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José-Luis Pardo-Alonso, Ángel Carre ño-Ortega, Carolina-Clara Martı́nez-Gaitán, 
Iacopo Golasi and Marta Gómez Galán

Conventional Industrial Robotics Applied to the Process of Tomato Grafting Using the 
Splicing Technique
Reprinted from: Agronomy 2019, 9, 880, doi:10.3390/agronomy9120880 . . . . . . . . . . . . . . . 129

Enrica Allevato, Rosario Paolo Mauro, Silvia Rita Stazi, Rosita Marabottini, 
Cherubino Leonardi, Anita Ierna and Francesco Giuffrida

Arsenic Accumulation in Grafted Melon Plants: Role of Rootstock in Modulating Root-To-Shoot 
Translocation and Physiological Response
Reprinted from: Agronomy 2019, 9, 828, doi:10.3390/agronomy9120828 . . . . . . . . . . . . . . . 147

Hao Wei, Jin Zhao, Jiangtao Hu and Byoung Ryong Jeong

Effect of Supplementary Light Intensity on Quality of Grafted Tomato Seedlings and Expression
of Two Photosynthetic Genes and Proteins
Reprinted from: Agronomy 2019, 9, 339, doi:10.3390/agronomy9060339 . . . . . . . . . . . . . . . 163

Rana Shahzad Noor, Zhi Wang, Muhammad Umair, Muhammad Yaseen, 
Muhammad Ameen, Shoaib-Ur Rehman, Muzammil Usman Khan, Muhammad Imran, 
Waqar Ahmed and Yong Sun

Interactive Effects of Grafting Techniques and Scion-Rootstocks Combinations on Vegetative 
Growth, Yield and Quality of Cucumber (Cucumis sativus L.)
Reprinted from: Agronomy 2019, 9, 288, doi:10.3390/agronomy9060288 . . . . . . . . . . . . . . . 179

Leo Sabatino, Giovanni Iapichino, Giuseppe Leonardo Rotino, Eristanna Palazzolo,

Giuseppe Mennella and Fabio D’Anna

Solanum aethiopicum gr. gilo and Its Interspecific Hybrid with S. melongena as Alternative
Rootstocks for Eggplant: Effects on Vigor, Yield, and Fruit Physicochemical Properties of
Cultivar ′Scarlatti′

Reprinted from: Agronomy 2019, 9, 223, doi:10.3390/agronomy9050223 . . . . . . . . . . . . . . . 205
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Grafting is among the most ancient agricultural techniques, having been practiced since 2000 BC.
Nowadays, this old technique holds a significant margin for improvement by adding contemporary
advances in plant science and technology. Vegetable grafting is widely used in Cucurbitaceous
(cucumber, melon and watermelon) and Solanaceous crops (eggplant, pepper and tomato) [1,2].
Grafting provides opportunities to exploit natural genetic variation for specific root traits to influence
the phenotype of the shoot. By selecting a suitable rootstock, grafting can manipulate scion morphology
and physiology and can manage biotic stresses including foliar and soil borne pathogens, arthropods,
viral diseases, weeds and nematodes, as well as abiotic stresses such as thermal stress, drought, salinity,
nutrient deficiency and imbalances in soil, adverse soil pH (alkalinity and acidity), heavy metals
contamination and organic pollutants [3–5]. The current research topic “Grafting as a sustainable means
for securing yield stability and quality in vegetable crops” compiles 12 research papers and 2 review articles
that examine the implications of vegetable grafting for crop growth and productivity, resource use
efficiency (water and fertilizer), nutritional and functional quality of the produce as well as tolerance to
biotic and abiotic stress. The present research topic contains scientific articles of high standard coming
from several prestigious research groups. As such, it is geared to increase knowledge among scientists,
breeding companies and farming communities on the benefits of grafting vegetables towards securing
productivity and stability of the agricultural sector, thus improving food security.

Grafting methods vary considerably depending on the kind of crop, the growers’ experiences as
well as the availability of grafting facilities (hand grafting, automatic or semi-automatic machines).
In their review paper, Lee et al. [6], summarized the major grafting methods in cucurbits and solanaceous
crops as follows: (i) cleft grafting, (ii) hole insertion, (iii) pin grafting, (iv) splice and (v) tongue approach
grafting. In the same review, Lee et al. [6] affirmed that the differences in diameter between the scion
and rootstock have a significant effect on the grafting success. However, the alignment of rootstocks
and scions of variable diameters is an arduous task, liable to human error that may consequently
impact the success of seedling grafting [6]. Pardo-Alonso et al. [7] carried out an experiment aiming to
determine the combined effect of cutting angle and different rootstock/scion random diameters on the
grafting success of tomato using the splice technique. In their research, the authors reported that an
increased grafting angle is associated with a higher survival rate of grafted tomato plants irrespective of
the variations in diameter between scion and rootstock. The authors concluded that using the splicing
technique in tomato with a cutting angle ranging between 50◦ and 70◦ could definitely improve the
grafting conditions and consequently simplify the demands for manual and automated (i.e., robotized)
grafting systems. The same research group in a successive experiment investigated the influence of
different robot working speeds (from 100 to 600 mm/s) on the tomato grafting success [8]. In their work,
the authors showed that the use of low speeds (between 100 and 300 mm/s) allows a success rate around
90%; at medium speeds (between 400 and 500 mm/s) the success rate remains above 80%, while at a
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test speed of 600 mm/s the success rate dropped significantly below 70%. The authors concluded that
professional nurseries dealing with automated tomato grafting should use a velocity close to 300 mm/s,
which results in significantly higher speeds compared to manual grafting by expert workers while
securing high success rates. Moreover, Wei et al. [9] carried out a glasshouse experiment to assess the
physiological and molecular responses of supplementary light intensity (50, 100, or 150 μmol m−2 s−1

PPFD) for a period of 10 days on grafted tomato seedlings (‘Super Sunload’ and ‘Super Dotaerang’)
grafted onto the commercial rootstock ‘B-Blocking’. Light intensity of 100 or 150 μmol m−2 s−1 boosted
the seedling performance of tomato in terms of fresh and dry biomass, leaf area, SPAD index and root
biomass compared to those supplied with 50 μmol m−2 s−1, with no significant differences observed
between the 100 and 150 μmol m−2 s−1 LED treatments. A putative mechanism involved in the
superior seedling performance at 100 and 150 μmol m−2 s−1 implicates the enhanced expression
of photosynthesis-related genes PsaA and PsbA compared to their expression at 50 μmol m−2 s−1.
The authors concluded that supplemental light at 100 μmol m−2 s−1 should be adopted by growers to
achieve grafted tomato seedlings of high quality.

Noor et al. [10] conducted a two-year experiment on greenhouse cucumber, where four rootstocks
(bitter gourd, bottle gourd, pumpkin and ridge gourd) and five grafting techniques (hole insertion,
splice grafting, single cotyledon, tongue approach and self-rooted control) were tested. Grafting
cucumber plants onto bottle gourd significantly increased plant survival rates and yield performance
compared to the other rootstocks, most successfully by employing the splice grafting followed by
tongue approach, single cotyledon and finally the hole insertion approach. The interactive effects
of grafting technique and rootstock combination were less pronounced on fruit quality attributes,
since besides the improvement of fruit mineral composition, the fruit dry matter and other quality traits
were not significantly influenced by either of the tested factors. Concerning an important solanaceous
species such as eggplant, Sabatino et al. [11] investigated the rootstock effect of two accessions of
Solanum aethiopicum gr. gilo and the interspecific hybrid S. melongena × S. aehtiopicum gr. gilo on
the vigor, productivity and fruit quality composition of eggplants compared to the most commonly
used rootstock S. torvum. The results of their study clearly showed that S. melongena × S. aehtiopicum
gr. Gilo demonstrated high compatibility and improved the grafting success, vigor, earliness and
marketable yield without detrimental effect on nutritional quality traits; thus, they indicated that
this interspecific hybrid could be considered a potential rootstock for eggplant that may replace
the most commonly used S. torvum. The synergistic effect of grafting and arbuscular mycorrhizal
fungi (AMF) on crop performance and fruit quality was also demonstrated by Sabatino et al. [12]
on greenhouse eggplant. Although, the beneficial effect of grafted (onto S. torvum, S. macrocarpon
and S. paniculatum) and inoculated plants was only evident with respect to yield and yield-related
components, compared to non-grafted and non-inoculated controls, synergistic action between grafting
and AMF was only recorded on the nutritional and functional quality of eggplant fruit. Sabatino
and co-workers [12] demonstrated that grafting eggplant onto S. torvum or S. paniculatum boosted
significantly the synthesis and concentration of antioxidant molecules, such as ascorbic and chlorogenic
acids, and reduced the accumulation of glycoalkaloids. Similar results were also observed in eggplant
grafted onto two tomato (Emperador and Optifort) and four Solanum (S. torvum, S. integrifolium,
S. grandiflorum × S. melongena and S. melongena × S. integrifolium) rootstocks, which resulted in higher
consumer fruit quality parameters compared to non-grafted and self-grafted plants [13]. Particularly,
greenhouse eggplant grafted onto tomato rootstocks exhibited the lowest pulp color difference and
oxidation potential, while the sweetest taste during the sensory evaluation was recorded in eggplant
fruits harvested from plants grafted onto S. torvum. Concerning watermelon, Kyriacou et al. [14]
investigated how interspecific pumpkin and bottle gourd rootstocks interact with two diploid and
two triploid mini-watermelon scions and one large-fruited diploid scion with respect to yield and
physicochemical traits and bioactive compounds at harvest and following postharvest storage at 25 ◦C
for 10 days. Watermelon plants grafted onto the interspecific hybrid had improved yield, fruit lycopene
content and firmness accompanied with minimal reduction in sugars compared to those grafted onto
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bottle gourd rootstock. The authors also demonstrated that ambient postharvest storage for 10 days
boosted pulp lycopene levels.

Vegetable grafting is also developing around the globe as a means to overcome abiotic and
biotic stresses which are responsible for 70% and 30% of the yield gap, respectively [15]. Among the
major abiotic stresses, salinity and drought are the ones forecasted to rise due to global climate
change [15]. In their review, Singh et al. [16] summarized the main physiological and biochemical
mechanisms of grafting tomato to improve salt tolerance. The effectiveness of grafting in imparting
tomato tolerance/resistance to soil and/or water salinity has been associated to several, biochemical,
physiological and molecular mechanisms at scion and rootstock levels: (i) sodium and/or chloride
exclusion; (ii) high photosynthetic, proline or antioxidant activities (APX, CAT); (iii) useful QTL’s;
(iv) increased content of abscisic acid, cytokinines and reduced content of ethylene precursor; as well
as (v) increased root growth, length and root-to-shoot ratio [16]. Moreover, Modarelli et al. [17]
evaluated the response to salinity (150 mM NaCl and a non-saline control) in different melon,
watermelon, bottle gourd, luffa, Cucurbita maxima and interspecific C. maxima × C. moschata rootstocks
in terms of plant growth parameters and photosynthetic pigments (chlorophyll and carotenoids).
The authors demonstrated that luffa, melon, watermelon and bottle gourd rootstocks were salt sensitive,
whereas interspecific hybrid (CMM-R2), melon genotypes (CM6, CM7, CM10, and CM16), along with
watermelon (CV2 and CV6) and bottle gourd (LS4) were salt tolerant and proposed as candidate
salt-resistant rootstocks to be introduced into breeding programs. Urlic et al. [18] showed that tomato
plants grafted onto commercial rootstocks such as Emperador and Maxifort were able to increase
yield under both optimal and sub-optimal (deficit irrigation [DI] or partial root-zone drying [PRDZ])
conditions. Interestingly, grafted tomato plants grown under DI exhibited minimal yield reduction
compared to the full irrigation water regime, while water use efficiency was highly improved by the
combination of grafting and DI or PRZD treatments. Furthermore, Allevato et al. [19] demonstrated
in a hydroponic experiment that grafting melon cultivar Proteo onto two intraspecific (Dinero and
Magnus) and three interspecific (RS841, Shintoza and Strong Tosa) hybrids was able to mitigate the
detrimental effect of a heavy metal such as arsenic. Interspecific hybrid RS841 was the most efficient
rootstock in securing crop productivity under heavy metal conditions and was also able to reduce the
translocation of arsenic to the fruits.

Concerning the implications of grafting for improving tolerance/resistance to biotic stress,
Cardarelli et al. [20] reviewed the potential benefits of grafting in boosting tolerance/resistance
to soil borne diseases through modulation of indigenous suppressive microbial communities. In their
review, the authors summarized the main disease-resistance/tolerance mechanisms identified in
grafted vegetable plants grown in soil infested by pathogens as follows: (i) modulation of the root
system architecture; (ii) antifungal rhizodeposits; (iii) microbial barrier; and (iv) sap flow modification.
Notwithstanding, the enormous significance of grafting as a means for securing yield stability and
quality in vegetables crops, commercial its practice has heavily centered on the production of high-value
solanaceous and cucurbit crops. Among future perspectives is the extension of grafting practice
to other seasonal crops including combinations where both rootstock and scion deliver harvestable
products. In this respect, Gong et al. [21] explored the feasibility of a novel graft within the Brassicaceae
family involving pac choi (Brassica rapa L. var. chinensis) and daikon radish (Raphanus sativus L. var.
longipinnatus) to create a plant with harvestable leafy pac choi above ground and daikon radish taproot
below ground. Grafted pac choi–daikon demonstrated no decrease in SPAD value, canopy size, leaf
number, leaf area, or aboveground weight compared to self-grafted pac choi plants. Taproot formation
(length, diameter, fresh and dry weight), however, was reduced by comparison to non- and self-grafted
daikon radish plants. This innovative pilot study nevertheless demonstrated the potential of creating
harvestable rootstock–scion combinations as a means of saving growth space and minimizing waste.
Such unique grafting model systems may assist in elucidating scion–rootstock synergy and sink
competition in horticultural crops.
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Abstract: Vegetable grafting has primarily been used in the commercial production of high-value
crops in the Solanaceae and Cucurbitaceae families. In this study, we explored the feasibility of
making a novel graft between pac choi (Brassica rapa L. var. chinensis) and daikon radish (Raphanus
sativus L. var. longipinnatus) to create a plant with harvestable pac choi leafy vegetable above-ground,
and a daikon radish taproot below-ground. ‘Mei Qing Choi’ pac choi (scion) was grafted onto ‘Bora
King’ daikon radish (rootstock). Grafted pac choi–daikon radish plants did not show a decrease in
SPAD value, canopy size, leaf number, leaf area, or above-ground weight compared with self-grafted
pac choi plants. However, taproot formation was reduced in grafted pac choi–daikon radish plants, as
shown by decreased taproot length, diameter, fresh weight, and dry weight compared with non- and
self-grafted daikon radish plants. Surprisingly, grafting with radish increased the photosynthetic rate
of the pac choi. This pilot study demonstrated the potential of creating a new pac choi–daikon radish
vegetable product to help save growing space and minimize waste at consumption, as pac choi roots
are not eaten and radish leaves are usually discarded. The inter-generic grafting between B. rapa var.
chinensis and R. sativus var. longipinnatus could also provide a unique model system to help elucidate
scion-rootstock synergy and above- and below-ground sink competition in horticultural crops.

Keywords: Brassicaceae; growth; mineral content; photosynthesis; rootstock; taproot

1. Introduction

Grafting has become an effective practice in the production of high-value solanaceous and
cucurbitaceous vegetables to help overcome biotic and abiotic stresses and improve crop productivity [1–
3]. Although grafting also has been used as a tool in plant physiology studies of Arabidopsis (Arabidopsis
thaliana L.) [4], for accelerating the breeding work of common beans (Phaseolus vulgaris L.) [5], and for
combating Verticillium wilt of globe artichoke (Cynara cardunculus L. subsp. Scolymus) [6], grafting in
other vegetable species beyond Solanaceae and Cucurbitaceae is generally not practiced commercially.
Interestingly, some attempts have been made to explore the feasibility of grafting vegetable plants in
Brassicaceae. Oda et al. [7] tested inter-varietal, inter-specific, and inter-generic grafting among cabbage
(Brassica oleracea L. var. capitata), kale (Brassica oleracea var. sabellica), kohlrabi (Brassica oleracea var.
gongylodes), Chinese cabbage (Brassica rapa L. subsp. pekinensis), turnip (Brassica rapa subsp. rapa),
Japanese mustard (Takana) (Brassica juncea L. var. integrifolia), and Japanese radish (Raphanus sativus L.
var. longipinnatus) and obtained successful grafts. Particularly, an adhesive and hardener system was
developed for making grafts between Chinese cabbage (scion) and turnip (rootstock) [8]. Recently,
Chen et al. [9] evaluated the survival rate of cabbage grafted onto Chinese kale (B. oleracea Alboglabra
group) rootstocks and assessed the feasibility of using grafting to improve cabbage head quality.

Agronomy 2020, 10, 1464; doi:10.3390/agronomy10101464 www.mdpi.com/journal/agronomy7
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The effort of cruciferous vegetable grafting has not only broadened the potential use of vegetable
grafting as a management tool, but also presents the possibility of creating a novel vegetable product
with added value. In the case of grafted Chinese cabbage/turnip plants, the above-ground portion of
Chinese cabbage—a leafy vegetable, and the below-ground portion of turnip—a root vegetable, can
be harvested from the same plant. This type of rootstock–scion combination holds promise for space
saving in small-scale intensive cultivation systems. Moreover, the grafted Chinese cabbage/turnip
vegetable may possess added economic value with minimal waste, since many consumers may prefer
not to eat turnip leaves and could be drawn to the novelty of this new product. However, the Chinese
cabbage and turnip grafting study of Oda and Nakajima [8] only reported a 50% graft survival rate
and observed restricted development of the Chinese cabbage head.

In this proof of concept study, we grafted the pac choi (B. rapa var. chinensis) scion onto the
daikon radish (R. sativus var. longipinnatus) rootstock to generate a vegetable plant that produced
a pac choi leafy vegetable above-ground and an edible daikon radish root below-ground. Pac choi
and daikon radish are among specialty vegetables increasingly grown for local markets in the U.S.
Although edible, daikon radish leaves are often discarded at consumption. Recent genetic studies
supported the feasibility of making successful inter-generic grafts between B. rapa and R. sativus.
Yang et al. [10] sequenced the chloroplast noncoding region and found that R. sativus was closely
related to B. rapa/oleracea and proposed that Raphanus was derived from hybridization between B.
rapa/oleracea and B. nigra, the two evolutionary lineages in the genus Brassica. Furthermore, the
reciprocal hybridization between R. sativus and B. rapa has been proven viable [11]. Vigorous growth
was also observed for most of the successful primary hybrids between B. rapa and R. sativus [12]. On the
other hand, according to Tonosaki et al. [13], when hybridized with R. sativus, only one particular
breeding line of B. rapa (‘Shogoin-kabu’) successfully produced hybrid seeds, whereas most other lines
failed due to embryo breakdown.

By grafting the pac choi scion onto the daikon radish rootstock, the objectives of this pilot
experiment were to examine the feasibility of developing successful grafts for harvesting both pac choi
leaves and daikon radish taproot from the same plant, and to compare the growth and development of
grafted plants with self-grafted and non-grafted pac choi and daikon radish plants.

2. Materials and Methods

Two experiments were carried out in this study. The first experiment was a pilot study to test
the feasibility of grafting pac choi onto daikon radish. The second experiment was intended to
provide a better understanding of above-ground growth and below-ground development of this
unique scion-rootstock system over an extended post-grafting period of plant establishment. In both
experiments, ‘Bora King’ (BK), a daikon radish with purple taproots (Johnny’s Selected Seeds, Winslow,
ME, USA) was used as the rootstock, while ‘Mei Qing Choi’ (MQ) pac choi (Johnny’s Selected Seeds)
was used as the scion. They were selected based on our preliminary study in which these two cultivars
were found to be compatible for grafting and have similar hypocotyl diameters.

2.1. Setup of the Pilot Experiment

Pac choi and daikon radish were seeded on 7 and 13 November 2016, respectively. The pac choi
was seeded 6 d earlier than the daikon radish in order to match the stem diameter of the seedlings at
grafting, as the daikon radish germinated and emerged much quicker than the pac choi based on a
preliminary seeding test. All the seeds were sown in 72-cell Speedling trays (Speedling Inc., Ruskin,
FL, USA) and filled with Fafard-2 potting mix (Sun Gro Horticulture, Agawam, MA, USA) containing
a mixture of peat moss, perlite, vermiculite, and dolomite lime. Plants were grown in a greenhouse
at the University of Florida campus (Gainesville, FL, USA). Water-soluble fertilizer 20N-8.7P-16.7K
(Jack’s Classic; Jr Peters Inc., Allentown, PA, USA) was applied on 17 and 28 November at a nitrogen
(N) concentration of 200 mg L−1.
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Plants were grafted on 30 November 2016 (0 d after grafting (DAG)) using the splice grafting
method [1]. Twenty-four plants were grafted using seedlings with the most consistent growth. With
the purpose of ensuring consistent grafting quality, only a small number of plants were grafted in
this pilot experiment after earlier attempts at practicing the grafting technique. The daikon radish
seedlings were severed using a double edge razor blade at approximately a 45-degree angle below
cotyledons to remove the shoots, with pac choi scions cut at the hypocotyl with the same angle just
above the soil surface. The cut surfaces of the pac choi scion and the daikon radish seedlings with
shoot removal were conjoined using a 1.5 mm silicone grafting clip (Johnny’s Selected Seeds). Grafted
plants were then placed in a healing chamber constructed by wrapping a metal shelving unit with
thin plastic film (Uline Econo-Wrapper (0.02 mm), Uline corporation, Pleasant Prairie, WI, USA) in
a temperature-controlled room with air temperature set at 23 ◦C and relative humidity (RH) at 99%.
Light was provided by two, 54-watt T5 fluorescent lights (Philips Lighting Company, Somerset, NJ,
USA) at a photosynthetic photon flux density (PPFD) of 56 μmol m−2 s−1 at seedling canopy level for
12 h each day. An additional plastic tray with a wet sheet of germination paper was placed inside the
healing chamber to help maintain humidity.

From 5 DAG, the healing chamber was gradually cut open and the ambient RH setting was
reduced to 60%. At 8 DAG, the plastic film was completely removed, and grafts remained exposed in
the temperature-controlled room until 13 DAG. Water was applied to plants by filling the bottom of
the tray for absorption. All the grafted plants were transferred to a greenhouse at 13 DAG, and graft
survival rate was determined by counting the number of live and dead plants; only plants with turgid
leaves were counted as living. At harvest, the number of surviving grafted plants was counted again
for calculation of the final graft survival rate, as some plants severely declined following transplanting
into pots.

At 16 DAG, surviving grafted plants were transplanted into 11.36 L black plastic pots (1200C;
Hummert International, Earth City, MO, USA) filled with Fafard-2 soilless mix (Sun Gro Horticulture)
for continued monitoring of the survival of the grafted plants. In addition, five plants of non-grafted
‘Mei Qing Choi’ and ‘Bora King’ were potted as controls. All the plants were placed on the greenhouse
bench following a completely randomized design. Organic fertilizer MicroSTART60 3N-0.9P-2.5K
(Perdue AgriRecycle, LLC., Seaford, DE, USA) was applied to each pot at the rate of 80 g/pot. Drip
irrigation was used by placing one 1.89 L h−1 emitter (Woodpecker pressure compensating junior
dripper; Netafim USA, Fresno, CA, USA) in each pot; plants were watered once a day for 3 min.
Irrigation increased to twice per day for 2 min each time starting at 56 DAG. Insecticidal soap (Safer
Brand; Woodstream Corporation, Lancaster, PA, USA) was sprayed at 56 DAG and lacewing larvae
(Chrysoperla rufilabris (Neuroptera: Chrysopidae); Rincon-Vitova Insectaries, Ventura, CA, USA) were
released at 64 DAG for aphid control. The average day and night temperatures of the greenhouse
during the plant growth were 22.8 ◦C and 16.5 ◦C, respectively.

2.2. Setup of the Follow-Up Experiment

A follow-up experiment was conducted in 2019 to further explore the above-ground growth and
below-ground taproot development in grafted pac choi–daikon radish plants. ‘Mei Qing Choi’ (MQ)
pac choi was grafted onto ‘Bora King’ (BK) daikon radish (MQ/BK), while non-grafted pac choi (MQ)
and daikon radish (BK) as well as self-grafted pac choi (MQ/MQ) and daikon radish (BK/BK) were used
as controls. A randomized complete block design with four replications (blocks) and ten grafted plants
per treatment per replication (block) was used in the grafting experiment. MQ and BK were seeded
into 72-cell trays on 8 and 14 February 2019, respectively. Fish & seaweed organic liquid fertilizer
2N-1.3P-0.8K (Neptune’s Harvest, Gloucester, MA, USA) and 0N-0P-41.5K potassium sulfate (Big K;
JHBiotech, Inc., Ventura, CA, USA) were applied at concentrations of 200 mg L−1 N and 200 mg L−1

K2O at the seedling growth stage on 18 and 26 Feb. Plants were grafted on 1 March 2019 using the
aforementioned grafting method. Grafted plants were healed in an air-conditioned laboratory room
with the same set up of healing chamber as in 2016. Supplemental light was provided for 10 h each

9



Agronomy 2020, 10, 1464

day during the healing process. The air temperature and RH of the laboratory room were 23.8 ± 0.5 ◦C
and 47.6 ± 13.1%. The plastic film was completely removed at 8 DAG. Water was gently sprayed onto
the soil surface using a wash bottle when needed to avoid wetting foliage. All the grafted plants were
moved into a greenhouse at 13 DAG where the average day and night temperatures were 27.1 ◦C and
20.7 ◦C, respectively. Graft survival rate was determined for each grafting treatment in each replication
by counting the number of live and dead plants at 17 DAG. At 19 DAG, 24 plants from each treatment
with healthy and consistent growth were chosen and randomly reassigned to four blocks with six
plants in each block for further evaluation of the growth of the grafted plants in a greenhouse pot study,
following a randomized complete block design. Plants were transplanted into 11.36 L black plastic
pots filled with PRO-MIX premium organic vegetable and herb mix (Premier Tech Ltd., Quakertown,
PA, USA) which contained 60–75% peat moss plus peat humus, compost, perlite, gypsum, limestone,
organic fertilizer, and mycorrhizae. Drip irrigation was used by placing one 1.89 L h−1 emitter in each
pot; the plants were watered twice a day for 3 min per cycle between 21 and 39 DAG and irrigation
increased to 4 min per cycle thereafter. Adventitious roots developed from the graft union area were
monitored and removed once a week as needed after the plants were transplanted into the pots.

2.3. Plant Growth Measurements

In the 2019 follow-up experiment, leaf relative chlorophyll content and canopy size were measured
at 33 and 41 DAG. A SPAD 502 Plus Chlorophyll Meter (Spectrum Technologies, Aurora, IL, USA) was
used to measure leaf relative chlorophyll content on three randomly chosen plants per treatment per
block by averaging four readings obtained from two distal areas of the leaf blade for each of the two
most recent mature leaves per plant. The canopy size was measured on 3 plants of MQ/BK, MQ/MQ,
and MQ for each block using digital photographs processed with ImageJ/Fiji (version 2.0.0) [14].
A ruler held in the frame of each photograph set the scale for pixels per linear cm and enabled digital
measurement of length and width of the plant canopy. The canopy size was then determined by
multiplying the canopy length and width.

2.4. Gas Exchange Measurements

Gas-exchange was measured in the 2019 follow-up experiment at 34 and 46 DAG between 10:00
am and 3:00 pm by using an open gas exchange system (Li-6800; Li-Cor Inc., Lincoln, NE, USA)
on three plants per treatment per block. Leaf transpiration rate (E, mmol H2O m−2 s−1), net CO2

assimilation rate (A, mmol CO2 m−2 s−1), intercellular CO2 concentration (Ci, μmol CO2 mol−1 air),
and stomatal conductance to water (gsw, mmol H2O m−2 s−1) were measured at steady-state on the
third (fully expanded) leaf from the top of each plant [15]. The PPFD was set at 800 μmol m−2 s−1,
with CO2 concentration at 400 ppm, vapor pressure deficit at 1.2 kPa, and leaf temperature at 27–29 ◦C.
Instantaneous water use efficiency (iWUE) (μmol CO2 mmol−1 H2O) was calculated as A/E [16] and
stomatal conductance (Gs, mol m−2 s−1) was calculated as gsw/1.6 [17].

2.5. Yield Components and Biomass Accumulation at Harvest

For the 2016 pilot study, the above-ground part (above soil line) of all the plants of MQ/BK,
non-grafted MQ, and non-grafted BK were harvested at 68 DAG. The number of leaves longer than
4 cm were counted for each plant. The MQ/BK and non-grafted BK were then uprooted, and the
taproots were separated and rinsed with water to remove excess potting soil from the roots. Taproot
length (from the stem base to the end of the radish taproot) of each harvested plant was recorded, and
the diameter of the widest part of each radish taproot was measured with a digital caliper. For the 2019
follow-up experiment, harvest and destructive sampling were carried out at 47 DAG. Five out of six
plants per treatment per replication were randomly sampled. The above-ground part (above soil line)
of each plant was removed from the pot, and leaves longer than 4 cm were counted and scanned with
a leaf area meter (LI-3100; Li-Cor Inc., Lincoln, NE, USA). Only taproots from MQ/BK, BK, and BK/BK
were harvested and cleaned. Pak choi and daikon radish leaves and taproots from the 2016 and 2019
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experiments were first weighed then dried at 65 ◦C for 7 d (until constant weight) to determine the
above-ground and below-ground fresh and dry biomass.

2.6. Mineral Nutrient Contents in Leaf and Root Tissues

In the 2019 experiment, the dried root samples from the BK, BK/BK, and MQ/BK treatments and
dried leaf samples from the MQ, MQ/MQ, and MQ/BK treatments were ground using a Thomas Wiley
Laboratory mill (Model 4; Arthur H. Thomas Company, Philadelphia, PA, USA) and sent to Waters
Agricultural Laboratories (Camilla, GA, USA) to measure the concentrations of the macronutrients N,
phosphate (P), sulfate (S), potassium (K), calcium (Ca), and magnesium (Mg) and the micronutrients
boron (B), zinc (Zn), manganese (Mn), iron (Fe), and copper (Cu). Nutrient accumulation was calculated
by multiplying the nutrient concentration by dry tissue biomass.

2.7. Statistical Analyses

The pilot study followed a completely randomized design with five replications and one plant per
replication. In the follow-up experiment, a randomized complete block design with four replications
(blocks) and ten plants per experimental unit was used before plants were transplanted to larger pots,
when the number was reduced to six plants per experimental unit. Data were analyzed using a linear
mixed model in the GLIMMIX procedure of SAS (SAS Version 9.4 for Windows; SAS Institute, Cary,
NC, USA). Some data were transformed by taking the square root to meet the assumptions of the model
(normality, homogeneity, linearity) as needed, while results were presented using the original data
following statistical analysis. Fisher’s least significant difference (LSD) test (α = 0.05) was conducted
for multiple comparisons of different measurements among treatments.

3. Results and Discussion

3.1. Graft Survival Rate

In the 2016 pilot study, the survival rate of MQ/BK was 95.8% at 13 DAG but decreased to 87.5% at
68 DAG (data not shown). In the 2019 experiment, there was no difference in survival rate (p = 0.483)
between BK/BK (79%), MQ/MQ (92%), and MQ/BK (77%) at 17 DAG (data not shown). The relatively
high survival rates of MQ/BK indicated good graft compatibility between ‘Mei Qing Choi’ pac choi
and ‘Bora King’ daikon radish. Both the edible pac choi leafy green part of the plant and the radish
taproot developed in MQ/BK (Figure 1A–C). According to Oda and Nakajima [8], ‘Taibyoh 60-nichi’
Chinese cabbage grafted onto ‘Taibyoh hikari’ turnip had a survival rate of only approximately 50%;
however, it was attributed to the small size of the seedlings at grafting rather than graft incompatibility.
In our studies, we also used 1.5 mm or even smaller grafting clips to graft younger and tender seedlings
as the hypocotyl tissue of radish and pac choi plants tend to become more lignified as they grow.
The lower survival rate observed in the 2019 experiment may have been due to an issue with properly
matching the plant stem diameters at grafting since the hypocotyl of the daikon radish plant had
grown thicker than expected at the time of grafting. As stem diameter and alignment of cambial
tissues affect the success of grafting [18–20], matching plant stem diameters between these two species,
which have thin hypocotyls at the optimum stage for grafting, is a challenge for achieving successful
grafts. In this study, daikon radish was seeded 6 d earlier than pac choi to help match their stem
diameters, but with less than desirable results, especially in the 2019 experiment owing to the seasonal
variability of greenhouse conditions that led to unpredictable growth rate of plants. As shown by
Hayashida et al. [21] and Kwack et al. [22], the hypocotyl growth of pac choi and radish seedlings can
be manipulated by light quality and intensity. Employing a more controlled environment for growing
seedlings until ready for grafting seems to be advisable for future work.
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Figure 1. Grafted plants with ‘Mei Qing Choi’ pac choi as scion and ‘Bora King’ daikon radish as
rootstock. (A) A well-healed grafted pac choi–daikon radish seedling. (B) Formation of the taproot
of daikon radish grafted with pac choi. (C) Longitudinal section of the grafted pac choi–daikon
radish plant at harvest. (D) Comparison between self-grafted ‘Bora King’ (left), ‘Mei Qing Choi’ pac
choi grafted onto ‘Bora King’ daikon radish (middle), and non-grafted ‘Bora King’ (right) at harvest.
(E) Longitudinal section of the graft union area of grafted pac choi–daikon radish plant at harvest.
(F) Longitudinal section of the graft union area of self-grafted ‘Bora King’ daikon radish at harvest.
(G) Longitudinal section of the graft union area of self-grafted ‘Mei Qing Choi’ pac choi plant at harvest.

3.2. Plant Growth Parameters

SPAD and canopy size were measured at 33 and 41 DAG in the 2019 experiment (Table 1).
There was a significant difference in SPAD among treatments at 33 DAG, but no difference was found
at 41 DAG. At 33 DAG, non-grafted pac choi showed lower levels of leaf SPAD values than non-
and self-grafted daikon radish. The lack of difference in SPAD between MQ/BK, MQ, and MQ/MQ
indicated that BK as a rootstock did not impair accumulation of chlorophyll by MQ. The similar canopy
size between MQ/BK, MQ, and MQ/MQ at both 33 and 41 DAG (Table 1) suggested that grafting with
daikon radish did not reduce the leaf growth and expansion of pac choi.

Table 1. Relative chlorophyll content and canopy size of grafted, self-grafted, and non-grafted pac choi
and daikon radish plants at 33 d after grafting (DAG) and 41 DAG in the 2019 experiment.

Treatment z

Relative Chlorophyll Content
(SPAD)

Canopy (cm2 Plant−1)

33 DAG 41 DAG 33 DAG 41 DAG

BK 37.2 ± 0.8 a y 40.6 ± 0.7 a - -
BK/BK 36.7 ± 0.8 ab 40.3 ± 0.7 a - -

MQ 34.1 ± 0.8 c 40.7 ± 0.7 a 54.26 ± 2.71 a 78.32 ± 3.35 a
MQ/MQ 34.6 ± 0.8 bc 42.1 ± 0.7 a 58.90 ± 2.71 a 76.90 ± 3.35 a
MQ/BK 33.3 ± 0.8 c 40.0 ± 0.7 a 52.32 ± 2.71 a 75.42 ± 3.35 a
p value 0.006 0.194 0.150 0.813

z BK = Non-grafted ‘Bora King’ daikon radish; BK/BK = Self-grafted ‘Bora King’ daikon radish; MQ = Non-grafted
‘Mei Qing Choi’ pac choi; MQ/MQ = Self-grafted ‘Mei Qing Choi’ pac choi; MQ/BK = ‘Mei Qing Choi’ pac choi
grafted onto ‘Bora King’ daikon radish. y Mean ± SE (standard error); means followed by the same letter are not
significantly different at p ≤ 0.05 according to Fisher’s LSD test.

As shown in Figure 1B, above-ground pac choi and below-ground daikon radish taproot developed
normally in MQ/BK plants. We observed cavities in the vascular bundle connections at the graft union
area in grafted pac choi plants with the daikon radish rootstock but not in self-grafted daikon radish
plants (Figure 1E,F), similar to what was reported in grafted Chinese cabbage/turnip plants [8]. In our
experiments, grafting was carried out at 16 d after sowing (DAS) for daikon radish and 23 DAS for pac
choi. According to Liu et al. [23], as early as 16 DAS, tuberization began in turnip (B. rapa subsp. Rapa)
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and the center part of the upper hypocotyl which accounted for about 50% of the cross section area was
occupied by pith cells, with an actively dividing cambium circle and a thin xylem ring. When pac choi
was grafted at 23 DAS, more than 50% of the center part of the upper hypocotyl of pac choi consisted
of secondary xylem cells with highly lignified cell walls. This discrepancy in hypocotyl structure
between scion and rootstock seedlings likely resulted in the formation of the cavity inside the graft
union during healing as observed in our study (Figure 1E), especially considering that the cavity did
not exist in self-grafted daikon radish (Figure 1F) or pac choi (Figure 1G).

Leaf number and taproot length and diameter were measured at harvest in both experiments
(Table 2). In the 2016 pilot study, MQ/BK had more leaves than non-grafted BK, but did not differ
significantly from MQ. In the 2019 experiment, MQ/BK had 35% and 26% more leaves than self-
and non-grafted BK, respectively, but no difference was found between self- and non-grafted BK.
Similar leaf numbers were observed for MQ/BK, MQ/MQ, and MQ. Total leaf area was also measured
in the 2019 experiment and MQ/BK had smaller leaf area than all other treatments. In both 2016 and
2019, MQ/BK produced significantly shorter and smaller taproots than non-grafted BK and in 2019,
MQ/BK was also smaller in taproot diameter than BK/BK (Table 2 and Figure 1D). Our results were
consistent with Zheng et al. [24], who reported that the diameter of turnip was significantly smaller
when grafted with rapeseed (B. rapa subsp. oleifera) than self-grafted turnip. BK/BK did not differ
significantly from BK in taproot length but was 7% smaller in taproot diameter.

Table 2. Total leaf number and area and taproot length and diameter of grafted, self-grafted, and
non-grafted pac choi and daikon radish plants at harvest in the 2016 pilot study and the 2019 experiment.

Treatment z Leaf Number (no.
Plant−1)

Leaf Area (mm2

Plant−1)
Taproot Length

(cm)
Taproot Diameter

(mm)

2016
BK 18.9 ± 2.3 b y - 10.9 ± 0.5 a 68.55 ± 3.98 a
MQ 26.6 ± 2.4 ab - - -

MQ/BK 28.1 ± 2.4 a - 8.2 ± 0.5 b 51.92 ± 3.56 b
p value 0.020 0.005 0.017

2019
BK 15.7 ± 0.6 b 2521.73 ± 60.62 a 9.2 ± 0.5 a 45.24 ± 0.71 a

BK/BK 14.7 ± 0.5 b 2401.06 ± 60.62 ab 8.4 ± 0.5 a 42.20 ± 0.71 b
MQ 20.4 ± 0.6 a 2423.26 ± 60.62 ab - -

MQ/MQ 19.5 ± 0.6 a 2311.67 ± 60.62 b - -
MQ/BK 19.8 ± 0.6 a 2080.12 ± 60.62 c 6.8 ± 0.5 b 34.94 ± 0.71 c
p value <0.001 0.002 0.005 <0.001

z BK = Non-grafted ‘Bora King’ daikon radish; BK/BK = Self-grafted ‘Bora King’ daikon radish; MQ = Non-grafted
‘Mei Qing Choi’ pac choi; MQ/MQ = Self-grafted ‘Mei Qing Choi’ pac choi; MQ/BK = ‘Mei Qing Choi’ pac choi
grafted onto ‘Bora King’ daikon radish. y Mean ± SE (standard error); means followed by the same letter are not
significantly different at p ≤ 0.05 according to Fisher’s LSD test.

The primary root axis of radish consists of two anatomically distinct parts. The upper part
originates from the hypocotyl whereas the lower part is true root tissue. Both lower and upper regions
of the radish root thicken to form succulent tissue by increases in both cell number and cell size [25,26].
In this grafting experiment, the cut made on the daikon radish plant was in the thickening region of the
hypocotyl as demonstrated by the longitudinal section of the graft union area of self-grafted daikon
radish plant (Figure 1F). Very likely, grafting pac choi with radish shortens the hypocotyl part that could
contribute to the formation of the taproot, leading to reduced taproot length compared with non-grafted
radish, while self-grafting radish does not involve any loss of hypocotyl tissue. Furthermore, it has been
found that in turnip the hypocotyl tissue is the main contributor to underground tuber development,
and hypocotyl excision led to a lower expression level of genes controlling tuberization, leading to a
substantial inhibition of tuber formation [24].
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3.3. Gas-Exchange Parameters

Leaf transpiration rate, net CO2 assimilation rate, intercellular CO2 concentration, stomatal
conductance, and instantaneous water use efficiency (iWUE) were compared for MQ/BK, MQ, MQ/MQ,
BK, and BK/BK at 34 and 46 DAG in the 2019 experiment (Table 3). No difference in leaf transpiration
rate was observed at 34 DAG, while at 46 DAG, MQ/BK had a similar transpiration rate as MQ and
MQ/MQ, and all three treatments showed a 95% increase of transpiration rate on average than BK and
BK/BK. Grafting significantly increased the net CO2 assimilation rate of MQ/BK compared with MQ
and MQ/MQ by 15% and 28%, respectively, at 34 DAG, while no difference was observed between
MQ/BK and BK/BK. At 46 DAG, MQ/BK showed a net CO2 assimilation rate that was 48% and 45%
higher than MQ and MQ/MQ, respectively, but it did not differ significantly from BK/BK. MQ/BK also
had a 21% higher net CO2 assimilation rate than BK at 46 DAG. Very likely, MQ/BK had a stronger sink
strength than MQ/MQ and MQ, which contributed to the higher photosynthetic rate observed [27].
Interestingly, at 34 DAG, MQ and MQ/MQ had similar intercellular CO2 concentrations, which were
significantly higher than that of other treatments. At 46 DAG, MQ/BK, MQ, and MQ/MQ had higher
intercellular CO2 concentration than BK and BK/BK and the same trend was observed for stomatal
conductance at 46 DAG although no difference in stomatal conductance was detected at 34 DAG. At 34
DAG, MQ/BK had 36% and 53% higher iWUE than MQ and MQ/MQ, but did not differ from BK and
BK/BK. However, at 46 DAG, MQ/BK, MQ, and MQ/MQ exhibited a similar level of iWUE which was
significantly lower than that of BK and BK/BK.

Table 3. Leaf transpiration rate (E), net CO2 assimilation rate (A), intercellular CO2 concentration (Ci),
stomatal conductance (gs), and instantaneous water use efficiency (iWUE) of grafted, self-grafted,
and non-grafted pac choi and daikon radish plants at 34 d after grafting (DAG) and 46 DAG in the
2019 experiment.

