little is known about how Pn
and ROS metabolism are influenced by rootstock. Our prelim-
inary experiments showed that the tomato plants grafted onto
drought-tolerant rootstocks showed higher water utilization
efficiency than those grafted onto drought-susceptible root-
stocks under water stress (Zhang et al. 2017). To further ex-
plore the feasibility of biological water savings, the response
of plants grafted onto drought-tolerant and drought-
susceptible seedlings to drought stress was compared by in-
vestigating Pn, Tr, ROS, and antioxidant enzymes.

Materials and methods
Plant materials and growth conditions

The experiment was conducted in a greenhouse located on the
experimental farm of Shan Dong Agricultural University in
Tai-An (36° 09’ N, 117° 09" E) in eastern China from
September to October 2017. Two different tomato genotypes
(Zhang et al. 2016), drought-tolerant (“606,” T) and drought-
susceptible (“112,” S), were used as plant materials. The seeds
were immersed in water and then transferred to 28 °C for 72 h
in darkness to germinate. After germination, the seeds of both
species were sown directly into 50-cell plug trays filled with a
mixture of substrate (peat:vermiculite:perlite=1:1:1, by vol-
ume). When the cotyledons of the tomato had grown to the
stage with two to three true leaves (3—4 weeks after sowing),
an “oblique cutting grafting method” was performed. The
resulting four groups of seedlings were designated as follows
based on the tomato species: T/T (the combination of tolerant
scion and tolerant rootstock), T/S (the combination of tolerant
scion and susceptible rootstock), S/T (the combination of sus-
ceptible scion and tolerant rootstock), and S/S (the combina-
tion of susceptible scion and susceptible rootstock). When the
grafted plants were well established, they were transferred into
plastic pots (diameter 10 cm, height 12 cm; one seedling per
pot) containing 1.5 kg substrate composed of sandy loam-soil/
peat mixture (1:1, v/v) under the following environmental con-
ditions: natural light conditions, photosynthetic photon flux
density (PPFD) of 1400-1800 pmol m > s ' (sunny day),
and temperature of 28~37/18~21 °C (day/night). The plants
were watered daily and fertilized with Hoagland’s nutrition
solution at 2-day intervals.

Water-deficit treatments

To evaluate the scion-rootstock interaction under drought, the
four tomato grafting combinations remained 40% of soil water
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content (40%SWC) as drought treatment; at the same time, the
other plant group with well-watered (80% SWC) was used as
control. Measuring soil moisture twice a day at 8:00 and 17:00
and irrigated by weighing method achieve the target water
content. Each treatment was replicated three times, each of
which included ten seedlings.

Growth analysis and analysis of chlorophyll
fluorescence

After 15 days of treatment, every three plants were ran-
domly selected from each treatment. The impact on the
growth of tomato plants of different treatments was
assessed by determining leaf and root fresh weight. The
total leaf arca was measured with a Li 3100 leaf area
meter (LI-3100C; Lincoln, USA). The leaf water content
(LWC) was measured by the drying method. Determining
the fresh weight (FW) and dry weight (DW) of tomato
leaves was calculated according to the following formu-
la: LWC =[(FW-DW)/FW]x 100%. The chlorophyll
content was assayed by the Arnon (1949) method.

The leaf relative electrolyte leakage (REL) was mea-
sured by the extravasation conductance method. The
fresh samples were first rinsed with tap water and then
rinsed twice with distilled water. Using a hole punch to
take the leaf disc into the tube and put 10 in each. Each

Watered

T/T T/S

tube was filled with 20-ml distilled water and placed in a
vacuum desiccator for 20 min. After standing for 1 h, the
conductivity of the distilled water and the initial leaf
solution were measured and recorded as SO and S1, re-
spectively. Then, the tube was placed in a 100 °C boiling
water bath for 10 min. After cooling, the final conduc-
tivity S2 of the leaf solution was determined. Calculating
REL was according to the formula: REL =[(S1-S0) / (S2
—S0)] x 100%.

The photosynthetic and chlorophyll fluorescence pa-
rameters were measured at 0, 1, 5, 10, and 15 days
after drought treatment and selected the third of the
full-expansion function leaves from top to bottom.
Photosynthetic parameters in fully expanded leaves, in-
cluding net CO, assimilation (Pn) and transpiration (Tr),
were determined within the time period of 8:30 am to
10:30 am using a CIRAS-3 Portable Photosynthesis
System (CIRAS-3; PP Systems, USA). The fluorescence
parameters, including maximum photochemical efficien-
cy of photosystem II (PSII) (Fv/Fm), effective PSII
quantum yield (PPSII), and effective quantum use effi-
ciency of PSII in the light-adapted state (Fv'/Fm’), were
measured using an imaging-PAM chlorophyll fluorimeter
equipped with a computer-operated PAM-control unit
(IMAG-MIN/B; Heinz Walz, Effeltrich, Germany).

