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Abstract

The most important quality for muskmelon (Cucumis melo L.) is their sweetness which is closely
related to the soluble sugars content. Leaves are the main photosynthetic organs in plants and thus
the source of sugar accumulation in fruits since sugars are translocated from leaves to fruits. The
effects of grafting muskmelon on two different inter-specific (Cucurbita maximaxC. moschata)
rootstocks was investigated with respect to photosynthesis and carbohydrate metabolism.
Grafting Zhongmil muskmelon on RibenStrong (GR) or Shengzhen| (GS) rootstocks increased
chlorophyll a, chlorophyll b and chlorophyll a+b content and the leaf area in middle and late de-
velopmental stages of the plant compared to the ungrafted Zhongmil check (CK). Grafting en-
hanced the net photosynthesis rate, the stomatal conductance, concentration of intercellular CO,
and transpiration rate. Grafting influenced carbohydrates contents by changing carbohydrate
metabolic enzymes activities which was observed as an increase in acid invertase and neutral in-
vertase activity in the functional leaves during the early and middle developmental stages compared
to CK. Grafting improved sucrose phosphate synthase and stachyose synthase activities in middle
and late developmental stages, thus translocation of sugars (such as sucrose, raffinose and
stachyose) in GR and GS leaves were significantly enhanced. However, compared with CK,
translocation of more sugars in grafted plants did not exert feedback inhibition on photosynthesis.
Our results indicate that grafting muskmelon on inter-specific rootstocks enhances photosynthesis
and translocation of sugars in muskmelon leaves.

Key words: Chlorophyll content; Photosynthesis; Raffinose family oligosaccharides (RFOs); Car-
bohydrate metabolism; Grafting; Muskmelon

Introduction

Muskmelon is one of the top ten fruit crops
grown widely in the world for their delicious sweet-
ness, high nutrient quality and flavor [1, 2]. However,
owing to large market requirements for off season
cucurbits and limited availability of arable land,
muskmelons are continuously cultivated under less
than ideal conditions worldwide including environ-

ments that are too wet, cold and dry, or in cool
low-light winter greenhouses such as the conditions
prevalent in northern regions of China [3, 4]. Succes-
sive cropping can also increase salinity, the incidence
of cucurbit pests, and serious devastating soil-borne
diseases such as muskmelon wilt (Fusarium oxysporum
f. melonis) and root-knot nematodes (Meloidogyne
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spp) that can result in severe crop loss [5-7]. Chemical
control can be expensive and is not always effective.
Furthermore chemical control could also harm the
environment [4].

To overcome some of these problems described
above, grafting muskmelon on a suitable rootstock is
widely being adapted globally, to manage soil-borne
diseases of muskmelon and the continuous cultivation
barriers [8-10]. Grafted vegetables have been culti-
vated in eastern Asia for decades [5], but their adop-
tion all over the world has only begun since the ban-
ning of the fumigant methyl bromide in 2005 by the
Montreal Protocol [11]. Numerous researchers have
confirmed that grafting on rootstocks belonging to a
different genera can alter muskmelon fruit quality in
various ways [5, 12-14]. For instance, total carbohy-
drate contents in grafted muskmelon and watermelon
were reduced significantly compared with self-rooted
plants [4, 15, 16] thus, influencing muskmelon fruit
flavor and other quality such as sweetness [17, 18]. It
is well known that leaves, the main photosynthetic
organ in plants, are the source of carbohydrates ac-
cumulation in fruits and supply carbon for synthesis
of sugars and carbohydrate metabolism. Leaf photo-
synthesis is pivotal for fruit growth and quality. The
change in chlorophyll content, photosynthetic rates
and carbohydrate partitioning in source leaves can
alter photoassimilates export rates, which are directly
related to carbohydrate accumulation in fruits that act
as the sink [19-21]. The plants in Cucurbitaceae family
transport stachyose, and some partial sucrose and
raffinose in phloem tissue [22-25], thus sucrose and
stachyose metabolism in muskmelon leaves play a
central role in carbohydrate synthesis. Photosynthesis
and sucrose or stachyose metabolic enzymes activities
concern carbohydrate synthesis capacity in leaves,
while carbohydrate accumulation in leaves will be
determined by the carbohydrate synthesis, loading
and transportation levels [26]. Meanwhile carbohy-
drate accumulation levels in leaves will feedback
regulate photosynthesis and the activities of carbo-
hydrate metabolism related enzymes [27]. The objec-
tives of this study were to evaluate the effects of
grafting on photosynthesis and carbohydrate metab-
olism in muskmelon leaves grafted on inter-specific
hybrid rootstocks.