Treatment
y

E (mmol H2O m−2 s−1) A (μmol CO2 m−2 s−1) Ci (μmol CO2 mol−1 air) Gs (mol m−2 s−1)
iWUE (μmol CO2 mmol−1

H2O) z

34 DAG 46 DAG 34 DAG 46 DAG 34 DAG 46 DAG 34 DAG 46 DAG 34 DAG 46 DAG

BK 4.81 ± 0.71 a
x 2.80 ± 0.79 b 21.41 ± 0.75

a
17.22 ± 0.89

b
298.14 ±
11.10 b

251.33 ±
10.59 b 0.28 ± 0.05 a 0.15 ± 0.05 b 4.92 ± 0.56 a 7.26 ± 0.54 a

BK/BK 4.68 ± 0.71 a 4.18 ± 0.79 b 19.66 ± 0.75
ab

18.93 ± 0.89
ab

305.43 ±
11.10 b

273.09 ±
10.59 b 0.27 ± 0.05 a 0.25 ± 0.05 b 4.55 ± 0.56

ab 6.27 ± 0.54 a

MQ 4.95 ± 0.71 a 6.61 ± 0.79 a 16.10 ± 0.75
c

14.06 ± 0.89
c

330.36 ±
11.10 a

345.22 ±
10.59 a 0.32 ± 0.05 a 0.41 ± 0.05 a 3.59 ± 0.56

bc 2.49 ± 0.54 b

MQ/MQ 5.51 ± 0.71 a 6.33 ± 0.79 a 14.41 ± 0.75
c

14.31 ± 0.89
c

331.63 ±
11.10 a

346.80 ±
10.59 a 0.33 ± 0.05 a 0.40 ± 0.05 a 3.20 ± 0.56 c 2.51 ± 0.54 b

MQ/BK 4.35 ± 0.71 a 7.47 ± 0.79 a 18.44 ± 0.75
b

20.76 ± 0.89
a

299.39 ±
11.10 b

336.66 ±
10.59 a 0.25 ± 0.05 a 0.45 ± 0.05 a 4.88 ± 0.56 a 2.94 ± 0.54 b

p value 0.564 <0.001 <0.001 <0.001 0.011 <0.001 0.362 0.001 0.024 <0.001

z Instantaneous water use efficiency (iWUE)= net CO2 assimilation rate (A)/transpiration rate (E). y BK=Non-grafted
‘Bora King’ daikon radish; BK/BK = Self-grafted ‘Bora King’ daikon radish; MQ = Non-grafted ‘Mei Qing Choi’ pac
choi; MQ/MQ = Self-grafted ‘Mei Qing Choi’ pac choi; MQ/BK = ‘Mei Qing Choi’ pac choi grafted onto ‘Bora King’
daikon radish. x Mean ± SE (standard error); means followed by the same letter are not significantly different at p ≤
0.05 according to Fisher’s LSD test.

Lower leaf transpiration rate and intercellular CO2 concentration of radish compared with pac
choi observed in the later growth stage could be owing to different leaf structures. Pac choi leaves
are fleshy and glossy, while radish has trichomes on both upper and lower leaf surfaces [28]. It has
been suggested that trichome density is negatively related to transpiration rate and CO2 diffusion rate
as trichomes can increase boundary layer resistance [29–31]. The trichomes on daikon radish leaves
might have affected the leaf transpiration rates and intercellular CO2 concentrations measured in this
study. Further examination is needed to directly compare the intrinsic leaf structures of pac choi and
daikon radish plants for their effects on gas exchange and gas exchange measurements.

Most water loss from leaves of intact plants is generally through open stomatal apertures [32],
thus the higher stomatal conductance of MQ/BK was likely the driving factor for its lower iWUE
compared with BK and BK/BK despite its higher net CO2 assimilation rate. It has been found in tobacco
(Nicotiana tabacum L.) that stomatal conductance did not always parallel photosynthetic capacity

15



Agronomy 2020, 10, 1464

changes [33,34], which could partially explain the relatively high stomata conductance, but low net
CO2 assimilation rate observed in MQ and MQ/MQ.

3.4. Leaf and Taproot Harvest and Biomass Partition

In the 2016 pilot study, MQ and MQ/BK had 151% and 104% higher above-ground fresh weight
(FW) than BK, and the former two did not differ significantly (Table 4). No difference was detected
in above-ground dry weight (DW) between these three treatments. MQ/BK produced significantly
lower below-ground FW and DW compared with BK, while similar levels of total FW and DW were
observed between MQ/BK and BK.

Table 4. Above-ground, below-ground, and total fresh weight (FW) and dry weight (DW) of grafted,
self-grafted, and non-grafted pac choi and daikon radish plants at harvest in the 2016 pilot study and
the 2019 experiment.

Treatment z Above-Ground
FW (g Plant−1)

Below-Ground
FW (g Plant−1)

Above-Ground
DW (g Plant−1)

Below-Ground
DW (g Plant−1)

Total FW (g
Plant−1)

Total DW (g
Plant−1)

2016

BK 240.07 ± 54.58 b
y 332.15 ± 33.23 a 20.41 ± 2.52 a 19.84 ± 1.56 a 572.21 ± 67.48 a 41.08 ± 4.00 a

MQ 602.76 ± 48.82 a - 25.50 ± 2.25 a - - -
MQ/BK 490.63 ± 48.82 a 110.44 ± 29.72 b 24.42 ± 2.25 a 7.60 ± 1.20 b 601.07 ± 60.36 a 32.02 ± 3.10 a
p value 0.001 <0.001 0.331 <0.001 0.792 0.142

2019
BK 171.64 ± 6.62 d 103.47 ± 5.25 a 12.85 ± 0.25 a 6.58 ± 0.33 a 275.17 ± 4.44 b 19.45 ± 0.41 a

BK/BK 162.27 ± 6.62 d 77.55 ± 4.57 b 12.34 ± 0.25 a 5.33 ± 0.30 b 239.91 ± 4.44 c 17.67 ± 0.41 b
MQ 329.83 ± 6.62 a - 10.09 ± 0.25 b - - -

MQ/MQ 293.51 ± 6.62 b - 8.98 ± 0.25 c - - -
MQ/BK 269.08 ± 6.62 c 43.59 ± 3.45 c 9.43 ± 0.25 bc 2.24 ± 0.20 c 312.93 ± 4.44 a 11.68 ± 0.41 c
p value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

z BK = Non-grafted ‘Bora King’ daikon radish; BK/BK = Self-grafted ‘Bora King’ daikon radish; MQ = Non-grafted
‘Mei Qing Choi’ pac choi; MQ/MQ = Self-grafted ‘Mei Qing Choi’ pac choi; MQ/BK = ‘Mei Qing Choi’ pac choi
grafted onto ‘Bora King’ daikon radish. y Mean ± SE (standard error); means followed by the same letter are not
significantly different at p ≤ 0.05 according to Fisher’s LSD test.

In the 2019 study, MQ/BK showed a significant reduction in above-ground FW compared with
MQ and MQ/MQ by 18% and 8%, respectively (Table 4). MQ, MQ/MQ, and MQ/BK on average had
78% higher above-ground FW than the average of BK and BK/BK. However, BK and BK/BK had
significantly higher above-ground DW than other treatments and MQ/BK did not differ significantly
in above-ground DW from MQ and MQ/MQ. Grafting with pac choi significantly decreased the
below-ground FW and DW of daikon radish compared with non- and self-grafted daikon radish.
BK had higher below-ground FW and DW than BK/BK by 33% and 23%, respectively. MQ/BK exhibited
a significantly higher total FW but a reduction in total DW compared with BK and BK/BK. The water
content of both radish taproots and leaves was about 93%, whereas it reached 97% in the pac choi
leaves, indicating that the pac choi leafy part had a disproportional contribution to the FW of MQ/BK.
The differences in total FW and DW between 2016 and 2019 studies may be due to the different growing
seasons and the time between grafting and harvest as the period from grafting to harvesting was 45%
longer in 2016 compared with the 2019 study. Overall, the two experiments suggested that grafting
between ‘Mei Qing Choi’ pac choi and ‘Bora King’ daikon radish had a greater impact on radish taproot
development than the influence on pac choi leaf growth as the taproot DW of MQ/BK was significantly
lower than BK, but the leaf DW was similar to that of MQ.

The grafting procedure per se negatively affected biomass accumulation in edible part in both
self-grafted BK/BK and MQ/MQ compared with their non-grafted counterparts. Grafting can be viewed
as mechanical wounding that triggers redistribution of the local resources or mobilization of resources
from neighboring tissues to the injured part [35], which may divert the resources that could be used for
plant growth. Moreover, wounding could induce jasmonic acid production, leading to suppression of
mitosis [36], and thus reduce cell number and lead to reduced plant growth.

16



Agronomy 2020, 10, 1464

Gibberellins (GAs) have long been known to inhibit potato tuberization possibly by their
involvement in photoperiodic control of tuber formation [37,38]. Grafting potato (Solanum tuberosum
L.) with tomato (Solanum lycopersicum L.) decreased stolon (underground shoot) number and length as
well as tuber number, but increased the gibberellic acid (GA3) content of stolon and tuber compared
with self-grafted potato [39]. The level of GAs has also been reported to play a vital role in carrot
(Daucus carota L. var. sativus) elongation and expansion [40]. Leaf application of GA3 inhibited tuberous
root growth but improved shoot growth in radish, while leaf application of paclobutrazol, an inhibitor
of gibberellin biosynthesis, improved taproot growth [41]. Auxin may also affect hypocotyl-tuber
growth in turnip as show in in-vitro studies [23]. Peres et al. [38] grafted tomato mutants, which were
incapable of certain hormone biosynthesis or photomorphogenesis, onto potato plants and suggested
that failure to produce certain chemicals by the tomato mutant scion may have impeded formation of
the potato tuber. Hence, modifications of signal molecules produced in and transported from pac choi
may have led to reduced growth of the daikon radish taproot.

In most cases, plants partition photosynthates preferentially to vegetative organs in the early
to middle growth stage and to reproductive or storage organs in late growth stage [42]. However,
many root vegetable plants grow the vegetative biomass and develop the storage root at the same time,
leading to a balance between them [42,43]. Grafting may disturb the source–sink balance between
scion and rootstock [44]. Both the leaf apical meristem of pac choi and the taproot part of daikon
radish are strong sinks [45] and possibly competed for photosynthates in the pac choi–daikon radish
grafts. The source-sink relationship was likely altered to support the growth of pac choi leaves at a
cost of reduction in radish taproot development in the grafted plants. The dry mass of the leafy part
accounted for 81% of the total DW of MQ/BK, but for non-grafted daikon radish, the leafy part only
accounted for 66% of the total DW.

For Chinese cabbage grafted onto turnip, the heading of the Chinese cabbage was restricted by
the thickening of the turnip taproot, resulting in a small Chinese cabbage head when the turnip taproot
was harvested [8]. This imbalance was attributed to the discrepancy in crop maturity and growth
cycle requirement as the heading of the Chinese cabbage requires more time than the development of
the turnip taproot. In our study, ‘Mei Qing Choi’ pac choi and ‘Bora King’ daikon radish were both
fast-growing cultivars with 45 and 49 d to maturity, respectively (Johnny’s Selected Seeds). However,
we seeded the faster maturing pac choi 6 d earlier than the slower maturing daikon radish in order
to better match their stem diameters for grafting. Further examinations are needed to elucidate the
scion–rootstock interactions for grafting scenarios in which accumulated biomass of both scion (shoots)
and rootstock (enlarged taproot) are harvested together for economic yield. In this special scenario,
competition for water and nutrients, photosynthetic capacity, and photosynthate partitioning between
above- and below-ground sinks are of particular importance. Interestingly, the reciprocal grafting
experiment by Sugiura et al. [42] using Raphanus sativus genotypes with differential hypocotyl sink
activities demonstrated the genotype-dependent autonomous regulation of the hypocotyl sink activity.

3.5. Mineral Nutrient Contents in Pac Choi Leaves and Daikon Radish Roots of Grafted Plants

Dried leaves of MQ, MQ/MQ, and MQ/BK, and dried taproots of BK, BK/BK, and MQ/BK from the
2019 experiment harvest were used to examine the macronutrient and micronutrient concentrations
(Table 5) and accumulation (Table 6). Leaf N concentration did not differ significantly between
MQ/BK and MQ. Interestingly, MQ/MQ had a significantly higher N concentration in the leaf tissue
compared with MQ/BK. However, this seems contradictory to the finding that MQ/BK had a higher
leaf photosynthetic rate (Table 3) than MQ/MQ. It needs to be pointed out that the entire above-ground
leaf tissue was sampled for leaf nutrient analysis, whereas the most recently mature leaves were
used for photosynthesis measurements. While MQ/BK had a lower level of leaf N concentration in
the above-ground biomass, its higher leaf photosynthetic rate could be due to remobilization of N
compounds from the older leaves to the most recently mature leaves that were used for photosynthesis
measurement [46]. Compared with non-grafted pac choi, grafting with the daikon radish rootstock
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significantly decreased K and S concentrations in the leaf tissue of pac choi (by 21% and 45%,
respectively), but it increased Zn concentration in the leaf tissue by 37%. MQ/BK had significantly
higher concentrations of N (by 14%), K (by 30%), Mg (by 47%), Ca (by 38%), B (by 36%), and Zn
(by 63%) in the taproot compared with the average of BK and BK/BK, while there were no differences
between BK and BK/BK. By contrast, the concentration of S in the taproot of MQ/BK was reduced
by 44% compared with BK and BK/BK. Overall, there was not a clear relationship between plant
nutritional status and reduction of taproot in MQ/BK. Nutrient uptake of grafted pac choi–daikon
radish in relation to scion-rootstock interactions is an intriguing area to explore.

Table 5. Mineral nutrient concentrations in leaves of grafted, self-grafted, and non-grafted pac
choi and in taproots of grafted, self-grafted, and non-grafted daikon radish plants at harvest in the
2019 experiment.

Treatment
z N (mg g−1) P (mg g−1) K (mg g−1)

Mg (mg
g−1)

Ca (mg
g−1)

S (mg g−1) B (μg g−1) Zn (μg g−1)
Mn (μg

g−1)
Fe (μg g−1)

Cu (μg
g−1)

Leaves

MQ 51.5 ± 0.9 ab
y 10.3 ± 0.3 a 92.1 ± 1.7 b 6.4 ± 0.2 a 30.2 ± 1.0 a 15.4 ± 0.4 a 44.6 ± 1.6 a 77.5 ± 3.5 b 180.4 ± 7.1

a
103.5 ± 6.8

a 0.7 ± 0.1 a

MQ/MQ 53.7 ± 0.9 a 10.5 ± 0.3 a 96.1 ± 1.7 a 6.7 ± 0.2 a 31.3 ± 1.0 a 15.4 ± 0.4 a 45.9 ± 1.6 a 76.7 ± 3.5 b 195.3 ± 7.1
a

101.7 ± 6.8
a 0.7 ± 0.1 a

MQ/BK 48.4 ± 0.9 b 9.7 ± 0.3 a 73.1 ± 1.7 c 6.4 ± 0.2 a 32.0 ± 1.0 a 8.5 ± 0.4 b 45.6 ± 1.6 a 106.5 ± 3.5
a

180.8 ± 7.1
a

120.1 ± 6.8
a 1.1 ± 0.1 a

p value 0.008 0.147 <0.001 0.352 0.437 <0.001 0.835 <0.001 0.175 0.070 0.057
Taproot

BK 28.2 ± 0.7 b 7.6 ± 0.3 a 51.1 ± 2.4 b 1.5 ± 0.1 b 3.3 ± 0.2 b 10.3 ± 0.3 a 20.7 ± 0.9 b 63.2 ± 3.8 b 27.0 ± 1.5 a 105.2 ± 17.9
a 0.9 ± 0.2 a

BK/BK 28.2 ± 0.7 b 7.4 ± 0.3 a 49.7 ± 2.4 b 1.4 ± 0.1 b 3.3 ± 0.2 b 10.6 ± 0.3 a 20.2 ± 0.9 b 65.0 ± 3.8 b 23.4 ± 1.5 a 92.2 ± 16.8
a 1.0 ± 0.2 a

MQ/BK 32.2 ± 0.7 a 8.1 ± 0.3 a 65.7 ± 2.4 a 2.2 ± 0.1 a 4.6 ± 0.2 a 5.9 ± 0.3 b 27.8 ± 0.9 a 104.3 ± 3.8
a 25.5 ± 1.5 a 90.9 ± 16.7

a 1.1 ± 0.2 a

p value 0.008 0.128 0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.201 0.664 0.677

z BK = Non-grafted ‘Bora King’ daikon radish; BK/BK = Self-grafted ‘Bora King’ daikon radish; MQ = Non-grafted
‘Mei Qing Choi’ pac choi; MQ/MQ = Self-grafted ‘Mei Qing Choi’ pac choi; MQ/BK = ‘Mei Qing Choi’ pac choi
grafted onto ‘Bora King’ daikon radish. y Mean ± SE (standard error); means followed by the same letter are not
significantly different at p ≤ 0.05 according to Fisher’s LSD test.

Table 6. Mineral nutrient contents accumulated in leaves of grafted, self-grafted, and non-grafted pac
choi and in taproots of grafted, self-grafted, and non-grafted daikon radish plants at harvest in the
2019 experiment.

Treatment
z

N (mg
Plant−1)

P (mg
Plant−1)

K (mg
Plant−1)

Mg (mg
Plant−1)

Ca (mg
Plant−1)

S (mg
Plant−1)

B (μg
Plant−1)

Zn (μg
Plant−1)

Mn (μg
Plant−1)

Fe (μg
Plant−1)

Cu (μg
Plant−1)

Leaves

MQ 519.6 ± 13.3 a
y

104.2 ± 3.8
a

929.3 ± 25.1
a 64.6 ± 1.9 a 304.6 ± 10.8

a
155.0 ± 5.2

a
450.0 ± 21.1

a
781.9 ± 37.5

b
1819.5 ±

84.7 a
1043.8 ±

69.4 a 6.9 ± 1.2 a

MQ/MQ 481.6 ± 13.3
ab 93.8 ± 3.8 a 862.5 ± 25.1

a 59.9 ± 1.9 a 280.7 ± 10.8
a

138.1 ± 5.2
b

412.9 ± 21.1
a

688.1 ± 37.5
c

1753.8 ±
84.7 a

911.5 ± 69.4
a 6.4 ± 1.2 a

MQ/BK 456.2 ± 13.3 b 91.3 ± 3.8 a 690.4 ± 25.1
b 60.1 ± 1.9 a 300.7 ± 10.8

a 79.7 ± 5.2 c 429.8 ± 21.1
a

1003.4 ±
37.5 a

1707.4 ±
84.7 a

1133.1 ±
69.4 a 10.5 ± 1.2 a

p value 0.025 0.103 <0.001 0.123 0.172 <0.001 0.487 <0.001 0.636 0.081 0.081
Taproot

BK 185.3 ± 5.7 a 49.9 ± 1.5 a 333.8 ± 11.5
a 9.9 ± 0.3 a 21.8 ± 0.5 a 67.4 ± 2.4 a 135.3 ± 4.1

a
414.8 ± 15.9

a
178.4 ± 10.0

a
723.3 ±
106.9 a 6.0 ± 1.2 a

BK/BK 150.2 ± 5.7 b 39.3 ± 1.5 b 264.5 ± 11.5
b 7.7 ± 0.3 b 17.3 ± 0.5 b 56.4 ± 2.4 b 107.5 ± 4.1

b
346.6 ± 15.9

b
124.4 ± 10.0

b
503.8 ±
106.9 ab 5.5 ± 1.2 a

MQ/BK 72.1 ± 5.7 c 18.3 ± 1.5 c 148.2 ± 11.5
c 4.8 ± 0.3 c 10.2 ± 0.5 c 13.2 ± 2.4 c 62.9 ± 4.1 c 235.2 ± 15.9

c 57.8 ± 10.0 c 207.3 ±
106.9 b 2.5 ± 1.2 a

p value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.027 0.120

z BK = Non-grafted ‘Bora King’ daikon radish; BK/BK = Self-grafted ‘Bora King’ daikon radish; MQ = Non-grafted
‘Mei Qing Choi’ pac choi; MQ/MQ = Self-grafted ‘Mei Qing Choi’ pac choi; MQ/BK = ‘Mei Qing Choi’ pac choi
grafted onto ‘Bora King’ daikon radish. y Mean ± SE (standard error); means followed by the same letter are not
significantly different at p ≤ 0.05 according to Fisher’s LSD test.

With respect to leaf nutrient accumulation, MQ/BK had 37% greater Zn accumulation compared
with the average of MQ/MQ and MQ (Table 6). However, MQ/BK decreased N, K, and S content by
12%, 26%, and 49%, respectively, compared with MQ. In terms of nutrient accumulation in the taproot,
MQ/BK showed significantly lower accumulation of all measured minerals except Fe and Cu relative
to BK and BK/BK, which was likely associated with the small size of the taproot in MQ/BK. The lower
accumulation of nutrients in the taproot demonstrated that pac choi–daikon radish favored growth of
the pac choi leaves at the expense of the radish taproot.
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4. Conclusions

Successful grafts were produced between B. rapa var. chinensis and R. sativus var. longipinnatus in
this study, resulting in a novel ‘pac choi–daikon radish’ product that may help save growing space and
have added-value as perceived by farmers and consumers. More research is needed to optimize the
seeding time and management of seedling production to help further improve the graft survival rate.
Grafting pac choi with daikon radish did not severely impair the growth of the above-ground parts as
grafted pac choi had similar SPAD value, canopy size, leaf number, and above-ground DW compared
with non-grafted pac choi. Interestingly, grafting with radish increased the photosynthetic ability of
the pac choi. However, grafting the daikon radish with pac choi decreased the taproot formation as
reflected by the reduced length, diameter, FW and DW of the taproot. Future studies could explore
different approaches such as cultivar selection and nutrient management to better balance the sizes of
the above- and below-ground parts of this new pac choi–daikon radish product. Given the wide range
of B. rapa var. chinensis and R. sativus var. longipinnatus cultivars, it would be interesting to explore
different grafting combinations to characterize the range of graft performance. We only tested the graft
performance under greenhouse conditions, and the grafted plants need to be further evaluated in field
growing systems where biotic and abiotic stressors can be intensified. Generally, grafting between pac
choi and daikon radish showed more negative impacts on mineral nutrient levels in radish taproots
than in pac choi leaves. Sensory properties of the ‘pac choi–daikon radish’ product are unknown, and
this aspect deserves further assessment. The inter-generic grafting between B. rapa var. chinensis and R.
sativus var. longipinnatus could also provide a unique model system to further our understanding of
scion-rootstock synergy and above- and below-ground sink competition in horticultural crops toward
improving the use of grafting technology in sustainable vegetable production.
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Abstract: This study aimed to investigate the effect of different rootstocks on the yield and quality of
eggplant cv. ‘Madonna’ in soilless pot culture in an unheated polyethylene greenhouse. The eggplant
was grafted onto several rootstocks, including tomato rootstocks Optifort (O) and Emperador
(E), and four Solanum rootstocks; Solanum grandiflorum × Solanum melongena (SH), Solanum torvum
(ST), Solanum melongena × Solanum integrifolium (SI), and Solanum integrifolium (A) compared with
self-grafted (SG) and self-rooted (SR) as control. The results showed that the total marketable yield
significantly increased by grafting onto ST (3.94 kg/plant), SH (3.36 kg/plant), and A (3.34 kg/plant)
relative to SR (1.65 kg/plant). The chromatics characters of skin and pulp are slightly influenced by
rootstocks. Our findings confirmed that grafting eggplant decreased firmness (except SH) of the flesh.
Fruit harvested from the Optifort/Madonna combination had the rounded shape, lowest firmness,
and Brix value, while the lowest oxidation potential was observed in this combination. The highest
seed number was observed in SH/Madonna and SI/Madonna combinations. During the sensory
evaluation, the lightest fruit flesh was found in SR, ST, and O, and the sweetest taste was observed in
fruits harvested from ST rootstock.

Keywords: eggplant grafting; rootstock; fruit quality; yield; sensory evaluation

1. Introduction

The eggplant (Solanum melongena L.) is one of the top ten vegetables that originated from Southeast
Asia; it has a high antioxidant capability and nutrient value. Soil-borne diseases, and biotic and
abiotic stresses have limited the yield in many commercial eggplant plantations. Vegetable grafting is
considered to be a rapid alternative way to slow breeding due to the absence of resistance genotype [1].
Grafting has been found effective not only for resistance advantages but also for the improvement of
production and some quality traits of the fruit [2,3]. Eggplant grafting was started in the early 1950s by
using Scarlet eggplant as rootstocks [4].

Several studies have already investigated different eggplant scion-rootstock combinations [5–8].
For instance, Solanum paniculatum increased vigour and fruit yield, but did not have any positive effect
on fruit quality and composition [6]. Solanum incanum induced tolerance to water and temperature
stress [9], while Solanum aethiopicum and Solanum macrocarpon were tolerant to Fusarium oxysporum
and resistant to Ralstonia solanacearum [10]. Solanum sisymbriifolium and Solanum integrifolium have
been reported effective in controlling bacterial wilt and resulted in higher yield [11]. Solanum torvum
is the most commonly used rootstock for eggplant, which has been reported to be resistant to
soil-borne diseases; but due to lack of rapid and homogeneous seed germination, there is a need to
find other alternative rootstocks [12]. Some tomato rootstocks can be valuable, as well, to improve
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eggplant growth and production. Grafting eggplant onto tomato rootstocks (Solanum lycopersicum
L.× Solanum habrochaites) indicated a positive result on yield and the appearance of fruits, but not equally,
and it largely depended on the combination and environment [13]. Overall, some rootstock-scion
combinations are moderately compatible, and unfavourable effects may occur; hence, the selection of
appropriate rootstock-scion combinations is crucial.

Fruit quality of grafted vegetables can be measured by sensory evaluation and instrumental
methods as well [14]. Grieneisen et al. [15] conducted a review of 202 different rootstocks and 1023
experimental treatments related to tomato grafting, and they concluded that fruit quality data based
on sensory tests were rare among the published studies. Sensory evaluation of grafted plants of the
members of the Cucurbitaceae family, i.e., melon [16], watermelon [17,18], and cucumber [19], and those
of the Solanaceae family [20,21] have been conducted, but there is relatively few data for eggplant.

The majority of previous studies investigated eggplant and tomato rootstock compatibility with
eggplant scion individually. The objective of the present study was to compare the effect of tomato and
eggplant rootstocks on fruit yield and certain quality parameters of eggplant cv. ‘Madonna’ in soilless
pot culture in an unheated plastic greenhouse. Moreover, current research is aimed at identifying
the best rootstock type to maximize yield and fruit quality, conducting not only laboratory testing,
but sensory evaluation as well.

2. Materials and Methods

2.1. Experimental Site, Plant Material, and Management Practices

The experiment was conducted from March 2019 until October 2019 at the Experimental and
Research Farm, Faculty of Horticultural Science, Szent István University, Budapest, in unheated
plastic house (47◦23′49′′ N, 19◦09′10′′ E, 120 m a.s.l.). The study was arranged based on
completely randomized design (CRD) to understand the effect of different rootstocks suitable for
eggplant grafting, including Solanum grandiflorum × Solanum melongena (SH), Solanum torvum (ST),
Solanum melongena × Solanum integrifolium (SI), and Solanum integrifolium (A) and tomato rootstocks
(Solanum lycopersicum), including cv. ‘Optifort’ (O) and cv. ‘Emperador’ (E). Moreover, self-grafted (SG)
cv. ‘Madonna’ and self-rooted (SR) plants, as control, were used with four replications and five plants
in each replication.

The used, popular eggplant cultivar ‘Madonna’ has evenly coloured, dark-violet fruits. Due to
slow seed germination, all four eggplant rootstock seeds (SH, A, ST, and SI) were sown 10 days earlier
than cv. ‘Madonna’ and tomato rootstocks seeds (E and O) (which germinated and developed at the
same rate); thus, a uniform stem diameter for grafting was obtained. Eggplant seedlings (with the
adequate diameter and 4–5 leaves) were grafted onto the rootstocks by cleft grafting method and kept
in high humidity and low light conditions for one week, and then acclimatized to the natural conditions.
Three weeks after grafting, all seedlings were transplanted into 10 L pots containing peat substrate,
in an unheated polyethylene greenhouse. Temperature and relative humidity inside the greenhouse
were recorded by the Flower Power Sensor data logger, as shown in Figure 1. All phytotechnical work
recommended for eggplant greenhouse cultivation was performed uniformly. Irrigation was applied
twice a week with a commercial fertilizer solution.

Mature fruits were harvested once a week between June and October 2019 (15 times) according to
fruit size, colour, and glossiness. Right after picking, the weight of each fruit was recorded by using a
digital scale, and the marketable or unmarketable fruits had been sorted. Fruit width (at maximum
fruit diameter) and fruit length (from stalk to end of fruit) had been measured by a tape line, and fruit
index was calculated based on fruit width/fruit length.
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Figure 1. Temperature and relative humidity at the greenhouse during cultivation.

2.2. Instrumental Measurements

The fruit flesh acidity (pH) was measured from two sides of each fruit in all combinations by a pH
meter (Hanna HI 98128). The pulp of three fruits from each replication were blended using a kitchen
blender. The total soluble solids of the fruit (TSS %) was measured by using a refractometer (PAL-1
Brix 0–53% Digital Hand) from the fruit juice. Fruit firmness from each replication (two fruits) were
evaluated by a small hand-operated penetrometer. The pressure value was measured in kg/cm3.

The skin colour of three fruits from each replication was measured on two sides of the skin by using
a Minolta Chroma CR-400 colourimeter (Minolta Corporation, Ltd., Osaka, Japan). Fruit chromaticity
was expressed in L*, a*, b* colour space coordinates. Chroma (C*) and Hue angles (H◦) were calculated
according to the following formula 1:

C* = (a*2 + b*2)1/2, H◦ = tan−1 (b*/a*). (1)

The same colourimeter was used to determine the whitening index (DW), oxidation potential (OP),
and colour differences (CD) of the fruit pulp. Two fruits of each replication were cut longitudinally
with a straight edge plastic knife. The pulp was measured quickly after being cut (L0) and after 30 min
(L30) in the central and lateral zone. Colour space had been divided into a three-dimensional (L, a and
b) so that L (lightness; 0 black and 100 white); a (red to green); and b (blue to yellow). The distance
of pure white (DW) was measured as Euclidean distance of the colour coordinates to the pure white
coordinates (L* = 100 a* = 0 b = 0) using the formula 2 [22]:

DW = ((100 − L)2 + a*2 + b*2)0.5 (2)
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The colour differences (CD) were measured as a Euclidean distance between the colour coordinates
at 0 and 30 min and calculated by using formula 3:

CD = [(L*30 − L*0) + (a*30 − a*0) + (b*30 − b*0)] (3)

Moreover, the oxidation potential (OP) was measured by International Commission on Illumination
(CIE) L*a*b* values using the following formula 4 [23]:

OP = L*30 − L*0 (4)

Ten independent slices from the equatorial region of fruits were cut and incubated at 20 ◦C to
induce seed browning and facilitate seed boundaries identification. Images were used to determine
the number of seeds by using the software ImageJ (Version 1.8.0_172; Research Services Branch,
National Institute of Mental Health, Bethesda, MD, USA).

2.3. Sensory Evaluation

Sensory measurements were made based on questionnaire results. Twelve trained tasting panellists
evaluated 10 quality attributes (Table 1) according to ISO 13,299 standard. First, the sensory attributes
and their corresponding reference values were determined, to reduce the variation in the resulting
dataset. For the sensory test, small pieces of the fruit were boiled for 20 min, placed in numbered plates,
and were immediately assessed. The questionnaire results were converted into a grade scale from 0 to
100. The combined results of the properties were plotted on profile diagrams, which were prepared by
ProfiSens, a sensory analysis software. Tests were performed according to ISO 8589, and differences
between data were evaluated with univariate ANOVA and Fisher least significant difference (LSD)
significance level evaluation procedures.

Table 1. Definitions of sensory attributes used in the quantitative descriptive analysis.

Attributes Characteristic

Flesh Colour Dark–light
Odour None–very intensive

Flesh Firmness Soft–firm
Flesh Juiciness not very juicy–very juicy

Flavour Intensity not perceptible–intense
Tart, Bitter Taste None–very intensive
Pungent Flavour None–very intensive

Sweet Taste not very intensive–very intensive
After Taste None–very intensive
Off-Flavour None–very intensive

2.4. Statistical Procedures

The experiment was arranged in a completely randomized design (CRD) with four replications
and five plants in each replication. Data were statistically analysed using Statistix 8 software
(Tallahassee, FL, USA). Data were subjected to the one-way analysis of variance (ANOVA) and means
were separated using the least significant difference (LSD) test at p < 0.05.

3. Results

As shown in Table 1, grafting cv. ‘Madonna’ onto ‘O and E rootstocks caused the lowest fruit
length in comparison with the SR and SG rootstocks. Moreover, it has been observed that self-grafting
cv. ‘Madonna’ significantly increased the width of fruit relative to the fruit harvested from control and
other combinations (except ST). Statistical analysis showed that fruit shape index was not significantly
(p < 0.05) influenced by rootstocks.
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Our results showed that the total marketable fruit number significantly increased by grafting
in comparison with SR and SG. Average fruit weight decreased by grafting onto O rootstocks in
comparison with other treatment (except SG). Grafting cv. ‘Madonna’ on eggplant rootstocks (SH, ST,
SI, and A) significantly increased total marketable fruit yield while tomato rootstocks (E and O) had no
significant effect. Total marketable yield of Solanum torvum (ST) rootstock was two times higher than
control, self-grafted plants (Table 2).

Table 2. Effect of different rootstock combinations on eggplant fruit shape, fruit number, and yield.

Treatment
Fruit Length

(cm)
Fruit Width

(cm)
Fruit Shape

Index

Total Marketable
Fruit Number

(plant_1)

Average Fruit
Weight (kg)

Total Marketable
Yield (kg plant_1)

SR 16.97 a 8.06 bcd 2.13 a 6.35 c 0.28 ab 1.65 c

Eggplant Rootstocks

SG 18.10 a 9.38 a 1.92 a 6.70 c 0.26 bc 1.89 c
SH 16.34 ab 7.94 cd 2.06 a 12.13 ab 0.29 ab 3.36 ab
ST 16.58 a 8.36 ab 1.99 a 14.26 a 0.28 ab 3.94 a
SI 16.93 a 8.18 bc 2.08 a 10.80 b 0.31 a 3.23 ab
A 16.91 a 8.19 bc 2.07 a 11.14 b 0.29 ab 3.34 ab

Tomato Rootstocks

E 15.66 bc 8.11 bcd 1.95 a 10.71 b 0.28 ab 2.80 abc
O 14.94 c 7.68 d 1.96 a 9.38 b 0.24 c 2.39 bc

CV 10.87 11.19 12.42 15.00 26.67 20.19
p Value 0.000 0.0005 0.003 0.000 0.009 0.0002

Significance *** *** ** *** ** ***

NS = not significant; ** = Significant at p ≤ 0.01, *** = Significant at p ≤ 0.001. Different letters indicate significant
difference according to the least significant difference (LSD) test (p < 0.05). SR = self-root; SG = self-grafting; SH = S.
grandiflorum × S. melongena; ST = S. torvum; SI = S. melongena × S. integrifolium; A = S. integrifolium; E = Emperador;
O = Optifort.

According to ANOVA, L* value and CIRG index (Color index of red) of fruit skin from all
combinations was not significantly (p< 0.05) different with the self-rooted (SR) plants. Grafting Madonna
onto O, E, A, and SH significantly increased the a* value of skin fruit relative to SR and SG (Table 3).
Fruit harvested from O rootstocks had the highest b* value compared with the SR. Our results
showed that the highest Hue value was observed at E and O rootstock in comparison with SR and SG.
Chroma value of skin fruit increased when O, E, and A was used as rootstock compared with either
non-grafted or self-grafted (Table 3).

Table 3. Effect of different rootstock combinations on chromatic characteristics of eggplant fruit skin.

Treatment L* a* b* Hue Chroma CIRG

SR 25.22 a 3.09 d −0.72 bc 3.18 cd 346.15 cd 6.62 a

Eggplant Rootstocks

SG 25.07 a 2.95 d −0.73 bc 3.05 d 345.13 d 6.69 a
SH 25.36 a 3.62 abc −0.71 bc 3.70 abc 347.70 abc 6.53 a
ST 25.58 a 3.32 bcd −0.75 bc 3.40 bcd 346.68 bcd 6.51 a
SI 25.08 a 3.27 cd −0.79 c 3.72 cd 346.03 cd 6.65 a

A 25.61 a 3.65 abc −0.69 ab 3.71 abc 348.69 ab 6.47 a

Tomato Rootstocks

E 25.53 a 3.89 ab −0.67 ab 3.95 ab 348.92 ab 6.46 a
O 25.45 a 4.08 a −0.611 a 4.14 a 349.51 a 6.46 a

CV 4.35 20.15 −22.19 28.66 1.26 5.03
p Value 0.47 0.001 0.006 0.001 0.002 0.084

Significance NS *** ** *** ** NS

NS = not significant; ** = Significant at p ≤ 0.01, *** = Significant at p ≤ 0.001. Different letters indicate significant
difference according to the LSD test (p < 0.05). SR = self-root; SG = self-grafting; SH = S. grandiflorum × S. melongena;
ST = S. torvum; SI = S. melongena × S. integrifolium; A = S. integrifolium; E = Emperador; O = Optifort.
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The results of pulp colour measurements are presented in Table 4. No significant difference was
observed in L0*, a*, CD and DW0 between grafted and SR plants. Moreover, our results showed that
grafting onto tomato rootstocks (E and O) significantly decreased OP value of pulp fruit relative to SR
and SG.

Table 4. Effect of different rootstock combinations on chromatic characteristics, colour difference,
whiteness degree, and oxidation potential of eggplant pulp.

Treatment L0* a* b* CD DW0 OP

SR 84.89 ab −4.10 ab 29.08 a–c 12.16 a–c 33.10 a–c 9.97 a

Eggplant Rootstocks

SG 85.43 ab −3.71 ab 26.84 c 12.62 ab 30.85 c 10.66 a
SH 84.62 ab −4.01 ab 29.15 abc 13.61 a 33.24 abc 8.67 ab
ST 84.03 b −2.86 a 30.14 ab 11.46 abc 34.25 ab 9.67 ab
SI 85.26 ab −4.56 b 29.05 abc 12.48 ab 32.93 abc 9.38 ab
A 84.65 ab −3.17 ab 30.32 a 13.21 a 34.30 ab 11.03 a

Tomato Rootstocks

E 86.36 a −4.71 b 27.70 bc 7.37 c 31.30 bc 5.81 b
O 83.91 b −3.68 ab 31.39 a 8.29 bc 35.51 a 5.81 b

CV 2.71 −4.82 8.88 27.58 9.25 16.90
p value 0.4 0.2 0.02 0.1 0.06 0.05

Significance NS NS * NS NS *

NS = not significant; * Significant at p ≤ 0.05. Different letters indicate significant difference according to
LSD’s test (p < 0.05). SR = self-root; SG = self-grafting; SH = S. grandiflorum × S. melongena; ST = S. torvum;
SI = S. melongena × S. integrifolium; A = S. integrifolium; E = Emperador; O = Optifort. CD = colour difference;
DW =whiteness degree; OP = oxidation potential.

As shown in Table 5, Brix value of fruit flesh was negatively influenced by grafting onto SI, E,
and O rootstocks, while SG resulted the highest Brix value in the pulp. Fruit firmness significantly
decreased by grafting (except grafting onto SH rootstock). The pH value of the flesh was not influenced
by different rootstocks.

Table 5. Effect of different rootstock combinations on pH, Brix, firmness, and seed number of
eggplant fruits.

Treatment pH T.S.S (Brix) Firmness (kg/cm3) Seed Number

SR 5.55 a 5.28 b 4.93 a 21.81 c

Eggplant Rootstocks

SG 5.57 a 5.80 a 4.18 b 29.50 bc
SH 5.46 ab 5.26 b 4.56 ab 47.30 a
ST 5.53 a 5.34 b 3.51 c 38.70 abc
SI 5.44 ab 4.78 c 3.56 c 44.36 ab
A 5.38 b 5.62 ab 4.04 bc 25.46 c

Tomato Rootstocks

E 5.56 a 4.62 c 2.77 d 27.09 bc
O 5.53 a 4.72 c 2.43 d 28.15 bc

CV 2.45 10.59 14.42 14.03
p Value 0.06 0.000 0.000 0.000

Significance NS *** *** ***

NS = not significant; *** = Significant at p ≤ 0.001. Different letters indicate significant difference according to the
LSD test (p < 0.05). SR = self-root; SG = self-grafting; SH = S. grandiflorum × S. melongena; ST = S. torvum; SI = S.
melongena × S. integrifolium; A = S. integrifolium; E = Emperador; O = Optifort.
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In the current experiment, grafting eggplant onto SH and SI rootstocks sharply increased the seed
number of fruits in comparison with SR (Table 4; Figure 2).

Sensory analysis data showed a significant difference in four parameters (flesh colour, firmness,
sweet taste, and intensive odour) between selected rootstocks. Fruits harvested from SR, ST, and O
had lighter flesh colour than other rootstock combinations. Respectively, SR and E had the lowest and
highest flesh firmness between grafting combinations according to panellists’ evaluation. Grafting onto
ST showed significantly stronger sweet taste as compared to SR fruits. Fruits harvested from SI
showed significantly intensive odour among all combinations (Figure 3). Bitter taste, pungent flavour,
off flavour, aftertaste, flesh juiciness, and flavour intensity were not significantly influenced by grafting.

 

Figure 2. Effect of different rootstock combinations on fruit seed number. SR = self-root;
SG = self-grafting; SH = S. grandiflorum× S. melongena; ST = S. torvum; SI = S. melongena× S. integrifolium;
A = S. integrifolium; E = Emperador; O = Optifort.

 

Figure 3. Effect of different rootstock combinations on sensory evaluation of fruit by trained panellists.

4. Discussion

Vegetable quality is defined by external attributes, such as colour, shape, size and freshness,
as well as internal features, such as texture, flavour, content of mineral, health-promoting compounds,
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and sensory parameters. The quality of grafted vegetables can differ and conflicting from the grower
and consumer perspectives. However, consumer demand determines economic value and it is an
essential aspect in grafted vegetable productions. In the current experiment, we have tested the
‘Madonna’ eggplant cultivar grafted onto two groups of rootstocks (tomato and other Solanum spp.) to
find the best combination in terms of yield and quality in both laboratory and consumer evaluation.

Our results showed that the lowest fruit length was observed at tomato rootstock (E and
O) and highest fruit width was at SG rootstocks. Fruit shape is controlled genetically; however,
Sabatino et al. [6,24] and Gisbert et al. [25] demonstrated that eggplant fruit shape (length and
width) is affected by the rootstock. In line with our findings, Passam et al. [26] stated that grafting
can increase eggplant fruit size. Moreover, Cassaniti et al. [27] harvested longer fruits from cv.
‘Black Bell’—S. torvum combination than from self-grafted plants. In cucumber, shape index in grafted
plants was higher than non-grafted ones [28], while in watermelon grafting it had no influence on
fruit size and shape, according to some studies [29,30]. Therefore, these results are different due to
genotype, vigorous rootstocks, and grafting combinations [3]. For instance, grafting tomato onto
vigorous rootstocks (i.e., ‘Maxifort’; ‘Beaufort’) increased the fruit size, while grafting onto less vigorous
rootstocks (i.e., ‘Brigeor’; ‘Energy,’; ‘Firefly’, ‘Linea9243,’ and ‘Nico’) reduced tomato fruit size [31–33].

All eggplant rootstocks (SH, ST, A, and SI) improved total fruit yield. Yield, fruit number,
and earliness of eggplant cv. ‘Cristal F1’ grafted onto eggplant rootstocks was higher than tomato
rootstocks [25]. In line with our results, Sabatino et al. [19] reported that eggplant cv. ‘Scarlatti’ F1
grafted onto S. melongena × S. aethiopicum rootstock had higher total and marketable yield than plants
grafted onto S. aethiopicum. Earlier, they found that higher marketable yield of grafted eggplant onto
S. torvum and S. macrocarpon can be the result of higher fruit numbers, which associate with increasing
water and nutrient absorption [6]. Gisbert et al. [25] confirmed that grafted plants with higher yield
had earlier fruit harvesting. In the current experiment, the higher marketable yield is due to a higher
harvested fruit number in grafted plants. Our results also correlate with Sabatino et al. [5] who
confirmed a higher fruit number of grafted plants than on non-grafted. Higher yield of grafted plants
may be related to higher water and nutrient absorption [29].