S/T S/S

Fig. 1 Response of different grafting tomato seedlings to drought stress. Grafted plants were well watered or drought stressed by withholding water for

15 days
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Determination of MDA, H,0,, and 0,.” contents

The contents of MDA and hydrogen peroxide (H,O,) in
leaves and roots were determined by the method of Xu et al.
(2012). O,." generation was measured following the method
of Rauckman et al. (1979). The accumulation of H,O, and
0O,." in the leaves and roots was also visualized by 3,3'-diami-
nobenzidine 4HCI (DAB) and nitroblue tetrazolium (NBT)
staining techniques (Xu et al. 2012), respectively.

Antioxidant enzyme activity assay

Approximately 0.5 g of frozen leaves and roots were extracted
for antioxidant enzyme activity assays. Superoxide dismutase
(SOD), catalase (CAT), and peroxidase (POD) activities were
measured according to the methods described by Xu et al.
(2012).

Statistical analysis

The data are presented as the mean of three replications and

corresponding standard errors. Except for the data of photo-

synthetic and chlorophyll fluorescence parameters that were
30
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Fig.2 Responses of various grafting tomato seedlings to drought stress. a
The leaf fresh weight. b Root fresh weight. ¢ Leaf area per plant. d Leaf
water content. e Relative electrolyte leakage (REL). f Chlorophyll
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statistically analyzed by a two-way ANOVA, all results were
submitted to one-way ANOVA using the statistical software
package SPSS (SPSS 10 for Windows, 2001). The differences
between the means were determined by Tukey’s least signifi-
cant difference (LSD) test at P <0.05.

Results
Impact of grafting on tomato plant growth traits

To study whether plant tolerance to drought is altered
by rootstock or scion, we performed reciprocal grafting
between drought-tolerant (T) and drought-susceptible (S)
seedlings. As shown in Fig. 1, after 15 days, plant
growth status was suppressed with the SWC deficit for
all grafting combinations. Without water stress treat-
ment, all plants had similar leaf fresh weight and leaf
area per plant except T/T (Fig. 2a, c). However, com-
pared with their corresponding controls, all plants ex-
posed to drought (Fig. 2a—c) resulted in significant re-
ductions in the plant leaf and root fresh weight and leaf
area per plant. Additionally, under well-watered
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content. All data were determined 15 days after drought treatment. The
data are mean of three replicates = SD and the different letters indicate a
significant difference at P <0.05 according to Tukey’s test
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conditions, all plants showed no significant differences
in leaf water content, leaf relative electrolyte leakage
(REL), and chlorophyll content (Fig. 2d-f). Drought-
induced plants marked decreases in the leaf water con-
tent and chlorophyll content for both T/S and S/S
plants. In contrast, under water deficit conditions, the
REL of T/S and S/S was significantly higher than that
of T/T plants, suggesting a lower degree of damage to
the plant membrane system in T/T. Taken together,
these phenotypic and physiological data suggested that
drought-tolerant (T) seedling-grafted plants significantly
attenuated drought-induced growth inhibition.

Impact of grafting on photosynthesis and chlorophyll
fluorescence

According to multiple comparisons, the photosynthetic and
chlorophyll fluorescence parameters of tomato significantly
differed among the four grafting combinations with drought
stress and increasing treatment time (Figs. 3 and 4).

To further investigate the underlying photoprotective
mechanisms in grafted tomato plants, the plants were ex-
posed to drought stress and found to have similar Pn and
Tr trends that gradually decreased with increasing pro-
cessing time (Fig. 3a, ¢). Water deficit resulted in a more
significant decrease in Pn and Tr for the S/S and T/S
plants than for the T/T and S/T plants. The Pn of T/T,

Pn (umolm?2s)

—X— T/T —&—T/S
—0— ST —=+—-5/S

Tr (mmolm?2s)
INOON
=) =

(5)
(=]

0 1

5 10 15
Time (d)
Fig. 3 Dynamic changes of photosynthesis and transpiration in different
grafting tomato leaves during 15 days of drought stress. Net
photosynthetic rate (Pn, a, and b) and transpiration rate (Tr, ¢, and d) of
tomato grafted plants under well-watered and drought stress conditions.