Materials and Methods

Plant materials and sampling

Seeds of ‘Zhongmil’ a popular muskmelon
(Cucumis melo L.), cultivar (commercial maturity 40
days after anthesis [DAA] roughly) were kindly pro-

vided by Mr. Huaisong Wang (Chinese Academy of
Agricultural Sciences, CAAS) and used as scion in all
experiments. Rootstocks (Cucurbita maximaxC. mos-
chata ‘RibenStrong’ and ‘Shengzhenl1’) were grown in
a sand/soil/peat (1:1:1 by volume) mixture. For
grafting, rootstock seeds were sown for 7 days to
produce seedlings with approximately the same size
of hypocotyls as that of muskmelon. Tongue ap-
proach grafting was carried out at the two-leaf stage
of the muskmelon seedlings. Ungrafted plants
(self-rooted control), Zhongmil /RibenStrong,
Zhongmil /Shengzhenl graft combinations were
named as CK, GR and GS respectively. Approxi-
mately 20 days after grafting, the seedlings were
transplanted into plastic pots (with upper diameter,
base diameter and height of 30, 24 and 25.5 c¢m, re-
spectively) with NPK (2:1:2) fertilizer in a Liaoshen-2
solar greenhouse (Patent right possessed by
High-efficiency Industrialized Agricultural Engi-
neering Technology Research Center of Liaoning
Province). All plants were managed as using standard
production practices followed in northern regions of
China [4]. To identify fruit of known age, freshly
opened female flowers were tagged on the day of
hand-pollination and one fruit per plant was allowed
to develop at 12th node. Leaves from fruit-carrying
nodes in each treatments were collected on 8, 16, 24,
32, 40 (fruit maturity) and 48 DAA (delayed fruit
harvest period), between 10:00 am and 12:00 am, fro-
zen in liquid nitrogen and stored at -80°C for carbo-
hydrates and enzymatic activity assessment. All ex-
periments were repeated three times with three rep-
licates for each analysis.

Photosynthetic measurements

Net photosynthetic rates, stomatal conductance,
concentration of intercellular CO, and transpiration
rate of leaves from fruit-carrying nodes in each
treatment were measured on 8, 16, 24, 32, 40 and 48
DAA with a portable photosynthesis system (Li-Cor
6400; Li-Cor Inc., Nebraska, USA), between 9:00 am
and 11:00 am with constant irradiation (600 pmol
photons m2-s1, PAR). Each leaf was equilibrated in
the leaf chamber for at least 1 min before a measure-
ment was taken. And leaf area was measured with a
LI-3100 A (Li-Cor Inc.). Three plants were examined
and the means were calculated across replicates.

After collecting photosynthetic measurements,
0.25 g of fresh leaves were placed in a 100 ml test tube
for the determination of the chlorophyll content, then
10-15 ml pure methanol was added, and homoge-
nized with a polytron. The homogenate was then fil-
tered and made up to 100 ml with pure methanol. The
chlorophyll concentration in the supernatant was
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spectrophotometrically determined by measuring the
absorbances at 652.0 and 665.2 nm for chlorophyll a
and chlorophyll b, respectively, and calculated ac-
cording to Porra’s method. [28]. All experiments were
repeated three times with three replicates.