The darkest skin colour is connected to a high concentration of anthocyanin. Results of Moncada
et al. [34] showed that grafting eggplant cv. ‘Biragh’ onto S. torvum caused a darker and less vivid
fruit skin colour (lower value of L* and chroma), while other cultivars (‘Black Moon’ and ‘Black Bell’)
were not influenced by rootstock. Moreover, the highest Hue value was observed when eggplant cv.
‘Scarlatti’ was grafted onto S. torvum and S. aethiopicum rootstocks in an experiment by Sabatino et
al. [24]. In our study, the most noticeable finding was that grafting cv. ‘Madonna’ onto O rootstock
resulted in low-quality fruit skin, with the Hue value of 4.14, and chroma of 349.51. In tomato,
variable results were found in fruit skin colour by grafted plants compared to non-grafted ones [31,35].

A CIRG index of 5 indicates red dark violet skin, and higher than 6 indicates blue–black skin.
In the current experiment, ‘Madonna’ scion normally had dark black skin and grafting did not have any
significant influence on CIRG. Kacjan Maršic et al. [13] reported that grafting eggplant cv. ‘Blackbell’
onto tomato rootstock cv. ‘Beaufort’ increased CIRG index, while in another cultivar (cv. ‘Epic’)
decreased. It can be explained that scion variety has different responses to grafting according to Kacjan
Maršic et al. [13]. Moreover, they concluded that higher vigour of grafted plants negatively influenced
the anthocyanins, and the pruning of plants should be carried out during the cultivation to improve
the fruit colour [13].

It seems that tomato rootstocks had lower browning degree and colour difference value than
self-rooted and self-grafted plants, and fruit harvested from these combinations oxidized less than
others (Table 3). High oxidation potential is expected due to the high phenolic compound content
of the eggplant. Moreover, it may be influenced by many factors, e.g., scion genotype, rootstocks,
and environmental conditions. Moncada et al. [34] and Sabatino et al. [6] reported that grafting eggplant
onto S. torvum had little or no effect on pulp browning. However, other rootstocks had different
reactions; for instance, S. paniculatum and S. macrocarpon showed lowest [6], while S. aethiopicum gave

30



Agronomy 2020, 10, 1442

the highest oxidation potential in eggplant [3]. Seed number and fruit size may lead to different colour
and oxidization in fruit pulp after cutting. A negative correlation between the browning index and
fruit size, and positive relation with seed number, has been reported by Radicetti et al. [36].

Several studies confirmed that fruit quality seldom varied significantly between grafted and
non-grafted plants. For instance, previous results by Arvanitoyannis et al. [37] and Cassaniti et al. [27]
confirmed a reduction in eggplant flesh firmness by grafting. Similarly, tomato fruits harvested from
grafted plants were not firmer than control and self-grafted plants [31,38]. Lower water uptake in
non-grafted plant caused lower water content in eggplant fruit and harder texture [37]. The current
experiment showed that grafting significantly reduced TSS of eggplant cv. ‘Madonna’. In line
with our results, lower TSS was observed in eggplant fruits (cv. ‘Faselis’) obtained from grafted
on S. torvum, while no significant difference was found in fruits (cv. ‘Rima’) obtained from tomato
hybrid rootstocks compared to the rest of combinations [39]. Lee et al. [40] reported that grafting
eggplant onto S. torvum had no influence on TSS. Previous studies showed that firmness and SSC of
non-grafted and self-grafted melon was higher than grafted fruit in the Guan et al. [14] study, and they
explained that it is due to the improved water status of grafted melon by enhancing leaf water potential,
leaf stomatal conductance, transpiration rate, and amount of xylem sap, which then can reduce TSS
of the fruit [14,41]. Fruits obtained from SH and SI × ‘Madonna’ combination had the highest seed
number and it can be explained that higher nitrogen absorption in the grafted plant may cause a higher
seed number in fruit [42].

Combining sensory and instrumental measurements provided a thorough evaluation of the effects
of grafting and rootstock combination [14]. Grafting eggplant cv. ‘Tsakoniki’ onto S. torvum resulted
in fewer empty spaces and harder fruits more than in case of other combinations [37]. Moreover,
they reported that fruits grafted on S. sisymbriifolium had fewer seeds and less intensive tart flavour
than the rest of the treatments. Another interesting finding was that all grafted plants resulted in less
sweet fruits and lower acceptability ratings in the panellist test [37]. In our experiment, fruit harvested
from ST had a sweeter taste and lighter colour, and fruit harvested from SI showed intensive odour,
according to consumer evaluation. In tomato, according to the experiment of Di Gioia et al. [20],
grafting onto cv. ‘Beaufort’ and ‘Maxifort’ rootstocks did not influence sweetness, sourness, and the
tomato-like taste of the fruits. Barrett et al. [21] and Casals et al. [43] reported that grafting had negative
effects on acceptability and the tomato flavour descriptors assessed by a consumer test.

In the Cucurbitaceae family, Guan et al. [14] reported that grafting Galia melon onto hybrid squash
rootstocks caused lower sensory properties, while Honey Yellow cv. was not influenced by grafting.
They explained that lower SSC can be one of the reasons of the lower sensory evaluation results.
Similarly, in another experiment, Velkov and Pevicharova [19] confirmed that sensory evaluation of
cucumber depended on scion-rootstock combinations and every scion showed a different reaction to
the same rootstock.

5. Conclusions

In the present study, we examined the effect of grafting onto different rootstocks in case of an
eggplant variety favoured by consumers. Either tomato or other Solanum species are recommended for
the grafting of eggplant; thus, we also selected the rootstocks to be tested accordingly. Compared to
previous studies, we also observed differences between each grafting combination, both in terms of
yield and fruit quality.

In our study, Solanum torvum ×Madonna, as well as Solanum grandiflorum × Solanum melongena ×
Madonna combinations, exhibited the highest marketable yield with a higher fruit number per plant and
uniform skin colour. Our findings also revealed that tomato rootstocks (O and E) had the lowest pulp
colour difference and oxidation potential.

Our results also confirm that it is very important to choose the right rootstock, primarily according
to the goal of grafting to be achieved.
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Abstract: The tomato is an important horticultural crop, the cultivation of which is often under
influence of abiotic and biotic stressors. Grafting is a technique used to alleviate these problems.
Shortage of water has stimulated the introduction of new irrigation methods: deficit irrigation (DI) and
partial root-zone drying (PRD). This study was conducted in two spring–summer season experiments
to evaluate the effects of three irrigation regimes: full irrigation (FI), PRD and DI on vegetative
growth, leaf gas-exchange parameters, yield, water-use efficiency (WUE), nutrients profile and fruit
quality of grafted tomatoes. In both years, the commercial rootstocks Emperador and Maxifort were
used. In the first year, the scion cultivar Clarabella was grown on one stem and in the second year
the cultivar Attiya was grown on two stems. Self-grafted cultivars were grown as a control. In both
experiments, higher vegetative traits (leaf area and number, height, shoot biomass) were recorded
in tthe plants grafted on commercial rootstocks. The stomatal conductance and transpiration rate
were higher under FI. Under DI, transpiration was lowest and photosynthetic WUE was highest.
Photosynthetic rate changed between irrigation treatments depending on plant type. In both years,
the total yield was highest in grafted plants as result of more and bigger fruits per plant. In the 2nd
year, grafted plants under FI had higher yield compared to PRD, but not to DI, while self-grafted
plants did not differ between irrigation treatments. WUE was highest in DI and PRD treatments and
in grafted plants. Leaf N, P, K and Ca was highest in tthe plants grafted on Emperador and Maxifort,
while more Mg was measured in self-grafted plants. More Ca and Mg were recorded in tthe plants
under DI and PRD. Fruit mineral concentrations were higher in tthe plants grafted on commercial
rootstocks. Total soluble solids differed between irrigation regarding plant types, while fruit total
acidity was higher in Emperador and Maxifort. In conclusion, our study showed that grafted plants
could be grown under DI with minor yield reduction with 30–40% less water used for irrigation.
Moderate DI could be used before PRD for cultivation of grafted tomato and double stemmed plants
did not show negative effect on tomato yield so it can be used as standard under reduced irrigation.

Keywords: reduced irrigation; rootstocks; yield traits; leaf gas exchange

1. Introduction

The tomato (Solanum lycopersicum L.) is a leading vegetable and one of the most important
horticultural crops. The world production of tomatoes is second to only potatoes, with an estimated
production of 160 million tons [1]. Tomato production problems with abiotic and biotic stressors as
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results of intensive monoculture often create problems in tomato production. Tomato production
losses caused by unfavorable growing conditions can be reduced by grafting onto specific rootstocks.
Commercial vegetable grafting started at the beginning of the 20th century, with the primary intention
to achieve tolerance to soil pathogens [2]. The substantial proportion of total tomato production in
Europe and Asia currently include usage of grafted tomatoes [3]. In addition, the widespread use of
grafting was expected to improve crop response to water, salt, nutrient deficiency and temperatures
stresses and to improve fruit quality [4,5].

Water availability is decreasing worldwide—especially where agriculture uses between 50% and
90% of all water, such as semi-arid Mediterranean areas. In the context of climate change, improvement
of irrigation practices is needed, by use of new sources (e.g., wastewater) or by application of new
irrigation techniques [6]. Two main methods regarding the use of reduced irrigation are introduced,
namely deficit irrigation (DI) and partial rootzone-drying (PRD) to improve water-use efficiency
(WUE). These practices expose the plant to moderate drought stress, could increase abscisic acid (ABA)
levels that leads to greater increase in WUE [7]. DI supplies less water to the entire rootzone than
the amount lost by evapotranspiration, while PRD involves alternate wetting and drying of the root
zones. PRD has been shown to improve DI and has resulted in substantial water savings, improved
water-use efficiency and it is superior to DI in terms of yield maintenance in greenhouse or processing
tomato [8,9].

Grafted plants showed better uptake of minerals and water than un-grafted plants due to vigorous
root growth by the chosen rootstock [10]. Grafted tomato under deficit irrigation showed increased
yield and WUE [11,12]. The tomato cultivar Boludo grafted on 144 tomato rootstocks showed higher
shoot fresh weight under water deficit in 38% of combinations [13]. Tomato cultivars Belle and
Clarabelle grafted on the rootstock He-man had similar vegetative growth and yield under PRD
conditions in commercial greenhouse [14]. The breeding of commercial rootstocks like ‘Maxifort’ on
the other hand was more directed to increase growth capacity and to alleviate soilborne diseases,
instead of water economy [2], although it showed similar performance compared to drought tolerant
cultivars [15]. Sink limitation is more pronounced in grafted tomato plants compared to non-grafted
ones. One of the ways to avoid sink limitations is growing double-stemmed grafted plants. Grafting
with two stems became the standard growing method for sustaining tomato production, as it decreased
the costs per unit area by reducing the number of plants grown in a greenhouse by one-half [16,17].

The effects of grafting on tomato fruit quality are showing inconsistencies in of the results, mostly
affected by the rootstock–scion combination [5]. Similarly, scarce reports showed that grafted plants
under water stress differ in total soluble solids (TSS) and total acidity (TA) [11,14,18].

In the first study, we evaluated the effect of PRD on the growth, yield and quality of grafted tomato
grown in a commercial greenhouse [14]. As proper evaluation of reduced irrigation methods apart
PRD include DI, the two-year studies included the deficit irrigation treatments with similar amount
of water applied as in PRD, but evenly to the whole root system. Since two stems are the standard
practice for cultivation of grafted tomato, we also included stem number as a factor in our experiments.
Finally, the purpose of our studies was to compare the responses of grafted tomato plants subjected to
PRD or DI by evaluating vegetative growth, leaf gas-exchange parameters, yield traits, WUE and leaf
and fruit mineral profile and fruit quality in a greenhouse located in a Mediterranean climate.

2. Material and Methods

Two experiments were conducted on tomatoes in spring–summer season in commercial
greenhouses in the Split area (Mediterranean area of Croatia). The first experiment used plants
grown on one stem, and in the second experiment two-stem plants were used.

2.1. Experiment I: Single Stem Plants (2016)

The first experiment was established in an unheated greenhouse in the Trogir (43◦31′ N, 16◦15′ E)
used for intensive vegetable production for many years. The soil type was an alkaline clay with 8.09 pH
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(H2O), 7.51 pH (KCl), 4.4% soil organic matter and 120 mg of available P2O5, and 48 mg K2O/100 g of
soil. The greenhouse had side ventilation and the roof was 3 m high.

Tomato (Solanum lycopersicum L., cv. Clarabella F1, Rijk Zwaan, The Netherlands) plants were either
self-grafted or grafted onto the rootstocks “Emperador” (S. lycopersicum × S. habrochaites, Rijk Zwaan)
or “Maxifort” (S. lycopersicum × S. habrochaites, De Ruiter Seeds, Amsterdam North, The Netherlands).
Both rootstocks, as noted by the seed companies, have high to medium vigor and are resistant to
Fusarium, Verticillium and ToMV.

The scion seeds were sown on 17 January 2016 and rootstock seeds on 20 January 2016 in
polystyrene plug trays with cell volume of 40 mL in an organic substrate (Brill Type 4, Brill Substrate,
Georgsdorf, Germany). As scion and rootstocks have variable growth vigor and to ensure optimum
stem diameter between scion and rootstock seedlings at grafting time the scion seeds were sown 3 days
earlier than the rootstock. The trays with sown seeds were put in a heated greenhouse (day/night 25 ◦C).

The cv. ‘Clarabella’ seedlings were self-grafted and grafted onto both rootstocks at 25 days after
sowing using the “splice grafting” method. Grafted seedlings were maintained under reduced light
conditions (10% of the daily light intensity) at a relative humidity above 95% and temperature from
22 ◦C to 25 ◦C until callus formation. After callus formation, the seedlings were maintained as standard
tomato transplant. Seedlings were grown in research greenhouse at the Institute for Adriatic Crops
(Split, Croatia).

Tomato seedlings with four to five true leaves were transplanted 65 days after sowing
(24 March 2016) in a two-row system (90 cm apart) with rows 60 cm apart with plants were
spaced 50 cm in each row, for a total of 2.7 plants/m2. The plants were drip irrigated with
drippers (pressure-compensating emitters) set in opposite lines of row plants (15 cm from plants).
After transplanting, plants were irrigated per the standard practice in the area. During the trial, plants
were fertilized twice with Mg, as other nutrients had high available soil concentrations, as confirmed
by N and K petiole sap analysis during growth phases.

Three irrigation treatments were started 30 days after transplanting: full irrigation (FI), deficit
irrigation (DI) and partial-root zone drying (PRD). The soil moisture content was measured by
tensiometers (Blumat digital, Leingarten, Germany) which were laboratory calibrated for conducted
soil. The tensiometers were placed at 25–30 cm depth. In FI treatment, plants were watered to a soil
moisture content of 65–75% of field capacity. DI treatments received 50% water used in FI by using
drippers with half capacity than in FI. With PRD, half of the root system was irrigated at 65–75%
of field water capacity (FWC), while other half of the roots were dried until soil moisture reached
35–40% of field capacity and then irrigation was shifted between two sides of the root system. PRD also
received 50% water from FI. Different irrigation treatments were divided by placing PE folia to the
depth of 45–50 cm to stop horizontal water movement. Taking into account water supplied before start
of irrigation treatment, in total DI and PRD got 60% water supplied to FI that received 214 L per plant.

The plant height and the number of leaves (longer than 5 cm) were determined for 7 weeks after
transplanting. Harvest started 70 days after transplanting (DAT) and lasted for 55 days—including
12 harvests of fruits as they matured (light red color) The average fruit weight and fruit number
were recorded. The first four harvests were calculated as early yield. On the day of the last harvest,
the aboveground parts of the subsample plants (3 plants per treatment) were removed, divided into
leaves, stems and green fruits and weighed for fresh biomass (FM). After measuring the leaf area with
leaf area meter LI-3000 (LI-COR, Bad Homburg, Germany), samples were put into an oven and dried
at 70 ◦C to constant weight to obtain the DM. The yield divided by supplied water was used to find the
yield WUE (WUEy).

2.2. Experiment II: Double Stem Plants (2017)

The greenhouse in the split was used for the second experiment (43◦30′ N, 16◦30′ E). The soil
type was a clay loam with 8.71 pH (H2O), 7.46 pH (KCl), 2.9% soil organic matter, 16.5% high active
lime and 27 mg of available P2O5 and 31 mg K2O/100 g of soil. Same rootstocks were used as in
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Experiment I, and scion cultivar was Attiya (Rijk Zwaan, De Lier, the Netherlands) due to resistance to
TSWV (Tomato spotted wilt virus) that influenced growth and yield in previous years on different
tomato cultivars in used greenhouse. The scion and rootstocks seeds were sown on 19 January 2016
and 23 January 2016, respectively. Grafting was done on 17 February 2016; all other procedures for
seedling production were done as in previous year. In this experiment, two types of seedlings were
produced: self-grafted Attiya grown on one stem (ATT) and plants grown on two stems: self-grafted
Attiya (AT), Attiya grafted on Emperador (EM) and Attiya grafted on Maxifort (MX), which in total
gave four plant types. Two-stemmed seedlings were formed from side-shoots of cotyledons.

The tomato seedlings were transplanted 55 days after sowing (16 March 2016) in two systems:
one stem seedlings as in previous years in a two-row system and two-stem seedlings in a one-row
system with rows 120 cm apart. In each row, the plants were spaced 50 cm, which in both systems
gave 2.7 stems/m2.

Irrigation treatments started 50 DAT and included FI, DI and PRD. In this year, the soil moisture
content was controlled by Maxi Rain soil moisture sensors (Elektronik Jeske, Windorf, Germany),
which were set up to open electromagnetic valve when soil moisture was lower than 65% field water
capacity and was irrigated until reached 80% FWC. DI treatment received 60% water supplied to FI
using drippers with lower capacity. To better measure water needs in the PRD, this treatment had its
own sensors for controlling irrigation and switching sides. The PRD used 50% of the water used in FI.
In total—including water applied before irrigation treatment start—the DI used 70% and PRD 65%
water of the FI. The FI in total received 233 L/plant, DI 170 L/plant and PRD 153 L/plant. House-made
lysimeters (60 cm × 100 cm × 5 cm) were put below every irrigation treatment at depth of 60 cm to
control possible leaching if plants were over-irrigated.

Plants were fertilized by irrigation system with N, K and Mg, depending on growth phases and
plant needs. Plant height and leaf number were measured each week. Harvest started at 80 DAT
(7 June) and lasted 45 days, consisting of 11 harvests. At the end, plants were divided to determine
biomass partitioning, as in previous year.

Leaf nutrient concentrations were determined in the youngest fully developed leaves after the
leaves were dried at 70 ◦C and then ground. The micro-Kjeldahl digestion method (Kjeltec System
1026, Tecator, Höganas, Sweden) was used to measure total leaf N concentration. Dry ash of grounded
samples from a muffle furnace were dissolved in 2 mL HCl to extract the P, K, Ca and Mg. The K
concentration was measured using a flame photometer (Model 410, Sherwood Scientific, Cambridge,
UK). The vanadate-molybdate yellow color method using a UV-visible spectrophotometer was used
to determine the P concentration (Cary 50 Scan, Varian, Palo Alto, CA, USA) at 420 nm. The Ca and
Mg in solution were determined by atomic absorption spectrometry (SpectrAA 220, Varian, Palo Alto,
CA, USA).

The quality parameters of fruits from each treatment were analyzed in the second experiment.
For the tomato juice, the total soluble solids (TSS) content was determined by a DR 201–95 refractometer
(Kruss optronic, Hamburg, Germany) and expressed in Brix at 20 ◦C. Acidity was determined by juice
titration with 0.1-M NaOH was used for determination of acidity and results were expressed as citric
acid. Gas-exchange parameters were measured using LI-6400 infrared gas analyzer (LI-COR, Inc.,
Lincoln, NE, USA) in youngest fully expanded leaves. Measurements were performed on six leaves per
treatment 20 days after different irrigation techniques were applied in whole experiment. Measurements
were conducted under constant light (PAR 750 μmol m−2 s−1) and CO2 concentration (400 μmol mol−1).
The environmental conditions in the greenhouse ranged from 22 ◦C to 33 ◦C for air temperature and
from 33% to 42% for relative humidity (RH). The greenhouse light conditions (PAR) ranged from 300
to 1100 μmol m−2 s−1. The transpiration rate (E) and photosynthetic rate (A) were determined from
gas exchange measurements and were used to determine the photosynthetic/instantaneous water-use
efficiency (PWUE) as the ratio between A and E [19].

The experiments were set up in a randomized block design, consisting of three replications.
Each treatment (irrigation × plant type) was comprised of 12 plants. The data were evaluated by
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ANOVA and when F-tests were significant, the means of the main factors (rootstock/plant type and
irrigation technique) and their interactions were compared using the least significant difference test at
p ≤ 0.05. The data were statistically analyzed using StatView ver. 5.0 (SAS Institute, Cary, CA, USA).

3. Results

3.1. Plant Growth and Biomass Production

In the first year of the experiment, plants grown on one stem showed significant differences in
vegetative parameters regarding rootstock type used (Table 1). Plants grafted on Emperador rootstock
had highest leaf area, number of leaves, plant height and leaf and shoot dry biomass (DM) compared
to self-grafted plants. The irrigation method and interaction between irrigation and graft did not show
significant differences.

Table 1. Effect of rootstock type and irrigation treatment on tomato vegetative characteristics in the
first year of the experiment with plants grown on one stem.

Treatments
Leaf Shoot Plant Height

(70 DAT) (cm)Number (70 DAT) Area (cm2 plant−1) DM (g plant−1) DM (g plant−1) *

Rootstock (R)

Self-grafted 24.4 b † 10,406 b 108.1 b 183.7 b 172.5 b
Emperador 26.7 a 19,117 a 188.6 a 296.9 a 184.1 a

Maxifort 26.2 ab 16,521 a 158.1 ab 248.7 ab 177.7 ab

Irrigation (I)

Full 25.3 15,621 149.9 245.9 175.2
Deficit 26.7 14,990 144.4 234.1 180.8
PRD 26.2 15,433 160.5 249.2 178.3
I × R ns ns ns ns ns

* DM—dry mass; † Significant differences between treatments (LSD test at p ≤ 0.05) are indicated with different
letters within columns. ns—non-significant.

In the second year, statistical analyses for vegetative growth are presented in Table 2. Results are
presented per stem for two-stemmed grafted plants with plants of one stem. Similar to the first
experiment year, most measured traits were significantly affected by rootstock type. Additionally,
the leaf number showed differences in irrigation technique applied. Leaf and shoot DM per stem was
significantly highest in Emperador and lowest in Attiya. No difference in these traits were found
between one-stem Attiya and Maxifort. It can be concluded that Maxifort produces two times more
DM per whole plant.

Table 2. Effect of rootstock type and irrigation treatment on tomato vegetative characteristics in the
second year of the experiment with plants grown on one and two stem.

Treatments
Leaf Shoot Plant Height

(60 DAT) (cm)Number (60 DAT) Area (cm2 plant−1) DM (g stem−1) DM (g stem−1)

Rootstock (R)

One-stem SG * 25.8 b † 14,039 a 118.5 b 177.8 b 166.2 b
Two-stem SG 22.2 c 7758 b 77.3 c 124.4 c 154.8 b
Emperador 27.3 a 11,669 a 147.8 a 252.4 a 199.8 a

Maxifort 26.7 ab 13,916 a 117.5 b 195.5 b 192.8 a

Irrigation (I)

Full 25.5 ab 12,308 117.3 189.8 178.1
Deficit 26.1 a 12,064 111.2 178.3 181.6
PRD 24.8 b 11,164 117.3 194.6 177.9
I × R ns ns ns ns ns

* SG—self-grafted plants; DM—dry mass; † significant differences between treatments (LSD test at p ≤ 0.05) are
indicated with different letters within columns. ns—non-significant.
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3.2. Leaf Gas Exchange

The leaf gas-exchange parameters measured 20 days after initiation of reduced irrigation treatments
(DI + PRD) are in Table 3. Stomatal conductance (gs), intercellular CO2 (Ci), transpiration rate (E) and
photosynthetic WUE (PWUE) were significantly affected by irrigation rate. The values of gs, Ci and
E were highest under FI and lowest under DI treatment, while PWUE had highest value under DI
that differed from FI and PRD. In addition, only stomatal conductance differed (p ≤ 0.05) between
rootstocks, with plants grafted on Emperador having the highest values. The effect of the interaction of
the rootstock/plant type × irrigation was recorded for photosynthetic rate (A), photosynthetic WUE
(Figure 1A,B) and intercellular CO2 (data not shown). The highest A was measured for one stem
self-grafted Attiya under DI, while lowest was found for same plants under FI. On average, PWUE was
highest at DI and as shown by interaction did not differed between plant types under DI, while
differences in two other irrigation treatments was influenced by rootstock.

Figure 1. Photosynthetic rate (A,B) photosynthetic water-use efficiency—PWUE of grafted tomato
plants grown with one or two stems under three irrigation techniques. Vertical bars represent SE values
(n = 6). a—significant difference by the LSD test at p ≤ 0.05 are indicated by different letters above
column; ATT—one-stem Attiya; AT—two-stem Attiya; EM—Emperador, MX—Maxifort.
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Table 3. Leaf gas-exchange parameters and photosynthetic water-use efficiency of grafted tomatoes
grown with one and two stems under three irrigation techniques in the second year of the experiment.

Treatments
Photosynthetic Rate (A)

(μmol CO2 m−2 s−1)
Stomatal Conductance
(gs) (mol H2O m−2 s−1)

Intercellular CO2 (Ci)
(μmol CO2 mol−1)

Transpiration Rate (E)
(mmol H2O m−2 s−1)

Photosynthetic WUE (PWUE)
(μmol CO2/mmol H2O)

Rootstock (R)

One-stem SG 15.8* 0.81 b 336.8 10.9 1.45
Two-stem SG 15.6 0.85 b 339.5 10.8 1.44
Emperador 16.0 0.92 a 341.5 11.4 1.40

Maxifort 16.6 0.84 b 335.9 10.7 1.55

Irrigation (I)

Full 15.8 0.93 a 342.0 a 11.7 a 1.35 b
Deficit 16.5 0.79 b 334.7 b 10.1 c 1.63 a
PRD 15.8 0.85 b 338.7 ab 10.9 b 1.45 b
I × R * ns * ns *

* Significant differences between treatments (LSD test at p ≤ 0.05) are indicated with different letters within
columns. ns—non-significant.

3.3. Yield and Water-Use Efficiency

The effects of rootstock type and irrigation technique on tomato yield traits and WUE in the first
experiment are presented in Table 4, Average fruit weight, fruit number per plant and total yield were
affected by rootstock and were higher in grafted plants than in self-grafted ones. Early yield was
significantly affected by irrigation technique and highest values were noted for DI plants differing
only with plants cultivated under PRD regime. WUE was affected by rootstock and irrigation.
As expected, plants under DI and PRD had almost double values of WUE. Emperador and Maxifort
plants significantly differed from self-grafted ones and on average had 40% higher WUE values.

Table 4. Yield parameters and water-use efficiency of grafted tomato plants grown with one stem under
three irrigation techniques in the first year of the experiment.

Treatments Fruit Mean Weight (g) Number Plant−1 Early Yield Plant−1 (g) Yield Plant−1 (g) WUEy (g L−1)

Rootstock (R)

Self-grafted 243 b * 19.3 b 761 4749 b 34.1 b
Emperador 293 a 24.1 a 821 7089 a 50.0 a

Maxifort 304 a 23.1 a 847 7064 a 40.9 a

Irrigation (I)

Full 278 21.0 805 ab 5953 27.8 b
Deficit 279 43853.0 938 a 6583 53.5 a
PRD 283 43912.0 687 b 6366 51.8 a
I × R ns ns ns ns ns

* Significant differences between treatments (LSD test at p ≤ 0.05) are indicated with different letters within
columns. ns—non-significant.

Yield parameters and WUE results for second year are shown in Table 5. As in the first year,
plants grafted on commercial rootstocks had significantly (p ≤ 0.001) higher fruit mean weight and
also number of fruits per stem. Early yield was affected (p ≤ 0.001) by plant type and highest was
noted for self-grafted Attiya grow with one stem. Yield WUE was significantly (p ≤ 0.001) higher
for Emperador and Maxifort grafted plants and also for plants grown under both types of reduced
irrigation (DI + PRD).

Total yield results for second year are shown in Figure 2. Although, the interaction between factors
was not significant, it was important to compare yield of same plant type under different irrigation.
This analysis showed that grafted plants with commercial rootstocks grown under FI had highest total
yield that differed from same plants type grown under PRD, but not significantly different from DI.
In addition, one stem self-grafted plants from all irrigation regimes did not differed to each other and
two stem ones had lowest yield had under PRD.
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Table 5. Yield parameters and water-use efficiency of grafted tomato plants grown with one and two
stems under three irrigation techniques in the second year of the experiment.

Treatments Fruit Mean Weight (g) Number stem−1 Early Yield Stem−1 (g) Yield Stem−1 (g) WUEy (g L−1)

Rootstock (R)

One-stem SG 210 b * 17.6 b 1415 a 3696 b 41.1 b
Two-stem SG 226 b 14.8 c 786 b 3347 b 36.8 b
Emperador 261 a 20.4 a 604 b 5279 a 58.1 a

Maxifort 271 a 19.7 a 699 b 5342 a 59.5 a

Irrigation (I)

Full 256 18.4 772 4769 a 40.8 b
Deficit 239 18.7 799 4436 ab 52.2 a
PRD 239 17.5 949 4187 b 54.9 a
I × R ns ns ns ns ns

* Significant differences between treatments (LSD test at p ≤ 0.05) are indicated with different letters within
columns. ns—non-significant.

Figure 2. Total yield (kg stem−1) of grafted tomato plants grown with one or two stems under three
irrigation techniques. Vertical bars represent SE values (n = 4). Different letters above column indicate
a significant difference by the LSD test at p < 0.05. ATT—one-stem Attiya; AT—two-stem Attiya;
EM—Emperador; MX—Maxifort.

3.4. Mineral Content and Fruit Quality

In the second experiment, all leaf mineral concentrations significantly differed by rootstock type,
while Ca and Mg were affected also with irrigation method (Table 6). Plants grafted on commercial
rootstocks had highest values for N, P and K (p≤ 0.001). Ca was lowest in self-grafted plants grown with
one-stem, while Mg was highest in same plants. Plants grown under both reduced irrigation techniques
had significantly (p ≤ 0.01) highest Ca and Mg leaf concentrations. Fruit mineral concentration in same
year was significantly affected by rootstock. Plants grafted on commercial rootstocks had higher values
than both types of self-grafted plants (Table 7).

The effects of rootstock and irrigation on fruit quality traits are presented in Table 6. Both TSS and
TA differed by rootstock type (p < 0.05). There were no differences among irrigation techniques in
these traits, but the effect of the interaction of the rootstock × irrigation was found for TSS (p < 0.05)
(Figure 3). Highest TSS was recorded in one-stem Attiya grown under DI and differ from values same
plants under FI and PRD. Plants grafted on Emperador had higher TSS under PRD than other irrigation
treatments. TA was higher in fruits grown on commercial rootstocks.
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Table 6. Leaf mineral concentrations of self-grafted and grafted tomatoes grown under three irrigation
techniques in the second year.

Treatments
N P K Ca Mg

g kg−1 DW

Rootstock (R)

One-stem SG 28.9 b 2.01 b 15.0 b 23.1 b 5.34 a
Two-stem SG 31.5 b 2.32 ab 14.2 b 29.3 a 4.98 ab
Emperador 36.5 a 3.23 a 21.0 a 28.3 a 4.5 bc

Maxifort 37.7 ab 3.31 a 21.8 a 28.5 a 4.45 c

Irrigation (I)

Full 33.9 2.82 17.5 24.7 b 4.41 b
Deficit 32.8 2.73 17.6 28.3 a 5.17 a
PRD 34.2 2.7 18.9 29.0 a 4.87 a
I × R ns ns ns ns ns

Significant differences between treatments (LSD test at p ≤ 0.05) are indicated with different letters within
columns. ns—non-significant.

Table 7. Effect of rootstock type and irrigation treatment on tomato fruits mineral concentrations and
quality parameters in the second year of the experiment with plants grown on one and two stems.

Treatments
N P K Ca Mg

TSS (Brixo) TA (g L−1)
g kg−1 DW

Rootstock (R)

One-stem SG 18.2 b 2.08 b 29.9 b 1.22 b 1.37 c 4.7 a 4.5 b
Two-stem SG 18.1 b 2.51 b 30.5 b 1.39 ab 1.41 bc 4.4 b 4.6 b
Emperador 22.1 a 3.26 a 37.7 a 1.59 a 1.61 a 4.3 b 5.6 ab

Maxifort 19.9 a 3.19 a 35.4 a 1.51 a 1.57 ab 4.4 b 5.9 a

Irrigation (I)

Full 20.1 2.81 33.9 1.46 1.55 4.3 5
Deficit 19.5 3.04 33.1 1.42 1.43 4.5 5.8
PRD 19.4 2.56 33.5 1.47 1.50 4.5 4.8
I × R ns ns ns ns ns * ns

* Significant differences between treatments (LSD test at p ≤ 0.05) are indicated with different letters within
columns. ns—non-significant.

Figure 3. Total soluble solids (TSS) of tomato fruits sampled from different grafted plants grown with
three irrigation techniques. Vertical bars represent SE values (n = 4). Different letters above column
indicate a significant difference by the LSD test at p ≤ 0.05. ATT—one-stem Attiya; AT—two-stem
Attiya; EM—Emperador; MX—Maxifort.
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4. Discussion

In general, the use of commercial rootstocks resulted in highly improved plant vigor in terms
of excessive vegetative growth. In our studies, the plant height and leaf number measured at 60 or
70 DAT were highest with plants grafted on Emperador and Maxifort rootstocks; the difference was
even more pronounced in the second trial. Comparing height with leaf number, it can be assumed that
interleaf nodes interval was not influenced by grafting or irrigation. These findings partially differed
from other studies [14,20]. Similarly, vegetative biomass production (as leaf area, leaf and shoot DM)
was bigger in grafted plants. For example, shoot DM in year one was 40% and 60% higher in Maxifort
and Emperador grafted plants compared to self-grafted ones. Similar values were found in the second
year on stem basis, but when we include all plant production (both stems) vegetative biomass is at least
two or three times higher. Vigorous rootstocks had enough capacity to provide satisfactory vegetative
growth by roots that can supply needed water and nutrients for assimilates production. On average,
leaf area was not influenced by irrigation, as others found that tomato under DI and PRD had smaller
leaf area than control and explained as soil drying affected roots reaction and production of chemical
signals, i.e., changed ABA concentration or xylem sap pH that leads to stomatal closure and decreases
leaf expansion growth [21].

Interactive effect between rootstock type and irrigation treatment showed that plants grafted on
commercial rootstocks did not differ in photosynthetic rate (A), while both types of self-grafted ones
differed depending on the applied irrigation technique. It can be concluded that grafted plant had better
assimilative processes. The optimization of A under water stress could be modified by the rootstock
through action on biochemical and biophysical processes [22]. Stomatal conductance and intercellular
CO2 measured 20 days after starting irrigation treatments was lower under DI and PRD. These effects
of reduced irrigation in some cases were noted later after initiation of irrigation [23], while in another
study differences between treatments disappeared with time [24]. Valerio et al. [23] showed that
lower stomatal conductance was related with leaf ABA accumulation, more ABA reduced stomatal
conductance. Reducing stomatal conductance is a typical response to soil drying as stomatal closure
is primary response to water deficit so plants could better contol water loss due to transpiration [7].
Stomatal closure reduced transpiration rate which was more pronounced in DI. Although, stomatal
conductance was similar in both DI and PRD, it was expected that transpiration will be similar in
both of them suggesting the response is mostly to the overall amount of water supplied to roots [21].
In contrast, in our study DI received 5% more water than PRD, so it seems that hydraulic signal is an
important factor because plants under PRD on the wet side of the root can absorb enough water to
keep higher level of transpiration [23]. Photosynthetic WUE had highest values under DI as result of
lowest transpiration rate and similar photosynthetic rate to other irrigation. This can lead to lower
biomass production as was noted in our study as reduced shoot biomass (although not significant)
under DI and others found similar [21].

Rootstocks may affect tomato productivity positively or negatively, although in most cases yield
increased both under non and stress conditions and depended on rootstock/scion combination [24].
In our experiment, plants grafted on commercial rootstocks had highest yield as a result of more and
bigger fruits per plant, as was found in other studies [11,17,25]. Enhanced fruit production could be
clearly related with higher plant biomass [15]. Early yield was different between years, in the first year
highest early yield was noted under DI which can be related to a more pronounced water stress that
hastened fruit ripening in this treatment. Topcu et al. [26] found higher tomato early yield in PRD
than DI plants in experiment with more water reduction (50%) comparing our 40%. In experiment
with two stems (second year), early yield was highest in one-stem-grafted Attiya what is result of
longer period of growth for two stems plants because they were trained as side-shoots from cotyledons.
In both experiments, cultivars grafted on commercial rootstocks had highest total yield under all
irrigation treatments. In the second year comparing yield of these plants, it was found that under
FI yield did not differ from DI but differ from PRD (Figure 1). It seems that rootstocks due to its
vigor have enough capacity for water uptake to sustain yield under DI. It is important to notice that
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growing on two stems (2nd experiment) did not reduce yield markedly when comparing with one
stem plants (1st experiment), although different cultivars were used what should be taken into account.
Rahmatian et al. [16] found dry matter allocation was not influenced by grafting or stem numbers and
that good balance between vegetative and generative growth can depend on rootstocks. Other studies
done with ungrafted greenhouse and processing tomato mostly obtained higher yield using PRD than
DI [8] or similar to DI and FI [24].

WUE is the main indicator of plant water relations and is regulated by physiological mechanisms.
In both years WUEy calculated as ratio between yield and water applied per treatment was higher in
rootstock-grafted plants and as expected under PRD and DI. In these treatments higher fruit yield and
lower water use resulted in improved WUE. It was not shown that PRD improved WUE better than DI,
which means that irrigation volume is more important than used irrigation technique in determining
yield or all crop growth as was suggested before [21,23,24], although other found irrigation technique
can be more important [9]. Comparing two experiments it can be seen that in double stemmed plants
(2nd experiment) WUE was higher leading to conclusion water use was optimized. In addition, in 1st
Experiment WUEy was much lower in FI than in the second year what can be related to use of different
soil moisture meters: tensiometers and soil sensors. The tensiometers was used for hand-operated
irrigation, which could have led to overirrigation in the first year. It was shown that automatic operated
tensiometers was more effective, which can be compared with sensors with automatic valves in our
study [27].

The leaf mineral concentrations of P and K were under range of sufficiency while others were
in range (N and Mg) or above (Ca) as proposed for greenhouse tomato. Grafting is considered as
an effective tool for improving nutrient uptake and use efficiency in vegetables, although those were
observed under optimal nutrient status in the root zone. N, P and K had higher concentrations in the
plants grafted on commercial rootstocks what was expected and already confirmed in other studies
that showed that nutrient uptake depends on rootstock–scion combinations [28]. Higher leaf P in
grafted plants were reported for grafted eggplant and watermelon [29,30]. Grafted plants had more
vigorous root system, which could be reason for increase in active uptake of P that has low mobility in
soils. Self-grafted and grafted plants had low leaf K (under sufficiency range) because fertilization
was not intensive as in commercial production. Potassium is nutrient normally required in the largest
amount in tomato production. Grafting promote better growth and K uptake even under low K supply
as was shown by Schwarz et al. [31]. These nutrients (N, P, K) concentrations were not affected by
water supply rate, although opposite was shown for N in other studies for PRD or DI in non-grafted
tomatoes [32]. Increase in K concentrations under water stress was found in some non-grafted and
grafted tomatoes explaining that K accumulation improves stomatal resistance which improve drought
tolerance [33]. In other case, decrease in grafted tomato leaf K was noted with increase in water stress
level [12].

Regarding Ca2+ and Mg2+, a significant increase in tomato Ca leaf concentration was found
due to grafting what is in line with other reports [29,31]. In addition, both DI and PRD resulted in
more leaf Ca than plants under FI. It was found that tomatoes under PRD had increased Ca uptake
due to higher plant water status and lower stomatal conductance [34]. Higher Ca uptake induced
by grafting are important for the tomato fruits due to the possibility of blossom-end rot incidence.
Different than Ca, in grafted tomato was found lower leaf Mg what is in line with previous studies
and could be also influenced by rootstock and cultivars used [5,14]. It seems that grafting somehow
decrease Mg uptake in grafted vegetables, but reason it is not yet clear. Possible higher Ca uptake reacts
antagonistically to Mg uptake, which could be related to specific transport systems [35]. Under reduced
irrigation treatments higher leaf Mg was measured and same was found for mini watermelons [30].
Mg2+ ion has largest hydrated radius among cations and this property makes Mg2+ bind weakly to
negatively charged soil colloids and root cell walls [36], which could lead to decreased Mg uptake
under FI conditions due to leching in sub-root zones. The fruit mineral concentrations was influenced
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by rootstock type showing that highest values in the plants grafted on Emperador and Maxifort.
Other found effect of rootstock, but also influence of water stress on fruit minerals [18].

Higher TSS was affected by plant type with highest values in one stem plants. Interactive analysis
showed it is mostly result of highest values of same plant type under DI. The enhanced TSS in
that treatment could be result of water stress, although it is not clear why similar was not found in
self-grafted two stem plants. Self-grafted double stemmed plants possible use more assimilates for
additional vegetative growth [16]. Grafted plants had lower TSS what is often found even when used
different cultivars and rootstocks [25]. For grafted plants vigorous roots can be additional sinks for
assimilates and also better water uptake can result in dilution effect of fruits sugars [10]. Under PRD all
plant types had similar TSS so it can be concluded that self and grafted plants with this irrigation type
changed mechanisms responsible for results recorded under DI. Grafting on commercial rootstocks
decreased Mg leaf content, which can possible lead to latent Mg deficiency influencing carbohydrate
partitioning requiring for obtaining maximum yield and ensuring sugar accumulation in fruits [37].
In our study, both rootstocks increased the TA. Their increase by grafting was also found in many other
experiments under different conditions [5]. Grafting under regular and low K resulted in higher TA,
independent of K in fruits [31], while in our study K in fruits grafted on both rootstocks was higher
compared to self-grafted plants. It is known that K concentration in fruits can be positively related
with acid content, although further investigations are needed.

5. Conclusions

In the present experiment, we evaluated growth, gas-exchange parameters, yield, WUE and
leaf mineral concentrations and fruit quality of self-grafted and tomato grafted on two commercial
rootstocks cultivated in greenhouses in Mediterranean climate under three irrigation techniques: FI,
DI and PRD. First year plants were grown with one stem and in the second with two stems.

In conclusion, these studies for the first time demonstrates the effects of parallel usage of different
reduced irrigation techniques on grafted tomato vegetative and generative traits. Grafting onto
commercial rootstocks improved plants growth and yield both in cultivation with one or two stems.
Grafted plants under DI had minimal yield reduction compared to FI in double stemmed plants.
WUE was highly improved with grafting and application of PRD and DI. That was more pronounced
in experiment with two stem plants and could be result of different biomass partitioning and irrigation
scheduling based on soil moisture sensors. Leaf mineral concentrations were higher in grafted plants
as possible better uptake of vigorous rootstocks while Mg was reduced what imply contrasting
rootstock–scion interactions. These findings indicate that grafted plants can be grown under moderate
DI before PRD and that two stem plants could be used under that irrigation regime.
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Abstract: Vegetable grafting has become entrenched as a sustainable tool for addressing biotic and
abiotic stresses of vegetable crops, including watermelon. The concerted action of scion–rootstock
genotypes in shaping crop performance, fruit quality and postharvest behavior of watermelon is
critical. In this respect, scions of different ploidy grafted on interspecific and gourd rootstocks were
assessed. Yield traits were strongly influenced by rootstock, as opposed to fruit morphometric
characteristics. Interspecific rootstock supported stable yield across seasons with a 20.5% increase
over gourd, and induced thicker rind and higher pulp firmness by 30.1% over gourd, which constitute
advantageous traits for shelf-life. Interspecific rootstock also increased lycopene content, which
was further influenced by scion genotype irrespective of ploidy. Triploid cultivars attained higher
firmness but lower sugars than diploid, which renders the former particularly prone to loss of sensory
quality during postharvest depletion of sugars. Although total and reducing sugars decreased during
storage, sucrose increased, which in conjunction with the postharvest accumulation of lycopene sheds
new light on the postharvest physiology of watermelon. The marginal rootstock effect on sugars
renders interspecific rootstock superior to gourd on account of higher yield, firmness and lycopene
content. The present work constitutes a contribution toward understanding rootstock–scion relations
and how they mediate crop performance, fruit quality and postharvest behavior of watermelon.

