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Abstract — Grafting has been used to improve yield, fruit quality and disease resistance in a range of tree and vegetable species. The
molecular mechanisms underpinning grafting responses have only recently started to be delineated. One of those mechanisms involves
long distance transfer of genetic material from rootstock to scion alluding to an epigenetic component to the grafting process. In the
research presented herein we extended published work on heritable changes in the DNA methylation pattern of Solanaceae scion
genomes, in Cucurbitaceae inter-species grafting. Specifically, we examined global DNA methylation changes in scions of cucumber,
melon and watermelon heterografted onto pumpkin rootstocks using MSAP analysis. We observed a significant increase of global DNA
methylation in cucumber and melon scions pointing to an epigenetic effect in Cucurbitaceae heterografting. Exploitation of differential
epigenetic marking in different rootstock-scion combinations could lead to development of epi-molecular markers for generation and

selection of superior quality grafted vegetables.
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INTRODUCTION

Grafting is an ancient agricultural practice that has been
used extensively for more than 2000 years worldwide.
The purpose of grafting is to produce high quality plants
by combining favorable characteristics of the two graft
partners, the rootstock and the recipient scion. Beneficial
rootstocks can provide resistance to pests and pathogens
and increase tolerance to environmental stressful condi-
tions such as temperature changes, increased salinity and
heavy metal soil composition (Tomaz et al. 2002, King et
al. 2008, Colla et al. 2010). Grafting was first applied to
woody species and presently commercial tree and nut tree
production relies heavily on grafting for higher yields and
disease resistance (Kubota et al. 2008).

In vegetable production grafting has been used widely
within the Solanaceae and Cucurbitaceae in order to cope
with soil-borne infections and provide enhanced abiotic
stress tolerance (Kubota et al. 2008, Lee et al. 2010, Savvas
et al. 2010, Schwarz et al. 2010). A wealth of reports have

illustrated that different rootstock genotypes could have
differential effects on the yield and quality of the grafted
vegetable and the overall performance of the graft largely
depends on the specificity of the rootstock-scion combina-
tion (Cohen et al. 2007, Davis et al. 2008).

In the past decade, a growing number of investigations
in Cucurbitaceae grafting has been carried out aiming to
improve the performance of high-value vegetables such
as cucumber, melon and watermelon (Cohen et al. 2007).
Recently, grafting of watermelon onto specific rootstocks
resulted in significant increase of lycopene content in water-
melon fruits and enhanced resistance to soil-borne diseases
(Mohamed et al. 2012), whereas different rootstock-scion
combinations lead to alterations in the content of plant
nutrients in leaves and fruits of watermelon grafts (Yetisir
et al. 2013). In addition, cucumber and melon grafted onto
pumpkin rootstocks were shown to exhibit enhanced tolerance
to increased salinity (Huang et al. 2013, Orsini et al. 2013).

The interaction between the two graft partners involves
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transport of biological molecules like nutrients, hormones,
proteins and genetic material across the graft union. Several
studies in Arabidopsis, tomato and cucurbits, have dem-
onstrated long-distance movement of small non-coding
RNAs, microRNAs (miRNAs) and small-interfering RNAs
(siRNAs), from the rootstock to the scion, in homografted
and heterografted plants (Haroldsen et al. 2013). Small non
coding RNAs, siRNAs, are known to direct RNA-dependent
DNA methylation (RdADM) leading to transcriptional gene
silencing (TGS) (Zhang and Zhu 2011), a phenomenon that
recently has been observed in both partners in grafted plants.
An siRNA molecule originating from a rootstock transgene
was shown to move across the graft union to the scion part
in Arabidopsis homografts (Molnar et al. 2010). Notably,
the transgene-derived siRNA mediated gene silencing in
the root part of the graft. In addition, a 24nt endogenously
derived siRNA was translocated to the scion and directed
DNA methylation in the genome of scion recipient cells
(Molnar et al. 2010). Similarly, in tobacco homografts, a
transgene siRNA directed rootstock DNA methylation and
after transport through the graft union it mediated silencing
of the transgene in the scion (Bai et al. 2011).

Epigenetic changes such as DNA methylation can lead
to gene activation or gene silencing associated with critical
cellular functions which may take place during the grafting
process and in the grafted plant (Law and Jacobsen 2010,
Tsaftaris etal. 2012, Tsaballa et al. 2013). Epigenetic changes
induced by grafting may provide a new source of variation
underlying novel traits with implications in modern breeding.