Soluble carbohydrate analysis

Soluble carbohydrates in leaves were extracted
with 80% (v/v) ethanol (15 ml per 6 g sample FW) at
80 C for 1 h. Ethanol extracts were collected and the
pellets re-extracted twice using the same method. The
extracts were subsequently cleaned via a Waters
Sep-Pak column (Cis, Accell Plus QMA and Accell
Plus CM), combined and dried in a centrifugal evap-
orator (MAXI dry Lyo). The dry extracts were dis-
solved in 500 pL ultra-pure water, filtered through an
acetate filter (0.22 pm pore size, Nalgene), and 20 pl
samples were analyzed for sugar content by HPLC
using a Waters 600 controller fitted with a Luna 5U
NH: 100R column (Phenomenex Separation Products,
USA), Waters 2410 Refractive Index Detector, Waters
In-Line Degasser AF, and Waters 600 pump as pre-
viously described [20]. The separations were per-
formed at 35 ‘C and eluted with 75/25 (v/v) acetoni-
trile/H>O at a flow rate of 1 mlmin?!. Fructose
(Product No. 31140), glucose (Product No. G5400),
sucrose (Product No. 84099), raffinose (Product No.
R0250), galactinol (Product No. 79544) and stachyose
(Product No. 54001) were determined by co-elution
with standards (SIGMA-ALDRICH Co., 3050 Spruce
Street, St. Louis, MO63103 USA). According to reten-
tion time to distinguish different kinds of sugars,
fructose, glucose, sucrose, raffinose, galactinol and
stachyose were detected at 4.858 min, 5.315 min, 6.710
min, 11.664 min, 12.885 and 21.923 min in Auto-Scaled
Chromatogram of HPLC, respectively. Waters Mil-
lennium software was used for controlling and data
processing.

Enzyme extractions and activity assays

Leaf samples were finely ground in liquid ni-
trogen using a chilled mortar and pestle. Approxi-
mately 1g of the ground tissue was suspended in 1 ml
of ice-cold extraction buffer containing 50 mM
HEPES-NaOH (pH 7.5), 10 mM ascorbic acid, 2.5 mM
dithiothreitol (DTT), 10 mM MgCl,, 10% (v/v) eth-
ylene glycol (pH 7.5), and 1 mM EDTA. The extracts
were filtered through cheesecloth, and centrifuged at
26,000 g (unit of speed) for 20 min at 4°C. The super-
natant was desalted by dialyzing for more than 20 h at
4°C.

Acid invertase (Al) and neutral invertase (NI)
(EC 3.2.1.26) activities were assayed in a final volume
of 25 ml, containing 0.2 ml of dialyzed enzymatic ex-

tract, 0.8 ml of reaction solution contained 100 mM
NaHPO,, 100 mM sodium citrate, 100 mM sucrose,
and pH 4.8 or 7.2 for acid invertase and neutral in-
vertase, respectively. The activities were measured by
the quantity of reducing sugars released in the assay
media with dinitrosalicylic acid. The reducing sugars
were revealed by incubation at 100°C for 5 min and
read at 520 nm in a Cary 100UV-VIS spectrophotom-
eter (Varian, USA) [29].

Sucrose synthase (SS) (EC 2.4.1.13) activity was
measured by using 0.4 ml reaction mixture contained
50 mM fructose, 0.82% UDPG, 100 mM Tris, 10 mM
MgCl, adding 0.2 ml enzyme at 37°C for 30 min and
bathing for 1 min at 100°C, and a volume of 1 ml re-
action products adding 0.1 ml 2 M NaOH was placed
in boiling water bath for 10 min and cooled in water,
then adding 3.5 ml 30% HCl and 1 ml 0.1% resorcinol.
Blank controls were obtained by adding the distilled
water to the reaction medium containing resorcinol.
The reducing sugars were revealed by incubation at
80°C for 10 min and read at 480 nm in a Cary
100UV-VIS spectrophotometer (Varian, USA). Sucrose
phosphate synthase (SPS) (EC 2.4.1.14) was assayed
by measurement of sucrose produced from fructose
6-phosphate plus UDP-glucose[30].

The alkaline a-galactosidase (AGA) (EC 3.2.1.22)
was assayed using p-nitrophenyl-a-galactosidase as
substrate. The reaction mixture contained 5 mM
p-nitrophenyl-a-galactosidase and 100 mM HEPES
buffer (pH 7.5) for alkaline form activity. Reaction
was started by adding 30 pl enzyme extract and ter-
minated after 20 min by adding 1 ml 5% (w/v)
NaxCOs. The enzyme activity was expressed as mi-
cromoles of nitrophenol formation per minute by
reading at 410 nm in a Cary 100UV-VIS spectropho-
tometer (Varian, USA) [31].