Keywords: Citrullus lanatus (Thunb) Matsum and Nakai; functional quality; lycopene; storage;
sugars; texture

1. Introduction

Grafting has become globally entrenched as an imperative and sustainable tool for overcoming
biotic and abiotic stresses confronting vegetable crops [1]. Watermelon (Citrullus lanatus (Thunb)
Matsum and Nakai) in particular is the crop that has known the widest application of grafting onto
rootstocks resistant to soilborne pathogens or resilient to salinity, water stress, nutrient stress, heat stress,
organic pollutants, alkalinity, acidity and contamination of soils by heavy metals [2–4]. Grafting may
thus facilitate cultivation of watermelon and other vegetable fruit crops in previously non-arable land
and contribute toward global food security. Notwithstanding the importance of grafting for managing
biotic and abiotic stress conditions, fruit quality and composition is also modulated by scion–rootstock
interaction although it has received comparatively far less attention than the phytoprotection and
physiology aspects of crop production [5]. The potential of exploiting wild genetic resources for
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stress-tolerant rootstocks compatible to commercial scions can be a faster route to trait stacking than
breeding; moreover, it may bypass undesirable pleiotropic effects on fruit quality traits that befall
breeding based on selection of desirable qualitative traits [6]. Toward this end, analytical information
is essential on how rootstock–scion interaction under field conditions may impact physical, chemical,
bioactive and sensory components of fruit quality. In this respect, it is important to examine how
different scion types (e.g., diploid vs. triploid or mini vs. large fruited) may interact with different
rootstock types (e.g., interspecific vs. gourd) to configure crop performance and fruit quality.

Changes in fruit physicochemical composition and morphometric characteristics also inevitably
bear an impact on the postharvest performance of watermelon, which has received little attention to
date [1,7]. Yet fruit quality along the horticultural supply chain and ultimately at the customer end is
largely influenced by postharvest handling and storage practices. Watermelon is a non-climacteric fruit
with a cultivar-dependent but overall brief shelf-life of less than three weeks at 10–15 ◦C [8]. Previous
work on rootstock-mediated watermelon postharvest performance is limited, but has established that
grafting effects on the physicochemical composition of watermelon fruit extend to the postharvest
period [1,9]. It is therefore critical to understand how different rootstock types may interact with
different scion types to configure postharvest changes in sensory, compositional and functional quality
traits that ultimately define shelf-life.

Accordingly, the current work examined how rootstocks TZ148 and Festival, which represent
the two major classes of exploited rootstocks—interspecific hybrids (Cucurbita maxima (Duchesne) ×
C. moschata (Duchesne ex Poir)) and gourd (Lagenaria siceraria L.), respectively—interacted with two mini
triploid (Extazy and Petite), two mini diploid (Vivlos and Esmeralda) and one large-fruited diploid scion
cultivar (Pegasus) to impact crop performance and fruit morphometric characteristics. Moreover, fruit
sensory quality traits (pulp colorimetry, firmness, sweetness index), chemical composition (fructose,
glucose, sucrose) and bioactive components (lycopene and citrulline) were examined at harvest and
following postharvest storage at 25 ◦C for 10 days. The current work constitutes a contribution toward
understanding rootstock–scion relations and how they mediate crop performance, fruit quality and
postharvest behavior of watermelon.

2. Materials and Methods

2.1. Location and Plant Material

The study was carried out for two successive years (2018–2019) between April and July, at the
Tohni Experimental Station (34◦44′00′′ N; 33◦20′15′′ E) of the Agricultural Research Institute of Cyprus.
The area has a typical Mediterranean climate with rainfall occurring mainly between November
and March. During the study, average day-time temperature ranged from 29 to 40 ◦C. Transplants
of two mini (3–5 kg) diploid cultivars (Esmeralda and Vivlos), two mini triploid cultivars (Extazy
and Petite) and a large-fruited (8–12 kg) diploid cultivar (Pegasus) were grafted onto C. maxima
× C. moschata (TZ148) and Lagenaria siceraria (Festival) rootstocks. Grafts were made by approach
grafting as described previously by Soteriou and Kyriacou [10]. All transplants were produced at a
commercial nursery. Planting was performed in late April, on an alkaline (pH 7.5) clay-loam soil at a
plant density of approximately 3333 plants ha−1 with 1.0 m spacing on the row and 3.0 m between
rows. An amount of 350 kg ha−1 of compound fertilizer 14 N-9.6 P-7.5 K was applied into the soil
before transplanting. Daily fertigation of 100–120 N: 20–40 P: 110–130 K in g m−3 was administered
through the drip irrigation beginning ten days after transplanting; the higher rates were provided with
flowering initiation. Daily inspection and flower tagging at anthesis (fruit setting) secured uniformity
in fruit harvest maturity [11]. Applied pest and disease control practices were standard for the region.
The postharvest period spanned 10 days of storage in a refrigerated chamber equipped with a Carel,
UE001PD000 humidifying system (Carel Industries S.p.A., Brugine PD, Italy) held at 25 ± 0.5 ◦C and
90% relative humidity.
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2.2. Measurements and Analyses

Fruits were weighed and equatorial and meridian diameters were determined with a Vernier
caliper at harvest. Yield and number of fruits per hectare were estimated. All underdeveloped fruit
were considered unmarketable. Cross-sections of marketable fruit typical for each of the five scion
cultivars are presented in Figure 1. Quality assessment was performed by sampling randomly three
fruit from each plot. All sampled fruit for quality assessment purposes had been set on the same
calendar date ± 1 day and harvested simultaneously 40 ± 1 days later. An electronic caliper was
used at two representative points on each cross-sectioned fruit for assessing fruit rind. Watermelon
flesh firmness was recorded by a TA.XT plus Texture Analyser (Stable Micro Systems, Surrey, UK) as
described previously [11]. The Texture Analyser protocol was set to measure flesh firmness as the
maximum resistance force to penetration to a depth of 50 mm around the heart of each cross-sectioned
fruit. A Minolta CR-400 Chroma Meter (Minolta, Osaka, Japan) was used to assess flesh color at two
loci in the heart region of each fruit in cross section using the CIELAB color space to record lightness
(L*), chroma coordinates a* and b*, chroma (C*), and hue angle (h◦) [12]. A homogenate was obtained
from the excised heart of each fruit using a Vita Prep 3 (Vita-Mix Corp., Cleveland, OH, USA) blender
under low speed to prevent foaming. Using a digital refractometer (RFM870; Bellingham-Stanley
Ltd., Kent, UK), part of the homogenate was used, after double cheesecloth filtration, for determining
juice total soluble solids content (TSS) at 20 ◦C. A pH electrode (SevenMulti, Mettler-Toledo GmbH,
Schwerzenbach, Switzerland) was used for measuring the pH of the juice. Falcon tubes (50 mL),
instantly dip-frozen in liquid nitrogen, were used to store part of the homogenate at −80 ◦C for further
chemical analyses.

 

Figure 1. Intact and cross-sectioned watermelon fruit of cvs. Petite, Vivlos, Pegasus, Extazy
and Esmeralda.

Lycopene extracted in hexane was determined according to the method of Perkins-Veazie et al. [13].
Lycopene was quantitated against pure hexane on a Jasco V-550 UV-VIS spectrophotometer (Jasco Corp.,
Tokyo, Japan) at 503 nm using the extinction coefficient of 17.2 × 104 M−1 cm−1. Non-structural
carbohydrates (glucose, fructose, sucrose) were analyzed by liquid chromatography on an Agilent
HPLC system (Agilent Technologies, Santa Clara, CA, USA) equipped with a 1200 Series quaternary
pump and a 1260 Series refractive index detector using a 4.6 × 250 mm carbohydrate column at
35 ◦C (Waters, Milford, MA, USA) and acetonitrile:water (75:25) as mobile phase at 1.4 mL min−1 for
separation (detailed description provided in Kyriacou et al. [1]). Quantification was performed against
external standard calibrating curves with a coefficients of determination (R2) > 0.9999. Citrulline was
also analyzed on the same HPLC system equipped with an Agilent 1260 Series PDA detector using the
method of [1].
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2.3. Experimental Design and Statistical Analysis

The study included two experiments. The first experiment was designed as a factorial two-way
completely randomized design, with five cultivars (‘Petite’, ‘Vivlos’, ‘Pegasus’, ‘Extazy’, ‘Esmeralda’)
and two graft combinations (‘TZ148′, ‘Festival’). In the second experiment, post-harvest storage
was also included as a third factor in a factorial three-way completely randomized design. In both
experiments, each field plot was replicated 4 times and consisted of 5 plants. Each year was analyzed
separately. Data were subjected to analysis of variance (ANOVA) using SAS (SAS Institute, Inc., Cary,
NC, USA). Means were separated with the Tukey–Kramer HSD test, provided absence of significant
cultivar-by-rootstock interaction.

3. Results

3.1. Crop Performance Characteristics

Crop performance characteristics such as tradable yield, number of fruits and fruit weight were
influenced by both scion and rootstock, whereas variation in fruit shape was dictated strictly by the
scion genotype in both years of experimentation (Table 1). The relative effects of scion cultivar and
rootstock on all yield characteristics varied between years, with rootstock rendered less influential
in the second year. Rootstock effect was most pronounced on tradable yield whereas fruit number,
fruit weight and fruit shape were influenced overwhelmingly by cultivar. Cultivar × rootstock
interaction was non-significant for all yield characteristics as scion and rootstock ranking remained
unaltered between years. Tradable yield was highest in the large-fruited diploid Pegasus, which did
not differ significantly, however, from that of the mini triploid cultivars Petite and Extazy. Yield was
notably low in the diploid cultivar Vivlos, which was lower than the average yield of the mini triploid
cultivars by 37% and 38% in the first and second year, respectively. Fruit weight was lowest for Extazy
(3.2 ± 0.2 kg) but invariable (4.2–4.4 kg) across the rest of the mini scions. Inversely, the highest number
of fruits per hectare was obtained from Extazy and the lowest from the large-fruited Pegasus. Low fruit
weight combined with low number of fruits, tantamount to low yield, was evidenced only in Vivlos.
The choice of rootstock had a consistent effect in both years on yield, number of fruits per hectare and
fruit weight, which were in all cases higher with TZ148 than Festival.
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3.2. Physical Quality Characteristics of Watermelon Fruit

Physical quality characteristics of watermelon fruit, such as rind thickness, pulp firmness and
pulp color, were predominantly determined by the scion cultivar, which accounted for most of the
variance observed in these traits (Table 2). Rootstock effect was most pronounced on pulp firmness
whereas storage had its greatest effect on rind thickness and the colorimetric values of the pulp. In
both years, the thickest watermelon rind was found in the mini triploid cultivar Extazy and the
thinnest in the mini diploid Vivlos. Rootstock had a significant effect on rind thickness only in the
first year of experimentation whence the interspecific rootstock TZ148 induced a thicker rind than
the Lagenaria rootstock Festival. Pulp firmness was highest in the triploid mini cultivars Extazy and
Petite and lowest in the diploid cultivars. Rootstock had a significant effect on firmness with TZ148
imparting higher firmness than Festival by 28.9% and 31.3% in the first and second year, respectively.
The effect of storage on firmness was marginally significant in both years with mean firmness reduced
after 10-day storage at 25 ◦C by merely 8.0% and 5.5% in the first and second year, respectively.
The colorimetric variables of the pulp were influenced mainly by scion cultivar and less so by rootstock
and storage. Lightness (L*) was highest in Pegasus and Vivlos and lowest (darkest pulp) in Extazy and
Esmeralda. As denoted by chroma values (C*), the pulp was most intensely colored in Extazy and
Vivlos and least colored in Esmeralda, Petite and Pegasus. Similar cultivar ranking was observed in
both years for the intensity of redness denoted by colorimetric parameter a* (data not shown). Chroma
was also marginally higher in response to rootstock TZ148 than Festival but only in the first year
of experimentation. The narrowest hue angles denoting the most reddish color were obtained from
Extazy and Pegasus, while the widest hue angles denoting the least reddish hue were obtained from
Esmeralda. During 10-day storage at 25 ◦C, there was a slight darkening of the pulp (reduced L*),
but also an increase in chroma and a widening of hue angle denoting a more intense color but also a
slight color transition toward orange-red hue.

54



Agronomy 2020, 10, 1396

T
a

b
le

2
.

Fr
ui

tr
in

d
th

ic
kn

es
s,

pu
lp

fir
m

ne
ss

,p
ul

p
C

IE
LA

B
co

lo
r

co
m

po
ne

nt
s

(L
ig

ht
ne

ss
—

L*
,C

hr
om

a—
C

*
an

d
H

ue
an

gl
e—

h)
,l

yc
op

en
e

co
nt

en
t,

to
ta

ls
ol

ub
le

so
lid

s
(T

SS
),

an
d

ci
tr

ul
lin

e
co

nt
en

ti
n

w
at

er
m

el
on

fr
ui

to
fc

vs
.P

et
it

e,
V

iv
lo

s,
Pe

ga
su

s,
E

xt
az

y
an

d
E

sm
er

al
d

a
gr

af
te

d
on

T
Z

14
8

an
d

Fe
st

iv
al

ro
ot

st
oc

ks
an

d
st

or
ed

fo
r

10
da

ys
at

25
◦ C

.V
al

ue
s

re
pr

es
en

tm
ea

ns
±S

E.

S
o

u
rc

e
o

f
V

a
ri

a
n

ce

R
in

d
F

ir
m

n
e
ss

L
ig

h
tn

e
ss

—
L

*
C

h
ro

m
a
—

C
*

H
u

e
a
n

g
le

—
h

L
y

co
p

e
n

e
T

S
S

C
it

ru
ll

in
e

(m
m

)
(k

g
)

(0
–
1
0
0
)

(d
e
g

re
e
s)

(μ
g

g
-1

F
W

)
(%

)
(m

g
g

-1
f.

w
.)

D
F

Y
e
a
r

1
Y

e
a
r

2
Y

e
a
r

1
Y

e
a
r

2
Y

e
a
r

1
Y

e
a
r

2
Y

e
a
r

1
Y

e
a
r

2
Y

e
a
r

1
Y

e
a
r

2
Y

e
a
r

1
Y

e
a
r

2
Y

e
a
r

1
Y

e
a
r

2
Y

e
a
r

2

A
N

O
VA

—
M

ea
n

Sq
ua

re
s

St
or

ag
e

(S
)

1
19

.6
**

*
63

.1
**

*
3.

4
*

1.
82

61
3

*
27

.7
**

7.
0

33
1.

9
**

*
45

.2
**

*
46

.0
**

*
19

.3
**

*
33

30
.9

79
**

*
43

4.
91

7
**

6.
99

58
68

**
*

5.
5

**
*

0.
54

**

C
ul

ti
va

r
(C

)
4

63
.1

**
*

47
.4

**
*

13
2.

1
**

*
15

8.
54

19
**

*
97

.2
**

*
50

.9
29

59
**

*
74

.8
**

*
76

.8
**

*
53

.7
**

*
19

.8
**

*
76

48
.0

01
**

*
44

67
.3

37
**

*
0.

9
*

6.
1

**
*

1.
33

**
*

R
oo

ts
to

ck
(R

)
1

15
.1

**
*

0.
9

31
.8

**
*

46
.6

04
13

**
*

3.
0

7.
62

23
7

30
.9

*
8.

5
0.

0
7.

7
**

*
68

5.
40

3
**

*
62

0.
69

6
**

*
0.

1
0.

9
*

0.
05

S
×C

4
5.

4
**

*
1.

6
0.

2
0.

11
75

7
2.

4
12

.1
18

47
**

10
.1

1.
2

1.
8

5.
1

**
*

43
6.

30
65

**
*

62
.7

17
0.

1
0.

2
0.

04

S
×R

1
3.

9
*

0.
6

0.
2

0.
00

20
4

1.
2

32
.3

50
32

**
4.

0
5.

5
0.

8
0.

2
20

.2
59

20
1.

48
9

0.
0

0.
2

0.
08

C
×R

4
0.

5
2.

1
6.

0
**

*
2.

6
**

*
10

.9
*

2.
65

05
18

2.
4

1.
9

1.
2

3.
4

**
*

11
0.

20
28

58
.5

96
5

0.
3

0.
3

0.
25

*

S
×C
×R

4
2.

3
**

0.
3

0.
2

0.
6

3.
4

0.
57

97
08

2.
0

1.
8

1.
1

0.
8

63
.2

63
28

.1
46

75
0.

3
0.

2
0.

04

St
or

ag
e

M
ea

n
C

om
pa

ri
so

ns
0

12
.3
±0

.4
a

12
±0

.3
a

5.
4
±0

.5
a

5.
7
±0

.5
a

41
.9
±0

.5
a

41
.7
±0

.4
30

.6
±0

.5
b

32
.4
±0

.4
b

33
.7
±0

.3
b

34
.3
±0

.2
b

67
.4
±3

.7
7

b
69

.3
±2

.6
b

11
.2
±0

.1
a

11
±0

.1
a

3.
3
±0

.1
a

10
11

.4
±0

.3
b

10
.2
±0

.3
b

5
±0

.4
b

5.
4
±0

.5
b

40
.7
±0

.4
b

41
.2
±0

.4
34

.7
±0

.5
a

33
.9
±0

.4
a

35
.2
±0

.3
a

35
.3
±0

.2
a

80
.3
±3

.0
8

a
73

.8
±2

.8
a

10
.6
±0

.1
b

10
.5
±0

.1
b

3.
1
±0

.1
b

C
ul

tiv
ar

Pe
ti

te
13

.0
±0

.5
b

11
.7
±0

.4
b

5.
5
±0

.2
b

5.
7
±0

.2
b

40
.9
±0

.6
b

41
.6
±0

.6
b

29
.8
±0

.7
c

30
.9
±0

.4
c

34
.4
±0

.3
c

35
.4
±0

.4
b

65
.1
±2

.3
bc

61
.9
±1

.8
c

10
.9
±0

.2
ab

10
.4
±0

.2
b

3.
7
±0

.1
0

a

V
iv

lo
s

8.
9
±0

.1
d

8.
8
±0

.2
d

4.
0
±0

.1
c

4.
1
±0

.2
c

43
.4
±0

.4
a

41
.6
±0

.4
b

34
.9
±0

.7
a

34
.6
±0

.4
b

35
.2
±0

.2
b

34
.1
±0

.2
c

69
.4
±4

.5
b

72
.9
±2

.2
b

11
.1
±0

.1
a

11
.2
±0

.1
a

3.
1
±0

.0
6

bc

Pe
ga

su
s

12
.7
±0

.3
b

12
±0

.3
b

3.
0
±0

.1
d

3.
3
±0

.2
d

44
.1
±0

.5
a

44
.2
±0

.4
a

31
.9
±0

.6
bc

32
.0
±0

.5
c

32
.8
±0

.1
d

34
.2
±0

.2
c

64
.1
±1

.6
bc

60
.2
±1

.9
c

11
±0

.2
ab

11
.4
±0

.1
a

2.
9
±0

.0
7

c

Ex
ta

zy
13

.8
±0

.3
a

13
.5
±0

.4
a

10
±0

.6
a

11
.0
±0

.5
a

38
.1
±0

.4
c

40
.2
±0

.6
bc

34
.8
±0

.5
a

36
.6
±0

.5
a

32
.8
±0

.3
d

33
.5
±0

.4
c

11
2.

3
±2

.8
a

10
2.

9
±3

a
10

.5
±0

.2
b

9.
8
±0

.2
c

3.
2
±0

.0
8

b

Es
m

er
al

da
10

.9
±0

.2
c

10
.1
±0

.3
c

3.
3
±0

.1
cd

3.
4
±0

.2
d

40
.0
±0

.5
b

39
.6
±0

.5
c

32
.1
±1

.1
b

32
.4
±0

.4
c

37
.1
±0

.4
a

36
.3
±0

.2
a

58
.3
±2

.2
c

64
.8
±1

.3
c

10
.9
±0

.1
ab

10
.7
±0

.1
b

3.
2
±0

.0
6

b

R
oo

ts
to

ck

TZ
14

8
12

.3
±0

.4
a

11
.1
±0

.3
5.

8
±0

.5
a

5.
9
±0

.5
a

41
.5
±0

.5
41

.7
±0

.4
33

.3
±0

.5
a

33
.4
±0

.4
34

.4
±0

.3
34

.5
±0

.2
b

76
.8
±3

.9
1

a
73

.5
±2

.5
a

10
.9
±0

.1
10

.7
±0

.1
b

3.
2
±0

.1

Fe
st

iv
al

11
.4
±0

.3
b

11
.3
±0

.4
4.

5
±0

.3
b

4.
8
±0

.4
b

41
.1
±0

.5
41

.1
±0

.4
32

.1
±0

.6
b

32
.9
±0

.4
34

.5
±0

.3
35

.0
±0

.3
a

70
.9
±3

.1
8

b
69

.7
±2

.9
b

10
.8
±0

.1
10

.8
±0

.1
a

3.
2
±0

.1

D
F
=

de
gr

ee
s

of
fr

ee
do

m
.*

Si
gn

ifi
ca

nt
eff

ec
ta

tt
he

0.
05

le
ve

l,
**

0.
01

le
ve

l,
**

*
0.

00
1

le
ve

l.
M

ea
ns

w
ith

in
ea

ch
co

lu
m

n
fo

llo
w

ed
by

di
ff

er
en

tl
et

te
rs

de
no

te
si

gn
ifi

ca
nt

di
ff

er
en

ce
s

(p
<

0.
05

)
ac

co
rd

in
g

to
th

e
Tu

ke
y–

K
ra

m
er

H
SD

te
st

.

55



Agronomy 2020, 10, 1396

3.3. Compositional Characteristics of Watermelon Fruit

Pulp lycopene content correlated significantly with pulp chroma in both years (ryear1 = 0.53,
p < 0.001 and ryear2 = 0.72, p < 0.001). Scion cultivar effect was the most influential on pulp lycopene
content compared to rootstock and storage effects (Table 2). The range of lycopene content in the
scion cultivars was widened by Extazy, which attained 95% and 57% higher lycopene than the mean
content of the rest of the cultivars in year1 and year2, respectively. The outstanding lycopene content of
Extazy (102.8–112.3 μg g−1) also rendered the differences among the rest of the cultivars non-significant.
Variation among the rest of the cultivars was indeed limited, though it is worth noting that the
mini diploid cultivars Esmeralda and Vivlos had the most variable lycopene content between years.
With respect to rootstock, in both years the mean lycopene content of the scions grafted onto interspecific
rootstock TZ148 was higher than that obtained on the Lagenaria rootstock Festival. Storage at 25 ◦C
for 10 days increased pulp lycopene in both years, however this effect was more pronounced in the
first year. The content of the pulp in the non-essential amino acid citrulline was influenced by the
scion cultivar and by storage but not by the choice of rootstock (Table 2). Variation in mean citrulline
content among cultivars ranged from 2.9 ± 0.1 μg g−1 f.w. in Pegasus to 3.7 ± 0.1 μg g−1 f.w. in Petite.
During storage, the citrulline concentration in the pulp declined, however the reduction was of limited
scale, amounting to 6.1%.

The TSS content of the juice was influenced mostly by cultivar and storage and least by rootstock
(Table 3). Variation in TSS among cultivars was more limited in the first year compared to the second.
In both years, Extazy had the lowest TSS (9.8–10.5%) whereas Pegasus and Vivlos had the highest
(11.0–11.4%). Overall, diploid cultivars had higher TSS than the seedless cultivars. Rootstock had no
effect on TSS during the first year and only a marginal effect during the second when TZ148 resulted
in slightly lower TSS than Festival. Very similar effects to those on TSS were observed with respect
to the total sugar content of the juice (Table 3). Extazy had the lowest sugars and scions grafted
on Festival yielded slightly higher sugars than those on TZ148. Mean total sugar content declined
significantly with storage in both years with a sharper drop observed in the first than the second
year. Fructose, glucose and sucrose varied significantly in response to storage and scion cultivar
and were least affected by rootstock. Fructose was higher in the mini diploid cultivars Vivlos and
Esmeralda than the mini seedless Extazy and Petite. Fructose was not affected by rootstock in either
year. Storage had a significant effect on fructose which was reduced after 10 days at 25 ◦C by 12.4% as
a two-year mean. Glucose was also lowest in Extazy and Petite and highest in Esmeralda and Vivlos.
Significant cultivar–rootstock interaction was observed for glucose as Festival induced higher glucose
content than TZ148 in the first year whereas the opposite was observed in the second year. Storage
reduced glucose by 39.7% and 42.3% in the first and second year, respectively. Sucrose was highest
in Pegasus and Extazy in the first year and in Pegasus and Petite in the second. Among the mini
cultivars, sucrose in proportion to the reducing sugars was more abundant in the seeded than the
seedless cultivars. Significant cultivar–rootstock interaction was observed for sucrose as TZ148 induced
higher glucose content than Festival in the first year whereas the opposite was observed in the second
year. As opposed to the levels of reducing sugars, sucrose levels increase postharvest significantly,
amounting to an average increase of 57.2% between the two years. Variation in the proportions of
the three sugars was reflected in the sweetness index of the pulp. The highest sweetness index was
observed in Vivlos and Esmeralda and the lowest in Extazy. The watermelon pulp acidity as reflected
in the juice pH showed limited variation across cultivars, with no differences observed in the second
year. Rootstock affected juice pH only in the second year with slightly more acidic juice obtained from
watermelons grafted onto TZ148. A significant drop in acidity was observed in both years postharvest.

56



Agronomy 2020, 10, 1396

T
a

b
le

3
.

Fr
uc

to
se

,g
lu

co
se

,s
uc

ro
se

,t
ot

al
su

ga
rs

,s
w

ee
tn

es
s

in
de

x
an

d
pH

in
w

at
er

m
el

on
fr

ui
to

fc
vs

.P
et

ite
,V

iv
lo

s,
Pe

ga
su

s,
Ex

ta
zy

an
d

Es
m

er
al

da
gr

af
te

d
on

TZ
14

8
an

d
Fe

st
iv

al
ro

ot
st

oc
ks

an
d

st
or

ed
fo

r
10

da
ys

at
25
◦ C

.V
al

ue
s

re
pr

es
en

tm
ea

ns
±S

E.

S
o

u
rc

e
o

f
V

a
ri

a
n

ce

F
ru

ct
o

se
G

lu
co

se
S

u
cr

o
se

T
o

ta
l

S
u

g
a
rs

S
w

e
e
tn

e
ss

In
d

e
x

p
H

(m
g
/m

L
)

(m
g
/m

L
)

(m
g
/m

L
)

(m
g
/m

L
)

D
F

Y
e
a
r

1
Y

e
a
r

2
Y

e
a
r

1
Y

e
a
r

2
Y

e
a
r

1
Y

e
a
r

2
Y

e
a
r

1
Y

e
a
r

2
Y

e
a
r

1
Y

e
a
r

2
Y

e
a
r

1
Y

e
a
r

2

A
N

O
VA

—
M

ea
n

Sq
ua

re
s

St
or

ag
e

(S
)

1
12

.6
53

86
**

*
1.

29
57

32
**

*
23

.4
20

4
**

*
32

.7
40

34
**

*
37

.6
**

*
26

.8
2

**
*

5.
11

**
*

2.
83

**
*

7
×1

06
**

*
2
×1

05
7.

9
×1

0−
1

**
*

2.
1
×1

0−
1

**
*

C
ul

ti
va

r
(C

)
4

7.
79

40
11

**
*

6.
88

86
45

**
*

2.
74

84
2

**
*

4.
34

50
53

**
*

14
.0

**
*

12
.7

5
**

*
0.

70
*

7.
50

**
*

3
×1

06
**

*
9
×1

06
**

*
5.

8
×1

0−
2

**
*

1.
1
×1

0−
2

R
oo

ts
to

ck
(R

)
1

0.
03

96
05

0.
17

65
74

0.
72

35
46

**
0.

38
25

25
*

1.
5

*
5.

09
**

*
0.

03
1.

48
*

1
×1

05
1
×1

06
*

2.
4
×1

0−
5

9.
4
×1

0−
2

**
*

S
×C

4
0.

36
50

94
**

*
0.

23
34

92
*

0.
21

23
48

*
0.

99
78

68
**

*
0.

6
2.

00
**

*
0.

13
0.

31
3
×1

05
6
×1

05
4.

5
×1

0−
3

2.
9
×1

0−
2

**
S
×R

1
0.

16
67

14
0.

42
46

19
*

0.
11

74
64

0.
00

17
21

0.
1

0.
59

0.
15

0.
01

3
×1

05
8
×1

04
4.

4
×1

0−
3

2.
7
×1

0−
3

C
×R

4
0.

10
15

91
0.

11
85

81
0.

07
32

88
0.

15
91

75
0.

3
1.

02
*

0.
10

0.
27

2
×1

05
3
×1

05
7.

2
×1

0−
3

5.
1
×1

0−
3

S
×C
×R

4
0.

10
24

72
0.

09
67

92
0.

15
73

66
0.

11
68

74
0.

1
0.

29
0.

34
0.

07
4
×1

05
9
×1

04
1.

6
×1

0−
3

2.
3
×1

0−
3

St
or

ag
e

M
ea

n
C

om
pa

ri
so

ns

0
43

.4
±1

.0
4

a
39

.3
±0

.9
a

27
.2
±0

.7
8

a
30

.8
±1

.1
a

22
.8
±1

.5
6

b
21

.3
±1

.4
b

93
.4
±0

.8
9

a
91

.4
±1

.1
a

10
95

2
±1

08
a

10
39

7
±1

12
5.

4
±0

.0
1

b
5.

5
±0

.0
1

b
10

35
.5
±1

.1
6

b
36

.9
±1

.2
b

16
.4
±0

.7
6

b
17

.8
±0

.8
b

36
.5
±1

.6
7

a
33

.1
±1

.9
a

88
.3
±0

.7
4

b
87

.7
±1

.3
b

10
34

1
±9

7
b

10
31

4
±1

50
5.

6
±0

.0
1

a
5.

6
±0

.0
2

a

C
ul

tiv
ar

Pe
ti

te
38

.0
±1

.8
b

33
.6
±1

.2
b

18
.9
±2

.0
bc

18
.8
±1

.4
c

33
.4
±2

.8
b

33
.8
±2

.6
a

90
.4
±1

.7
ab

86
.2
±1

.4
b

10
60

5
±1

96
.

bc
99

43
.6
±1

38
b

5.
5
±0

.0
3

b
5.

5
±0

.0
2

a
V

iv
lo

s
46

.4
±1

.1
a

44
.1
±0

.9
a

25
.7
±1

.5
a

28
.7
±2

.6
a

21
.1
±2

.0
c

21
.9
±2

.8
b

93
.2
±1

.1
a

94
.6
±1

.3
a

11
14

7
±1

15
a

11
06

4.
9
±1

22
a

5.
4
±0

.0
3

b
5.

5
±0

.0
2

a
Pe

ga
su

s
34

.1
±1

.2
c

32
.4
±0

.7
b

21
.4
±1

.6
b

25
.4
±2

.2
b

36
.3
±2

.5
ab

37
.9
±2

.7
a

91
.7
±1

.3
ab

95
.7
±1

.0
a

10
43

6
±1

32
cd

10
60

2.
4
±1

20
a

5.
5
±0

.0
2

b
5.

5
±0

.0
1

a
Ex

ta
zy

31
.8
±1

.0
c

33
.2
±0

.6
b

16
.7
±1

.2
c

18
.2
±1

.4
c

39
.2
±2

.0
a

27
.4
±1

.8
b

87
.6
±1

.3
b

78
.7
±1

.9
c

10
04

3
±1

34
d

91
88

.7
±1

90
c

5.
6
±0

.0
3

a
5.

5
±0

.0
4

a
Es

m
er

al
da

47
.0
±1

.1
a

45
.6
±0

.7
a

26
.1
±1

.7
a

29
.2
±1

.6
a

18
.4
±2

.0
c

16
.3
±1

.5
c

91
.5
±1

.6
ab

91
.1
±0

.9
a

11
00

0
±1

70
ab

10
78

1.
9
±9

8
a

5.
5
±0

.0
4

b
5.

5
±0

.0
4

a

R
oo

ts
to

ck

TZ
14

8
39

.2
±1

.3
3

38
.8
±1

20
.8
±1

.1
3

b
25

.3
±1

.3
a

31
.0
±1

.9
a

24
.5
±1

.8
b

91
.1
±0

.9
0

88
.6
±1

.3
b

10
68

4
±1

19
10

27
3
±1

35
b

5.
5
±0

.0
2

5.
5
±0

.0
2

b
Fe

st
iv

al
39

.7
±1

.2
1

37
.3
±1

.1
22

.7
±1

.1
6

a
23

.3
±1

.5
b

28
.3
±2

.0
b

29
.9
±2

.0
a

90
.7
±0

.9
3

90
.5
±1

.2
a

10
60

8
±1

07
10

43
9
±1

29
a

5.
5
±0

.0
2

5.
6
±0

.0
2

a

D
F
=

de
gr

ee
s

of
fr

ee
do

m
.*

Si
gn

ifi
ca

nt
eff

ec
ta

tt
he

0.
05

le
ve

l,
**

0.
01

le
ve

l,
**

*
0.

00
1

le
ve

l.
M

ea
ns

w
ith

in
ea

ch
co

lu
m

n
fo

llo
w

ed
by

di
ff

er
en

tl
et

te
rs

de
no

te
si

gn
ifi

ca
nt

di
ff

er
en

ce
s

(p
<

0.
05

)
ac

co
rd

in
g

to
th

e
Tu

ke
y–

K
ra

m
er

H
SD

te
st

.

57



Agronomy 2020, 10, 1396

4. Discussion

Fruit morphometric characteristics such as weight and shape were the ones affected least by
the choice of rootstock. Fruit shape in particular was a trait defined almost exclusively by the scion
genotype. These findings corroborate previous works demonstrating the limited variation encountered
in these traits in response to different rootstocks and also between grafted and non-grafted material [1].
By contrast, crop performance was strongly influenced by the choice of rootstock. In this respect, the
higher yield obtained on Cucurbita maxima × C. moschata interspecific rootstock TZ148 reflects the
vigorous habit of interspecific rootstocks in comparison to the weaker Lagenaria rootstocks, such as
Festival. These findings underpin previous reports on the superior crop performance imparted by
interspecific rootstocks, provided the absence of physiological incompatibility between scion and
rootstock [14–16]. Fruit weight and fruit number incurred a limited rootstock effect. Cultivar genotype
largely defined variation in these traits with the large-fruited diploid Pegasus producing higher yield
than the mini cultivars, of which the triploid ones were more profuse than the diploid ones. Moreover,
watermelon yield may present significant annual variation, as presently demonstrated by all scions on
both rootstocks, which has been attributed by previous researchers to the variability of climatic and soil
conditions [17,18]. It is noteworthy, however, that mean yield varied between years by 12.2% on TZ148
compared to 36.3% on Festival, which is an indication of the stable vigor afforded by interspecific
rootstocks. Nonetheless, all of the scion–rootstock combinations examined exceeded the regional yield
average of 52 tons ha−1 in both years [19,20].

Morphological and visual characteristics of watermelon fruit may substantially influence the
perception of quality and ultimately consumer choice. Rind thickness is a morphological trait
previously described as responsive to cultural practices that affect maturation, including grafting [1,11].
As the rind grows progressively thinner with maturation, watermelon harvest maturity is a defining
factor. Contrasting literature on the impact of grafting on rind thickness may thus be interpreted
partly in the context of rootstock effects on the ripening process but may also be attributed to the
absence of strict maturity standardization during sampling. The current study corroborates that
rootstock effect on watermelon rind thickness is generally limited compared to the effect of the scion
cultivar [21]. Little emphasis has been given previously on the postharvest change in watermelon rind
thickness [19,22]. The current study indicates that it is reduced during storage, which renders the
impact of rootstocks on rind thickness, presently evidenced in the thicker rind induced by interspecific
TZ148 over Lagenaria rootstock Festival, significant for watermelon shelf-life.

Pulp firmness is a significant sensory quality trait of watermelon fruit shown to respond to
heterografting on various types of rootstocks. Commercial interspecific (C. maxima × C. moschata)
rootstocks tend to increase pulp firmness, as demonstrated by several previous studies [10,11,23,24].
Loss of firmness in response to heterografting has been more often reported with particular Lagenaria
siceraria and Cucurbita argyrosperma rootstocks [25,26]. The present study focused on the impact of
interspecific and Lagenaria gourd rootstocks on scions of differing ploidy, therefore homeograft and
self-rooted controls were not used. It was nevertheless observed that the more vigorous interspecific
rootstock TZ148 induced notably higher pulp firmness (30.1% higher as a two-year average) than the
Lagenaria rootstock Festival, which underpins previous findings on the superiority of interspecific
hybrids for this trait. Gourd rootstocks have had for the most part no effect or very limited and variable
effect on pulp firmness [15,24,25,27]. Pulp firmness was also found significantly higher in seedless
triploid cultivars compared to diploid ones despite the fact that texture analysis was performed not in
the locular areas but around the core of the fruit using a set of eight probes in circular 42 mm-diameter
arrangement [11]. Pulp firmness has been linked to increased density of parenchymatic cells containing
higher alcohol-insoluble and water-insoluble cell wall fractions [28]. The higher firmness presently
observed in triploid cultivars, noted also by certain previous researchers [29], might thus be related to
higher density of parenchymatic cells bearing more abundant alcohol- and water-insoluble fractions,
a hypothesis that warrants further investigation involving cell wall fractionation. Finally, the effect
of storage on firmness was significant but limited compared to that of scion cultivar and rootstock.
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Nonetheless, previous work has demonstrated that sensory quality and shelf-life of watermelon is
limited to less than two weeks under ambient conditions owing among others to declining pulp
firmness, [1]. In light of this, grafting on interspecific hybrid rootstocks might present a significant
advantage in terms shelf-life and the same might be the case for triploid over diploid scions.

Watermelon pulp color is configured principally by the accumulation of carotenoids during
ripening [11,30,31]. Over 90% of the carotenoid content of red-fleshed cultivars accounts for lycopene,
with about 10% being in the cis isomeric bioavailable form and the rest in the trans form [32]. The highly
significant correlation of pulp colorimetry with lycopene content, evidenced in both years of the present
study, is common among red-fleshed cultivars; however, pulp chromaticity may not always correlate
significantly enough with lycopene content owing to the presence of β-carotene, which varies with
cultivar, maturity and postharvest storage [1,33]. The presence of Extazy among the examined scions,
which had an outstanding lycopene content (102.8 μg g−1 fw), confounded the effects of rootstock and
storage compared to the scion effect. Nonetheless, scion genotype is the most determining factor for
carotenoid composition of watermelon fruit with lycopene varying widely among red-fleshed cultivars
(20–125 μg g−1 fw), presently exemplified by the triploid Extazy [32,34]. The current results, moreover,
indicate that ploidy is not a determining factor for lycopene content since triploid cultivars diverged
significantly (61.9–102.8 μg g−1 fw). Grafting, on the other hand, especially on C. maxima × C. moschata
interspecific rootstocks [11,21,35,36] and less frequently on L. siceraria cultivars [37], has been found
to increase lycopene content in watermelon fruit. In both years of the present study, the lycopene
content of the scions grafted onto the interspecific rootstock TZ148 was higher than that obtained on
the Lagenaria rootstock Festival. This might be attributed in part to a higher density of parenchymatic
cells induced by TZ148 since lycopene is a fat-soluble membrane-bound pigment [11,28]. Finally,
postharvest storage at 25 ◦C for 10 days increased pulp lycopene in both years of the present study,
corroborating previous reports that lycopene synthesis continues and lycopene levels peak postharvest
although watermelon is a non-climacteric fruit [1,19]. The postharvest increase in chroma (C*) was
accompanied, however, by a wider hue angle signifying a color transition toward the orange-red
hue characteristic of over-ripening. This transition might stem from the conversion of lycopene to
β-carotene or from lycopene degradation products [38].

Citrulline is arguably the most important bioactive molecule found in watermelon fruit after
lycopene [39]. Previous work has demonstrated that grafting watermelon on interspecific hybrid
rootstocks may increase citrulline concentration in the pulp compared to the non-grafted control [1].
The current study indicates that the choice of rootstock between an interspecific hybrid and a Lagenaria
rootstock has no effect on citrulline. In fact, the greatest source of variation was the scion cultivar
whereas limited decline in citrulline was observed postharvest. It appears therefore that the increase in
citrulline content obtained with grafting vs. self-rooted watermelon is largely offset by postharvest
decline, which was not previously reported for non-grafted watermelon. However, given the relative
abundance of citrulline in watermelon rind, the thicker rind induced by TZ148 may provide more
substrate for industrially extracting the non-essential amino acid citrulline that garners significant
pharmacological interest [39].

The soluble solids content of watermelon juice is configured primarily by soluble sugars although
non-carbohydrate components such as organic acids, water-soluble soluble pectins and pigments may
also influence the refractive index of the juice [40,41]. In the present study, the TSS and the total sugars
of the juice were influenced mostly by cultivar and storage. Diploid cultivars attained overall higher
TSS and total sugars than the seedless cultivars, however all scions delivered TSS values near 10%
or higher, which is considered a prerequisite for consumer acceptability [42]. Postharvest storage
at ambient temperature resulted in a significant decline in TSS and total sugars, which renders the
postharvest handling of watermelons critical for sensory quality, especially for triploid cultivars of lower
sweetness. In this respect, Kyriacou et al. [1] highlighted in previous work the importance of optimal
harvest maturity for watermelon grafted on vigorous rootstocks that delay ripening, when prolonged
postharvest storage (>10 days) at ambient conditions is unavoidable. From a physiological point of
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view, it is noteworthy that glucose and fructose levels decreased during storage as opposed to sucrose,
which increased owing most probably to the postharvest activity of ripening-related enzymes such as
sucrose synthase. This observation, in conjunction with the postharvest accumulation of lycopene
discussed above, sheds new light onto the postharvest physiology of watermelon, otherwise considered
a non-climacteric fruit.

The TSS and total sugars of watermelon were generally not decreased by grafting on most
commercial C. maxima × C. moschata rootstocks [10,23,36], whereas scion response to grafting seems
more rootstock-specific with Lagenaria siceraria cultivars and landraces [14,37,43]. The marginally lower
total sugars content observed with TZ148 in the second year of the current study likely relate to the
higher fruit load supported by this rootstock and a possible slight delay in ripening compared to the
Lagenaria rootstock Festival. This is further supported by the higher hexoses-to-sucrose ratio observed
with TZ148 in the second year, given that the common sugar motif observed during watermelon
ripening is that of sucrose accumulating at the expense of hexoses [11]. At any rate, the non-significant
or marginal rootstock effect on TSS and total sugars renders interspecific TZ148 an advantageous
rootstock over Lagenaria Festival on account of higher yield, firmness and lycopene content.