Very recently it was shown that reciprocal interspecies
grafting in three Solanaceae species, induced significant
DNA methylation alterations in the genomes of tomato,
eggplant and pepper scions. Moreover, the graft-induced
DNA methylation changes were found to be heritable to

Table 1. Sequences of adapters for the EcoRI and Hpall/MspI ligation
step, and for the pre-selective (EcoRI+1, Hpall/Mspl+1) and selective
(EcoRI+3, Hpall/Mspl+3) amplifications

Primers/Adapters Sequences 5°_-> 3’
EcoRl adapter CTCGTAGACTGCGTACC
AATTGGTACGCAGTC
EcoRI+1 GACTGCGTACCAATTC+A
EcoRI+3 +ATG
+ACT
+AAC
+AAG
Hpall/Mspl adapter GACGATGAGTCTCGAT
CGATCGAGACTCAT
Hpall/Mspl + 1 ATGAGTCTCGATCGGHT
Hpall/Mspl + 3 +TCA

the self-pollinated progeny (Wu et al. 2013).

In the present study we extended these investigations
to the as yet unexplored molecular mechanisms of grafting
in Cucurbitaceae. We have investigated grafting of three
species, cucumber, watermelon and melon and methyla-
tion changes that occurred, by using Methylation Sensitive
Amplification Polymorphism (MSAP) analyses, which can
identify and estimate susceptible anonymous 5’-CCGG
sequences and access their methylation status. The MSAP
method uses two pairs of isoschizomers EcoRI/Hpall and
EcoRI/Mspl that have different sensitivity to methylation
at the inner or outer cytosine. Differences in the products
from the two different treatments obtained reflect different
methylation states at the cytosines. We have demonstrated
for the first time alterations in the DN A methylation pattern
of the Cucurbitaceae scion genomes.

MATERIAL AND METHODS

Plant materials

Pure line cultivars or F, hybrids of three species of
Cucurbitaceae, cucumber (Cucumis sativus) cv. Skotinos,
melon (Cucumis melo) cv. Fanis-3, watermelon (Citrullus
lanatus) cv. Obla, designated as C, M, and W, respectively,
were used in this study. Squash hybrid ‘TZ-148’ was used
as the rootstock for all three species.

Grafting and material sampling

Grafting was performed according to Tsaballa et al.
(2013). Grafts were maintained and gradually hardened in
the greenhouse for about two weeks when the unions were
strengthened and plants reached the 8—10-leaf stage. Leaf
materials collected from the graft part were used for the
MSAP analysis while leaf materials originating from the

Table 2. Molecular basis of MSAP. Isoschizomers Hpall/Mspl recognize
the same restriction 5'-CCGG site but have different sensitivity to meth-
ylation of the cytosines

Hpall Mspl Sign site
C C G G
1 1 Unmethylated
G G C C
C C C G
C G G
1 0 CHG
G G
C C
G G
0 1 CG
G

1 defines the digestion and C defines the methylcytosine
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same F hybrids of non-grafted plants served as respective
controls. Each plant material treatment (grafted or seeded-
control) combination consisted of three independent samples.

MSAP analysis

MSAP analysis was performed according to Wu et al.
(2013). Briefly, genomic DNA (200 ng) was double-digested
with EcoRI/Hpall and EcoRI/Mspl, followed by ligation of
two different adapters and a pre-amplification reaction. Di-
luted pre-amplified fragments were used as starting material
for selective amplification with selected primers (Table 1).

Fragment separation and detection from selective am-
plification was made by using an ABI PRISM 3730x]1 DNA
sequencer. Genemapper 4.0 (Applied Biosystems) was
used for scoring MSAP fragments (Table 2) and provided
a matrix where alleles are presented with “1” (presence of
fragment) and with “0” (absence of fragment). The local
Southern method was used for auto sizing with the following
specifications: baseline window 51 pts, analysis range 50-
700 base-pairs and bin-width 0.5. Peak quality and Quality
flags was used as default for the analysis. Statistical analysis
was performed according to Wu et al. (2013).
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Figure 1. Relative methylation/non-methylation levels based on MSAP
analysis in grafted plants and seed-plant controls. A) cucumber-pumpkin
graft. B) melon-pumpkin graft. C) watermelon-pumpkin graft. CHG, CG
and unmethylated sites indicate hemi-methylation, full methylation and
no methylation, respectively. Pooled leaves from three independent scion/
rootstock plants were analyzed for each species. Data represent mean
values from three technical repeats for each biological sample (three
plants). Values significantly different from the control are marked with
an asterisk (*). gC, grafted cucumber; gM, grafted melon; gW, grafted
watermelon. C, cucumber seed-plant control; M, melon seed-plant control,
W, watermelon seed-plant control.