Stachyose synthase activity were determined as
previously described [32] with minor modifications.
Dialyzed 100 ul extract was added to 100 pl reaction
buffer containing 50 mM HEPES-NaOH (pH 7.0), 20
mM 2-mercaptoethanol, 10 mM galactinol and 40 mM
raffinose. Duplicate measurements were made for
each extract sample. Controls were similar but with
the omission of galactinol. Reaction mixtures were
incubated at 25°C for 90 min and the reactions were
terminated by the addition of 100 pl of 0.1 M NaOH.
The mixtures were then heated for 30 s in boiling wa-
ter and cooled to 25°C for 40 min in the presence of 2
mM NAD, 0.1 U myo-inositol dehydrogenase, and 50
mM Na>COs (pH 9.5) in a total reaction volume of 1.0
ml. Reduction of NAD was measured spectrophoto-
metrically at 340 nm in a Cary 100UV-VIS spectro-
photometer (Varian, USA).
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Statistical Analysis

SPSS 13.0 and Excel 2007 were used for data
analysis and graphing.

Results and Discussions

One of the most important qualities of fruits is
sweetness, which is closely related to the soluble
sugar content and therefore carbohydrate metabolism
plays a pivotal role in development of muskmelon
fruit [4, 18]. It is well known that fruit development is
dependent largely upon the supply of photoassimi-
lates imported into the fruit via the phloem from
leaves [33]. Carbohydrate accumulation in leaves is a
comprehensive reflection of three respects in carbo-
hydrate synthesis, metabolic transformation, loading
and export. The productivity and metabolic capacity
of the photoassimilates in leaves will exert a direct
influence on the loading and export for the carbohy-
drate in leaves, critically important to the carbohy-
drate accumulation in fruits. Photosynthesis and car-
bohydrate metabolic enzymes activities concern car-
bohydrate synthesis capacity in leaves, while carbo-
hydrate accumulation in leaves will be determined by
the carbohydrate synthesis capacity, loading and
transportation level. Meanwhile carbohydrate accu-
mulation levels in leaves will feedback regulate pho-
tosynthesis and the activities of carbohydrate metab-
olism related enzymes [27]. Therefore, the present
study on the effects of grafting muskmelon on in-
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ter-specific hybrid rootstocks on photosynthesis and
carbohydrate metabolism in muskmelon leaves is
important to help realize high yield and quality.

Effect of grafting on chlorophyll content and
photosynthesis level in muskmelon leaves

Chloroplast, the fundamental substance for
photosynthesis, functions by absorbing and transfer-
ring light energy. Chlorophyll content, which displays
a direct impact on the photosynthetic efficiency in
leaves, is a key index in photosynthetic capacity [2].
Compared to most other Suc-translocating plants,
photoassimilates in translocation stream of musk-
melon is mainly composed of stachyose, along with
raffinose and sucrose [34, 35]. As a result sucrose from
photosynthesis in leaves will have to be converted
into stachyose by a series of enzyme catalysis, and
then they can be loaded to phloem for long distance
transport to the fruits. Since sucrose is the substrate of
stachyose synthesis, the level of photosynthesis also
will influence stachyose metabolism in leaves. As this
experiment indicates, grafting on inter-specific root-
stocks significantly increased chlorophyll a content
during 24-48 DAA, chlorophyll b content during 32 to
48 DAA and chlorophyll a+b content during 24-48
DAA (Fig. 1). However, grafting did not change the
chlorophyll a/b ratio throughout the developmental
stage (Fig. 1). In addition, grafting increased leaf area
dramatically during 24-48 DAA (Fig. 1).
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Fig. | Effect of grafting on chlorophyll content, chlorophyll a/b ratio and leaf area in muskmelon leaves.
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Fig. 2 Effect of grafting on net photosynthesis rate (A), stomatal conductance (B), concentration of intercellular CO, (C)

and transpiration rate (D) in muskmelon leaves.