5. Conclusions

Fruit morphometric characteristics were affected least by the choice of rootstock. However, the
more vigorous interspecific rootstock delivered higher and more stable yield across seasons than
gourd rootstock, which highlights the superior crop performance imparted by interspecific rootstocks,
provided the absence of physiological rootstock–scion incompatibility. Interspecific rootstock also
induced thicker rind and higher pulp firmness, both of which improve shelf-life. Pulp firmness
was higher in seedless triploid cultivars compared to diploid ones, which might relate to higher
density of parenchymatic cells. Current results indicate that scion genotype but not ploidy level is
the most determining factor for carotenoid composition of watermelon fruit. Moreover, interspecific
rootstock induced higher fruit lycopene content than gourd rootstock. Ambient postharvest storage
for 10 days increased pulp lycopene, corroborating previous reports that lycopene synthesis continues
and lycopene levels peak postharvest although watermelon is a non-climacteric fruit. Diploid cultivars
attained overall higher TSS and total sugars than seedless cultivars; storage, however, reduced both,
which renders the postharvest handling of triploid cultivars particularly prone to loss of sensory quality.
Reducing sugars decreased during storage while sucrose increased. This observation in conjunction
with the postharvest accumulation of lycopene sheds new light onto the postharvest physiology of
watermelon, otherwise considered a non-climacteric fruit. Minimal reduction in sugars by interspecific
rootstock was related to higher fruit load and possible slight delay in ripening compared to gourd,
further supported by the higher hexoses-to-sucrose ratio observed with the former. The marginal
rootstock effect on sugars renders interspecific rootstock advantageous over gourd on account of higher
yield, firmness and lycopene content.
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Abstract: Herbaceous grafting is a propagation method largely used in solanaceous and cucurbit
crops for enhancing their agronomic performances especially under (a)biotic stress conditions. Besides
these grafting-mediated benefits, recent advances about microbial networking in the soil/root interface,
indicated further grafting potentialities to act as soil environment conditioner by modulating microbial
communities in the rhizosphere. By selecting a suitable rootstock, grafting can modify the way of
interacting root system with the soil environment regulating the plant ecological functions able to
moderate soilborne pathogen populations and to decrease the risk of diseases. Genetic resistance(s) to
soilborne pathogen(s), root-mediate recruiting of microbial antagonists and exudation of antifungal
molecules in the rhizosphere are some defense mechanisms that grafted plants may upgrade, making
the cultivation less prone to the use of synthetic fungicides and therefore more sustainable. In the
current review, new perspectives offered by the available literature concerning the potential benefits
of grafting, in enhancing soilborne disease resistance through modulation of indigenous suppressive
microbial communities are presented and discussed.

Keywords: solanaceae; cucurbitaceae; defense mechanisms; soilborne pathogen; genetic resistance;
microbial communities; grafting; soil/root interface

1. Introduction

Modern agriculture needs innovative strategies inspired by the principles of agroecology, aimed to
guarantee soil conservation and fertility, to face the adversities that affect crop productivity and,
generally, to increase the sustainability of intensive systems. One of the most important challenges for
sustainability concerns the control of soil-borne diseases being considered a major limitation to crop
production. The massive use of chemicals against plant pathogens is no longer a viable practice for
environmental risks and human health care. The most commonly applied eco-friendly approaches
include solarisation, biofumigation, crop rotation, tillage management practices, residue management
and organic amendments [1]; additional strategies such as applications of plant growth promoting
rhizobacteria (PGPRs), endo- and ectomycorrhizal fungi, cyanobacteria and other organisms can also
improve plant resistance to soilborne pathogens. Several studies reported that plants can recruit a
specific beneficial rhizosphere microflora which can contribute to reduce the activity of plant pathogens
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and to make plants more resistant to environmental stressors [2,3]. Investigations on rhizosphere
microbiome carried out by next-generation sequencing technologies allowed to identify and quantify
microorganisms associated with the root apparatus of vegetable crops highlighting an evolutionistic
mechanism of microbial recruiting adopted by plants.

Vegetable grafting is a propagation method largely used in solanaceous and cucurbit crops
to increase plant resistance to soilborne pathogens as well as other environmental stresses, and to
enhance crop productivity and fruit quality [4]. In soils infected by highly destructive plant pathogens,
the use of resistant grafted plants represents the main biological-based method that allows cultivation
of the highly susceptible cultivars [5]. In the latest years, increasing studies on the ecological role
of the grafting revealed new interesting opportunities of this technology to contrast and limit the
activity of soilborne pathogens and their damages on vegetable crops, by modifying the presence of
beneficial root-associated microbes. For instance, Poudel et al. [6] used a grafted tomato system to
study the effect of rootstock genotypes and grafting on soil bacteria communities and their results
highlighted an effect of rootstock genotype on bacterial diversity and composition in the rhizosphere.
Moreover, Duan et al. [7] reported that some pepper grafting combinations significantly increased
the populations of fungi and actinomycetes in the rhizosphere enhancing the activities of peroxidase,
catalase, phosphatase, invertase, urease, and nitrate reductase in root rhizosphere soil. Similar results
were also reported in grafted eggplants [8]. Besides plant species, additional environmental factors
such as soil type can also affect the microbial communities in the rhizosphere indicating the need to
evaluate the rootstock-mediated effects on rhizosphere microbiome under different environmental
conditions [9,10]. The above findings indicate the potential of using plant rootstocks as a mean to
recruit specific soil beneficial microorganisms for biotic stress management.

This review offers a novel perspective on the potentialities of vegetable grafting as sustainable
practices to enhance crop resistance to environmental stresses through the modulation of microbial
community structure in the rhizosphere.

2. Soil Microorganisms for Biological Control of Plant Diseases

Rhizosphere and bulk soil around growing plants constitute the habitat for a large number
of microbial species with different lifestyles, interacting with one another, with the soil and plants.
The culturable bacteria and fungi associated with rhizosphere can contain up to 1011 microbial cells
per gram of roots [11]. Some microorganims have a neutral effect on the plant, but many known
microorganisms are beneficial to the plants for nutrient and carbon cycling, soil organic matter formation
and stabilization, so influencing agricultural productivity. They are symbiotic nitrogen-fixing bacteria
(Rhizobium leguminosarum), endo- and ectomycorrhizal fungi, plant growth-promoting rhizobacteria
(PGPR) and other fungi [12]. Many of these microorganisms are even investigated for their ability to
prevent or limit soil-borne plant pathogens (fungi and oomycetes are the most important) through
mechanisms as hyperparasitism, antibiosis and competition for ecological niches and nutrients [13].

Microbial hyperparasites have a predatory behavior: they enter host cells of fungi and oomycetes
helped by secreting cell-wall lytic enzymes (as chitinases, cellulases and proteases) and feed on the
pathogen as long as it dies. Parasitic activity is quite common, and well documented for Trichoderma and
Gliocladium against fungal pathogens as Rhizoctonia, Sclerotinia, Verticillium and Gaeumannomyces [14–16].
Even Coniothyrium minitans [17] and Sporidesmium sclerotivorum [18] are effective in controlling diseases
caused by sclerotia-forming fungi. Chitinolytic activity of Pseudomonas spp. is responsible of antagonistic
activity towards R. solani [12].

Antibiosis results from the release of low-molecular weight compounds produced by microorganisms in
the surrounding environment which are deleterious to the metabolism or growth of plant pathogens [19,20].
Fluorescent Pseudomonas spp., Bacillus spp., Streptomyces spp. and Trichoderma spp. produce antibiotic
molecules (phenazines, 2,4-diacetylphloroglucinol, pyoluteorin, and pyrrolnitrin) affecting the electron
transport chain, metalloenzymes, membrane integrity, or cell membrane and zoospores [20–22].
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With the competition for space, pathogens are prevented from accessing root surface and plant
tissue whereas the competition for nutrients, especially for carbon released as root exudates, affect the
saprophytic phase of pathogens, and may cause lacking spore germination and microbiostasis [11].
Siderophore-producing Pseudomonas spp. are involved in the competition for iron, a micronutrient
essential for growth and activity of the pathogens and are able to reduce disease incidence or severity
of pathogenic fungi [23].

Literature survey reveals many pivotal examples of rhizosphere-competent microbial biocontrol
agents of plant pathogens. Fungi belonging to Trichoderma genus, for example, have antagonistic
properties towards a plethora of plant pathogens relying on all of the antagonist modes [24]. T. harzianum
and T. asperellum showed antagonistic effects against Fusarium oxysporum of tomato [25–27] and
melon [28] under field conditions. Gava et al. [28] tested different Trichoderma species (T. harzianum,
T. viride, T. koningii, and T. polysporum) in a naturally infested soil and obtained the highest control of
melon wilt using T. polysporum.

Malolepsza [29] observed a significant stimulation of systemic defenses (activation of antioxidant
enzymes and enhancement of phenols) by T. virens inoculation of tomato plants, leading to lowered
Rhizoctonia solani infection. Some authors verified the involvement of the proteins Sm1 and Epl1
in the systemic protection of tomato plants mediated by Trichoderma spp. [30]: in presence of these
proteins it was observed an increase in disease resistance against Alternaria solani, Botrytis cinerea,
and Pseudomonas syringae due to the increased expression of peroxidase and α-dioxygenase encoding
genes [30], the elicitation of the salicylic acid pathway [31,32] and the ethylene pathway [31]. Even the
accumulation of phenolic acids, flavonoids and de novo synthesis of catechins, enhanced by T. atroviride
inoculation, is supposed to contribute to cucumber protection against R. solani [33]. In cucumber
seedlings inoculated with T. harzianum inoculations, Chen [34] found alterations in nuclear DNA
content and cell cycle-related genes expression that might maintain a lower ROS accumulation and
higher root cell viability counteracting Fusarium disease in open field. Quantitative proteomics studies
on black pepper plants primed with T. harzianum confirmed the plant defense response against the
pathogen Phytophthora capsicum through an increase of ethylene synthesis and activating both the
isoflavanoid pathway and lignin synthesis [35].

Coating of tomato seeds with T. asperellum and Bacillus subtilis decreased the susceptibility of
plants to Pythium aphanidermatum [36]. Frequently the combination of different antagonists in microbial
consortia improves their effectiveness for the involvement of diverse biocontrol mechanisms [37].
In watermelon, a systemic acquired resistance against F. oxysporum f.sp. niveum was related to
the inoculation with a consortium of T. harzianum, Paenibacillus polymyxa and other antagonistic
microorganisms that activated defense-related enzymes [38]. T. harzianum and Bacillus amyloliquefaciens
together inhibited the growth and production of mycelia and sclerotia protecting over 80% of tomato,
squash and eggplant seedlings against Sclerotinia sclerotiorum [39]. Similarly, to T. asperellum, even the
arbuscular mycorrhizal fungus Rhizophagus irregularis (previously known as Glomus intraradices) lowered
disease incidence of Fusarium wilt in tomato plants [40]. Both these agents increased plant height,
chlorophyll content and Ca, Mg, S, Mn, B and Si uptake. T. harzianum combined with Glomus intraradices
induced a plant basal resistance attenuating the hormone (ethylene and abscisic acid) disruption
induced by F. oxysporum in melon [41] whereas associated with Glomus mossae is useful in cucumber
against Phytophthora melonis increasing the transcription level of defensive genes as phenylalanine
ammonialyase, cucumber pathogen-induced 4, lipoxygenase and galactinol synthase [42]. In field
experiment the consortium mycorrhizae, Trichoderma and plant growth-promoting bacteria enhanced
the pepper yield and modulated the activities of defense enzymes as polyphenol oxidase, peroxidase,
superoxide dismutase, and catalase [43]. Even arbuscular mycorrhizal fungi alone can control plant
soil-borne diseases [44,45] activating a systemic plant immune response. Mycorrhizal fungi reduced
the disease severity index of eggplant Verticillium wilt [46]; the disease tolerance was related to a
lower proline content and relative electrical conductivity in leaves, and to higher activity of browning
related enzymes (phenylalanine ammonia-lyase, polyphenol oxidase and peroxidise). Panda et al. [47]
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found that pre-colonization of tomato roots with mycorrhizal fungus Piriformospora indica systemically
induced resistance against early blight by Alternaria solani; after pathogen attack P. indica induced a rapid
activation of jasmonic acid/ethylene-mediated basal defenses against pathogen infection by altering
the expression of JA/ET related genes. Glomus mossae suppresses F. oxysporum development in the roots
and rhizosphere of watermelon and modulates the composition of root exudates. Bacterial species of
the Bacillus and Pseudomonas genus control plant disease by producing antibiotics or stimulating the
host resistance [48]. Tomato plants inoculated with Bacillus amyloliquefaciens exhibited significantly low
F. oxysporum f. sp. lycopersici infection compared with the control [49]. Clonostachys rosea counteracted
gray mold disease not only by suppressing development and sporulation of Botrytis cinerea but also by
inducing the resistance of tomato plants against B. cinerea [50].

3. How Plants Recruit Antagonist Microbes to Prevent the Infection by Pathogens

The rhizosphere microbiome has been recognized as the second genome of the plants [11], and it
may reveal the greater ability of the plant in adapting to the external environment, including the
protection degree against pathogenic agents. Plants through their roots are in dynamic communication
with the surrounding bulking soil microbial communities [51]. Roots exudates are a main food source
for microorganisms and a driving force for their assembling and activities. Carbon and nitrogen are
exudates as simple molecules (sugars, organic acids, secondary metabolites) or complex polymers
(mucilage) but their composition varies with the plant genotype, developmental stage, and the presence
of (a)biotic stresses [52]. It has been seen that microbial communities in the rhizosphere of different plant
species growing on the same soil are often different and vice versa [53,54] thus demonstrating that plants
modulate exudates profile (alteration of biosynthesis and transport of molecules) and immune system
activities to recruit specific beneficial microbes. Moreover, plants can detect communication signals
between bacteria in the rhizosphere (quorum sensing signals) and produce molecules that stimulate
or deactivate these signals so influencing the outcome of microbe-microbe and/or plant-microbe
interactions [55]. L-malic acid is the small signalling molecule exudated from tomato plant roots that is
responsible for biofilm formation and root colonization of the antagonistic Bacillus subtilis [56]. Similarly,
Tan et al. [57] confirmed the important role of malic and citric acids in tomato root surface colonization
of Bacillus amyloliquefaciens. Moreover, different organic acids in watermelon and cucumber roots
exudates stimulate the beneficial Paenibacillus polymyxa [58] and Trichoderma harzianum [59], respectively.
Glucose, succinic acid, p-hydroxybenzoic acid, p-coumaric acid and glutamic acid in cucumber root
exudates recruit Trichoderma with the most relevant effect from glucose [60].

Recent advances reveal that multiple signals operate in the establishment and the maintenance
of arbuscular mycorrhizal symbiosis including calcium spiking, reactive oxygen species and
phytohormones [61,62]. The plant hormones strigolactones are actively exuded into rhizosphere
as ex-planta signalling molecules that attract arbuscular mycorrhizal fungi affecting both pre-symbiotic
and symbiotic phases [63]. Other important hormones involved in the onset of the AM symbiosis are
jasmonates [64], gibberellins [65], ethylene [66], and auxins [67]. A possible crosstalk between auxin
and strigolactones is also postulated in tomato plants [68]. Martínez-Medina et al. [69] studied the
interaction between tomato roots and the AM fungus Rhizophagus irregularis showing a regulatory role
of nitric oxide mediated by a specific phytoglobin during the symbiosis.

4. Defense Mechanisms in Grafted Plants against Soilborne Pathogens

Disease control-related mechanisms of grafting may rely on the genetic traits of the rootstock-type.
Interspecific grafting, for example, is often secured with the non-host resistance of the rootstock against
species-specific soil-borne pathogens, such as the wilting causal agents belonging to F. oxysporum group
that harbour differentially host-compatible formae specialis [70,71]. Limitation in spread of tomato
wilting-associated bacteria in resistant cultivars could avoid the generalization of infection to the entire
vascular tissues of susceptible scion [72]. Graft-transmissible resistance to airborne disease has been
observed for sweet pepper cultivar grafted on a resistant cherry pepper rootstock [73]. In this situation,
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the effects of rootstock on the scion is the major determinant of resistance. Disease resistance of grafted
plants may also result from the enhanced vigour for which grafted plants grow more fortified and more
efficient in resource utilization, as well as developing vigorous root apparatus that allow them to better
withstand pathogenic attacks caused by the parenchymatous parasites [74]. For example, reduction
of Verticillium wilting by effective eggplant grafting on S. lycopersicum × S. habrochaites rootstock is
associated to promotion of plant vigour [75]. Another mechanisms of disease resistance promoted
by grafting is the release in the rhizosphere of exudates having antifungal activity on pathogen
propagules. Liu et al. [76], for example, found root exudates from grafted eggplants, suppressive
against the Verticillium dahliae mycelial development, contrarily to those released by the non-grafted
ones. Grafting can affect root ability to harbour rhizosphere-competent microbes and to regulate
beneficial antagonistic functions by modifying the root-architecture and the exudate profiling [77,78].
Rootstock/scion interaction can modulate regulations of transcripts and metabolites affecting disease
susceptibility to fungal pathogens [79]. For instance, rootstock can influence disease resistance of
scion by modifying secondary metabolites in the sap flow moving through the vascular system [80].
Shibuya et al. [81] attributed the transient reduction of disease symptoms on cucumber scion to changes
in morphology or physiology in response to the modified water relations immediately after grafting
onto squash. Defense mechanisms in grafted plants against soil-borne pathogens are summarized in
Figure 1.

 

Figure 1. Disease-resistance mechanisms of grafted plants in soil infested by pathogens.

Experimental evidences suggested that the above listed mechanisms act synergistically in the
regulation of the disease resistance of grafted roots. Greenhouse trials carried out by Song et al. [77]
allowed to define as changes in root exudates from watermelon grafted on Lagenaria siceraria and
Cucurbita pepo rootstocks, have promoted the non-host holobiont resistance to F. oxysporum f. sp.
niveum infections through additional pathogen exclusion effects. In particular, niche chemical shifts
around watermelon grafted roots affected the sheltered microbial diversity, increasing, for example,
biocontrol-associated bacteria populations, such as Sphingobacteriia and Bacillus [77]. Biochemical
investigations on watermelon/bottle gourd rhizodeposits have allowed to detect the ex-novo formation
of bioactive proteins associated with plant resistance to biotic and abiotic stresses [82] and the
release of chlorogenic and caffeic acids involved in the microbiostasis against propagules of the
wilting causal agent [83]. Findings suggesting that the ungrafted watermelon delivery of molecular
signals that are normally used as stimuli by pathogens harbouring the rhizosphere [84], with the
grafting, likely, it is interrupted. In this light, combining grafting with environmentally friendly
soil treatments (e.g., soil solarization) could slow down the recovery of pathogen recrudescence,
often observed in conductive soils with the continuous monoculture cropping [84]. Structural
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variations of a root-associated microbiome after grafting have been also reported in open field tomato
production, where Poudel et al. [6] showed rootstock-specific filtering effects driven by vigorous rooting,
on endosphere and rhizosphere microbiomes enriched by representatives of Firmicutes, Verrucomicrobia,
Planctomycetes, Proteobacteria and Acidobacteria. Under greenhouse, the use of Solanum torvum as
rootstook for eggplant, induced an incremental shift in Bacteria and Actinomycetes on the root system,
and in the responsive rhizosphere soil enzymes were found both associated to the pathogen population
lowering and Verticillium wilting decrease [85].

Plant domestication privileged the selection of agronomic traits strictly related to the edibility,
quantity and quality of the yields, leaving on the way all those alleles that gave to wild relatives the
ability to profitably deal with soil microorganisms, reducing the potential of modern cultivars to lead
rhizosphere microbiome assembly and functions [86]. In order, to bridge this gap, only recently some
breeding programs are including, among the genetic improvement objectives, the enhanced ability
of crops in recruiting beneficial host-specific root microbiota too [87]. In the meantime, horticultural
experiences indicated that, at the moment, grafting better than others available technologies allows to
reach this phenotype more quickly depending on the specific influence of rootstock genotype [84,88].
The metabolic structure of rootstock-recruited microorganisms, for example, has been implemented for
managing tree resistance to the apple replant disease complex in replanted orchards [89]. Thereby,
also vegetable productions may alleviate detrimental risks hidden into the intensive cropping
systems following a holistic approach, in which grafting improves telluric environment adaptation of
cultivar through the reinforcement of partnerships with beneficial and biodiverse microbiota and the
enhancement of the efficient resource utilization. A summary of the possible directional interactions
occurring in the soil environments shared by grafted roots and microbiome aiming at reducing
pathogens pressure is reported in Table 1.

Table 1. Possible directional interactions occurring in the soil between grafted roots and microbiome
aiming at reducing pathogens pressure.

To Grafted Roots Microbiota

Grafted roots Allelopathy
Competition for space, water and nutrients

Selection-filtering effects
C-food providing

Activation of the endophytism

Microbiota
Nutrients availability

Growth promotion
Induction of resistance to (a)biotic stresses

Antibiosis
Hyperparassitism
Niche occupying

Essential food depletion

Relationships-mediated by rootstock between the vegetable scion and the infected soil open new
opportunities for disease risks management in a more environmentally friendly way (Table 2).

Table 2. Soilborne disease risk management using ungrafted and grafted plants.

Management Goal Ungrafted Plants Grafted Plants

Reduction of disease risks Cultivation of susceptible cultivars
on healthy soils

Grafting of susceptible cultivars on disease
resistant rootstocks

Genetic innovation regarding plant
protection objectives

New cultivars resistant/tolerant to
pathogens

New rootstock genotypes resistant/tolerant
to pathogens
New grafting combinations with enhanced root
ability to recruit protective rhizobiome

Engineering soil microbiome for
enhancing its antagonistic structure

Soil conditioning techniques
mitigating soil sickness phenomena

Actions for maintenance of ecological bio-barriers
proliferating on the rootstock roots

Increased effectiveness of the
chemical control means

Wide-spectrum preventive and
curative applications of fungicides

Targeted use of active molecules both in time and
in dosage

Increased effectiveness of the
biological control agents

Mass applications of the bio-based
formulates

Coordinating application of the external microbial
antagonists, with the naturally present rhizobiome
Targeted use of specific microbial strains
characterized by grafted-rhizosphere competence
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Moreover, the integration of grafting technology with other agronomic, chemical and/or biological
control means can allow to further reduce the risks of soilborne diseases especially in a long term.
However, the use of chemical inputs must be carefully evaluated to avoid depression of beneficial
indigenous soil microflora in the rootstock rizhosphere. Under these boosted agroecological conditions
monitoring of plant and soil health status over time is crucial.

5. Conclusion and Future Prospects

Grafting represents a relatively recent innovation in the vegetable production systems of Western
Countries; this advanced technology allowed to reduce the negative impact of soilborne pathogens
in solanaceous and cucurbit crops depending on the disease resistance level of rootstock. Grafting
can enhance plant disease resistance through several multiple defense mechanisms in plant. Recent
studies demonstrated that rootstock-mediated effects on rhizosphere microbiome can contribute to
reduce the soilborne diseases by stimulating indigenous microflora able to compete for food and space
with plant pathogens and to reduce their activity through antibiosis and hyperparasitism. Moreover,
plant-beneficial microbes recruited by rootstock can enhance soilborne disease resistance indirectly
through the increase of plant nutrient availability, the stimulation of plant growth and the induction
of resistance to biotic stresses. Despite experimental evidences demonstrated a significant role of
rhizosphere microbiome in enhancing soilborne disease resistance in grafted plants, more studies
are necessary to better understand the scion-rootstock-rhizosphere microbiome interaction under
different environmental conditions. Advanced technologies like metagenomics can help to identify
and characterize the microbial strains in the rhizosphere of grafting combinations in order to link
the changes in rhizosphere microbial community to enhanced plant resistance to specific soilborne
pathogens. This knowledge could allow to develop new disease control strategies based on the
combined application of selected microbial inoculants and specific grafting combinations.
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Abstract: Soil salinization due to climate change and intensive use of water and soil is increasing
exponentially. Cucurbitaceae species are cultivated worldwide and the identification of salinity tolerant
genotypes to be used as rootstock or scion for securing yield stability in salt affected agricultural areas
is a research priority. In the present greenhouse study, we assessed the response to salinity (0 mM a
non-salt control and 150 mM NaCl dissolved in the nutrient solution) in the seedlings of 30 genotypes
of cucurbits grown in a floating hydroponic system. The species tested included 16 genotypes of
Cucumis melo L. (CM1-16), 6 Citrullus vulgaris Schrad. (CV1-6), 2 interspecific hybrids of Cucurbita
maxima Duch. × Cucurbita moschata Duch. (CMM-R1 and 2), 4 bottle gourd (Lagenaria siceraria (Molina)
Standl. (LS1-4)), 1 Cucurbita moschata Duch. (CMO51-17), and 1 luffa (Luffa cylindrica Mill. (LC1))
species. Results highlighted different morphological and physiological traits between the species and
genotypes and a different response to salt stress. We identified C. maxima × C.moscata interspecific
hybrid CMM-R2, melon genotypes CM6, CM7, CM10, and CM16 together with watermelon genotypes
CV2 and CV6 and bottle gourd LS4 as salt tolerant genotypes and possible candidates as salt resistant
rootstock to be introduced in grafting programs.

Keywords: NaCl; Citrullus vulgaris Schrad; Luffa cylindrica Mill; C. maxima Duch. × C. moschata Duch.;
seedlings; morpho-physiological traits; grafting

1. Introduction

Soil and water resource salinization is one of the main abiotic stress factors that reduce plant
growth and crop productivity worldwide [1]. It has been estimated that the total land affected by
salinization covers approximately 412 million ha and mainly occur in arid and semiarid regions of
more than 100 countries in all continents [2]. Generally, a saline environment influences every aspect
of crop physiology and growth by causing water deficits due to the low water potential in the root
medium, plant toxic ions uptake (e.g., Na+, Cl−, SO4

2−), reduction in the uptake/or transport to the
shoot of K+, Ca2+, and Mg2+ [1]. Moreover, plants grown in saline environments experience reduction
of photosynthetic capacity [3] and growth in terms of number of leaves, shoot length, decrease in
photosynthetic pigment content due to the negative effect of Na solutes within plant cells, and a
decrease in fresh and dry matter content [4].
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Breeding programs to combine salt resistance traits from different germplasm are increasing
among seed companies. However, they currently require complicated evaluation and result in delays
in the release of new varieties in the market due to the complexity of the salinity traits [5].

Furthermore, plant responses to salinity derive from complex and multifaceted mechanisms [6]
and salt tolerance traits involve several physiological and genetic features that overall limit the success
of resistance and/or tolerance trait transfer into commercial varieties [1]. To reduce or avoid production
losses due to salt stress, a sustainable and fast solution is grafting highly productive genotypes onto
potentially salt tolerant rootstocks [1]. Vegetable grafting is a widely used technique in Japan, Korea,
the Mediterranean basin, as well as in several European countries to avoid biotic (i.e., soilborne and
foliar pathogens, weeds, and arthropods) or abiotic stressors like drought, flooding, heavy metals
contamination, sub optimal temperatures, nutritional deficiencies, and salinity. The salt tolerance
of grafted plants is influenced by both scion and rootstock [6]. Generally, the use of salt tolerant
rootstocks allows the mitigation of the detrimental effects of salinity and guarantees stable yields
during the growing cycle through specific morphological, biochemical, metabolic, and physiological
mechanisms. Accordingly, under saline conditions, grafted plants tend to accumulate more biomass in
the root system, thus allowing for mitigated salinity effects by increasing the root/shoot ratio [1,7–9].
Additionally, to cope with saline stress, grafted plants adopt strategies like salt exclusion in the
shoot and retention of salt ions in the root system [1,7]. Besides these strategies, grafting promotes,
at the cellular level, a better maintenance of potassium homeostasis, together with accumulation of
compatible solutes and osmolytes in the cytosol, along with compartmentation of salt ions in the
vacuole through the activation of the antioxidant defense system, and induction of hormones mediated
changes in plant growth [1,7,10,11].

Cucurbitaceae species like melon (Cucumis melo L.), cucumber (Cucumis sativus L.), and watermelon
(Citrullus vulgaris Schrad.) are generally considered salt sensitive or moderately sensitive crops,
while being often cultivated in areas undergoing soil and water salinization [12,13]. In cucurbits,
grafting commercial varieties into salt tolerant rootstocks was shown to reduce production losses
by improving their photosynthetic capacity [1,3]. Watermelon is commonly grafted on bottle gourd
(Lagenaria siceraria (Molina) Standl.), interspecific hybrids between C. maxima and C. moschata, and wild
watermelon (Citrullus spp.) [14]. Cucumber is generally grafted on bottle gourd, luffa (Luffa cylindrica
Mill.), Cucurbita interspecific hybrids, and Cucumis spp [15]. Finally, melon is generally grafted on
interspecific hybrids between C. maxima Duch. and C. moschata Duch. and Cucumis melo L. rootstocks
and in some cases on luffa [5]. However, their response to salinity, as rootstock vary between the
genotypes, and completed screening to identify salt tolerant rootstock varieties to be adopted in
commercial grafting program have not yet been carried out.

In the light of these observations, our aim was to evaluate the response to salinity stress in different
melons (Cucumis melo L.), watermelon (Citrullus vulgaris Schrad.), interspecific hybrids of C. maxima
Duch. × C. moschata Duch., bottle gourd (Lagenaria siceraria (Molina) Standl.), Cucurbita moschata Duch.
cv Plovdivski 51–17, and luffa (Luffa cylindrica Mill.) Cucurbitaceae rootstock and scion genotypes,
in terms of plant growth and photosynthetic pigments to identify salt tolerant genotypes to be used in
commercial grafting programs.

2. Materials and Methods

2.1. Growth Conditions, Plant Material, and Salinity Treatments

The experiment was carried out in a polyethylene covered double span nursery greenhouse at the
Department of Horticulture, Faculty of Agriculture, Ege University (38◦27′16.2′′ N, 27◦13′17.8′′ E) in
Bornova, Izmir Turkey during the spring 2014 growing season.

Plant material included 16 melon varieties (Cucumis melo L.), 6 watermelons (Citrullus vulgaris
Schrad.), 2 interspecific hybrids of Cucurbita maxima Duch. × Cucurbita moschata Duch., 4 bottle
gourd (Lagenaria siceraria (Molina) Standl.) varieties, 1 luffa (Luffa cylindrica Mill.) that were obtained

76



Agronomy 2020, 10, 967

from the Aegean Agricultural Research Institute Department of Biodiversity and Genetic Resources
(Menemen, Izmir-Turkey) and 1 Cucurbita moschata Duch. cv Plovdivski 51–17 obtained from the
“Maritsa” Vegetables Crops Research Institute (Plovdiv, Bulgaria) (Table 1). Two salt treatments were
considered, by applying 0 (non-saline control) and 150 mM of sodium chloride (NaCl) dissolved in
the nutrient solution. Eighty seeds per genotype were sown in polystyrene trays in a mixture of peat
and perlite (75:25 v:v) on 5 May 2014 and placed in a germination room for three days (temperature of
24 ◦C, 60% RH) and then placed in an unheated nursery greenhouse (mean daily temperature of 28 ◦C)
for two weeks. Seedlings were fertigated with commercial fertilizer twice per day until the start of
the experiment.

On 22 May 2014, forty seedlings of each species/genotypes were divided per each salinity treatment
and placed in separate floating hydroponic systems. The nutrient solution was composed as follows:
nitrate 13.14 mM, phosphorus 0.94 mM, potassium 5.83 mM, calcium 3.79 mM, iron 35.8 μM, boron
37 μM, copper 1.6 μM, molybdenum 0.5 μM. The electrical conductivity (EC) of the nutrient solution
was 2.0 dS m−1. The nutrient solution was replaced every two days and aerated with air pumps. In the
saline treatment (150 mM NaCl), salinity stress was induced by progressively dissolving 50 mM of
NaCl every two days in the nutrient solution until the final concentration of 150 mM was achieved
within one week.

Table 1. List of the tested species and the relative genotypes used in this study.

Species Genotype Species Genotype

Original Code Working Code Original Code Working Code

Cucumis melo L.

TR31586 CM1

Citrullus vulgaris Schrad.

TR40374 CV1
TR40563 CM2 TR64141 CV2
TR43722 CM3 TR43211 CV3
TR45883 CM4 TR66066 CV4
TR47822 CM5 TR43342 CV5
TR48527 CM6 TR80748 CV6

TR48611 CM7
Lagenaria sicerania (Molina)

Standl.

Macis LS1
TR49583 CM8 TR62066 LS2
TR51531 CM9 TR79616 LS3
TR51763 CM10 TR82049 LS4

TR61583 CM11 Cucurbita maxima Duch. ×
Cucurbita moschata Duch.

Nun 9075 CMM-R1
TR61626 CM12 RS841 CMM-R2

TR61851 CM13 Cucurbita moschata Duch. Plovdivski
51-17 CMO 51-17

Kirkagac CM14 Luffa cylindrica Mill. LC1
Arava CM15
Cesme CM16

2.2. Plant Growth Measurements

Plant growth was measured when salinity treatment reached its final concentration of 150 mM
(12 days after the start of the NaCl treatment, at 29 days after sowing, DAS) on 3 plants per Genotype ×
NaCl concentration combination measuring the number of leaves, the shoot diameter, recorded with
an electronic caliper, shoot and root length with a ruler. Shoot, root, and leaf fresh weight (FW) were
recorded with an electronic balance and dry weight (DW) was recorded after drying the samples for
48 h at 70 ◦C. Dry matter (DM) was calculated as percentage of DW/FW.

2.3. Photosynthetic Pigments Determination

Chlorophyll a, b and carotenoid contents were determined at 29 DAS on 3 plants per each Genotype
× NaCl concentration combination by grinding 250 mg of leaf tissue from fully expanded leaves with
quartz crystals in 30 mL of acetone (80% in vol). Leaf extracts were read at 450, 645, and 663 nm with a
Varian Carry 100UV-Vis spectrophotometer (Varian Inc, Palo Alto, CA, USA), pigments content was
calculated according to Arnon [16] and values were expressed as mg g−1 FW.
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2.4. Electrolyte Leakage Analysis

Electrolyte leakage (i.e., membrane permeability) was measured at 29 DAS collecting three leaf
disks (10 mm diameter each) from fully expanded leaves on 3 plants per Genotype × NaCl concentration
combination and immersed in 50 mL of distilled water. EC was measured immediately (1 min -) (EC1)
and after 60 min of shaking (EC60). The samples were then autoclaved (121 ◦C) for 25 min, and total
conductivity (ECT) of bathing solution was measured after cooling. Electrolyte leakage was calculated
and expressed as a percentage (%) according to Blum and Ebercon [17] using the following Equation:

Electrolyte leakage (%) = (EC60 − EC1)/ECT.

2.5. Statistical Analysis

A completely randomized design was adopted for the experiment. The experiment was conducted
on a total of 40 plants per Genotype × NaCl concentration combination and each analysis was carried
out on at least 3 plants per Genotype × NaCl concentration randomly selected. Data were analyzed by
ANOVA using SPSS 25 software package (www.ibm.com/software/analytics/spss) and means were
compared using Duncan post hoc test (p ≤ 0.05). The cluster heatmap was generated using the ClustVis
online software [18] using Euclidean distance as the similarity measure and hierarchical clustering
with complete linkage on the genotype percent variation, log (x+1) transformed, between 150 and 0 mM
of NaCl on all the analyzed parameters. The principal component analysis (PCA) was conducted using
the Primer 6 software package (PRIMER-e, Albany, New Zealand) on the percentage variation of all
the morphological and physiological analyzed parameters to highlight differences between genotypes
to the increase of NaCl concentration in the nutrient solution. Five components were extracted by the
PCA analysis. The PCA output includes treatment component scores as well as variable loadings.

3. Results

3.1. Plant Growth and Biomass Production

The statistical analysis revealed intrinsic genotypic differences, and a genotypic specific response
to the NaCl concentration in the nutrient solution in terms of number of leaves, shoot diameter, shoot
length, and root length (Table 2). Compared to non-saline seedlings, under 150 mM NaCl, the number
of leaves decreased significantly only in the melon genotype CM5 (−31%) while it did not vary
significantly in the other genotypes (Figure 1a). Shoot diameter between the genotypes grown under
0 mM NaCl was higher in the interspecific hybrid CMM-R1 (on average 4.6 mm) and bottle gourd
genotypes LS1, LS3, and LS4 (on average 4.66, 4.73, and 4.73 mm respectively), whereas bottle gourd
LS2, watermelon CV3, and melon (CM9, CM10, CM14, and CM15) seedlings turned out to be thinner
(Figure 1b). The genotype and the NaCl concentration significantly affected shoot diameter (Table 2);
as a result, 150 mM of NaCl increased shoot diameter by 47% and 36% in CM10 and CV3 genotypes,
respectively, while it decreased by −26% in CMM-R1 C. maxima × C. moscata hybrid and it did not
vary in the other genotypes (Figure 1b). Shoot length was significantly affected by the genotypes
(Table 2). Particularly, among seedlings grown in the absence of salt stress, melon genotypes (CM3,
CM7, CM8, CM9, CM13, and CM16) produced the longest shoots, while the shortest were observed
in bottle gourd LS2, watermelon (CV3, CV4, CV5, CV6) and the interspecific hybrids CMM-R1 and
CMM-R2. (Figure 1c). A genotypic response to the NaCl concentration was also observed in shoot
length (Table 2). Accordingly, compared to seedlings grown under 0 mM NaCl, shoot length in saline
grown seedlings decreased significantly in all the tested genotypes except for the watermelon (CV3,
CV4, and CV6), bottle gourd (LS1, LS2) genotypes, and the luffa (LC1) (Figure 1c). Seedling root length
was significantly different among the genotypes. In fact, under 0 mM NaCl, melon CM5 developed the
longest root while melon CM16 and watermelon CV3 the shortest (Figure 1d). On the other hand, when
150 mM NaCl was applied, no significant differences in root length compared to control conditions
were observed in the studied genotypes.
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Table 2. Leaf number (n plant−1), shoot and root length (cm), shoot diameter (mm), shoot and root dry
weight (DW, g plant−1), and dry matter content (DM, %) in seedlings of sixteen Cucumis melo L., six
Citrullus vulgaris Schrad., two C. maxima × C. moschata, four Lagenaria siceraria (Molina) Standl. different
genotypes, and Cucurbita moschata Duch. cv 51–17 and Luffa cylindrica Mill. grown at 0 or 150 mM of
NaCl. (1 week after the beginning of the treatment). Non significance or significance differences at
p ≤ 0.05, 0.01, or 0.001 are indicated as: ns, ** and *** respectively.
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Shoot
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Root
Length

Shoot
DW
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DW
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Genotype (G) ** *** ** ** ** ** ** **
Salt (NaCl) ** ** ns ns ** ns ** ns
G × NaCl ** ** ** *** ** ** ** **
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Figure 1. Plant growth, after one week of NaCl treatment, in term of number of leaves (a), shoot diameter (b),
shoot length (c), and root length (d) in seedlings of sixteen Cucumis melo L, six Citrullus vulgaris Schrad., two
C. maxima × C. moschata, four Lagenaria siceraria (Molina) Standl. different genotypes, and Cucurbita moschata
Duch. cv 51–17 and Luffa cylindrica Mill. Mean values ± standard errors; n = 3 followed by different letters
within each parameter are significantly different based on Duncan post hoc (p < 0.05).

3.2. Plant Biomass Production

The statistical analysis revealed intrinsic genotypic differences, and a genotypic specific response
to the NaCl concentration in terms of shoot and root dry weight and dry matter content (Table 2).
Under non-saline conditions, melon genotypes CM12 and CM13, together with CMM-R1, produced
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heavier shoots while watermelon CV3 the lightest (Figure 2a). As compared to 0 mM NaCl, shoot dry
weight between the genotypes was differently affected by 150 mM NaCl. A significant decrease in
shoot dry weight was observed in melon (CM2, CM3, CM5, CM7, CM8, CM9, CM12, and CM13) as
well as in CMM-R1, CMO 51–17, watermelon (CV1, CV2), and bottle gourd LS2, while it increased in
CMM-R2, watermelon CV3, and bottle gourd LS1 and did not vary in the other genotypes (Figure 2a).
In the absence of salinity, root dry weight was higher in watermelon CV4, followed by bottle gourd
(LS3 and LS4), while the lowest root dry weights were recorded in melon genotypes (CM6, CM15,
and CM16) (Figure 2b). When 150 mM NaCl was applied, root dry weight only decreased in CV4
(−79%), while it was not affected in the other genotypes (Figure 2b). Shoot dry matter content
differed between the genotypes at both NaCl concentrations. Under 0 mM NaCl, the highest biomass
accumulation was observed in watermelon CV6 while the lowest was associated with melon CM1
(Figure 2c). Furthermore, 150 mM (NaCl) resulted in significant increases in shoot dry matter in the
bottle gourd genotypes (LS1, LS3, and LS4), together with watermelon (CV2, CV3, and CV5), melon
CM1, and both the CMM-R1 and CMM.R1 interspecific hybrids (with the strongest accumulation
registered in CMM-R2) (Figure 2c). Differences in root dry matter percentage were associated with
genotypes and their interaction with salinity (Table 2). Moreover, under 0 mM NaCl, the highest root
biomass content was observed in melon (CM2, CM3, and CM5), while the lowest in bottle gourd (LS1,
LS3, and LS4) (Figure 2d). Compared to 0 mM NaCl, root dry matter content decreased in seedlings
grown under 150 mM of NaCl of CMO 51–17 (−26%), melon CM3 (−8%), CM10 (−23%), CM11 (−20%),
and the interspecific hybrids (CMM-R1: −18%) and (CMM-R2: −48%), while it significantly increased
in melon (CM1, CM4, CM5, CM6, CM7, CM8, CM15, and CM16), together with watermelon (CV1,
CV2, CV3, CV4, and CV5) (Figure 2d).

3.3. Photosynthetic Pigments

Intrinsic difference in photosynthetic pigments profile and content were observed between the
genotypes (Table 3). Among non-salinized seedlings, chlorophyll (a, b, and total) and carotenoids
content was higher in melon (CM11 and CM12), while the lowest concentration was observed in CM5.
Compared to non-saline seedlings, chlorophyll a content significantly increased under salt stress in
CMM-R1 and CMM-R2 (+47% and +61%), while it decreased in CMO 51–17 (−40%) and LC1 (−49%)
and it did not vary in the other genotypes (Figure 3a). On the other hand, chlorophyll b content
increased in CMM-R1 (+38%) and CMM-R2 (+64%) seedlings grown under saline conditions, while it
decreased in LC1 (−51%), and was not affected by salinity in any of the other genotypes (Figure 3b).
As compared to non-saline conditions, the total chlorophyll and carotenoid content increased under
150 mM NaCl in CMM-R1 (+44% and +52%, respectively), CMM-R2 (+62% and +54%), while they
decreased in LC1 (−50% and −28%) and it did not vary for the other genotypes (Figure 3c,d).
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Figure 2. Plant biomass accumulation, after one week of NaCl treatment, in term of shoot dry weight (a),
root dry weight (b), shoot dry matter content (c), and root dry matter content (d) in seedlings of
sixteen Cucumis melo L., six Citrullus vulgaris Schrad., two C. maxima × C. moschata, four Lagenaria
siceraria (Molina) Standl. different genotypes, and Cucurbita moschata Duch. cv 51–17 and Luffa cylindrica
Mill. Mean values ± standard errors; n = 3 followed by different letters within each parameter are
significantly different based on Duncan post hoc (p < 0.05).

Table 3. Chlorophyll a, b, total carotenoids content, and electrolyte leakage in leaves of seedlings
of sixteen Cucumis melo L., six Citrullus vulgaris Schrad, two C. maxima × C. moschata, four Lagenaria
siceraria (Molina) Standl. different genotypes, and Cucurbita moschata Duch. cv 51–17 and Luffa cylindrica
Mill. grown at 0 or 150 mM of NaCl. (1 week after the beginning of the treatment). Non significance or
significance differences at p ≤ 0.05 or 0.01 are indicated as: ns and ** respectively.