RESULTS AND DISCUSSION

Grafting of three Cucurbitaceae species, in particular,
cucumber (Cucumis sativus), melon (Cucumis melo), and
watermelon (Citrullus lanatus), were carried out onto
pumpkin rootstocks (squash hybrid TZ148). When scions
of heterografts reached the 8-leaf stage, leaf material was
harvested for further analysis. MSAP analysis was used to
determine the DNA methylation pattern at 5"-CCGG-3 sites
by scoring the presence or absence of bands after EcoRI/Hpall
and EcoRI /Mspl digestion of genomic DNA and subsequent
PCR amplification. Three individual scion-rootstock grafted
plants for each species were used for the experiment. Since
the cucumber, melon, and watermelon cultivars examined
represent pure lines, only one seed-plant was used as the
non-grafted control for each cultivar. Based on the MSAP
profiles the numbers of nonmethylated, hemi-methylated
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Figure 2. Tabulated data of alteration in DNA methylation patterns based
on the MSAP analysis.
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(CHQG) and fully-methylated (CG) sites were calculated.
Mean methylation levels of three cucumber/pumpkin grafts
displayed significant increase in the CHG context (~ 1.8
fold) and ~ 1.2 fold in total methylation, whereas levels
were unaltered in CG methylation, compared to the seed-
plant control (Figure 1A). Mean methylation levels of three
melon/pumpkin graft also exhibited a significant induction
in the CG methylation of ~ 2.0 fold and in total methylation
of ~1.25 fold, whereas levels were only slightly increased
in CHG methylation, compared to the melon seed-plant
control (Figure 1B).

Significant methylation changes were not observed for
the watermelon/pumpkin grafted plants (Figure 1C). DNA
methylation levels were also calculated for each one of
three individual plants from each specific graft. These are
shown along with their controls (C, M, and W, respectively)
in Figure 2. Homografts were not included in this study,
as it was well established in the recent study by Wu et al.
(2013) that significant DNA methylation changes did not
occur in homografted Solenaceae plants.

In the current study we have demonstrated global DNA
methylation alterations in scions of cucumber, melon and
watermelon grafted onto pumpkin rootstocks. A change in
the level of an epigenetic mark in the genome of cucurbit
scions is in agreement with previous reports showing
changes in the DNA methylation pattern in scions of three
heterografted Solanaceae species (Wu et al. 2013).

Epigenetic modifications such as DNA methylation
and histone modifications are known to lead to changes
in chromatin structure. Open and closed chromatin states
are associated with gene activation and gene silencing,
respectively, and govern proper onset of gene expression
programmes during development and in response to chang-
ing environmental conditions (Bennetzen and Zhu 2011).
Locus-specific and mainly genome-wide studies analyzing
entire methylomes have well established that DNA methyla-
tion depends on a number of endogenous and exogenous
factors including genotype, cell type, developmental stage
and environmental stimulus (Cokus et al. 2008, Feng et al.
2010, Karan et al. 2012, Li et al. 2012, Song et al. 2012,
Zhong et al. 2013). Since grafting engages most of these
factors it is conceivable that DN A methylation changes will
be evidenced in the grafting partners, that is, the rootstock
and the scion of grafted plants.

The data presented above serve as a basis for exploring
further Cucurbitaceae grafting. In addition, this information
will contribute to a better understanding of the molecular
mechanisms underlying the grafting process and epigenetic
regulation in grafted plants. Hence, development of rapid
and low-cost methods detecting not only genetic variation
but also epigenetic variation will provide an invaluable new
tool much needed in current crop breeding technologies and
in the analysis of crop wild relatives.

Mudancas na metilacio de DNA global em enxertia interespecifica com

Cucurbitaceae

Resumo — Enxertia é usada no melhoramento da produgdo, da qualidade do fruto e na resisténcia "a doengas em espécies vegetais
arboreas. Os mecanismos moleculares sobre as respostas a enxertia estdo sendo delineados somente agora. Um deles envolve a
transferéncia a longa distancia de material genético do porta-enxerto ao enxerto, aludindo a um componente epigenético para o
processo de enxertia. Nesta pesquisa foram investigadas as mudangas herdaveis no padrdo de metilagdo de DNA de genomas de enxertos
de solanaceae, em enxertia interespecifica com Cucurbitaceae. As mudangas na metilagdo de DNA global em enxertos de pepino,
meldo e melancia, heteroenxertados em porta-enxertos de moranga, foram examinadas usando analise MSAP. Ocorreu incremento
significativo de metilagdo de DNA em pepino e meldo, apontando para um efeito epigenético em Cucurbitaceae heteroenxertadas. A
exploragdo do marcador epigenético diferencial em diferentes combinagdes de porta-enxertos/enxertos pode levar ao desenvolvimento
de marcas epimoleculares para geragdo e sele¢do de vegetais enxertados de qualidade superior.

Key words: Metilagcdo de DNA, regulacdo epigenética, melhoramento epigenético, enxertia, Cucurbitaceae.
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