T/S, S/T, and S/S plants decreased abruptly after 10 days
of water stress and reached the minimum values at the end
of the experiment, with inhibition ratios of 25.63%,
31.23%, 29.07%, and 36.05%, of the Pn before water
stress, respectively. Similarly, under drought stress, the
Pn and Tr were significantly decreased and showed sim-
ilar trends of sharp decline with increasing processing
time (Fig. 3b, d). At the end of the experimental period,
the Pn and Tr decreased to 43.44% and 45.07%, respec-
tively, compared with the watered treatment. These results
strongly suggested that the drought-tolerant (T) rootstock-
grafted plants maintained the Pn and Tr parameters at
relatively high levels and accordingly slightly promoted
plant growth, particularly under water-deficit conditions.

Corroborating the previously described results for Pn,
S/S plants displayed significantly decreased Fv/Fm,
®PSII, and Fv//Fm' compared with T/T plants through-
out the whole experiment (Fig. 4 a, b, d, f). At day 15
of treatment, the other plants also exhibited a strong
decrease in these indices; compared with T/T, the Fv/
Fm, ®PSII, and Fv'/Fm’ were decreased by 1.74%,
20.23%, and 3.47%, respectively, in T/S plants; 0.93%,
9.83%, and 2.14%, respectively, in S/T plants; and
3.72%, 29.90%, and 6.54%, respectively, in S/S plants.
Additionally, the results in Fig. 4 c, e, and g showed
that Fv/Fm, ®PSII, and Fv'/Fm’ decreased significantly
with increasing drought treatment time compared with
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Data in a and ¢ are presented as the Pn and Tr in different grafting
combinations and b and d are grafted tomato plants under well-watered
and drought stress conditions. The data are mean of multiple comparison
+SD (n=3)
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Fig. 4 Response of chlorophyll fluorescence parameters in various
grafting tomato seedlings to drought stress. a The maximum
photochemical efficiency of PSII (Fv/Fm) was determined 15 days after
drought treatment. The underneath color code depicted in the image

the control. This demonstrated that under drought stress,
the absorption and utilization of light energy by PSII of
tomato leaves were unbalanced and the photochemical
efficiency was reduced. However, grafting to drought-
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ranges from O (black) to 1 (purple). b, ¢ The maximal photochemical
efficiency (Fv/Fm). d, e The effective PSII quantum yield (®PSII). f, g
Effective quantum use efficiency of PSII in the light-adapted state (Fv
'/Fm’). Data are mean of multiple comparison + SD (n =3)

tolerant rootstocks effectively restored the physiological
function of PSII under water stress and maintained high
photosynthetic capacity. These results suggest that the S
rootstock had a poor ability to adapt to soil drought,
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while the T rootstock could enhance drought tolerance
and water content in response to water deficit by de-
creasing transpiration.

Impact of grafting on MDA content and ROS
accumulation

To evaluate the alleviating role of T/T and S/T on drought
tolerance in grafted tomato seedlings, the effects of different
grafted combinations on the contents of MDA, H,O,, and O,.
in the leaves and roots under drought stress were studied
(Fig. 5). The results showed that there were no significant
differences in the MDA content, H202 accumulation, and
O,. release rate of tomato leaves and roots in T/T and S/T
plants or in S/S and T/T plants under well-watered conditions.
However, in response to water deficit, all plants presented
increased in MDA content and accumulation of H,O, and
O,. in both tomato leaves and roots. In addition, in leaves,
T/T and S/T plants had significantly reduced production of
MDA with drought stress; the MDA content was increased
by 21.87% and 43.97% in the T/T and S/T plants, respectively,
compared with the same grafting combinations under watered
conditions. The MDA content of T/S and S/S under drought
stress increased by 49.04% and 95.32%, respectively, com-
pared with the watered condition (Fig. 5b). Furthermore, T/T
and S/T plants also had significantly decreased ROS accumu-
lation (H,O, and O,. ) in the leaves and roots of tomato com-
pared with the S/S treatment, and they showed trends similar
to that of MDA under drought conditions compared with
watered conditions. Unlike the accumulation of H,O,, the
MDA content and O,.  release rate of leaves were assumed
to be higher than those of roots. For example, under water
stress, the MDA content and O,.” release rate in S/S plant
leaves were 9.69 nmol g ' and 6.83 pmol g_1 min ', respec-
tively, while the MDA content and O,. release rate were
2.73 nmol g ' and 2.68 umol g ' min"', respectively, in to-
mato roots (Fig. 5b, ¢, f, g).