Chlorophyll a
(mg g−1)

Chlorophyll b
(mg g−1)

Total Chlorophyll
(mg g−1)

Carotenoids
(mg g−1)

Electrolyte Leakage
(%)

Genotype (G) ** ** ** ** **
Salt (NaCl) ns ns ns ns **
G × NaCl ** ** ** ** **
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Figure 3. Photosynthetic pigment content, after one week of NaCl treatment, in term of chlorophyll a (a),
chlorophyll b (b), total chlorophyll (c), and carotenoids (x + n) (d) in seedlings of sixteen Cucumis melo L.,
six Citrullus vulgaris Schrad., two C. maxima × C. moschata, four Lagenaria siceraria (Molina) Standl.
different genotypes, and Cucurbita moschata Duch. cv 51–17 and Luffa cylindrica Mill. Mean values ±
standard errors; n = 3 followed by different letters within each parameter are significantly different
based on Duncan post hoc (p < 0.05).

3.4. Electrolyte Leakage

Electrolyte leakage was significantly different between the genotypes (Table 3). Under 0 mM NaCl,
CMM-R2, LS1, and CM2 showed the highest value of electrolyte leakage, while the lowest electrolyte
leakage values were observed in CV4, LC1, LS4, and CM10 (Figure 4). Electrolyte leakage values were
generally increased by salinity, although significant differences from control conditions were only
observed in LS2 (+184%), CV13 (+243%), CM10 (+4662%), and CM13 (+509%) (Figure 4).
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Figure 4. Electrolyte leakage (EL) in leaves, after one week of NaCl treatment, in seedlings of sixteen
Cucumis melo L., six Citrullus vulgaris Schrad., two C. maxima × C. moschata, four Lagenaria siceraria
(Molina) Standl. different genotypes, and Cucurbita moschata Duch. cv 51–17 and Luffa cylindrica
Mill. Mean values ± standard errors; n = 3 followed by different letters within each parameter are
significantly different based on Duncan post hoc (p < 0.05).

3.5. Cluster Heat Map and Principal Component Analysis

To obtain a detailed overview and to better distinguish the morpho-physiological changes induced
by salinity on the tested genotypes, a cluster heat map and a principal component analysis (PCA) were
conducted considering the percentage variation between 150 and 0 mM NaCl for all the aforementioned
measured parameters.

The cluster heatmap shows that the main clustering factor was the genotypes regardless of the
species, highlighting common response traits to the increase of NaCl between the different genotypes
(Figure 5). The genotypes formed two main clusters. The first was occupied by the watermelon
genotype CV2 that clustered alone, mainly as a consequence of an increase in leaf number, root length,
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shoot diameter, and shoot and root dry weight, together with a decrease in electrolyte leakage and
photosynthetic pigment content (Figure 5). The second main cluster is split into two sub-groups.
In order of distance, the first sub-group arranges bottle gourd LS2, LS3, and LS4 with melon CM8 and
the interspecific hybrids CMM-R1 and CMM-R2, together into several further sub-sets characterized
by similar positive variations in photosynthetic pigment content and negative variation in electrolyte
leakage and root dry matter content (Figure 5). The second sub-group contains most of the genotypes
and is organized into two further subsets, one of which has two divisions. The first subset is determined
by similar variation in shoot and root dry matter content and electrolyte leakage grouping melon (CM1,
CM6, and CM7, CM15 and CM16) and watermelon CV3 and bottle gourd LS1 genotypes together
(Figure 5). Furthermore, the CM1 genotype showed the highest positive variation in shoot diameter,
while CM6 and CM7 showed the highest increase in dry root weight (Figure 5). The decrease observed
under saline conditions in photosynthetic pigments, root length, and dry weight, together with shoot
length and diameter and leaf number accounted for the formation of the second subset. This is further
subdivided into two divisions, the first of which contains watermelon (CV1, CV4, and CV5), melon
(CM4, CM5, CM11, CM12, and CM13), and luffa (LC1) genotypes. Among these genotypes, LC1,
CM4, and CV5 showed the highest decrease in photosynthetic pigment contents, shoot diameter
and root length, and dry weight. A decrease in root dry weight was also observed in CM11, CM13,
and watermelon CV1 (Figure 5). The second and last subdivision is explained mainly by a decrease in
shoot and root dry matter and places, together melon (CM2, CM3, CM9, and CM10), watermelon CV6,
and C. moscata CMO 51–17. Among the genotypes, melon (CM2, CM3, and CM10) showed the highest
decrease in shoot dry matter, while melon CM3, the highest increase in electrolyte leakage and CV6
also showed the highest increase in shoot length (Figure 5).

Figure 5. Cluster heat map analysis of the percentage variation to the increase of NaCl level of all the
analyzed parameters in seedlings of sixteen Cucumis melo L, six Citrullus vulgaris Schrad., two C. maxima
× C. moschata, four Lagenaria siceraria (Molina) Standl. different genotypes, and Cucurbita moschata
Duch. cv 51–17 and Luffa cylindrica Mill. grown in a floating system in a nursery greenhouse. It was
generated using the ClustVis online software [18] with Euclidean distance as the similarity measure
and hierarchical clustering with complete linkage.
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The PCA of the relative percentage variation of all the analyzed parameters in seedlings grown at
150 mM NaCl as compared with the control (0 mM NaCl) highlighted that the first three principal
components (PCs) were related with eigenvalues higher than 1 and explained 64.5% of the total
variance, with PC1, PC2, and PC3 accounting for 32.6%, 20.1%, and 11.9% respectively (data not shown).
Both the species and the genotype contributed to the separation of PC1 and PC2, as highlighted in the
PCA output, revealing common trait variations among genotypes regardless of the species (Figure 6).
The melon genotypes CM3, CM4, CM5, CM11, CM13, and CM14, together with the watermelon
genotypes CV1, CV3, and CV4, were concentrated in the upper right quadrant of the PCA output
and positively correlated to an increase in electrolyte leakage (Figure 6). The watermelon genotypes
CV2 and CV5, together with CMO 51–17, luffa LC1, bottle gourd genotype LS1, and melon genotypes
CM2, CM10, and CM15 were concentrated in the negative lower right quadrant of PCA output and
were correlated to an increase under saline conditions of shoot length and root dry matter content
(Figure 6). The interspecific hybrid CMM-R1, together with melon CM8, CM9, CM12, and bottle gourd
LS2 and LS3 were concentrated in the upper left quadrant of the PCA output (Figure 6) and together
with the interspecific hybrid CMM-R2 (located in the lower left quadrant), were characterized with
an increase in photosynthetic pigment content under saline conditions. In the left lower quadrant
depicted genotypes CM1, CM6, CM7, and CM16, together with bottle gourd LS4 and watermelon
CV6 and were characterized with increase in leaf number, shoot diameter, shoot dry weight, and dry
biomass accumulation and root length under saline conditions (Figure 6).

 

Figure 6. Principal component (PC) loading plot and scores of principal component analysis of the
percentage of variation between 150 mM and 0 mM of NaCl of all the parameter analyzed in seedlings of
sixteen Cucumis melo L. (CM), six Citrullus vulgaris Schrad (CV), two C. maxima × C. moschata (CMM-R),
four Lagenaria siceraria (Molina) Standl. (LS) different genotypes, and Cucurbita moschata Duch. cv 51–17
and Luffa cylindrica Mill. grown in a floating system in a nursery greenhouse.
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4. Discussion

It is well known that plants’ response to different NaCl concentrations differs between species and
even within genotypes of the same species. In this study, high variability in various morphological
and physiological traits between the tested genotypes even from the same species were observed.
Furthermore, different responses to NaCl were identified, confirming the high variability within the
assessed germplasm collection.

According to Munns [19], a saline environment in the root zone triggers the activation of various
mechanisms in plant physiology, morphology, and metabolism. This takes place in two main phases.
Firstly, the presence of NaCl in the soil creates osmotic stress in the roots due to different solute
concentration, causing the activation of multiple metabolic pathways that in the short term lead to stomata
closure to reduce evapotranspiration and preserve water, and net photosynthesis reduction [1,20,21].
Morphological change primarily includes the growth inhibition of aerial organs like shoots and a
reduction in the number of leaves. In the current experiment, 150 mM of NaCl significantly reduced the
number of leaves only in melon (CM5), though a decreasing trend was observed in most genotypes.
Shoot growth was significantly inhibited by salinity in most genotypes with the exception of watermelon
(CV3, CV5, CV6) and luffa (LC1), which turned out to be more salt tolerant for this trait. The root system
serves as an interphase between plant and soil, and its anatomy determines root performance [21].
Generally, root growth in a saline environment is inhibited less than the aerial organs [22]. In our study,
root growth was not significantly affected by salt stress as the main factor, however, our data highlight
a genotypic-specific response to salt concentration since root growth was promoted in salt-treated
seedlings of CMM-R1, CMM-R2, and watermelon (CV3) and decreased in watermelon (CV6) and
melon (CM14).

Salinity stress leads to a decrease in plant biomass, mainly in the epigean organs and this is
ascribed to a decrease in CO2 fixation by photosynthesis due a reduction in stomatal conductance,
together with nutrient disorders caused by the toxic action of Na+ and Cl− ions inhibiting Ca2+ and K+

uptake [1,21–23].Under conditions of 150 mM NaCl, shoot dry weight was negatively affected only in
melon (CM2, CM5, CM7, CM8, CM12, and CM13), C. moscata (CMO 51–17), watermelon (CV1 and CV2),
and in the interspecific hybrid CMM-R1, the latter was the most salt sensitive compared with the other
genotypes. In particular, watermelon (CV3), the interspecific hybrid CMM-R2, and bottle gourd (LS1)
significantly increased shoot dry weight in response to salinity. On the other hand, shoot dry matter
accumulation increased in saline conditions in bottle gourd (LS1, LS3, LS4) and in watermelon (CV2,
CV3, and CV5) and melon (CM1) and both the interspecific hybrids CMM-R1 and CMM-R2. Many
salinity tolerance traits in grafted plants are associated with the root system. A salt tolerant rootstock
genotype alleviates the deleterious shoot growth inhibition, allocating more biomass to the root system,
increasing the root surface able to uptake water and nutrients, resulting in a higher growth rate and
biomass accumulation [24,25]. Accordingly, with 150 mM NaCl, root dry weight did not decrease in
any of the genotypes except for watermelon (CV5), and root dry matter accumulation was significantly
enhanced in melon (CM1, CM4, CM5, CM6, CM7, CM8, CM15, and CM16) as well as watermelon
(CV1, CV2, CV3, CV4, and CV5), while it decreased in melon (CM3, CM10, and CM11) and CMM-R1
and CMM-R2. Several studies have reported the growth depressing effect of salt on melon [26–28],
cucumber [3,29], mini-watermelon [30], tomato [31], and lettuce [32] grown hydroponically under
greenhouse conditions. The second phase of the salt stress starts with the accumulation of sodium and
chloride ions in the leaves and their degrading action on cell membranes and chloroplast membranes.
This degrades the tonoplast together with chlorophyll molecules because of chlorophyllase enzyme [33]
as well as the interference of salt ions with pigment-protein complexes which accelerate leaf senescence
and abscission [34]. Contradictory information is available in literature on salt stress related to
chlorophyll contents among the same species and to others. In fact, studies on melon cv. Parnon and
cv. “Tempo F1”, under saline conditions, reported a decrease in chlorophyll content [35,36] in line with
studies on pumpkin [37], cucumber [38], tomato [31], canola and wheat [39,40]. Conversely, other
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authors observed an increase of photosynthetic pigments in different melon genotypes [41–43] in line
with studies on other species like hot pepper [44], sunflower [45], and sesame [46].

Sanoubar and collaborators in 2016 [47] indicated that chlorophyll concentration in stressed tissues
can be construed as an index of tissue tolerance to NaCl. Accordingly, our results indicate a good
tolerance in most of the genotypes, in particular in the interspecific hybrids CMM-R1 and CMM-R2,
where photosynthetic pigments significantly increased under saline condition. Contrarily, in luffa,
the decreasing chlorophyll content in response to salinity could be associated with greater sensitivity to
salt stress [21]. Adaptation mechanisms induced by salt stress generally influence the light harvesting
complex due to a faster decrease of chlorophyll a content as compared to chlorophyll b, which leads to
an increase in the chlorophyll a/b ratio [34]. In our experiment, the chlorophyll a/b ratio was modified
under saline condition only in CMO 51–17 and watermelon (CV1) where chlorophyll a decreased
and chlorophyll b did not vary. Different hypotheses have been formulated to explain the increase in
photosynthetic pigments in response to salinity. The first considers the morphological modifications
associated with the decrease of leaf area due the smaller cell size, resulting in an enhancement of
photosynthetic pigments concentration [45,46]. A second hypothesis, proposed by Garcia-Valenzuela
and collaborators [48], associated the increase of photosynthetic pigments to the faster response that is
generally observed in the biosynthesis of pigments as compared to the cell growth rate [48]. To date,
however, most the credited hypothesis relates the increase observed in photosynthetic pigments to a
short term acclimatization response to salinity and that a prolonged exposure would in any case be
detrimental [49]. The ability to isolate or exclude sodium and chloride is a key factor to consider as
a salt tolerance trait [27,28]. The longer the salt stress is prolonged, the higher the accumulation of
sodium and chloride inside the plant is. To cope with this osmotic disorder, plants exclude uptake of
these compounds primarily through root exclusion, and subsequently through compartmentation,
by isolating salt in vacuoles. However, the higher the ability to isolate (salt) in the vacuole is, the less the
cell membrane is damaged. Moreover, if the concentration increases inside the cytosol, plants start to
synthesize different organic solutes to maintain the osmotic turgor and to reduce the deleterious effect
of salt due to cell membrane degradation and the increase of reactive oxygen species (ROS) [19,21,50].
In our experiment, electrolyte leakage increased dramatically only in LS2, CV4, CM10, and CM13,
revealing a high index of internal damage due to the presence of sodium and chloride inside the leaf
cells of these genotypes which must be considered a sensitive response to salt stress.

5. Conclusions

Salinity stress leads to a decrease in plant growth with more pronounced deleterious effect in
the shoot rather than the roots. Similar physiological and morphological salt adaptation traits were
observed in different genotypes from different species. In light of the above consideration, we identified
C. maxima × C. moscata interspecific hybrid CMM-R2, melon genotypes (CM6, CM7, CM10, and CM16),
together with watermelon (CV2 and CV6) and bottle gourd (LS4) as salt tolerant genotypes and possible
candidates as salt resistant rootstock to be introduced in grafting programs. Contrarily, luffa and
melon (CM1, CM2, CM3, CM4, CM5 CM8, CM9, CM11, CM12, CM13, CM14, and CM15), watermelon
(CV1, CV3, CV4, and CV5), together with CMO 51–17 and bottle gourd LS1 proved salt sensitive.
In conclusion, this study provides information to growers, scientists, extension specialists, and breeders
on the behavior of the tested genotypes. Further research on these genotypes is needed to clarify
their performance in saline environments in the long term and their compatibility with commercial
grafted varieties.
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Abstract: The herbaceous grafting of fruiting vegetables is considered a toolbox for safeguarding
yield stability under various distresses and for improving fruit quality. Inoculation with arbuscular
mycorrhiza (AM) fungi seems also to be an efficient tool for increasing the assimilation, uptake and
translocation of macroelements and microelements, for modulating plant secondary metabolism
and for overcoming several forms of plant distress. The present work evaluated the combined effect
of grafting the “Birgah” (B) eggplant onto its wild/allied relatives’ rootstocks (Solanum torvum (T),
S. macrocarpon (M) and S. paniculatum (P)) and AM fungi (R. irregularis) on the yield, fruit quality,
nitrogen use efficiency, mineral profile, and nutritional and functional quality. The B/T, B/M and B/P
grafting combinations significantly increased the marketable fruit and fruit number compared with
those in the ungrafted control. Furthermore, irrespective of the grafting combinations, AM fungi
significantly enhanced the marketable fruit, fruit number and nitrogen use efficiency (NUE) by 13.3%,
12.7% and 13.3%, respectively compared to those in the untreated control. Exposing the B/T and B/P
grafted plants to the +AM treatment significantly increased the ascorbic acid contents by 17.2% and
10.4%, respectively, compared with those in the ungrafted control. Fruits from the combination B/P ×
+AM had a higher chlorogenic acid content than fruits from the ungrafted control plots. Finally, the
B/T × +AM and B/P × +AM combinations decreased glycoalkaloids by 58.7% and 63.7%, respectively,
compared with those in the ungrafted control, which represents a highly important target for eggplant
fruit healthiness.

Keywords: vegetable grafting; Solanum melongena L.; grafting combinations; arbuscular micorrhizal
fungi; yield traits; NUE; mineral profile; functional properties

1. Introduction

Eggplant (Solanum melongena L.) is a major solanaceous vegetable crop cultivated worldwide [1].
Eggplant originated in the Old World, evolved from S. insanum, and it was self-sufficiently domesticated
in India and China [2,3]. With a global production around 49.5 Mt, predominantly in Asia [4], eggplant
is a relevant source of minerals and vitamins, and in terms of total nutritional value, it has been
compared to tomato [1]. S. macrocarpon L., also known as African eggplant, and S. aethiopicum L.,
also known as Aethiopicum eggplant, are closely related to S. melongena and are mainly distributed
in the African continent. In the eggplant cultivation scenario, the Mediterranean Basin represents
an important area and Sicily is counted as a secondary eggplant diversification zone [5]. In Italy,
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eggplant is grown under either greenhouse or outdoor conditions, and due to the intensive cropping
systems commonly used in the vegetable production farms, soilborne diseases and pests widely spread,
limiting the yield and growth traits in eggplant [6]. At present, the absence of resistant genotypes,
together with the ban on methyl bromide [7], has increased interest in the use of grafted eggplant.
There are reports underlining the advantages derived from adopting grafting both in terms of plant
biotic/abiotic stress tolerance and yield stability [8–10]. Solanum torvum Sw. is the most used rootstock
for eggplant as it allows several soilborne diseases to be overcome, such as Verticilium dahliae Klebahn,
Ralstonia solanacearum (Smith) Yabuuchiet al., Fusarium oxysporum (Schlechtend:Fr.) f. sp. Melongenae
Matuoand Ishigami, and Meloidogyne spp. root-knot nematodes [6,11]. However, both eggplant’s wild
and allied relatives and interspecific hybrids are proposed as alternative eggplant rootstocks [12–14].
The use of tomato rootstock is also suggested to improve yield, fruit visual quality and plant vigor in
eggplant [15].

Crop rotations and biological diversity long have been the key factors in successful traditional
agricultural production systems. Rotation is essential for minimizing the build up of pest and soil
borne disease problems. However, intensive greenhouse production often precludes vegetable growers
from applying rotation. The lack of rotation and tendency towards monocropping in intensive
protected vegetable production systems not only increase the prevalence of insects, soil plant pathogens
and nematodes but, along with high nutrient levels, can suppress arbuscular mycorrhizal fungi
(AMF). AMF are obligate symbionts between plants and fungi belonging to the monophyletic phylum
Glomeromycota [16]. AMF symbiosis is extremely important for enhancing the assimilation of key
macroelements and microelements (P, Cu and Zn) and improving nutrient uptake and efficiency due to
its ability to develop an extended external hypha up to 40–50 times their length [17]. Another prominent
and sustainable means of boosting yield is the inoculation of beneficial AMF in specific environments
such as soil greenhouses where these fungi are generally suppressed.

Moreover, recent findings demonstrated that AM may modulate plant secondary metabolism,
enhancing antioxidant activity as well as the accumulation of antioxidant molecules known as
phytochemicals (i.e., carotenoids, flavonoids, glucosinolates and phenolic acids) with health-promoting
properties [18]. AM fungi have been reported to not only enhance nutritional status and the quality of
the produce but also to be able to reduce several forms of plant distress such as thermal stress [19],
salinity stress [20], drought stress [21] and soil heavy metal stress [22–25]. Furthermore, there are
reports showing an increased resistance to certain diseases in mycorrhized plants [26]. Although there
are several studies on the synergistic effects of grafting and other agronomical or chemical means
commonly applied in vegetable crop production [27,28], few experiments have been conducted on
the interactive effects of grafting and AM on plant performance and the nutritive value of vegetables.
In particular, Kumar et al. [24], studying the combined role of grafting and AM on Cd stress tolerance
in tomato, observed that vigorous rootstock such as Maxifort successfully alleviate Cd stress symptoms
via several physiological and biochemical mechanisms, such as (i) better nutrient absorption and
translocation, (ii) higher synthesis of pigments linked to photosynthetic activity and (iii) better
capability of producing enzymes (CAT and APX), proline and key metabolites (phytochelatin, fructans
and inulins). Furthermore, Oztekin et al. [29], after studying the effect of grafting and AM on the
performance of tomato plants cultivated under different salinity conditions in two growing seasons,
conclude that grafting and AM have synergistic effects on tomato plant salinity tolerance. Nevertheless,
no specified research has been conducted to study the co-operative effects between using wild and
allied eggplant relatives as rootstocks and AM application in improving eggplant crop performance
and nutritive value. On the aforesaid basis, the aims of our investigation were to appraise the concerted
action of eggplant wild/allied relatives’ rootstocks and AM inoculation on the yield, fruit quality and
nitrogen use efficiency of “Birgah” eggplant grown under greenhouse conditions. The outcome of this
study should provide useful information on the performance of new eggplant rootstocks and on their
response to AMF inoculation.
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2. Materials and Methods

2.1. Trial Site, Nursery Production and Growing Settings

The investigation was conducted in 2016 at the experimental farm of the University of Palermo.
Seeds of the Solanum torvum, Solanum macrocarpon and Solanum paniculatum rootstocks were sown
in 44-cell seedling trays, containing pasteurized peat moss (FAP, Padova, Italia), in a protected
environment with a day/night temperature cycle of 25 ◦C/18 ◦C. Twenty days after rootstock sowing,
seeds of the “Birgah” eggplant cultivar were seeded in 104-cell trays and maintained under the same
climatic conditions and with the same planting method as the rootstocks. “Birgah” is an eggplant
F1 hybrid belonging to the violet round shape group, and it is one of the most cultivated eggplants,
both in open fields and in protected environments, in Sicily. Seventy-five days after planting, all
seedlings attained a hypocotyl diameter of at least 2 mm (the minimum recommended for the tube
grafting method). The grafting of “Birgah” scions was performed as reported by Sabatino et al. [12,13].
Briefly, the rootstock was cut off, 0.5 cm below the cotyledons, at a 45◦ angle, and a similar cut was
performed on the scion. Care was taken to ensure that the cut surfaces fitted perfectly. To complete
the grafting procedure, a plastic clip was attached at the grafting point to guarantee that the correct
amount of pressure was applied. The grafted plantlets were placed in a greenhouse equipped with a
fog system in order to maintain a humidity of 95% and an air temperature of 20 ◦C for 7 days. After
that, the grafted transplants were subjected, for 3 days, to a slow dropping of the humidity, useful for
plant acclimatization. Then, they were ready for transplantation. Ungrafted and self-grafted eggplants
were also included.

Prior to transplanting, half of the ungrafted, self-grafted and grafted plantlets were treated with
10 g plant−1 of micorrhizal inoculum carrying 40 spores g−1 of Rhizophagus irregularis (formerly Glomus
intraradices). All plantlets were transplanted on 9 February, 2016 and maintained till the end of May,
2016 in an unheated greenhouse in Typic Rhodoxeralf soil, characterized by the following soil texture:
46.5% sand, 22.3% silt and 31.2% clay. The soil pH was 7.2. Before the experiment, a brassica crop
was cultivated. Mulching with a black polyethylene film of 20 μm was installed. Eggplant plantlets
were spaced in order to obtain a plant density of 2 plants m−2. Plants were periodically drip irrigated,
receiving 250 kg of nitrogen ha−1, 150 kg of phosphorous pentoxide ha−1 and 250 kg of potassium
oxide ha−1. The cultivation practices reported by Baixauli [30], suggested for eggplant growth in
Mediterranean conditions, were applied regularly subject to crop requirements.

2.2. Yield, Nitrogen Use Efficiency, Nutritional Traits and Functional Compounds

Immediately after harvest, the fruits were weighed and separated into marketable and waste
production categories. The number of marketable fruits per plant was recorded, and average fruit
weight was also calculated. In total, ten harvests were realized, starting on 21 March, 2016.

A digital penetrometer (Trsnc, Forlì, Italy) was used to determine fruit firmness. Fruit firmness
was measured based on three replicates of five fruits per scion/rootstock combination. Each fruit was
perforated, using a 6 mm diameter stainless steel cylinder probe, on two opposite sides of the fruit
equatorial zone. Firmness was expressed in newtons (N).

Soluble solids content (SSC) was recorded based on three replicates of five fruits and was
determined using a refractometer (MTD-045nD, Three-In-OneEnterprises Co. Ltd. Taiwan). Prior to
the SSC determinations, the fruit juice was adequately clarified.

Three to five commercially mature fruits for each replicate, from the second and third harvests,
were used for the analytical determinations. Each sample consisted of the same quantity of apical,
equatorial and distal parts of the fruits. Nutritional and functional determinations were performed on
fruits harvested from labelled flowers at the fruit set stage, and all the fruits were harvested 35 days
after labelling (fruit commercial maturity stage).

Fruit dry weight was measured via the dehydration of the sample in a heater at 80 ◦C until a
constant weight was achieved. The fruit dry matter percentage was calculated using the fruit fresh and
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dry weights. For protein determination, the Kjeldal method was applied. Specifically, sample was
exposed to acid-catalyzed mineralization to convert the organic nitrogen into ammoniacal nitrogen.
Subsequently, the ammoniacal nitrogen was distilled under alkaline pH. The ammonia produced
via the distillation was collected in a boric acid solution and measured through titrimetric dosage.
The ammoniacal nitrogen value was multiplied by 6.25.

For Ca, Mg, K and Fe determinations, atomic absorption spectroscopy following wet mineralization
was adopted as reported by Morand and Gullo [31]. Phosphorus values were assessed using colorimetry
as reported by Fogg and Wilkinson [32].

The nitrogen use efficiency (NUE = yield/N application rate) was calculated and expressed
as t·kg−1.

The ascorbic acid content was determined as described by Sabatino et al. [33] for tomato. Therefore,
the determinations were made with a reflectometer (Merck RQflex∗ 10 m) using Reflectoquant Ascorbic
Acid Test Strips. Thus, one gram of eggplant fruit juice was mixed with distilled water to a 10 mL total
volume. Subsequently, an appropriate test strip was immersed into the prepared sample then inserted
into the meter. The results were expressed as mg of ascorbic acid per 100 g of fresh weight.

The anthocyanin extraction procedure applied was that described by Mennella et al. [34].
The determination was conducted on a lyophilized and powdered sample of 200 mg. The flow rate and
absorbance units full scale adopted were 0.8 mL min−1 and at 0.1, respectively. For RP-HPLC analyses,
purified delphinidin-3-rutinoside (D3R, Polyphenols Laboratories AS, Sandnes, Norway) was used as an
external standard with a dissimilar retention time (23.9 min) compared to delphinidin-3-(p-coumaroyl
rutinoside)-5-glucoside (nasunin), which was eluted with a longer retention time (25.8 min for cis-nasunin
and 26.1 min for trans-nasunin, respectively). Regarding the nasunin determination, in agreement with Lo
Scalzo et al. [35], a partially purified standard was used. Total anthocyanins were expressed as mg·100 g−1

dry weight (dw), highlighting that the detection limit was 2.00 mg 100 g−1 of dw.
For chlorogenic acid determination, the extraction and analysis procedure described by Stommel

and Whitaker [36], with slight variations, was applied. Therefore, a binary mobile phase gradient of
methanol in 0.01% aqueous phosphoric acid was provided according to this procedure: 0–15 min, linear
increase from 5% to 25% methanol; 15–28 min, linear increase from 25% to 50% methanol; 28–30 min,
linear increase from 50% to 100% methanol; 30–32 min, 100% methanol; 32–36 min, linear decrease
from 100% to 5% methanol; 36–43 min, 5% methanol. The flow rate was 0.8 mL·min−1. The chlorogenic
acid quantification, subsequently conducted by RP-HPLC separation, was based on the absorbance
at 325 nm relative to the external standard of chlorogenic acid (Sigma-Aldrich, St.Louis, MO) and
expressed as mg·100 g−1 of dw.

For glycoalkaloids, the extraction method adopted was that reported by Birner [37] with some
adjustments. Thus, 0.5 g of lyophilized and powdered flesh tissue sample was extracted with 95% ethanol.
For glycoalkaloids (expressed as mg·100 g−1dw) analyses, the method described by Kuronen et al. [38]
was applied. Therefore, the analyses were conducted by means of RP-HPLC using purified solasonine
and solamargine as the external standards. The detection limit was 0.03 mg 100 g−1 of dw.

2.3. Root Colonization Assessment

To evaluate mycorrhizal colonization, the method described by Phillips and Haymann [39] and
revised by Torta et al. [40] was adopted. Briefly, three lateral root samples from mychorrhized plants
were collected and marked with acid fuchsin. As reported by Kormanik and McGraw [41], mycorrhizal
colonization (Mycorrhization Index (MI = % of marked tissue, with respect to the hyaline portion,
on the unit of the length of the root)) was evaluated on three fragments, attaining the average value.

2.4. Experimental Design and Statistical Analysis

The trial was organized in a randomized complete block design with 3 replicates per treatment.
Each replicate consisted of 10 plants. Consequently, the total number of plants was 300 (10 treatments
× 30 plants per treatment = 300 plants). The data were subjected to GLM (General Linear Model)
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analysis using the SPSS software package version 20.0. For data expressed in percentages, an arcsin
transformation before ANOVA analysis (Ø = arcsin(p/100)1/2) was performed. Tukey’s HSD test
(p < 0.05) was used to compare means. Principal component analysis (PCA) was conducted on the
whole yield, fruit quality and nitrogen use efficiency data set.

3. Results

3.1. Root Colonization by AM Fungi

AM fungi root colonization was significantly affected by mycorrhizal inoculation (M), whereas
the grafting combination (G) did not significantly influence AM root colonization. ANOVA showed no
significant interaction (G ×M) (Figure S1). Irrespective of the grafting combination, the percentage of
root colonization was higher with the inoculated treatment (71.8%) compared to with the non-inoculated
one (2.5%) (Figure S1).

3.2. Effect of Grafting Combination and Mycorrhizal Inoculation on Yield, Yield Components and NUE

The marketable yield, number of marketable fruit per plant and percentage of unmarketable
production were significantly influenced by the G ×M interaction (Table 1).

Table 1. Main effects of the grafting combination and arbuscular mycorrhiza (AM) inoculation on yield
and the yield components of greenhouse eggplant.

Treatment
Marketable Yield

(t ha−1)
Fruits Number

(n. plant−1)
Fruit Mean Weight (g)

Discarded
Production (%)

Grafting combination (G)
Birgah ungrafted (B) 36.5 c 6.1 c 505.5 a 6.3 b

Birgah self-grafted (B/B) 37.1 c 6.2 c 501.6 a 6.3 b
Birgah/S. torvum (B/T) 48.4 a 8.1 a 500.8 a 5.2 b

Birgah/S. macrocarpon (B/M) 40.1 b 6.7 b 500.6 a 10.3 a
Birgah/S. paniculatum (B/P) 38.5 bc 6.5 bc 494.7 a 6.3 b

AM fungi (M)
−AM 37.6 b 6.3 b 499.8 a 9.4 a
+AM 42.6 a 7.1 a 501.4 a 4.4 b

Significance
G *** *** NS ***
M *** *** NS ***

G ×M NS NS NS NS

NS, *** non-significant or significant at p ≤ 0.001. Data represent mean values of three replicates. Values within
a column followed by the same letter are not significantly different at p ≤ 0.05 according to Tukey’s HSD Test.
NS = not significant. +AM, −AM =mycorrhizal and non-mycorrhizal eggplants, respectively.

On the other hand, neither the grafting combination nor mycorrhizal treatment had a significant
effect on fruit mean weight (avg. 500.6 g fruit−1). When averaged across mycorrhizal treatments,
the marketable yield production reached a maximum value with Brigah grafted onto S. torvum (B/T),
followed by both the B/M and B/P grafting combinations, while the lowest crop productivity was
recorded for ungrafted and self-grafted crops (Table 1). Interestingly, the higher marketable fresh
yield observed for eggplants grafted onto S. torvum and to a lesser extent onto S. macrocarpon and
S. paniculatum, in comparison to both the ungrafted and self-grafted plants, was associated with
an increase in the number of eggplant fruits per plant and not with a change in the mean fruit
weight (Table 1). Moreover, the highest discarded production was observed with the B/M grafting
combination (Table 1). A significant effect of mycorrhizal treatment on the yield and yield components
was also observed (Table 1). Irrespective of grafting combinations, the inoculation of eggplant at
the transplantation stage with R. irregularis elicited significant increases in the marketable yield and
number of fruits per plant of 13.3% and 12.6%, respectively, compared to for the non-inoculated control
(Table 1).

Similarly to the effects on the yield and yield components, the nitrogen use efficiency (NUE) for
the B/T grafting combination (0.242 t kg−1) was significantly higher, by 31.2%, than that obtained from
the ungrafted and self-grafted eggplant (avg. 0.184 t kg−1; Table 1). Finally, the inoculation of eggplant

95



Agronomy 2020, 10, 693

with R. irregularis, when averaging across grafting combinations, induced a significant increase in the
NUE, which was 13.3% higher than for the non-inoculated control treatment (Figure 1).
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Figure 1. Main effects of grafting combination and AM inoculation on the nitrogen use efficiency (NUE)
of greenhouse eggplant. (B): Birgah ungrafted; (B/B): Birgah self-grafted; (B/T): Birgah/S. torvum; (B/M):
Birgah/S. macrocarpon; (B/P): Birgah/S. paniculatum.

3.3. Effects of Grafting Combination and Mycorrhizal Inoculation on the Mineral Profile and Nutritional and
Functional Quality

Neither the grafting combination nor mycorrhizal inoculation had a significant effect on the fruit
dry matter content (DM). The soluble solids content (SSC) and K content of eggplant fruits in the B/T
and B/M plots, averaged across mycorrhizal inoculation status, were higher than those for the other
grafting combinations (Table 2).

Table 2. Main effects of the grafting combination and AM inoculation on the fruit dry matter (DM)
percentage, soluble solids content (SSC) and macromineral content of greenhouse eggplant.

Treatment Dry Matter (%) SSC (◦Brix) K (mg 100 g−1 dw) Ca (mg 100 g−1 dw) Mg (mg 100 g−1 dw)

Grafting combination (G)
Birgah ungrafted (B) 6.0 a 4.3 b 4.3 b 309.2 c 18.0 a

Birgah self-grafted (B/B) 5.9 a 4.3 b 4.3 b 311.5 c 17.0 a
Birgah/S. torvum (B/T) 6.0 a 5.1 a 5.1 a 311.4 c 12.3 c

Birgah/S. macrocarpon (B/M) 5.9 a 5.1 a 5.1 a 335.5 b 16.8 a
Birgah/S. paniculatum (B/P) 5.9 a 4.4 b 4.4 b 347.5 a 14.5 b

AM fungi (M)
−AM 5.9 a 4.4 b 4.4 b 324.0 a 16.1 a
+AM 6.0 a 4.9 a 4.9 a 322.0 a 15.6 a

Significance
G NS *** *** *** ***
M NS *** *** NS NS

G ×M NS NS NS NS NS

NS, *** non-significant or significant at p ≤ 0.001. Data represent mean values of three replicates. Values within
a column followed by the same letter are not significantly different at p ≤ 0.05 according to Tukey’s HSD Test.
NS = not significant. +AM, −AM =mycorrhizal and non-mycorrhizal eggplants, respectively.

The highest and lowest Ca and mg fruit contents were recorded in the B/P and B/T plots,
respectively. Regardless of the grafting combination, the SSC and K fruit contents in the inoculated
plots were 11.4% and 11.4% higher than in the non-inoculated ones, respectively. No significant
interaction was observed between the grafting combination and mycorrhizal inoculation in terms of
the DM percentage; SSC; and K, Ca and mg fruit contents (Table 2).

The grafting combination and mycorrhizal inoculation significantly affected the P and Fe
fruit contents, protein content, firmness, ascorbic acid, total anthocyanins, chlorogenic acid and
glycoalkaloids (Table 3).

96



Agronomy 2020, 10, 693

T
a

b
le

3
.

Eff
ec

ts
of

th
e

gr
af

tin
g

co
m

bi
na

tio
n

an
d

A
M

in
oc

ul
at

io
n

on
th

e
ph

os
ph

or
us

(P
),

ir
on

(F
e)

,p
ro

te
in

,f
ru

it
fir

m
ne

ss
,a

sc
or

bi
c

ac
id

,t
ot

al
an

th
oc

ya
ni

ns
,c

hl
or

og
en

ic
ac

id
an

d
gl

yc
oa

lk
al

oi
d

co
nt

en
to

fg
re

en
ho

us
e

eg
gp

la
nt

.

T
re

a
tm

e
n

t
P

(m
g

1
0

0
g
−1

d
w

)
F

e
(μ

g
g
−1

)
P

ro
te

in
s

(g
1

0
0

g
−1

d
w

)
F

ir
m

n
e

ss
(N

)
A

sc
o

rb
ic

A
ci

d
(m

g
1

0
0

g
−1

fw
)

T
o

ta
l

A
n

th
o

cy
a

n
in

s
(m

g
1

0
0

g
−1

d
w

)
C

h
lo

ro
g

e
n

ic
A

ci
d

(m
g

1
0

0
g
−1

d
w

)
G

ly
co

a
lk

a
lo

id
s

(m
g

1
0

0
g
−1

d
w

)

Bi
rg

ah
un

gr
af

te
d

(B
)×
−A

M
41

8.
07

e
21

.1
3

e
10

.7
7

e
43

.5
c

6.
51

de
74

62
.0

3
d

98
2.

37
b

89
.3

8
b

Bi
rg

ah
un

gr
af

te
d

(B
)×
+

A
M

43
1.

43
e

22
.7

3
e

12
.9

3
d

53
.2

a
7.

27
b

77
70

.4
0

c
99

2.
60

b
74

.1
6

c
Bi

rg
ah

se
lf

-g
ra

ft
ed

(B
/B

)×
−A

M
41

9.
27

e
25

.1
7

d
10

.6
0

e
43

.1
c

6.
43

e
74

28
.1

3
d

98
2.

71
b

89
.1

3
b

Bi
rg

ah
se

lf
-g

ra
ft

ed
(B
/B

)×
+

A
M

43
5.

53
e

27
.4

0
c

12
.7

0
d

52
.2

a
7.

19
bc

77
72

.4
3

c
98

4.
99

b
73

.2
7

c
Bi

rg
ah
/S

.t
or

vu
m

(B
/T

)×
−A

M
49

4.
90

d
30

.1
7

b
14

.0
3

c
54

.7
a

7.
27

b
71

54
.7

7
e

75
7.

15
e

44
.1

3
d

Bi
rg

ah
/S

.t
or

vu
m

(B
/T

)×
+

A
M

52
5.

70
c

30
.7

0
ab

15
.2

3
a

53
.8

a
7.

63
a

73
93

.6
7

de
82

3.
98

d
36

.9
3

e
Bi

rg
ah
/S

.m
ac

ro
ca

rp
on

(B
/M

)×
−A

M
38

3.
67

f
31

.4
3

a
9.

87
f

46
.4

b
6.

71
d

72
41

.6
0

e
95

5.
27

c
97

.2
0

a
Bi

rg
ah
/S

.m
ac

ro
ca

rp
on

(B
/M

)×
+

A
M

38
2.

67
f

31
.3

0
a

9.
83

f
52

.2
a

7.
09

c
72

22
.5

0
e

94
8.

57
c

90
.3

3
b

Bi
rg

ah
/S

.p
an

ic
ul

at
um

(B
/P

)×
−A

M
55

3.
23

b
29

.3
3

b
13

.0
7

d
41

.5
c

6.
67

d
98

58
.3

7
b

98
9.

16
b

41
.9

4
d

Bi
rg

ah
/S

.p
an

ic
ul

at
um

(B
/P

)×
+

A
M

58
4.

30
a

31
.3

3
a

14
.9

0
b

47
.3

b
7.

19
bc

11
,1

62
.9

6
a

10
27

.8
6

a
32

.4
3

e
Si

gn
ifi

ca
nc

e
G

**
*

**
*

**
*

**
*

**
*

**
*

**
*

**
*

M
**

*
**

*
**

*
**

*
**

*
**

*
**

*
**

*
G
×M

**
*

**
*

**
*

**
**

*
**

*
**

**
*

**
,*

**
si

gn
ifi

ca
nt

at
p
≤0

.0
1

or
si

gn
ifi

ca
nt

at
p
≤0

.0
01

.D
at

a
re

pr
es

en
tm

ea
n

va
lu

es
of

th
re

e
re

pl
ic

at
es

.V
al

ue
s

w
ith

in
a

co
lu

m
n

fo
llo

w
ed

by
th

e
sa

m
e

le
tt

er
ar

e
no

ts
ig

ni
fic

an
tly

di
ff

er
en

ta
t

p
≤0

.0
5

ac
co

rd
in

g
to

Tu
ke

y’
s

H
SD

Te
st

.N
S
=

no
ts

ig
ni

fic
an

t.
+

A
M

,−
A

M
=

m
yc

or
rh

iz
al

an
d

no
n-

m
yc

or
rh

iz
al

eg
gp

la
nt

s,
re

sp
ec

ti
ve

ly
.

97



Agronomy 2020, 10, 693

The inoculation treatment elicited a significant increase in the P fruit content in the B/P and B/T
plots compared to in the non-inoculated ones. However, this effect was not apparent with the other
grafting combinations.

A similar positive effect was also observed in eggplant grafted onto S. paniculatum, since
mycorrhizal inoculation increased Fe concentration in inoculated plants compared to in the
non-inoculated ones (Table 3). Moreover, eggplant “Birgah” grafted onto S. torvum and inoculated with
AM fungi displayed the highest total protein value (Table 3). Except for the B/T grafting combination
where no significant changes in fruit firmness were observed, the inoculation of eggplant with AM
fungi in all the other grafting combinations (ungrafted, B/B, B/M and B/P) incurred a significant increase
in fruit firmness (Table 3). Contrarily, for the latter quality parameters (P, Fe, protein and firmness),
the beneficial effect of AM fungi inoculation on ascorbic acid in eggplant fruits was apparent with all
the grafting combinations tested, with the highest values recorded for “Birgah” grafted onto S. torvum
(Table 3).

The total anthocyanin and chlorogenic acid contents ranged from 7154 to 11,162 and 757 to
1027 mg 100 g−1 dw, respectively. Interestingly, the B/P grafting combination inoculated with AM
fungi produced a major amplification of total anthocyanins and chlorogenic acid in comparison to the
rest of the treatments (Table 3). Finally, the results indicated that the highest glycoalkaloid content was
observed in the non-inoculated B/M grafting combination, whereas the lowest values were recorded in
the B/P and B/T combinations inoculated with R. irregularis (Table 3).

3.4. Principal Component Analysis of All Agronomic and Qualitative Parameters

The principal component analysis (PCA) on the agronomic and qualitative traits of greenhouse
eggplant in response to the grafting combination and mycorrhizal inoculation is reported in Figure 2.

 

Figure 2. Principal component loading plot and scores of the principal component analysis (PCA)
of the yield, yield components, nitrogen use efficiency (NUE), dry matter percentage (DM), protein,
firmness, soluble solids content (SSC), minerals (P, K, Ca, mg and Fe), bioactive molecules (ascorbic acid,
anthocyanins and chlorogenic acid) and glycoalkaloids of eggplant cv. “Birgah” as a function of grafting
combination (ungrafted B and self-grafted B/B, B/T, B/M and B/P) and AM inoculation (+AM and –AM).
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The first four PCs (i.e., principal components) were related with eigenvalues higher than 1 and
explained 94.7% of the total variance (Table 4).

Table 4. Correlation coefficients for each agronomic and qualitative traits, eigenvalues, variance and
cumulative proportions of total variance of the four principal components (PCs).