These results were similar to previous studies on
grafted cucumber [36, 37]. Grafting significantly en-
hanced net photosynthesis rates during 16-48 DAA,
stomatal conductance during 24-48 DAA and concen-
tration of intercellular CO; or transpiration rate dur-
ing 16 to 32 DAA (Fig. 2). These findings were similar
to the results on grafted oriental melon, watermelon,
and citrus [38-40]. Grafting can improve net photo-
synthesis rate and enhance assimilate accumulation
and thus enhancing growth potential and dry matter
accumulation in roots, stems, leaves and fruits.
Grafting, which improves stomatal conductance and
intercellular CO, concentration, will strengthen the
transfer capability of photosynthetic substrates and
the supply capability of photosynthetic materials to
ensure increased photosynthesis efficiency. Grafting
on inter-specific rootstocks can boost transpiration
rates in the leaves thus improving water and mineral
nutrient absorption capacity in plants. Grafting can
remarkably increase net photosynthetic rates in leaves
of muskmelon, due to increased chlorophyll content
and leaf area, similar to what has been observed in
grafted cucumbers [41, 42]. Further studies to deter-

mine the detailed effects of grafting on photosynthesis
in muskmelon leaves are still needed.

Effect of grafting on carbohydrate contents in
muskmelon leaves

In many plant species, such as arabidopsis, to-
mato, soybean, maize, sugar beet or tobacco, assimi-
lated CO; is exported exclusively in the form of su-
crose. However, in addition to sucrose, raffinose and
stachyose are also used for long distance transport in
Cucurbitaceae [26, 35]. Carbohydrates from photosyn-
thesis in leaves will generate a large amount of trans-
location carbohydrates such as stachyose, partial raf-
finose and sucrose from stachyose metabolism, and
then they will be loaded into the phloem for long
distance transport to every sink organ in plant [43].
Currently available studies have confirmed that for a
plant with RFOs-dominant translocation, loading and
transportation in its phloem should follow symplastic
pathway [44, 45]. Among numerous hypotheses
supportive for such a pathway, the ‘polymer trap
model” maintains that sucrose synthesized in meso-
phyll cells enters the intermediary cells (specialized
CCs in minor veins) by diffusion through specialized,
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highly branched plasmodesmata. Inside the interme-
diary cells, sucrose and galactinol are used in the
synthesis of RFOs. Since the diameter of those RFOs
molecules is larger than the pore size of plasmodes-
mata between mesophyll cells and intermediate cells,
carbohydrate backflow to the mesophyll cells may be
prevented. However, the single branch plasmodes-
mata pore units between intermediate cells and sieve
element can accommodate the passage of these car-
bohydrate molecules and their flow into the sieve
elements [26, 44]. The present study showed that
fructose, glucose and sucrose contents in functional
leaves were 6.09 mg-g?, 7.53 mg-g! and 9.04 mg-g!
respectively, while the contents of galactinol, raffinose
and stachyose were slightly low and <1.25 mg-g? in
all treatments (Fig. 3). The lower content of galactinol
may be due to its utilization during synthesis of sug-
ars such as stachyose and raffinose. Meanwhile the
lower content of raffinose and stachyose may be sig-
nificantly related to a large amount of raffinose and
stachyose loading and export after being synthesized.
In addition, grafting reduces the fructose and glucose
content in the leaves during the early and middle
developmental stages while it accelerates the synthe-
sis and accumulation in terms of sucrose, galactinol,
raffinose and stachyose during middle and later de-
velopmental stages. Grafting on inter-specific root-
stocks can reduce total carbohydrate accumulation
during early development and increase starch accu-
mulation in the later developmental stage of leaves.
The changes in carbohydrate contents in leaves can be
considered as comprehensive reflections of carbohy-
drate synthesis, metabolic transformation, loading
and export in grafted muskmelon plants.