Impact of grafting on the activities of antioxidant
enzymes

To study the decrease in drought-induced oxidative stress ob-
served with the T rootstock in the leaves and roots of tomato, a
series of antioxidant enzymes responsible for ROS scavenging
were quantified. These antioxidant enzymes, including SOD,
CAT, and POD, had markedly increased activity in both the
leaves and roots of grafted plants under drought treatment up
to 10 days and then their levels decreased with further increas-
ing the treatment time (Fig. 6). For example, under water
stress, the T/T, S/T, T/S, and S/S plants had higher SOD ac-
tivities in leaves at 10 days than at 5 days, which were in-
creased by 27.53%, 27.48%, 31.12%, and 51.90%, respective-
ly. Under drought stress, the T/T plant showed increased

activities of antioxidant enzymes compared with the S/T,
T/S, and S/S pants. Although the roots and leaves showed
similar changes in antioxidant enzyme activity under water
stress conditions, apart from the SOD activities, the CAT and
POD activities in roots were higher than those in leaves. These
findings demonstrated that the T rootstock plays a positive
role in drought stress adaptation in grafted tomato plants by
modulating antioxidant enzyme activities, thus alleviating
ROS damage in plants.

Discussion

Grafting onto stress-tolerant rootstocks could improve plant
resistance to a variety of abiotic stresses; however, the funda-
mental mechanisms of such enhanced tolerance are largely
unknown (Marguerit et al. 2012; Sanchez-Rodriguez et al.
2012; Wang et al. 2012; Lucas et al. 2013). Noticeably, in this
study, we found that plants grafted with drought-tolerant to-
mato seedlings exhibited an effective strategy to cope with
water deficit for 15 days, as indicated by the high level of
biomass accumulation and the maintenance of good water
status in the leaves under drought stress. These results are in
accordance with Liu et al. (2016), who reported that cacumber
plants with drought-resistant luffa as rootstocks had an in-
creased tolerance against drought, such as increased biomass
accumulation under drought stress. Rootstock could alter the
tolerance of shoots against adversity stresses (Rivero et al.
2003; Schwarz et al. 2010; Li et al. 2014a; Li et al. 2014b);
however, among different drought-resistant rootstocks,
whether the rootstock or the scion is more influential is largely
unknown. In the current study, by comparing the growth of
grafted plants, we found that the rootstock indeed changed the
growth status of the scions and that the T rootstock (drought-
tolerant genotype) enhanced plant growth much more than the
S rootstock (drought-susceptible genotype) reduced the capac-
ity for growth. This finding was consistent with Liu et al.
(2014), who suggested that grafting with drought-tolerant
rootstocks in tobacco could improve drought tolerance by
enhancing the activities of antioxidant enzymes and the ex-
pression of stress-responsive genes. In addition, Alan et al.
(2007) reported that the grafting effect was dependent on the
rootstocks, which determined the grafting effect on plant
growth and yield. Venema et al. (2008) suggested that at low
growth temperatures, tomato plants grafted onto cold-tolerant
rootstocks still experienced significantly improved plant shoot
growth. Tramontini et al. (2013) proposed that rootstocks play
a major role in grapevine tolerance to water stress by control-
ling and adjusting the water supply to shoot transpiration
demand.

The role of drought-tolerant grafting in the alleviation
of the drought-induced effects on Pn, Tr, Fv/Fm, ®PSII,
and Fv'/Fm’ was evident under drought stress in tomato
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Fig. 6 Changes of antioxidant enzymes in different grafting tomato
leaves and roots under drought stress. a, b Superoxide dismutase
(SOD). ¢, d Catalase (CAT). e, f Peroxidase (POD). The values are