Variable PC1 PC2 PC3 PC4

Marketable yield 0.961 −0.157 −0.129 −0.003
Fruit number 0.969 −0.090 −0.156 −0.012

Fruit mean weight −0.080 −0.813 0.377 −0.041
Discarded production −0.657 −0.029 −0.727 −0.082

Protein 0.747 0.444 0.360 −0.295
K −0.097 0.752 −0.394 0.463
P 0.498 0.798 0.193 −0.261

Ca −0.083 0.972 0.078 0.046
Mg −0.809 −0.435 0.243 0.290
Fe 0.550 0.359 −0.644 0.345

NUE 0.959 −0.155 −0.130 −0.017
Fruit dry matter 0.691 −0.509 −0.001 −0.001

Firmness 0.780 −0.488 0.088 0.146
SSC 0.757 −0.262 −0.365 0.425

Ascorbic acid 0.940 −0.125 0.210 0.162
Total anthocyanins 0.034 0.936 0.268 0.189
Chlorogenic acid −0.659 0.319 0.431 0.517
Glycoalkaloids −0.698 −0.635 −0.155 0.285

Mycorrhizal colonization 0.571 −0.077 0.500 0.636
Eigenvalue 8.793 5.348 2.247 1.601

Variance (%) 46.281 28.148 11.825 8.427
Cumulative (%) 46.281 74.429 86.254 94.681

In the current greenhouse experiment, the loading matrix indicates that variation in Ca and K
was most closely aligned with the total anthocyanins, whereas the variation in the glycoalkaloids was
not correlated to the SSC (Figure 2). The score plot of the PCA superimposed on the agronomic and
qualitative parameters demonstrated a strong clustering of the two mycorrhizal treatments along PC1
(with the exception of S. torvum × −AM), with +AM plants concentrating marketable yield, NUE,
DM, SSC, mineral composition and ascorbic acid (Figure 2). Particularly, the B/T grafting combination
inoculated with AM fungi was positioned on the positive side of PC1 in the lower right quadrant of the
PCA score plot, and it exhibited the highest crop performance (high yield, number of fruits and NUE)
with premium quality due to high concentrations of DM, SSC and ascorbic acid (Figure 2). Moreover,
eggplant grafted onto S. paniculatum and inoculated with AM was characterized by higher P, Fe and
total anthocyanin content (Figure 2). Finally, non-inoculated ungrafted and self-grafted plants were
positioned in the lower left quadrant, characterized by higher glycoalkaloid content (Figure 2).

4. Discussion

In the present work we tested the use of various eggplant grafting combinations and AM fungi,
alone or in combination, to boost crop performance and fruit quality in “Birgah” eggplant cultivated in
a protected environment. Our results showed that enhancements in terms of yield, yield related traits,
NUE, and fruit nutritional and functional quality can be accomplished by harnessing the combined
effects of specific grafting combinations and AM fungi. These results are in line with those reported
by Sabatino et al. [12,13], who—exploring the effects of using eggplant hybrids and allied species as
rootstocks on eggplant yield, plant vigor and overall fruit quality—found that S. paniculatum and the
interspecific hybrid of S. melongena × S. aethiopicum gr. Gilo provided a higher yield performance and
a better fruit quality compared to the ungrafted or self-grafted plants. Similarly, our results are in
line with those observed by Oztekin et al. [29], who, studying the influence of AM fungi on salinity
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tolerance in tomato grafted plants, stated that AM fungi significantly increased the total and marketable
yields as well as the average fruit weight. Several authors [42,43] report that the phytostimulating
effect of the AM fungi could be attributed to numerous mechanisms such as enhancing the uptake
and translocation of major and trace elements, inducing a more developed root system, improving
the water status and photosynthetic efficiency, bolstering the antioxidative defense system, balancing
plant hormones, upregulating nutrient transporter action and promoting the production of enzymes
such as phosphatases. Therefore, we might hypothesize that the higher yield and yield related traits
of mycorrhized plants could have similar explanations. Our outcomes regarding the NUE are in
agreement with those reported by Djidonou et al. [44], who—investigating the yield, water status and
NUE in field-grown, grafted tomato—found that grafting the “Florida 47” tomato onto “Beaufort” or
“Multifort” significantly increased N use. Our findings are also consistent with those of Colla et al. [45],
who, studying the influence of selected rootstocks on the plant performance and nitrogen use efficiency
of the “Proteo” melon, report that the use of melon grafted onto designated rootstocks would represent
a prospective plan for increasing crop productivity and NUE. In the present study, AM fungi increased
the NUE of eggplant plants. This accords with the results of Zhu et al. [46], who—evaluating the effects
of AM fungi on growth, nitrogen uptake and NUE in wheat—found that AM symbiosis increased
NUE. Our findings are also in line with those presented by Liu et al. [47], who, studying the influence
of AM on NUE in soybean, concluded that AM fungi play an imperative function in increasing
NUE. Likewise, Rouphael et al. [43], in a review, report that plant biostimulants, including microbial
plant biostimulants, can enhance NUE. Our study showed that both the S. torvum and S. macrocarpon
rootstocks increased SSC values. This is in congruence with the results of Sabatino et al. [12], who used
the “Birgah” eggplant F1 hybrid as a scion. However, these findings are in contrast to the outcomes
reported by Sabatino et al. [13], who tested the “Scarlatti” eggplant F1 hybrid as an eggplant scion.
Furthermore, our results for SSC revealed that AM fungi increase the SSC level in eggplant. However,
this is in contrast with previous reports [29] indicating that AM symbiosis does not affect SSC in tomato
fruit. Our results on firmness are corroborated by the results of Sabatino et al. [12], who found that S.
torvum rootstock increased fruit firmness in “Birgah” hybrid and by those reported by Miceli et al. [48],
who, assessing the effect of AM fungi and grafting on yield and fruit quality in mini-watermelon,
noted that AM symbiosis increases pulp firmness. In our study, at the end of the experiment, the mean
mycorrhizal colonization rates were 71.8% and 2.5% in +AM and –AM plants, respectively. There are
reports that mycorrhizal hyphae extending into the soil or substrate increase nutrient uptake [43,49]
thanks to the mycorrhizal hyphae’s capacity to penetrate into very small particles [50]. Our results on
fruit mineral composition showed that the B/T, B/M and B/P scion/rootstock combinations improved
the K, Ca and Fe fruit contents. Meanwhile, fruits from the B/M grafts revealed a decrease in terms of
P content compared to the fruits from the control plots (ungrafted or self-grafted plants). Moreover,
the present study showed that AM fungi treatment increased the K fruit content, without affecting
the Ca and mg fruit content. In addition, our results highlighted that the B/T and B/P grafts benefit
significantly from AM fungi in terms of P and Fe fruit concentrations. These outcomes are in accord
with those of Kaya et al. [51] and Oztekin et al. [29], who supposed that a higher fruit mineral (macro
and micro) concentration in grafted and mycorrhized plants could be attributed to a positive impact on
water and nutrient uptake. Our trial showed that the S. torvum and S. paniculatum rootstocks increased
fruit protein concentrations. This is in agreement with the results of Sabatino et al. [12] but in contrast
to those of Sabatino et al. [13], who found no significant differences in terms of fruit protein content
between ungrafted, self-grafted or S. torvum grafted plants. These results mark the important role
played by the scion in terms of nutritional fruit quality in grafted plants. In addition, our results
showed that AM fungi augmented the protein concentration in eggplant fruits. This seems to be in
accord with the study of Baum et al. [52], who asserted that mycorrhizal inoculation induces a higher
accumulation of proteins in onion. Contemporary outcomes exposed that AM symbioses are capable
to adjust host plant primary and secondary metabolism, encouraging the synthesis of phytochemicals
in the root system and shoots of mycorrhized plants [53]. Our data showed that the S. torvum rootstock
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significantly increased ascorbic acid in eggplant fruit, whereas fruits from the B/M and B/P grafts did
not show significant differences in terms of ascorbic acid compared to the fruits from the control plots,
demonstrating that the rootstock plays an imperative role in eggplant fruit quality. This results are
partially in accord with those reported by Oztekin et al. [29], who observed that the rootstock factor
did not affect vitamin C in tomato fruits, and with those of Miceli et al. [48], who reported that grafting
increases fruit ascorbic acid content in mini-watermelon. Conversely, our results on the positive effect
of the AM fungi on fruit ascorbic acid content are fully in accord with those of Oztekin et al. [29]
and Miceli et al. [48]. There is evidence that the increase in secondary metabolites in mycorrhized
plants could be correlated to the higher contents of mineral nutrients [25]. In this regard, overall, our
study indicated that AM fungi positively affected total anthocyanins and chlorogenic acid, with the
sole exception of with the B/M scion/rootstock combination. Our findings seem to be in line with
those reported by Walter et al. [54], who revealed that some graminaceous crops inoculated with AM
fungi produce undergo important biochemical modulation leading to phenolic acid accumulation.
Our results are in accord with those of other authors [55–57], who, investigating the influence of AM
symbiosis on the production of phytochemicals in Ocimum basilicum, found higher concentrations of
antioxidants when plants were treated with diverse AM fungi species. Baslam et al. [58] remarked
that mycorrhized lettuce leaves display higher anthocyanin, carotenoid and phenolic contents than
plants from control plots. Castellanos-Morales et al. [59] found that the strawberry mycorrhized plants
produced fruits with a higher content of anthocyanidin cyanidin-3-glucoside. Ceccarelli et al. [60]
state that artichoke, when treated with two AM fungi species, have increased leaf polyphenolic
concentrations and antioxidant activity. Our results on glycoalkaloids support the findings reported
by Sabatino et al. [12], who, although not showing a statistically significant effect of the rootstock on
glycoalkaloids, highlighted a certain effect of rootstocks on glycoalkaloid content, remarking on the
effectiveness of S. torvum and S. paniculatum in reducing glycoalkaloid concentrations. Furthermore,
our results evidenced that +AM treatment had a positive effect on glycoalkaloid reduction which in
turn could positively influence human health.

The effectiveness of PCA in interpreting species/cultivar differences across several agronomic and
qualitative attributes in response to a wide range of pre-harvest factors such as the genetic material and
agricultural practices (i.e., AM inoculation) has been reported previously by several researchers [61–63].
This was also evident in the present study, conducted under protected environment conditions, as the
score plot of PCA integrated information on the yield, yield components, NUE, mineral profile and
nutritive value of eggplant from five grafting combinations with or without inoculation with AM.

5. Conclusions

In the present work, eggplant wild/allied relatives’ rootstocks and AMF significantly interacted,
improving the crop performance and quality traits of “Birgah” eggplant. However, the B/T and B/P
grafts combined with AMF stood out as producing the best results in terms of the yield traits, NUE,
mineral profile, and nutritional and functional quality. Our findings could be useful information for
vegetable crop nurseries interested in introducing new eggplant rootstocks that successfully respond
when combined with AMF.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/5/693/s1,
Figure S1: Main effects of arbuscular mycorrhizal inoculation on root colonization.
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Abbreviations

AM Arbuscular Mycorrhizal
ANOVA Analysis of Variance
APX Ascorbate Peroxidase
B Birgah
B/B Birgah self-grafted
B/M Birgah/S. macrocarpon
B/P Birgah/S. paniculatum
B/T Birgah/S. torvum
Ca Calcium
CAT Catalase
DM Dry Matter
Fe Iron
K Potassium
Mg Magnesium
NUE Nitrogen Use Efficiency
P Phosphorus
PCA Principal Component Analysis
RP-HPLC Reversed Phase High Performance Liquid Chromatography
SSC Soluble Solids Content
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Abstract: Salinity in soil or water is a serious threat to global agriculture; the expected acreage affected
by salinity is about 20% of the global irrigated lands. Improving salt tolerance of plants through
breeding is a complex undertaking due to the number of traits involved. Grafting, a surgical mean of
joining a scion and rootstock of two different genotypes with the desired traits, offers an alternative to
breeding and biotechnological approaches to salt tolerance. Grafting can also be used to circumvent
other biotic and abiotic stresses. Increasing salinity tolerance in tomato (Solanum lycopresicum L.),
a highly nutritious and economical vegetable, will have greater impact on the vegetable industry,
especially in (semi) arid regions where salinity in soil and water are more prevalent. Besides, plants
also experience salt stress when water in hydroponic system is recycled for tomato production.
Grafting high yielding but salt-susceptible tomato cultivars onto salt-resistant/tolerant rootstocks is a
sustainable strategy to overcome saline stress. Selection of salt-tolerant rootstocks though screening
of available commercial and wild relatives of tomato under salt stress conditions is a pre-requisite
for grafting. The positive response of grafting exerted by tolerant rootstocks or scion-rootstock
interactions on yield and fruit characteristics of tomato under saline conditions is attributed to several
physiological and biochemical changes. In this review, the importance of tomato grafting, strategies to
select appropriate rootstocks, scion-rootstock interaction for growth, yield and quality characteristics,
as well as the tolerance mechanisms that (grafted) plants deploy to circumvent or minimize the effects
of salt stress in root zones are discussed. The future challenges of grafting tomato are also highlighted.

Keywords: Tomato grafting; salinity tolerance; rootstock; physio-biochemical mechanisms;
Solanum lycopresicum L.

1. Introduction

Salinity in soil or water is a serious threat to plant growth that prevents plants in achieving their
genetic potential. Salinity annually damages about 20% of the world’s crops grown under irrigation [1].
The high salt content of productive arable lands could render half of this land unusable for agriculture
by 2050 [1]. In the world’s arid and semiarid areas, less rain, high evaporation, saline irrigation
water and inefficient management of water leads to salinity problems. Approximately 20% of the
total cultivated lands and 33% of the irrigated agricultural lands worldwide are afflicted by high
salinity and such areas are increasing at a rate of 10% per year [2]. It is estimated that about 3 ha
of productive land per minute is lost due to salinity [3]. Thus, it is imperative to take appropriate
measures timely to improve the salt tolerance of crops [4], especially tomato (Solanum lycopersicum
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L.), which enjoys the prime position worldwide among different vegetables owing to having high
nutritional and economical significance.

Tomato is a member of the nightshade family and cultivated for fresh and processing purposes as
an annual crop [5]. Additionally, this crop is used as a model plant to study physiology to molecular
genetics and genomics in the angiosperms [6,7]. Salinity represents a substantive threat to tomato
production [8]; it causes considerable reductions in tomato growth and yield [2]. Most commercial
cultivars of tomato are considered to be moderately sensitive to salt stress, which affects seed germination
and the vegetative and reproductive stages of growth [5,9,10]. Ongoing efforts to improve salt tolerance
in tomato using plant breeding, biotechnological approaches and other management practices have
met with limited success due to the genetic and physiological complexity of the traits involved in salt
tolerance [4,7,10,11]. According to Rao et al. [12], improvement of salt tolerance using plant breeding is
an intricate task because of the high number of traits involved, their quantitative nature, epistatic gene
action, low to moderate heritability and high sensitivity to the environment. Genetic engineering has
been used to increase salt tolerance in plants and has claimed some success [11,12], but its commercial
success is still to be witnessed.

An environmentally friendly, sustainable and effective method is grafting that enables to exploit
the benefit of resistant genotypes (as rootstocks) to improve the performance of commercial cultivars
(as scion) that are susceptible to (a)biotic stresses [13]. Grafting offers an alternative to breeding
and biotechnological approaches to rapidly enhance salt tolerance in vegetable plants [8,11,14–16].
This technique in woody perennial fruit plants has been a routine practice in Asia for more than
2000 years [14]. In herbaceous vegetables, grafting initially was practiced in 1920s in watermelon to
increase resistance to soil-borne diseases [17]. After the first scientific publication about grafting [14,17],
use of the technique spread to other cucurbitaceous and solanaceous vegetable crops to address
soil-borne diseases and other environmental stresses [18,19]. Commercial tomato grafting became
popular in the 1960s in East Asia, Europe and later in North America [20,21]. Application of vegetable
grafting has spread in many countries by the end of the 1990s, but it got momentum only after
the banning of methyl bromide (MB) in the Montreal protocol in 2005, particularly in developed
countries. Although, the protocol was authorized until 2015 in developing countries, with the efforts
of United Nations Industrial Development Organization (UNIDO), United Nations Development
Program (UNDP), World Bank and lateral agencies from Europe, many developing countries (some
of Latin America, Africa, Middle East and Asia) were able to control the use of MB well before
2015, and started using grafting as an alternative to MB [18]. MB was the most commonly used
soil fumigant against deadly soil borne pathogens prevailing in intensive vegetables production
in protected cultivation [22]. Besides, being a sustainable practice, grafting is a useful component
of organic vegetable production, particularly of tomato. In recent pasts, the horizon of grafting
use expanded to abiotic stresses too and among which, salinity got the most priority. For instance,
watermelon produced in countries like Japan, Korea, Turkey, Greece and parts of Spain and Italy
with almost 100% grafted seedlings, and the use of grafted plants is also increasing immensely in
other vegetables like tomato, eggplant, pepper, cucumber and melons across the world [23]. In major
countries where grafting is a popular technique, out of the total tomato cultivation proportion share of
grafted tomato seedlings use is around 1% in China, though it also ranks first in the number of grafted
seedlings used, 25% in Korea, 33% in Vietnam, 40% in Japan, 50% in France and 75% in Netherlands.
In other countries like the USA, Italy, Morocco and Spain the uses of grafted seedlings were available
in numbers, i.e., 18, 15.1, 44, 72.8 and millions [24,25]. In this review, we present an outline of the
potential of a grafting tool to enhance salt tolerance in a tomato based on recent researches done across
the world. We also propose a strategy for future research as well as adoption for its better exploitation
for the growth of the agriculture sector.
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2. Effect of Salinity on Tomato Plants

Salinity is the most serious of all environmental stresses [26] and poses a great threat to agricultural
sustainability [27]. It occurs when there is an excessive accumulation of salts (especially high Na+,
Cl− and SO4

−) in the soil [28] or irrigation water [11,16]. The elevated level of salts generally causes a
reduction of water potential in the root medium, thereby leading to a water deficit within plants [5,29],
besides their excess level can cause ion-toxicity and nutrient imbalance, especially of K+, Ca2+ and
Mg2+ by disturbing their uptake and/or transport to the shoots [30].

In general, the main factor of inhibiting growth of salt stressed plants is elevated levels of Na+ and
Cl−; with roots remaining the primary sites for stress perception [31] and the subsequent responses at
the cell, organ or whole plant levels [32]. According to the two-phase model of salt-induced growth
reduction, plants suffer initially due to osmotic stress impairing their ability to absorb sufficient water,
and then from salt specific injuries ascribed to, in general, toxic levels of Na+ and Cl− interfering with
key cellular processes and causing damage to the cell membranes and organelles; altering nutrient ratios,
endogenous growth regulator concentrations and enzymatic activities and suppressing photosynthetic
assimilation and causing plant death in the extreme cases [33]. In fact, the second phase of salinity
stress, i.e., ion-specific toxicity, is a long-term process and depends on the intracellular salt ion levels,
which mostly tend to increase with an increase in the magnitude and duration of salinity stress.

Salinity has been reported to disturb plants physiological and biochemical processes and induce
changes in morphological characteristics that finally lead to losses in yield [2,27,28,34]. Salt stress causes
decrease in plant height, shoot and root biomass and root length in tomato plants [35]. According to
Najla et al. [36] salinity adversely affected plant height and leaf area, and the overall development
process of tomato plants. However, the salinity induced decrease in plant height was more related to
reduced internodal length than the number of nodes, and lower plant growth rate was associated with
a decrease in leaflet growth and the number of leaflets per leaf in salt stressed plants [36]. The adverse
effects of salinity on shoot and root morphology were the result of an alteration of plant physiology
that includes altered absorption of water and nutrients, hormonal production and disrupted root to
shoot signals [37]. Salt induced inhibition in photosynthesis and oxidative stress has been widely
documented. Salt stress can also alter leaf metabolites concentrations as have been reported by
Khavari-Nejad and Mostofi [38]. They observed a notable decrease in the level of chlorophyll and
β-carotene contents, along with an increase of soluble sugars and total saccharides in the leaves of
tomato plants treated with 100 mM NaCl. In addition, aggregated chloroplasts and distorted and
wrinkled cell membranes were also noticed in tomato leaves by these researchers. In spite of inhibiting
plant height and shoots and roots dry matter contents, excess salt concentration in water reduced
water use efficiency (WUE) and amount of K+ and K/Na ratio in all studied tomato cultivars [39].
The accumulation of monovalent and bivalent Na+, K+ and Ca2+ ions in foliage and roots under
saline conditions was, though, genotype-dependent [40]. Further, salinity affects almost all the plant
growth stages, but the severity depends on the growth stage, salinity level and cultivar [35]. However,
despite the inhibitory effects of salinity on growth and yield, the enhancement of some fruit quality
characteristics (i.e., higher levels of sugars and organic acids) in tomato have been reported [41].
An increase of up to 40% carotenoid content in fruits of tomato plants exposed to moderate salinity has
also been observed (4.4 dS m−1) [42].

3. Grafting to Improve Salt Tolerance in Tomato

3.1. Growth and Yield

The persuasive response of grafting on plant growth and yield characteristics under saline
conditions can vary; this can be the result of intrinsic characteristics of scion, rootstock and their
functional interactions, and severity of saline stress. A wide range of studies suggests that the adverse
effects of salt stress on vegetable plants can be mitigated by grafting. Improved plant growth and yield
performance of susceptible tomato cultivars under salt stress is the manifestation of positive response
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of grafting; these ascribed to the right choice of scion-rootstocks combination [11]. Concerning the
response of scion-rootstock combination on tomato growth and yield, grafting ‘Cuore di Bue’ scion
onto ‘Arnold’ rootstock was found superior to either non-grafted or those grafted onto other rootstocks
(‘Maxifort’ and ‘Armstrong’) under a moderate salinity level (20 mM NaCl), while the response of
rootstock grafting was not evident at higher NaCl concentration (40 mM) [43]. The response of different
rootstocks to salt susceptible scion ‘Moneymaker’ varied for yield and fruit parameters under saline
conditions; graft combination involving ‘Beaufort’ and ‘He-man’ rootstocks was more productive under
a mild saline condition. However, between two, only ‘He-man’ rootstock could provide sustenance to
susceptible scion ‘Moneymaker’ for fruit yield under a high level of salinity. Contrarily, ‘HPG’ and
‘Energy’ rootstocks grafted tomatoes showed negative effect and produced lower yields [15].

Salt stress decreased both vegetative growth (i.e., stem diameter, plant height and shoot fresh
weight) and fruit yield of both grafted and non-grafted plants. At this salinity level (3.76 dS m−1),
no significant decrease in fruit yield was noticed in grafted plants (‘Faridah’ scion onto ‘Unifort’
rootstock) [10]. Concerning scion-rootstock combinations, a significant variation in plant growth
(e.g., stem growth rate) was observed under saline conditions by Balliu et al. [44], who revealed
that ‘Charlotte’ grafted onto ‘Cyndia’ exhibited higher mean stem growth rate than non-grafted
plants. However, no difference in this parameter was noted between grafted and non-grafted tomato
plants under normal (non-saline) condition. These authors, further stated that ‘Bona’ plants grafted
onto ‘Energy’ rootstock produced higher mean yield compared to non-grafted plants, while this
combination displayed lowest stem growth rate. The other scion, ‘Charlotte’, gave the maximum
yield with rootstock ‘Prospero’ under saline conditions. The performance of salt sensitive cultivar
‘Moneymaker’ improved in terms of both plant growth and fruit yield under salt stress (50 mM NaCl),
when it was grafted onto the salt tolerant rootstock ‘Pera’ [45]. Santa-Cruz et al. [46] reported that the
‘UC-82B’/‘Kyndia’ (scion/rootstock) combination showed a tolerance response to excess salt (100 mM
NaCl) by producing higher shoot growth and fruit yield than the rest of the other graft combinations.
Among yield-contributing traits, fruit weight was found to be the single factor to determine yield,
while the number of fruits affected was not significantly affected by salt stress; as also was obvious in
this study where graft combination ‘UC-82B’/‘Kyndia’ exhibited higher fruit weight. Al-Harbi et al. [10]
concluded that tomato could be grown successfully with a satisfactory yield by grafting onto suitable
rootstock under salt stress (EC 3.76 dS m−1). While comparing the response of tomato grafting onto
different rootstocks under saline conditions in indoor or outdoor grown plants, Voutsela et al. [47]
revealed that tomato fruit yield was significantly higher in grafted plants than non-grafted plants
in both indoor and outdoor grown plants under salt stress (6.0 mS/cm). The benefit of grafting for
increased fruit yield over non-grafted plants under salt stress was more pronounced in indoor condition
(from 208% to 259%) than outdoor condition (from 0% to 149%). These workers have also reported
significantly higher fruit yield in salt stressed self-grafted plants than non-grafted plants regardless of
growing conditions. However, Iseri et al. [48] stated that enhanced salt tolerance and adaptive response
of tomato scions was rootstock dependent rather than graft-induced changes per se. These reports
indicate that selection of rootstocks and scion cultivars to be made reasonably for harnessing the benefit
of grafting in tomato under saline conditions.

3.2. Fruit Quality

Despite the reduction of the fruit yield, enhancement of fruit quality traits is a general response
of mild stress (i.e., water and salt); these are due to the accumulation of more metabolite contents
under stress conditions. The interaction between grafting and salinity for fruit quality traits may be
positive, negative or even neutral under stress conditions. The response of grafting on growth and fruit
yield was positive when tomato cultivar ‘Cuore di Bue’ grafted onto ‘Arnold’ rootstock, whereas no
obvious effect of grafting was observed in this graft combination on fruit quality traits (i.e., total soluble
solids, fruit dry matter percentage, titratable acidity and TA) at any of the levels of NaCl (i.e., 0, 20 or
40 mM) added medium [43]. Similarly, grafting ‘Durinta’ onto ‘He-man’ rootstock showed promising
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response for yield traits, especially under high saline medium (8.8 dS m−1), but the fruits of this graft
combination had low titratable acidity content [15]. Turhan et al. [49] have also reported a reduction in
the tomato fruit quality in grafted plants than non-grafted plants under salt stress. Contrary to these,
findings of Balliu et al. [44] reported positive response of both grafting and salinity level; the fruit
quality characteristics namely fruit dry matter percentage, vitamin C and total soluble solids contents
increased in grafted plants with the increase of NaCl concentration from 0 to 5 mM. Flores et al. [50]
noticed that grafting ‘Moneymaker’ onto ‘UC82B’ did not increase fruit yield either under optimal or
saline condition, fruit yield rather decreased in grafted plants, but fruit quality parameters (i.e., soluble
solid content and titratable TA) were higher in grafted plants, more conspicuously under salt stress
condition (50 mM). However, grafting ‘Moneymaker’ onto ‘Radja’ rootstock was found as promising as
both fruit yield and quality were increased in this graft combination under a saline condition (25 and
50mM NaCl) [50]. The inference drawn from these is that the combination of scion and rootstock
should be selected carefully to get the maximum benefit of the grafting technique.

4. Mechanisms of Salt Tolerance in Grafted Plants

In order to overcome the harmful effects of salinity, grafted tomato plants employ certain adaptive
strategies such as salt exclusion or retention, osmotic adjustment, activation of antioxidant defense
system, nutrient homeostasis, plant hormonal balances and a gene expression led favorable response.
Roots being the primary plant organ have to face any soil related stress (e.g., salinity); their intrinsic
characteristics would determine overall plants performance.

4.1. Morpho-Physiological Traits

4.1.1. Root System Architecture and Salt Tolerance

Performance of grafted plants compared to non-grafted or self-grafted plants under a stressful
condition is often dependent on the rootstock’s root system characteristics; a vigorous root system
could be the most important criterion for increasing salt tolerance [44]. The rootstock’s root systems
architecture specified by root length and density, root hairs and root surface area plays a critical role in
ion and water uptake, thus determining salt tolerance of grafted plants [11,51]. A vigorous root system,
for instance, produced more cytokinins and transported water to the shoot system by xylem sap, which
positively affected plant growth and crop yield [44,52]. Furthermore, hydraulic conductivity of the
roots may control plant growth by manipulation of the water supply to epigeous plant parts [53];
however, this process is still not clear. Roots being the primary organ exposed to salt stress, salt
induced inhibition of root growth is quite obvious. For instance, salt stress (100 and 150 mM NaCl)
invariably reduced root growth of both control and grafted tomato plants, but the rate of root dry mass
reduction was lesser in grafted plants (on ‘ZhezhenNo.1’ rootstock) than non-grafted plants. However,
no effect of grafting was observed on either epigeous or hypogeous dry mass under non-saline (0 mM
NaCl) conditions [51]. Martínez-Rodríguez et al. [54] studied tomato rootstocks ‘Radja’ and ‘Pera’
for salt tolerance and they found that ‘Radja’ had a unique root genotype for salt tolerance with the
ability to decrease salt ion transportation to the shoot system, as indicated by a lower ion concentration
in the leaves. ‘Pera’ has the ability to improve salt tolerance in plants cultivated at any salt stress
level. Tomato scion (cv. ‘Faridah’) grafted onto rootstock ‘Unifort’ was less affected by excess salt
than the non-grafted scion; reflecting that ‘Unifort’ roots had a better capacity to limiting the transport
of Na+ and Cl− to above-ground parts [10]. Similar results were also recorded in cucumber grafted
onto a figleaf gourd differing in their ability to regulate water and salt absorption and subsequent
translocation to the scion [55].

4.1.2. Plant Water Relations

Plant water relations can be measured through root hydraulic conductance by estimating the
nutrient and water uptake in grafted plants [56]. Rootstocks confer to grafted plants a stronger
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and larger root system, which provide an increase in minerals and water uptake in comparison to
non-grafted plants [57]. Rootstocks mainly set roots physical characteristics, such as its enhanced
uptake capacity or vertical and lateral expansion, rendering water uptake more facilitated. Water and
nutrients uptake have been found more efficiently in a vigorous rootstock than scion roots [58].
Root hydraulic conductance was higher in grafted plants due to higher resistance of the graft union to
water-flow [59]. Shalhevet et al. [60], Munns and Passioura [61] and Evlagon et al. [62] reported that
hyperosmotic stress and ionic imbalance caused by the high apoplastic concentrations of Na+ and Cl−.
The decrease in root hydraulic conductance could be closely related to the decrease in the activity or
concentration of aquaporins in the root plasma membrane due to increased salinity [63]. An experiment
conducted by Estañ et al. [64] on tomato illustrated that, in order to exclude salts, various tomato
genotypes’ roots were used as rootstocks for a commercial tomato hybrid (cv. ‘Jaguar’). Estañ and his
collaborators noted that especially at 50 and 75 mM NaCl, the ‘Jaguar’/’Jaguar’ combination plants
demonstrated equal or paradoxically higher leaf water contents than the other grafting combinations,
indicating that the ‘Jaguar’ rootstock was capable in salinity conditions to maintain water uptake.
The rootstock–scion vascular connection played an important role in determining water and nutrient
translocation, which mainly depends on the rootstock’s vigorous root system [58,65], enhanced
production of endogenous-hormones [66] and enhancement of scion vigor [67].

4.1.3. Ion Uptake

Studies have shown that rootstocks protect the scion shoots from salt damage mainly by reducing
the ionic stress, and to some extent, by increasing the translocation of K+, Ca2+ and Mg2+ to the shoots
and leaves; whereas they have little role in reducing the osmotic stress [68,69]. Reduced translocation
of Na+ and/or Cl− to the shoot system is achieved either by exclusion or restricted absorption by the
roots [54,64]. Pérez-Alfocea et al. [70] opined that depending on the salt source plants employ its
intrinsic potential to exclude Na+ and/or Cl− from shoots by maintaining energy consuming the root
toxic ion efflux. The positive effects of grafting on salt tolerance in a tomato was widely attributed to
restricted entry of Na+ and Cl- ion in epigeous biomass [10,64,71], though grafted plants were able
to accumulate more nutrient elements (e.g., Ca2+ and K+) in the leaves than normal plants under
saline stress [10]. Similarly, tomato cultivars ‘Fanny’ and ‘Goldmar’ grafted onto rootstock ‘AR-9704’
showed differential accumulation of Na+ and Cl−, with Cl− and Na+ concentrations being significantly
higher in non-grafted than in grafted plants in both the cultivars and ‘Fanny’, respectively [72].
Semiz and Suarez [73] reported improved performance of tomato scion cv. ‘Big Dena’ grafted onto
‘Maxifort’ rootstock across five tested salinity levels; the positive response of grafting was attributed
to a lesser concentration of Na+ in the leaves of a grafted tomato than non-grafted plants. However,
these researchers could not find any relation between Cl− in irrigation water and yield in a tomato.
Apart from osmotic balance and root exclusion or restricted root-to-shoot translocation of the toxic
ion (i.e., Na+), the third strategy that plants employ is ion accumulation and subsequent partitioning
among the plant organs or compartmentalization in cellular organs such as vacuoles that eases toxic
effects of salts. For instance, tomato scions grafted onto rootstock ‘Arnold’ tended to partition a bulk
of shoot Na+ into older leaves and thus reduced Na+ levels in the actively growing younger leaves.
This allowed the grafted plants to maintain favorable K+/Na+, Ca2+/Na+ and Mg2+/Na+ ratios in
actively growing leaves [43].

The response of salt stress varies widely among Solanum species [37], besides salt concentration
and exposure period also exert a severity response [64,74] In contrast to cultivated tomatoes
(Solanum lycopersicum L.) that are moderately sensitive to salt stress, certain wild species are reportedly
salt resistant. Unlike the cultivated tomato that generally excludes the salt ions [2,54,75,76], most of the
wild types (e.g., S. peruvianum [77], S. cheesmaniae [78], Lycopersicon pimpinellifolium, L. hirsutum and
L. pennellii [79]) accumulate higher concentrations of Na+ and Cl− in the leaves. However, there are
some salt tolerant tomato ecotypes (e.g., ‘Edkawy’ and ‘Pera’) [75,80,81] that exhibit a pronounced salt
inclusion capacity similar to the salt-loving wild species. This implies that tolerance or sensitivity to
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salt would depend on the ability of a genotype (excluder or includer) to maintain benign ion levels
through mechanisms like root exclusion, phloem recirculation and dilution such that physiological
homeostasis is not disturbed [82]. If ion levels exceed the critical threshold, salt tolerance capacity
diminishes, adversely affecting growth and fruiting. Use of salt tolerant types as rootstocks can protect
the sensitive types from deleterious effects of salinity [54,64].

He et al. [51] found that with the enhancement of NaCl concentration, the Na+ levels in leaves and
roots increased considerably. They estimated that non-grafted, self-grafted and plants of scion-rootstock
combinations elicited the same levels of Na+ in leaves and roots under similar salt concentrations,
whereas K+ concentration in both leaves and roots decreased considerably with higher NaCl levels.
Nevertheless, the roots of scion-rootstock grafted plants showed more K+/Na+ ratio and water use
efficiency (WUE) at 150 mM NaCl concentration than non-grafted and self-grafted plants.

In another study, Santa-Cruz et al. [46] selected tomato cultivars ‘Moneymaker’ (indeterminate
growth habit, shows excluder character under salt stress) and ‘UC-82B’ (determinate growth habit
and shows includer behavior) as scions, and tomato hybrid ‘Kyndia’ as a rootstock for the study of
grafting behavior under 50 and 100 mM NaCl salt stress. Grafting had a positive effect on salt tolerance
of scion ‘UC-82B’ grafted onto ‘Kyndia’ rootstock in terms of the shoot biomass at a 100 mM NaCl
concentration. The same combination was noted for higher water content in leaves under salt stress
compared to self-grafted ‘UC-82B’ plants. Accumulation of Na+ and Cl− ions in leaves varied with the
graft combination. Lower Na+ and similar Cl− concentration was found in the ‘Moneymaker’ and
‘Kyndia’ combination as compared to self-grafted ‘Moneymaker’ plants. However, this response was
different for the ‘UC-82B’ and ‘Kyndia’ combination, which elicited lower accumulation of both Na+

and Cl− ions. Na+/K+ ratio in leaves of this combination decreased three times compared to self-grafted
plants of ‘UC-82B’. The toxic effect of ions was mitigated by the ‘UC-82B’ and ‘Kyndia’ combination.

The improvement in salt tolerance of tomato plants was related to a high leaf K+ content in many
studies [51,83,84], though the direct relationship between leaf K+ homeostasis and salinity tolerance
of grafted plants has not been yet adequately worked out [11]. Studying the response of tomato cv.
‘Faridah’ onto ‘Unifort’ rootstock under saline conditions, fruit yield, Ca2+ and K+ ions were noticeably
higher in grafted plants compared to non-grafted plants. Besides, accumulation of Na+ and Cl− was
lower than in non-grafted tomato plants, under salt stress condition [10].

4.2. Gas Exchange Attributes

One of the early responses of glycophytes to salt stress is manifested as a reduction in leaf growth
that seems to be caused by a decrease in stomatal conductance in tomato [85]. Stomatal factors decrease
the photosynthetic rate in salt treated grafted and non-grafted plants by adversely affecting CO2

diffusion into leaves as a result of impaired stomatal and mesophyll conductance [86]. Salt stress blocks
photosynthesis by suppressing the electron transport chain, which leads to the photoinhibition of
photosynthesis. The inhibition of photosynthesis causes a reduction in the plant growth. In previous
reports, it is established that grafting of salt tolerant rootstocks can enhance the photosynthetic rate by
protecting the structure of chloroplast and alleviating the oxidative damage, which ultimately leads to
the delay in the rate of photoinhibition [87,88].

The rate of net photosynthesis under salt stress was higher in tomato plants (cv. ‘Durinta’)
grafted onto ‘Energy’, ‘He-man’ and ‘Resistar’ rootstocks, though no significant effect of grafting on
epigeous dry matter was noticed [15]. High photosynthetic rates as well as WUE were reported by
He et al. [51] in tomato plants (cv. ‘Hezuo903’) grafted onto ‘Zhezhen No.1’ rootstock under severe salt
stress. However, comparing the response of four tomato cultivars (‘Jenin1,’ ‘Hebron,’ ‘Ramallah’ and
‘Maramand’) under four salinity levels (0, 50, 100 and 150 mM NaCl), Sholi [5] reported that the higher
salt tolerance (up to 100 mM NaCl) in cultivar ‘Ramallah’ was attributed to the highest photosynthesis
rate along with K+/Na+ ratio than the others.

Two commercial hybrid tomato cultivars, ‘Belle’ and ‘Gardel’ scions grafted on two interspecific
hybrids, ‘Beaufort’ and ‘Maxifort’ rootstock showed no significant effect on net photosynthesis and

113



Agronomy 2020, 10, 263

stomatal conductance when exposed to NaCl compared to the non-grafted plants [89]. Feng et al. [90]
also found that salinity treated tomato scion grafted on wolfberry (Lycium chinense) rootstock displayed
higher net photosynthesis, transpiration, stomatal conductance, Fv/Fm and electron transport rate in
comparison with non-grafted tomato plants.

4.3. Molecular Responses

Salt stress sets in motion a chain of events—reduced stomatal conductance, decreased
photosynthetic electron transport and increased production of harmful reactive oxygen species
(ROS)—that lead eventually to plant damage and death. ROS (e.g., hydrogen peroxide and superoxide
radicals), by causing oxidative damage to the proteins, nucleic acid and lipids, disturbs the plant
metabolism. Both enzymatic (i.e., ascorbate peroxidase (APX), catalase (CAT), superoxide dismutase
(SOD), monodehydro ascorbate reductase, dehydro ascorbate reductase and glutathione reductase
(GR)) and non-enzymatic (i.e., reduced glutathione, reduced ascorbate, carotenoids and tocopherols)
antioxidant systems are activated by the plants to minimize ROS-induced oxidative damage. In grafted
plants, salt-induced production of ROS generally remains quite low than in non-grafted plants as
evidenced by a significant increase in the antioxidant activity in salt-treated (grafted) tomatoes.
While SOD and CAT activities tended to increase with an increase in salinity in grafted plants,
the reverse was true for non-grafted and self-grafted plants [51]. Besides enzymatic antioxidants,
a non-enzymatic antioxidant system (ascorbate peroxidase, monodehydro ascorbate reductase, reduced
glutathione, etc.) is also known to remove the excess ROS [91]. Higher expression of CAT mRNA,
Cu/Zn-SOD, Mn-SOD and higher activities of CAT, Cu/Zn-SOD, Mn-SOD and SOD have been observed
in salt stressed grafted plants [92]. Grafted eggplant produced lower O2-, H2O2 and MDA compared
to non-grafted seedlings when subjected to Ca(NO3)2 stress. Higher activities of SOD, APX and GR
were also seen in grafted than in non-grafted seedlings [93]. Ruiz et al. [94] explored a salt tolerance
ability in another solanaceous species: tobacco (Nicotiana spp.) and a tomato–tobacco (scion–rootstock)
combination (named as ‘Tomacco’ by Yasinok et al. [95]). Tobacco roots, in fact, were able to restrain the
concentration of Na+ and Cl-, and lipid peroxidation in their leaves, besides inducing an accumulation
of proline and sucrose concentrations under saline conditions [94]. The ability of tobacco roots in
conferring better adaptive responses to salt stress in comparison to tomato was supported by the
upregulation of proline and antioxidant enzymes (APOX and CAT) levels in grafted plants [48].

The commercial cultivars of tomato show more or less sensitivity to salt stress [96] and undergo
drastic losses due to salts [97]. The genetics of this trait specific in tomato have also been discussed
nicely by Cuartero et al. [34]. In tomato, a universal stress protein gene (SpUSP) cloned from S. pennellii,
which is a wild relative of tomato and functionally characterized in commercial tomato genotype
revealed enhanced expression under stress conditions such as dehydration, salt, oxidative and abscisic
acid (ABA) treatment. About 15 primers were synthesized using fifteen salinity responsive candidate
genes. The results from these primers displayed that the genotype UC82B showed the maximum
vegetative growth parameters and yield, so, exploitation of this identified genotype could be as used
for the salt tolerance [97]. Most recently in 2020, Yveline et al. [98] noticed that the salinity tolerant
accessions collected from the Islands of Galapagos use different mechanisms to survive under salt stress
conditions, which exhibited natural diversity among the Galapagos tomatoes for high salinity tolerance.
They found some accessions namely LA0317, LA1449 and LA1403, which showed significantly higher
tolerance under salt stress at the seedling stage. Their tolerance mechanism at the genetic and molecular
level need to be studied intensively and comprehensively so that it could be helpful to develop salt
tolerant commercial tomato cultivars to sustain tomato production under changing climate scenario
across the globe. Such identified genotypes can be used as rootstocks in tomato grafting to raise
the salinity tolerance of commercial scion cultivars after investigating their graft compatibility and
subsequent effects on fruit characteristics.

Asins et al. [99] reported the genetic dissection of tomato rootstock effects on scion traits under
moderate salinity. They documented that the rootstock HKT1 genotype affects the Na+ level in fruits,
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which was found higher when the rootstock genotype was homozygote for SpHKT1. Along with
this, they found the 37 QTLs, which controls the important rootstock-mediated scion traits such as
the leaf concentration of nutrients, fruit yield, soluble-solids content of fruits and harvest time under
moderate salinity.

In the salt-tolerance mechanism, it is now well established that calcium has an important role.
The exogenous application of calcium can protect the plant from the negative effect of salinity [100].
The high amount of Na+ can induce a calcium signaling cascade, which leads to the activation of the
salt-overly-sensitive (SOS) pathway and stimulation of Na+/H+ exchange [101]. An ER chaperone
protein, Calreticulin, is considered as a regulating protein for the Ca2+ homeostasis by binding to
Ca2+. Salt stress causes the calreticulin to bind with the Ca2+ ions, which later accumulated in the cell.
The accumulated calcium ions act as a secondary messenger for ABA resulting into the ameliorations
of salt stress [102]. Shaterian et al. [103] reported the effect of grafting and ABA on calreticulin gene
expression in a potato. They observed an increase in the expression of calreticulin in salt stressed
grafted plants and showed a positive association in the presence of abscisic acid.