Effect of grafting on carbohy-
drate-metabolizing enzymes in muskmelon
leaves

We elucidated the response of enzymes involved
in carbohydrate metabolism in muskmelon leaves
grafted on inter-specific rootstocks to gain a better
understanding on the effects of grafting on carbohy-
drate metabolism. There have been some reports on
sucrose metabolism in leaves so far only [29, 46]. The
key enzymes in sucrose metabolism include sucrose
synthase, sucrose phosphate synthase and invertase
[47]. Of these, sucrose phosphate synthase is the en-
zyme necessary for sucrose synthesis, and invertase is
involved in sucrose decomposition. Sucrose synthase,
the third enzyme can not only catalyze sucrose syn-
thesis, but can decompose sucrose as well [48]. The
raffinose family oligosaccharides (RFOs) metabolism
related enzymes mostly inculde galactinol synthase,
raffinose synthase and stachyose synthase. Galactinol

synthase is the enzyme in the first step of catalytic
synthesis for the raffinose family oligosaccharides
[49]. Raffinose synthase is a key enzyme in converting
sucrose into raffinose [50]. And stachyose synthase, a
kind of soluble enzyme existing in cytoplasm, will
catalyze raffinose into stachyose [51]. Therefore, the
activities of carbohydrate-metabolizing enzymes in
leaves are crucially important to the carbohydrate
synthesis, transportation and accumulation in
muskmelon [52]. Photosynthetic carbon metabolism
in muskmelon leaves is thought to be one of the im-
portant factors in soluble sugar synthesis, plant
growth and fruit yield. However, there are few re-
search reports about the influence of grafting on car-
bohydrate metabolism in muskmelon leaves. In the
present study, grafting muskmelons on inter-specific
rootstocks did not change the general trend of carbo-
hydrate metabolism related enzyme activity in leaves
during development (Fig. 5A-F). However, grafting
muskmelon on inter-specific rootstock increased acid
invertase and neutral invertase activities in leaves
during the early and middle developmental stages
with more pronounced effects on acid invertase than
neutral invertase. However, grafting reduced fructose
and glucose contents in leaves in the early and middle
developmental stages. One explanation for this could
possibly be because more glucose and fructose were
being utilized for the leaf growth in GR’s or GS’s (Fig.
3A-B). Grafting increased sucrose synthase activity in
the later developmental stage compared to CK (Fig.
5C). Sucrose phosphate synthase and stachyose syn-
thase activity were higher during the middle and later
developmental stages in grafted muskmelon leaves
compared to CK (Fig. 5D-E). Grafting had slight in-
fluence on alkaline a-galactosidase activity (Fig. 5F), a
fact favorable for stachyose production in muskmelon
leaves (Fig. 3F). During 8 to 40 DAA increased
stchyose levels was noted in GS whereas, a similar
increase in stachyose levels was only observed on 32
DAA for GR. This indicates that the carbohydrate
loading and export levels of GR are higher than those
of GS. Experiments are underway to determine if the
carbohydrates loading and export capability for GS
and GR are remarkably higher than that of CK.

The accumulation and export of photosynthates
in leaves is another major influential element on
photosynthesis [53]. Our results indicate that the
grafted muskmelon leaves generate and accumulate
more translocating sugars such as sucrose, raffinose
and stachyose than the ungrafted (CK). Though the
carbohydrate supply capacity was greater in grafted
muskmelons, it did not exert a feedback inhibition on
photosynthesis. This could most likely be due to ap-
propriate photoassimilates contents in leaves. Thus it
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should follow the hypothesis of inhibition threshold
of photosynthetic product [54, 55]. This hypothesis
suggests that though there is photoassimilates feed-
back inhibition in plants, such an inhibition may only
exist when photoassimilates accumulate to very high
level. Under stress free conditions, carbohydrates
contents in leaves for many plants do not exceed their
inhibition threshold of photosynthetic product [54, 56,
57]. Grafting increased the translocating sugars con-
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tent in muskmelon leaves and at the same time also
improved photosynthetic capacity in grafted plants
without exceeding the inhibition threshold.

In conclusion the increase in photosynthesis and
carbohydrate metabolism due to grafting has the po-
tential to improve fruit quality and yield in musk-
melon. Breeding and developing appropriate root-
stock and scion combinations can significantly help
improve fruit quality and yield.
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Fig. 3 Effect of grafting on fructose (A), glucose (B), sucrose (C), raffinose (D), galactinol (E) and stachyose (F) contents in

muskmelon leaves.
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