seedlings. Generally, the chlorophyll content reduction
under drought is known as a typical sign of oxidative
stress, which might be due to photooxidation and chloro-
phyll degradation of the pigment (Ahmedi et al. 2009;
Dias et al. 2018). Thus, a reduction in the chlorophyll
content is considered a drought response mechanism to
minimize light absorption by chloroplasts. In the present
work, we observed a significant decrease in chlorophyll
content in the four grafted combination plants under
water-deficit conditions, whereas in the drought-tolerant
grafted plants, especially in T/T, a high chlorophyll con-
tent was maintained. Moreover, our results showed that S/
S plants did not have an increased ability to absorb water,
as indicated by the low water content under drought.
These results indicated that the drought-tolerant rootstock
could alleviate the inhibition of Pn and Tr induced by
drought stress. In support of this notion, Liu et al.
(2011) proposed that grafting muskmelon onto interspe-
cific rootstocks enhances photosynthesis and sugar
translocation in muskmelon leaves, and Marguerit et al.
(2012) have shown that the rootstock control of scion
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transpiration and its acclimation to water deficit are con-
trolled by different genes. Under normal conditions, the
light energy absorbed by chloroplasts is mainly consumed
in three ways: photosynthetic electron transport, chloro-
phyll fluorescence emission, and heat dissipation.
Measuring the chlorophyll fluorescence can reflect the
light energy absorption and utilization of photosystem II
(PSII) (Iersel et al. 2016). The maximum photochemical
efficiency of PSII (Fv/Fm) is often used as an indicator of
PSII photoinhibition or stress damage (Calatayud and
Barreno 2004). In our study, Fv/Fm, ®PSII, and Fv'/Fm’
all decreased with prolonged water stress, and the values
in the plants grafted with T rootstock was higher than in
other plants under drought conditions. This indicates that
water stress led to a decrease in the opening of the PSII
reaction center, the conversion efficiency of light and the
energy used for carbon assimilation accumulation.
Moreover, part of the excitation energy is consumed
through the heat dissipation by the antenna pigments,
which is consistent with the review from Mathobo et al.
(2017).
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Fig. 7 The possible model for the antioxidative system in tomato plants
under drought stress. Under drought stress conditions, upregulated SOD,
CAT, and POD enzyme activity induces the amounts of ROS that can be
scavenged then results in reducing the damage on chlorophyll and the
reaction center of PSII, thus enhancing photosynthesis and improving

Drought stress disrupts the balance of light energy cap-
ture and light energy utilization in the photosynthesis of
plants and then affects photosynthetic activity (Chaitanya
et al. 2003). Additionally, as the stomatal closure and
photosynthesis decline, the Calvin cycle reduces the need
for the reducing force NADPH, causing the excessive re-
duction of the photosynthetic electron transport chain and
obstructing electron transport (Mittler et al. 2004). The
excitation energy that causes excess light energy to be
converted into the Mehler reaction is transferred to mo-
lecular oxygen, which becomes O,., a type of ROS
(Wiese et al. 1998). In general, the production and elim-
ination of ROS in plant cells are in a dynamic equilibri-
um. However, this balance is easily disrupted when plants
are subjected to drought stress, resulting in excessive ac-
cumulation of ROS and aggravation of membranous per-
oxidation (Xing et al. 2016; Yi et al. 2016). As a result,
the MDA content, membrane permeability, and electrolyte
leakage increased, and the damage to the membrane of the
plant became more severe. To counteract this stress, the
antioxidant enzyme SOD composes the first line of cellu-
lar defense by detoxifying O,.” and producing H,O,.
Together with SOD, the CAT and POD enzymes are con-
sidered to be the most effective antioxidant enzymes for
preventing cellular damage (Menconi et al. 1995; Wang
et al. 2009), and the activities of these enzymes increased
at the early stage of water-deficit conditions in grafted
plants, but declined in the later drought stage. In our
study, the SOD, CAT, and POD activities of T/T grafted

@ Springer

Leaves

N
z

\
| r
| i Drought
I
i

rd

Roots

stress tolerance. In this case, drought-tolerant roots can scavenge exces-
sive ROS that protects plant cells against stress condition. H,O,, hydro-
gen peroxide; O,. , superoxide radical; SOD, superoxide dismutase; CAT,
catalase; POD, peroxidase; Chl, chlorophyll; PSII, photosystem II; Pn,
net photosynthetic rate.

plants were much higher than those of the T/S, S/T, and S/
S plants under drought stress conditions. This indicates
that in the T/T grafted plants, the antioxidant enzyme
system functions efficiently to scavenge overproduced
H,0, and thereby protects plants from ROS toxicity under
drought stress. Accordingly, grafted plants with drought-
tolerant rootstock acquire greater tolerance to water stress
by developing an improved antioxidant system, which in
turn leads to improved growth performance.

Conclusion

We present phenotypic and physiological evidence that the T
rootstock is the key factor that determines the drought toler-
ance of tomato. As shown in Fig. 7, under drought stress,
grafted plants with drought-tolerant tomato seedlings may en-
hance Pn, Fv/Fm, ®PSII, and Fv'/Fm' by increasing antioxi-
dative enzyme activity, decreasing ROS production rate, re-
ducing chlorophyll decomposition, and decreasing chloroplast
membrane damage. Therefore, the drought-tolerant rootstocks
maintained an increased PSII photochemical activity, alleviat-
ed the inhibitory effect of water deficit stress on the growth of
seedlings, and improved drought tolerance of tomato plants.
The present study also showed the complexity of ROS metab-
olism in the leaves and roots. Further investigation is still
needed to understand the mechanisms by which the scion
and rootstock interaction is involved in plant tolerance to
stress conditions.
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