4.4. Growth Regulators

During the past few decades, the role of phytohormones in modulating the union between
shoot (scion) and root (rootstock) components in grafted plants has become a focal point of research:
in addition to regulating key metabolic processes at the graft union, endogenous plant bio-regulators
(e.g., auxins, gibberellins, cytokinins and ethylene) are also involved in signal transduction across
the graft union [104]. Functions of some important phytohormones in grafted plants are briefly
summarized in the following sections:

Auxins: While other phytohormones play minor roles, auxins, both alone and in interaction with
other phytohormones, remain central to vascular tissue regeneration and connection, and thus to
the growth and development of vascular tissues [105]. Two main protein families (PIN-FORMED
auxin transport proteins (PINs) and proteins of ATP-binding cassette subfamily B (ABCB)) regulate a
process called ‘polar auxin transport’ (PAT) that ensures the maintenance of adequate auxin levels for
the proper development of xylem tissues [106]. For example, increased expression of CcPIN1b and
CcLAX3 genes encoding the efflux carriers for PAT was found to induce graft union development in
Carya cathayensis [107]. Similarly, Sauer et al. [108] found higher PIN1 expression at damaged stem
portions to activate the process of xylem cell differentiation in pea (Pisum sativum). Transcriptome
analysis of grafted Torreya grandis plants indicated that auxins modulate the key MAPK signaling
pathway during graft development [109]. Auxins are also believed to enhance graft union by
regulating metabolic pathways linked to phenylpropanoids, cytochrome P450 and carbohydrates.
Available evidence suggests that besides promoting the formation of lateral roots, auxins also regulate
xylem development and cambium growth, processes critical to the success of grafting in plants [104].

Cytokinins: The significant role of cytokinins (CKs) in callus proliferation at the graft union can
be ascribed to their increased biosynthesis during the process of wound healing and to the elevated
zeatin riboside levels at the graft unions [105]. CKs are known to stimulate the regeneration of vessels
and sieve tubes. Moreover, CKs interact with the auxins to promote the vascular differentiation and
increase the phloem/xylem ratio [110]. Increased levels of CKs in the rootstock xylem tend to induce
auxin translocation from the aerial parts that in turn promotes the development of graft union [111].
Exogenously applied CKs accelerate the graft union and growth by enhancing the callus formation,
phloem regeneration and soil nutrient supply to the scion [112,113]. While CKs alone are often
less effective in modulating the development of vascular tissues, they act synergistically with other
phytohormones (e.g., auxins) to enhance the cell division, xylem fiber development, cambium activity
and regeneration of phloem/xylem tissues at the site of injury [114].

Since salinity stress decreased plant CK status, increasing root-to-shoot CK transport by using
a rootstock overexpressing the CK biosynthesis genes such as isopentenyltransferase improved
tomato salt tolerance by increasing vegetative and fruit growth and also delaying leaf senescence and
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maintaining stomatal conductance and PSII efficiency, thereby avoiding or delaying the accumulation
of toxic ions [115].

Gibberellins: Gibberellins (GAs) are known to regulate the processes like cambium activity, xylem
fiber differentiation and expansion, and secondary growth. Frequent movement of GAs across the
graft union is believed to contribute to the union of shoot and root components, and to the normal
development of vascular tissues; as evidenced by their involvement in the reunion of cortex in cucumber
and tomato [116,117]. Since they hasten xylogenesis, GAs might also trigger vascular bundles formation
at the graft union [118]. Experiments with mutants lacking GA-biosynthetic enzymes and wild type
pea plants pointed to the role of GAs in regulating the normal growth of vascular tissues, induce the
processes of wood formation, xylem expansion and cambial activity [119]. Development of a particular
vascular tissue also depends on the ratio of auxins and GAs; while a higher IAA:GA ratio hastens
xylem formation, low IAA:GA ratio promotes phloem formation [120]. These two hormones also act
synergistically to regulate the cell division and secondary growth of the vascular tissues. For instance,
GAs stimulate PAT by up-regulating the key auxin transporter PIN1 in the cambial region [119].
Up-regulation of the expression of GA20OX, a gene involved in GA-biosynthesis, points to increased
biosynthesis of GAs at the site of graft union. Up-regulation of Cla015407, a gene encoding enzyme
gibberellin 3-beta-hydroxylase involved in the conversion of GA20 to GA1, in grafted watermelons
also supports the positive role of GAs in the growth and development of composite plants [121].

Abscisic acid: There is little evidence for any direct role of ABA in the growth and development
of grafted plants; however, ABA seems to be indirectly involved in the processes of wound formation
and vascular differentiation: abiotic stresses in general including wounding tend to hasten ABA
biosynthesis [122]. In contrast to ABA-deficient mutants, wild type plants display increased
expression of wound-activated genes in response to ABA application [122,123]. Salinity enhances ABA
concentration in shoot limiting water loss through transpiration (by inducing stomatal closure) and
maintaining leaf water relations in plants grown under saline conditions. Chen et al. [124] reported
that the scion genotype, and its ABA level, played the major role in the growth of grafted plants,
regardless of the rootstock genotype and the salinity of the growth medium. Although ABA has
been suggested to restrict the synthesis of the potential growth inhibitor ethylene, thus maintaining
growth, in other circumstances such as citrus leaf abscission under salinity, ABA apparently stimulates
1-aminocyclopropane-1-carboxylic acid (ACC) synthesis [85]; these authors also reported that ratios
between CKs and the ethylene precursor ACC were most closely correlated with both leaf biomass
and PSII efficiency (Fv/Fm) of tomato grown under saline conditions whereas the ratio ACC/ABA was
negatively correlated with leaf biomass.

Ethylene: Although ethylene signaling is implicated in tissue reunion in the wounded stems,
it is hardly of any significance in the grafted hypocotyls, suggesting that differential roles of ethylene
might be due to the differences in tissue age and type. Transcriptomic analyses of grafted Arabidopsis
hypocotyls showed that ethylene biosynthesis genes are activated at the point of graft union [125].
However, mutating ANAC071 reduced the formation of vascular tissues at the graft junction [126].
Under salinity, ethylene production is quickly stimulated in plant tissues [127]. Ungrafted tomato
genotype cv. Boludo F1 had 40% higher ACC concentration in the xylem sap in comparison with
plants grafted onto some low and high vigor rootstocks (derived from the recombined inbred line
(RIL) population of Solanum lycopersicum × Solanum cheesmaniae) after growing for 50 days under
moderate salinity (75 mM NaCl). Accumulation of the ethylene precursor ACC indicated the onset
of salt-induced oxidative damage in the leaves, preceding leaf senescence induction and leaf growth
impairment under salinity [85].

A summary of the main agronomic effects and physiological and molecular mechanisms of tomato
grafted plants in comparison to non-grafted or self-grafted plants grown under non-saline and saline
conditions is reported in Table 1 and Figure 1.
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Figure 1. Physiological adaptive traits to mitigate the effect of salt stress in grafted plants.

5. Potential Use of Wild Tomato Species as Rootstocks for Improving Salt Tolerance in Tomato

Selection of salt-tolerant rootstocks is an important strategy to enhance salt tolerance. Testing and
screening of available commercial and wild relatives under salt stress conditions is a prerequisite
for grafting. Natural genetic variation with specific root characters can be utilized effectively
through grafting [14]. Various wild tomato/Solanum species including S. cheesmaniae, S. chmielewskii,
S. habrochaites, S. pennellii, S. pimpinellifolium and S. peruvianum demonstrate salt tolerance [12,85].
Due to incompatibility in crossing and linkage drag, it is cumbersome to transfer salt tolerant genes from
wild to cultivated tomato cultivars [12]. However, these wild species could be exploited as salt-resistant
rootstocks for grafting susceptible but high yielding commercial tomato cultivars. Compared to
commercially grown tomato (S. lycopersicum) that usually excludes toxic ions [47], several wild relatives
possess an ionic inclusion mechanism. These genotypes have the capability to accumulate higher Na+

and Cl− concentrations in the leaves [85]. Breeding new rootstocks with tolerance or resistance to a
spectrum of biotic and abiotic stresses is a focus of the private [19] as well as public sectors [11].

Use of interspecific hybrids as rootstocks for salt tolerance is well documented [6,64,85]. In this
technique, recombinant inbred lines (RILs) created from interspecific crosses are directly used as
rootstocks to enhance salinity tolerance. Evaluation of RILs as rootstocks derived from interspecific
crosses under salt stress was demonstrated by Albacete et al. [85]. A commercial tomato hybrid
cv. ‘Boludo’ was used to graft onto rootstocks (RILs derived from the cross of S. lycopersicum and
S. cheesmaniae) and grown on soil with 75 mM NaCl salt concentration. These RILs showed good
performance under salt stress by affecting growth, and target ionic and hormonal factors in the leaves.
They displayed the correlation of rootstock-altered leaf area with 20% more fruit yield compared to
self-grafted plants of the scion hybrid under salt pressure, but not under the control [7,75], indicating
that canopy development only limited yield under salt stress [14]. For high salt tolerance, rootstock
plants should capable of decreasing the salt load in the foliage cells by excluding the salt ions or
accumulating salt in the roots, resulting in a reduction of salt transportation to the shoot system of the
plant [21].

While intraspecific grafting is a common practice, efforts also have been made to use interspecific
grafting to alleviate wide-spectrum pathogen and environmental pressure without affecting scion
fruit yield and quality. Accessions of wild tomato species S. pimpinellifolium were screened for salt
tolerance by Rao et al. [12], who suggested the species could be a potential salt tolerance source for
tomato breeding and at the same time be used for interspecific grafting to enhance salt tolerance in
commercial cultivars. Their results indicated that shoot dry weight and the ratio of K+ and Na+ are the
two most critical factors for survival, while fruit number is critical for yield per plant under saline
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conditions. Two genotypes exhibited high survival rates and produced more fruit under salt stress,
and these accessions showed tolerance to 40 dS m−1 EC level.

6. Conclusions and Challenges Ahead

Climate change, water scarcity and human activities are increasing soil salinity and depleting
arable land. High salinity in soil or water is a serious threat to plant growth and prevents plants from
reaching their genetic potential, which reduces yields and threatens food security. Grafting can reduce
the negative effects of salinity on tomato scions and thus provides an alternative way to enhance salt
tolerance and maintain fruit yield and quality under salt stress. The selection of salt-tolerant rootstocks
is an important strategy for enhancing salt tolerance. Testing and screening of available commercial
cultivars, landraces and wild relatives, and inbred lines or hybrids involving a resistant parent under
salt stress conditions is a prerequisite for successful grafting. This technique can cause both positive
and negative effects on yield and fruit characteristics when tomatoes are grown under saline conditions.
Weather, salinity level, soil type, cultural practices and consumer preferences also vary in different
locations or countries, so the combination of scion and rootstock should be selected carefully at plants
morphometric, physio-biochemical and molecular planes to get the maximum benefit from grafting.
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Abstract: Horticultural grafting is routinely performed manually, demanding a high degree of
concentration and requiring operators to withstand extreme humidity and temperature conditions.
This article presents the results derived from adapting the splicing technique for tomato grafting,
characterized by the coordinated work of two conventional anthropomorphic industrial robots with
the support of low-cost passive auxiliary units for the transportation, handling, and conditioning
of the seedlings. This work provides a new approach to improve the efficiency of tomato grafting.
Six test rates were analyzed, which allowed the system to be evaluated across 900 grafted units, with
gradual increases in the speed of robots work, operating from 80 grafts/hour to over 300 grafts/hour.
The results obtained show that a higher number of grafts per hour than the number manually
performed by skilled workers could be reached easily, with success rates of approximately 90% for
working speeds around 210–240 grafts/hour.

Keywords: tomato grafting; splice grafting technique; agricultural robot; automated grafting;
agricultural machinery

1. Introduction

The herbaceous graft is a growing technique that allows two pieces of living plant tissue to be
joined together in such a way that they will unite and later grow and develop as a single composite
plant [1]. This technique is widespread in Southeast Asia, the Mediterranean basin, and Europe
for intensive cultivation in tomato greenhouses. With the use of grafting, plants with properties of
agronomic interest are created, fundamentally seeking greater resistance to soil diseases and higher
productivity in high-quality cultivars [2]. One of the technique’s main disadvantages is its high cost of
production. The seeds (of both the scions used and the added cost of the rootstock), the cost of labor,
the supplies for each graft, the use of machinery and work tools, and post-graft care in the healing
chambers are considered the most important factors in price determination [3–5].

It is estimated that the work of the grafting process itself can amount to approximately a quarter
of the total costs associated per grafted plant; a third of these costs represent the total cost of the seeds,
and the rest is essentially equally divided between the costs of materials and tools, the cost of the
clip and the stay in the healing chamber, the energy costs, and the costs of the work of handling and
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transplantation personnel [6,7]. Proportionally, and with respect to the cost of the seeds, the scion
represents 80% of the cost, compared to the 20% cost of the rootstock (Figure 1).

Energy (electrici ty,
heat ing & water)Graf t ing work

Seeds

Rootstock

Scion

Materials & tools

Manipulat ion & 
transplant

Cl ip & chamber

Figure 1. Estimated average cost distribution for a grafted plant. Average data assessed according to
data collected in nurseries in Almería (Spain), [6,7].

On the other hand, the average cost of grafted tomato plants versus non-grafted plants varies
considerably depending on several factors, mainly the productive scale of the nursery, the cost of
labor, the production practices, and the cost of seeds employed, which can sometimes amount to
more than 50% of the total costs [7]. In nurseries with a medium–high production volume, the
costs of hand-grafted plants are estimated at approximately $0.67 for the USA, compared to $0.15
for non-grafted plants [8–10]. Similar prices are maintained for Asian countries, such as Japan and
Korea [5], while for Spain and other European countries, the costs vary between €0.54 for hand-grafted
plants compared to €0.18 for non-grafted plants [11]. These data corroborate that grafted plants can
accumulate extra costs 3 to 4 times their cost without grafting.

Even so, the advantages of using grafted plants versus non-grafted plants, which include
eliminating the common problems of soil pathogens that have traditionally been controlled by
fumigation, have made the technique’s use widespread and common in large regions of the world.
Grafting has become the most effective and economically viable technique to address this problem [12],
compared to other alternatives that have failed to provide a convincing ability to control these diseases,
such as genetic improvement with resistance genes, greater crop rotation, soil solarization, the use of
plastic mulch, biofumigation, the use of water vapor, crops without soil, the fallow technique, the use
of trap plants, or the use of integrated biological control [13]. In Japan, Korea, and the rest of Southeast
Asia, grafting is a common technique for the production of Solanaceae, especially in greenhouses,
which constitute approximately 100% of the cultivated area [14]. Although its introduction in Europe
and the Mediterranean basin occurred somewhat later, similar graft percentages are reached today.
It is estimated that the cost/benefit ratio is 4.6 for grafted tomatoes, compared to 3.5 for non-grafted
tomatoes [15].

Grafting is a task that requires considerable time, concentration, and dexterity, even for skilled
workers. The delicate characteristics of the process and the biological requirements of the work
seedlings, which need to be specially manipulated in a clean, warm, and humid environment, cause
growing concern for plant producers due to the lack of available specialized personnel who are capable
of facing intense workloads during short campaigns and with a high productive demand. Grafting
requires up to three or four people and dedicated specific tasks within the process [3]. The shortage of
skilled workers, along with an ageing agricultural population and an increasing demand for grafted
plants, has made it necessary to automate grafting [16].

The need to use machinery in plant production to reduce the demand for human labor, expand
production capacities, and improve product uniformity has been recognized for a long time [17].
In advanced agricultural countries, efforts are being made to develop and use automatic graft equipment
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due to the lack of labor in rural areas [18,19]. An improvement in grafting methods and techniques
that reduce the cost of labor in grafting, its subsequent management, and transplants will contribute to
the increased use of grafted plants worldwide [5,17].

There is an important tendency towards developing graft robots with a market potential, as
opposed to manual grafting [18]. Splice grafting is a widely used method for Solanaceae, with the
advantages of being easily mechanized and having well-defined and clear operations. The stem of
the rootstock is cut, preferably below the cotyledons, at a specific angle. The scion, cut with the same
angle, has a section that is more or less similar to the rootstock. Finally, by means of a special clamp or
clip in the form of a tube, the two cuts are joined [1,20–22] (Figure 2).

Cl i p 
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Figure 2. Sketch of the tomato grafting technique known as “tube grafting”, “Japanese top-grafting”,
or “splice grafting”.

Since the late 1980s and in the last three decades, there have been numerous attempts to invent
equipment that reasonably succeeds in the automated grafting of horticultural plants. In the first two
decades, the majority of developments came from Southeast Asia, while in the last decade, developments
of mainly European origin have also been added [3,17,23]. This equipment has fundamentally been
a semi-automated technology system, which facilitates the grafting task but requires up to two or
three operators to function. Other developed systems are completely autonomous but enormously
rigid in their performance, while at the same time being complex in their adaptability and operational
requirements. Faced with these developments, and based on dedicated and specific automation, a
study is presented herein of equipment based on conventional industrial robotic technology, supported
by simple auxiliary equipment, which allows the productive requirements of the graft task to be met
and can be easily adapted to other tasks and productive needs.

The price trend experienced in recent years in industrial robotics, which allows for the acquisition
of small robotic units with similar initial investments at a cost no higher than the biannual cost
associated with the minimum wage in developed countries [24,25], together with the use of passive
auxiliary units with a low cost for transporting, cutting, and placing the binding clip on the seedlings,
would allow for a rapid amortization of investment, which makes the study of this development
alternative an area of interest.

The objective of this article was centred on the study and feasibility of automated grafting using a
robotic cell based on the use of conventional industrial robotics, which allowed the grafting task to be
faced with a greater system configurability and flexibility against the natural biological variability of
the seedlings being used. This grafting system is supported by the use of simple and low-cost auxiliary
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equipment, which allows the task to be completed with tools external to the logistical tasks of the
seedling trays, the cutting of the seedlings, and the dispensing and placement of the graft clip.

2. Materials and Methods

2.1. Device Description and Productive Process

The robotic equipment for grafting consists of transport devices, the manipulator itself, cutting
mechanisms, and devices that facilitate bonding and grip [26]. True to this premise, the study equipment
consisted of two anthropomorphic robots equipped with clips adapted for manipulating seedlings,
with two seedling bevel cutting devices and a device for the forming, dispensing, and placement of the
graft clips (Figure 3).

 

(a) 

(b) 

Figure 3. (a) General view of the robotic cell developed for grafting plants using the splicing technique.
(b) Work cell sketch. (1) KUKA KR6 900 robots for manipulating the seedlings. (2) Cutting devices for
rootstock and scion seedlings. (3) Forming, dispensing, and placement graft clip device. (4) Conveyor
belts for seedling trays (rootstock, scion, and grafted plants). Demonstrative video of the system:
https://youtu.be/9GvIDyrBBfo (accessed on 10 December 2019).
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The seedling trays are loaded at the beginning of the process into conveyor belts suitable for this
purpose, so that two seedling starter trays, loaded with rootstock and scion seedlings will be properly
positioned in front of the working robots.

Each completed row of work is followed by an advance of the belt, which relocates the next row
into the appropriate collection area. This process happens until the rows in the seedling starter trays
(rootstock and scion) are finished. Likewise, there is a third conveyor belt with an empty output tray
for the resulting seedlings to be placed on once grafted. This output conveyor belt also performs partial
advances per row while working on that tray.

Once the trays reach the required locations, the two industrial robots, Kuka model Agilus R6 900
(developed by KUKA Roboter GmbH), work from their home position in a coordinated manner on the
rootstock and scion to achieve graft completion. These robots have equivalent commercial equipment
from other large manufacturers worldwide, such as the robot model IRB1200 (developed by ABB),
the model MH5F (developed by Yaskawa), or the model LR Mate 200iD/7 L (developed by FANUC).
All of them have similar load capacities, degrees of freedom, speeds, and working spaces, so their
replacement would not lead to significant differences.

Each robot operates independently by handling each of the seedlings, which are obtained from
the input trays. The rootstock and scion seedlings are approached in a simultaneous and coordinated
manner: 1� approach the input trays (AIT). This displacement is followed by a precision operation that
separates the seedlings from their trays: 2� grip and extraction (GE).

The final elements for the seedling manipulation consist of clamps composed of two fingers with
an opening and closing parallel model MHZ2-32D from SMC, equipped with a padded extension zone
of low-density (150–200 kg/m3) polyurethane foam (neoprene) with high resilience for precise and firm
seedling attachment. A photocell is located between the ends of these fingers, and a Sick LL3-TB02
optical fibre sensor detects the precise location of the stems of the seedlings, which can emerge at any
position within the alveolus of the tray. The individual seedlings have a unique growth morphology,
and the alveoli can even be empty (Figure 4).

(a) (b) 

Figure 4. (a) Detailed view of the clamp or terminal element of the robots. (b) Robot and clamp sketch.
(10) Industrial robots. (11) Clamping base. (12) Robot clamp. (13) Fingers with parallel opening and
closing operation. (14) Padded area for holding seedlings. (15) Sensor for seedling detection.

After extracting the seedlings from their alveoli in the trays, the robotic arms carry the seedlings
to the point where the cut will be made: 3� approach the cutting zone (AC). The system uses two equal
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pieces of equipment for cutting the seedlings to guarantee precision in the required cutting angle and
the integrity of the dissected seedling. Both pieces of equipment are responsible for acting, one on the
rootstock and another on the scion, allowing the cutting angle to be regulated and complementary
between both plants. Prior to cutting, the robots insert the seedlings into a slot or channel located in
front of the blade, where the stems are embedded to ensure the verticality of the stems during cutting.
The cut is executed by activating a double-shank pneumatic cylinder, SMC model CXSM15-15, coupled
to a terminal tool of a sharpened, disinfected, and interchangeable blade of stainless steel with a precise
cut angle [27]. The cut is performed by a dry shock stroke of the blade against the seedling, which
cleanly bisects the stem and ensures a clean cut: 4� cutting process (C). Meanwhile, an external blower
separates the non-useful part of the treated seedling (Figure 5).

(a) (b) 

Figure 5. (a) Detailed view of the cutting device. (b) Cutting device sketch. (21) Pneumatic cylinder to
drive the blade. (22) Cutting blade. (23) Slot for seedling lace. (24) Worktable. (25) Hole for waste
disposal. (26) Waste accumulation box. (26) Blower.

After the cut, the robotic arms carry the useful parts of the seedlings for the graft towards the
bonding area: 5� approach the clip dispensing zone (ACD). The graft equipment that creates the bond
is responsible for cutting plastic clips from a continuous roll and then dispensing and placing a clip on
the seedlings to be grafted. Thus, this device contains two subsystems: one in charge of preparing the
clip and another in charge of placing it.

The first clip preparation subsystem consists of a series of electropneumatic devices that act in
a coordinated and sequential manner to perform the clip cutting process from a continuous roll of
plastic tube, regulating the advance and thus controlling the length of the cut clips. To obtain a clip
with the desired length, an SMC model CJPB10-5 microcylinder presses the plastic tube against the
end of a second cylinder, an SMC model CXSM15-15, which advances in the vertical direction the exact
length that the clip is desired to have. Finally, an SMC model CXSM15-15 cylinder, equipped with a
sharp blade at its end, makes a clean cut with a sharp blow, creating the clip to be used.

The second subsystem contains a rotating cylinder, a Festo model DM-6-90-PA, which grips the
cut clip, then tightens its wings and thus clamps and fully opens the clip. Finally, with an SMC model
CXSM25-70 cylinder, the clip is brought closer by a precise horizontal movement to the junction point
where the two seedlings to be grafted are located. At the point of clip placement, a passive fitting
device is adapted to accommodate and locate the seedlings in front of the clip. To ensure a precise
bond without unwanted seedling displacement, both parts remain in contact and can thus fasten the
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bond. Once the clip is placed on the seedlings, the device that kept the graft clip pinched loosens and
moves away from the junction point, returning to its resting position (Figure 6).

 

(a) (b) 

Figure 6. (a) Detailed view of the device that dispenses and places the graft clip. (b) Sketch of the device
that dispenses graft clips. (31) Pneumatic cylinders and blade to make the grafting clip. (32) Continuous
silicone roll for clip manufacture. (33) Tweezers for the grip and clip opening. (34) Pneumatic cylinder
responsible for bringing the grafting clip closer to the junction point. (35) Worktable. (36) Plant
placement device and grafting clip insertion point.

The graft is accomplished when both plants are placed in intimate contact with one another and
the graft clip is pressed onto them: � clip preparation and placement (CPP). Once the clip is placed,
the robot holding the scion releases the graft and withdraws, leaving the bonding area, while the other
robot, which holds the completed graft by its lower part, moves the graft by the rootstock to the tray
where the grafts will be left once finished: � approach the output trays (AOT). The graft is deposited
in an alveolus of the output tray: � insertion on trays and release of plants (ITR).

Once the process is finished, both robots return to their resting positions, either as an end point
or as a point of passage from where a new work cycle begins: � return home (RH). The process is
repeated until the work trays are completed. The tray with the grafted seedlings is removed, and the
grafted seedlings are subjected to a post-grafting process of healing, where their success is examined
over 14 days: � post-graft losses (PGL). The entire system and grafting equipment described, as well as
other secondary elements and auxiliary equipment, are managed and coordinated in a global manner
through a central control unit, consisting of a PLC model CJ2 M, with an Omron CPU32.

During the grafting operation, 10 control points were established as singular intermediate points
of reference in the process, which allowed us to record the partial times used and a distribution of
failures during grafting (Figure 7).

The flowchart describing the operations and process described above allowed us to evaluate the
validity and efficacy of conventional industrial robotics applied to tomato seedling grafting using
external low-cost passive devices that facilitate grafting completion. The external devices act as a tool
both in cutting the seedlings and in the dispensing and placing of the graft clip (Figure 8).
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Figure 7. Travel details. Singular points: � approach the input trays (AIT); � grip and extraction (GE);
	 approach the cutting zone (AC); 
 cutting process (C); � approach the clip dispensing zone (ACD);
� clip preparation and placement (CPP); � approach the output trays (AOT); � insertion on trays and
release of plants (ITR); � return home (RH).

 

 
Figure 8. Flowchart of the developed automated grafting process.

136



Agronomy 2019, 9, 880

2.2. Definition of Operating Conditions

The experiment was conducted at the Tecnova Technological Center (Centro Tecnológico Tecnova):
Foundation for Agricultural Technologies of Agriculture, in Almería (36◦52′38”N, 2◦19′59”W) between
the months of April and June 2017. The environment of Almería is a model of agricultural exploitation.
Greenhouse growth of arable fruit crops has a high technical and economic performance, with tomato
cultivation being of particular importance.

The rootstock used in the experiment was the interspecific hybrid “Maxifort” from De Ruiter
SeedTM, which is recommended for crops with better behavior at low temperatures and under high
salinity conditions. The “Ventero” variety from De Ruiter SeedTM was used as an indeterminate hybrid
tomato for branch harvest. Both types of seeds are routinely used in seedbeds to perform manual
grafts using the “tomato on tomato” (T/T) technique, which demonstrates their prior compatibility
with the robotic system.

The growth protocol developed in the nursery attempted to obtain plants that were grown and
cared for until reaching a similar growth state between the rootstock and scion, with mature plants
and those prepared for the graft having two–four well-defined true compound leaves [28] and stem
diameters of at least 1.5 mm for the splicing method [29]. Therefore, stems with some natural variability
characteristic of the development of each plant (between 1.5 and 2.5 mm in diameter in the area close to
the cut for the scion, and between 2 and 3 mm in diameter for the area close to the cut for the rootstock)
were worked with. Usually, in the automatic graft, the requirements in terms of growth and uniformity
required for the rootstock and scion seedlings are as critical as in the manual graft [30], demanding an
arduous previous task of pre-selection and pairing similar diameters between the linked seedlings.
In our experiment, this work was eliminated because the seedlings were cut with a bevel at a 60◦
angle. From a certain cutting angle, between 50◦ and 70◦, and provided that one works within the
margins of natural variability between the previously established stems, the success rate of the graft
was acceptable and higher than 95%. Therefore, the need to seek equal diameters of the workplaces
was of lessened importance [27,31].

Prior to each experiment and for each tray, it was ensured that all the alveoli slots contained
seedlings that met the previously established rootstock size criteria. The environmental conditions
were regulated during the grafting process, with temperatures between 20 ◦C and 25 ◦C, conditions
of relative humidity that were sometimes forced and were guaranteed to be above 75%, and stable,
non-direct daylight luminosity conditions.

The data were collected for each test via filming and were then timed; the times until reaching
each control point of the process until the graft was completed or the point of generation of each failure
were evaluated.

Regarding the post-grafting conditions, the plants began to wilt immediately after cutting and
grafting, so once each graft tray was finished, it was immediately introduced into a small healing
chamber consisting of a tunnel slightly larger than the dimension of each tray and a low height, covered
by a transparent film. This tunnel was placed inside a chamber in which the climatic conditions
were controlled throughout the healing process. During the first 48 h, the plants were kept without
illumination to reduce transpiration and evaporation. On the following days, the intensity of the light
was increased, and a 14 h light photoperiod with a value ≈ 100 μmol·m−2·s−1 of PAR, (~ 3000 lux)
of non-direct and diffuse light was established during the callus formation stage, from LED lights,
corresponding to a value slightly above the compensation point because there is evidence that a high
intensity of light prevents callus formation [1]. The level of illumination was gradually increased
after several days. The temperature was established with a variable set point in the healing chamber
between 23 ◦C and 30 ◦C, with an average of approximately 26 ◦C, slightly varying between the diurnal
and nocturnal conditions. The relative humidity was initially established between 75% and 95% in an
attempt to reduce the transpiration rate of the scions, avoiding high stress and thus preventing the
drying of the graft [32]. The humidity level was gradually reduced in successive days to condition the
grafts to the outdoors. The vapor pressure deficit (VPD), during the critical graft healing phase was
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around 0.8 kPa in the tunnel inside of the healing chamber, with the aim of decreasing transpiration.
This value was gradually increased in the following days.

The success or failure of the final graft was evaluated by estimation and visual assessment
performed daily across the 14 days after grafting, assessing the natural evolution of the graft, and
analyzing other symptoms and external evidence that would determine its classification as either a
success or a failure. In making this determination, key intermediate points were considered to mark an
inflection of the task or singularity within the process, so that the successful or unsuccessful completion
of this phase of the robotic process could be evaluated.

2.3. Experiments

In the process, different robot working speeds were tested, with the objective of determining
the influence on the graft success. The robot speeds were constant within each test and ranged from
100 mm/s to 600 mm/s, with gradual increments of 100 mm/s. In total, six working speeds were tested.

A total of 900 grafts were prepared, divided into three experimental blocks consisting of a total
of 300 grafted seedlings each, where a total of 50 grafts were performed for each of the six test rates.
The sum of the experimental blocks, equal to one another, therefore consisted of a total of 150 resulting
grafts for each of the six tested velocities.

Only the work times of the external processes on the seedlings (manipulations on the trays, cutting,
and dispensing of the clip) were kept constant between the tests. It was understood that since the work
times are based on pneumatic technology, they were optimized for the corresponding work speed at
3.5 bar (0.35 MPa).

Each experimental block, when was developed on a specific date, was treated under the same
cultivation, manipulation, and post-graft healing conditions, with the aim of matching the development
conditions between the three experimental blocks. In addition, for each of the experimental blocks, the
positional order of each test rate was altered, thereby neutralizing the dependence of said factor.

The statistical analysis of the collected data was performed using the software Minitab v.18.1.
The obtained results were subjected to an analysis of variance with a confidence level of 95%, and
contrast tests were applied using Tukey’s test (honestly significant difference, HSD test).

3. Results and Discussion

After performing the hypothesis test, we estimated that there were statistically significant
differences between the grafting times used for the different tested work rates (Table 1).

For each velocity tested (between TS1 and TS6), the variability of time used in each test unit was
mainly due to singularities that facilitated the manipulation and the development of the grafting work,
to a greater or lesser extent. Singularities included the position of the alveolus in each row of work,
the natural variability of the seedling emergence point within each alveolus, and the unique growth
morphology of each seedling, among others. At low velocities, the difference for each work velocity
was clear, given that the time taken to solve these singularities was less significant compared to the
time spent in tasks not affected by these singularities. However, at high speeds, these factors became
increasingly important and, to some extent, determined the time spent in each test unit.

Grouping the data by test speed, analyzing the failures associated with each control point that
were recorded for the different velocities, and performing the hypothesis test, we estimated that, based
on the Tukey’s tests, there were statistically significant differences between the groups of different
assay speeds (Table 2).

At low test rates, the success rate was higher, greater than 90% for speeds equal to or lower than
TS3, and there was a significantly increasing graft failure for operating speeds equal to or greater
than TS4. Low speeds, between TS1 and TS3, had similar behavior in terms of failures; therefore,
we consider that their differences were derived from chance and not from the working speed itself.
Therefore, it is clear that the TS3 production speeds are more attractive, given that they had a higher
production ratio associated with a low failure rate.
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The relationship linking the number of grafts/hour for each of the tested rates (TS1 to TS6) can be
considered practically linear and was only altered by the random parameters derived, to a great extent,
from the natural variability of the work seedling growth. Such nuances of correction barely affected the
speed, which was largely marked by that established for both robots for each test, although the working
speed of the auxiliary devices was kept constant. In addition, the percentage of successes/failures
associated with each of the test rates (TS1 to TS6), considering their evolution, allowed us to observe a
behavior similar to a quadratic function (Figure 9).

Table 1. Comparison between the mean times spent in grafting task for the six tested speeds. Grouping
of comparisons applying Tukey’s HSD test (honestly significant difference). Significance level p < 0.05.

TS
(Test Speed)

N Mean Time (s) Variance St. Dev SS St. Error 95% CI
Grouping

(Tukey’s HDS)

TS1 150 40.641 185.078 13.600 27576.61 0.617 (39.43; 41.85) A
TS2 150 21.521 56.582 7.522 8430.76 0.617 (20.31; 22.73) B
TS3 150 15.430 27.691 5.262 4125.97 0.617 (14.22; 16.64) C
TS4 150 13.320 30.922 5.561 4607.40 0.617 (12.11; 14.53) C
TS5 150 9.416 19.950 4.467 2972.62 0.617 (8.20; 10.63) D
TS6 150 6.993 22.708 4.765 3383.49 0.617 (5.78; 8.20) D

The different letters show significative differences.

Table 2. Comparison between the means for grafting failures for the six speeds tested. Grouping of
comparisons applying Tukey’s HSD test (honestly significant difference). Significance level p < 0.05.

TS
Test Speed)

Speed
(mm/s)

Check
Points

Mean
(Fails)

Variance St. Dev 95% CI
Grouping

(Tukey HDS)

TS1 100 10 1.50 3.16667 1.780 (0.022; 2.978) A
TS2 200 10 1.60 3.37778 1.838 (0.122; 3.078) A
TS3 300 10 1.50 3.16667 1.780 (0.022; 2.978) A
TS4 400 10 2.20 6.17778 2.486 (0.722; 3.678) AB
TS5 500 10 2.70 5.37778 2.319 (0.922; 3.878) AB
TS6 600 10 4.70 11.34444 3.370 (3.220; 6.180) B

The different letters show significative differences.
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Figure 9. Grafts/hour versus grafting success for different test speeds (TS1 to TS6). Success rate includes
the typical error. “Success before healing chamber” has been included to evaluate the influence on the
global success of the grafting process.
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At the working speeds of the TS3 and TS4 robots (210 and 240 grafts/hour, respectively), the
number of grafts estimated for manual expert workers was already surpassed, i.e., a maximum of
150–240 grafts/hour [7,15], and an average of approximately no more than 1000 grafts per person per
day [30,33,34]. In addition, the success rates for manual grafting are not usually very high, between
81% and 91% [35]. In part, this rate of failure may come from long hours in a hostile work environment,
characterized by high humidity and temperature. The success rates achieved by the robotic graft were
quite similar to those achieved by manual workers, reaching 90.0% for the TS3 speed of 300 mm/s and
85.3% for the TS4 speed of 400 mm/s.

For large cutting angles in splicing grafts, the difference between the diameters of the linked stems
became less important as long as they stayed within certain a range [31]. For cuts at a 60◦ bevel, failure
in the healing and grafting of the middle graft was between 3% and 6% of failures [27]. The difference
between the number of successes considered after grafting and the number of successes recorded after
the healing period in the chamber confirmed this parameter (less than 4%), and except for errors not
visually detected in the grafting process, we associated the percentage of losses in the chamber to
random problems in the healing process itself.

The established isolated intermediate control points allowed us to record the cause for each failed
graft. Studying the origin of the graft failures associated with each velocity in detail, we determined
that at low test rates, the failures detected in the grafting process in the GE phase (grip and extraction)
were slightly more significant. This result may be because the seedling, when extracted from its
alveolus at a lower velocity, experiences lower extraction acceleration, with a consequently greater
resistance and grip to the alveolus walls. As a result, the roots tend to remain adhered and occasionally
incur damage and tears; traction damage to the stem or alterations to the other plants in the tray may
also occur, among other problems.

However, it was observed that, as the test speed increased, the number of failures in this phase
decreased, as did the number of failures in the operations of adaptation and placement of the seedlings,
such as the AC (approach the cutting zone) and ACD (approach the clip dispensing zone) phases, and
in the tasks properly conducted by these tools: C (cutting process) and CPP (clip preparation and
placement). In part, this was due to seedling management from certain working speeds, where there
was a substantial acceleration in the displacements between points, and with it, the inertia experienced
on the seedlings, which, together with their root ball (semi-compressed coconut fibre substrate) could
suffer greater damage and tearing when experiencing such sudden changes of state. In addition, it was
observed that high accelerations led to excessive seedling balance by the ends not held by the robot
clamp (root ball and stem), causing the robot to lose its reference point at rest or to not return to it in
time, thus spoiling the graft. The development of the grafting process is shown in Figure 10.

As the working speed increased, the times spent in the tasks performed by the external working
tools became more important compared to the times spent in the displacement and pre-positioning of
the seedlings in front of the tools. This factor is due to the fixed value of the velocities of the pneumatic
devices in response to an incremental increase in the robot velocities (Figure 11).

At speeds equal to or lower than TS3, the recorded success rate was relatively good at approximately
90%, but it decreased substantially at higher speeds. The next tested speed, TS4, had a significantly
different percentage of recorded failure, five points lower or 85.3%. It is important to assess the success
associated with each work rate, because it is the factor that makes it feasible as an alternative to manual
grafting, because the system evaluated is scalable in terms of systems and tools operating in parallel.
That is, the clamp or end element could be adapted by cloning two or more gripping systems in parallel
for the seedlings, and, to the same extent, the auxiliary devices or tools acting on the seedlings could
be cloned, thus multiplying the number of plants grafted per hour, maintaining similar success rates.
In addition, regarding these working speeds (TS3 and TS4), the number of grafts capable of being
developed manually began to be exceeded. Therefore, when evaluating the grafts/success ratio, we
estimated a better average behavior for velocities close to TS3 (210 grafts/hour).
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Figure 10. Success associated with each check point for the different test speeds, reflected in a percentage
of successful plants in the grafting process. Check Points: approach the input trays (AIT), grip and
extraction (GE), approach the cutting zone (AC), cutting process (C), approach the clip dispensing zone
(ACD), clip preparation and placement (CPP), approach the output trays (AOT), insertion on trays and
release of plants (ITR), return home (RH), and post-graft losses (PGL).

Figure 11. Average time spent in the development of each phase between control points. Check Points:
approach the input trays (AIT), grip and extraction (GE), approach the cutting zone (AC), cutting
process (C), approach the clip dispensing zone (ACD), clip preparation and placement (CPP), approach
the output trays (AOT), insertion on trays and release of plants (ITR), and return home (RH).

Numerous studies have collected the test results of prototypes and commercial devices for the
automated grafting of horticultural seedlings over the last three decades [3,5,7,23,36–44], and the
results for dozens of pieces of equipment have been collected, mainly from Southeast Asia (Japan,
Korea, and China mainly) and Europe.

Comparatively, we can refer to four factors that determine the convenience of and interest in the
study equipment compared to other existing equipment: (a) the flexibility in terms of the horticultural
family of work and the grafting method developed; (b) the degree of automation and the number of
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operators involved in the process; (c) system velocity (grafts/hour) and system efficiency; and (d) the
price of the equipment.

(a) There are devices prepared exclusively for use with Solanaceae and others that allow working
with Solanaceae and Cucurbitaceae. These pieces of equipment are mostly characterized by being
inflexible. The study equipment, based on industrial robotics supported by low-cost external
equipment, is specifically intended for splicing grafts, but enables easy and economic reconversion
and readaptability, as it is able to work with other horticultural families and to apply other grafting
methods. It even has the ability to perform other tasks in the seedbeds or productive environments.

(b) The existing prototypes and commercial devices present a different degree of automation,
ranging from simple tools to help with grafting (cutting or dispensing the clip), to semi-automated
equipment that requires the participation of two to three operators, to fully equipped devices. These are
all automated and can be managed by a single operator. Nevertheless, they claim a high homogeneity
in the work seedlings, requiring the important tasks of pre-sorting and pairing between seedlings,
which to some extent tarnishes the autonomy of the system. The study equipment, by working with a
high cutting angle, allowed us to avoid these previous tasks of searching and matching between the
diameters of the workplaces and therefore enjoys a high degree of autonomy.

(c) Regarding the number of grafts per hour, the majority of studies present equipment ranging
between 200 and 1200 grafts/hour. These values are much higher than those achieved using this
equipment (210–240 grafts/hour), but these results are sufficient compared to manual grafting, and
improvement is feasible by replicating terminal systems, allowing for working in parallel and over
several plants simultaneously. In contrast, the system has a high success rate or efficiency of
approximately 90%.

(d) The current price trend of industrial robotics, together with the use of simple, low-cost auxiliary
equipment, allows us to estimate that the studied system is a rapidly amortizable system, with an initial
investment in robots no greater than the biannual cost associated with the minimum interprofessional
wage in countries [25], and an additional base cost of auxiliary and control equipment which is not
higher than other interprofessional minimum wages (MW). This implies a total base investment of
5 MW (~€60,000). Faced with this, the estimated costs of high automation systems robotic equipment
in high productivity environments (100 million plants per year) are estimated at investments above
~$7,500,000 [45]. Comparatively, and estimating our system working at approximately 230 grafts/hour,
we would yield approximately 2 million grafts per year per piece of equipment, which would imply
approximately 50 systems working in parallel to reach 100 million grafts. Such scaling would involve
an investment of ~€3,000,000, well below the investment necessary for other robotic equipment.

4. Conclusions

The splicing technique, widely used for Solanaceae such as tomato, has the advantage of being
simple and methodical, and therefore easily automatable. In the last three decades, there have been
numerous attempts to develop equipment to deal with the automated grafting of horticultural plants,
and the challenge of using conventional industrial robotics to perform the splicing graft process can
provide a great opportunity. The robotic cell tested herein is based on two industrial robots and
low-cost passive auxiliary units.

The use of low speeds, between 100 mm/s and 300 mm/s, allows ratios close to a 90% success rate
to be maintained. At medium–high velocities, between 400 mm/s and 500 mm/s, success ratios were
still acceptable above 80%. However, at a test speed of 600 mm/s, there was a considerable decrease in
the success rate to less than 70%.

Consequently, we conclude that it is advisable to use a velocity close to 300 mm/s (90.0% success),
which allows working at speeds higher than those estimated for manual expert workers, approximately
150–240 grafts/hour (with success rates between 81% and 91%). Decreasing the work rate below that
point did not substantially improve the success rate.
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Abstract: The bio-agronomical response, along with the arsenic (As) translocation and partitioning
were investigated in self-grafted melon “Proteo”, or grafted onto three interspecific (“RS841”,
“Shintoza”, and “Strong Tosa”) and two intraspecific hybrids (“Dinero” and “Magnus”). Plants were
grown in a soilless system and exposed to two As concentrations in the nutrient solution (0.002 and
3.80 mg L−1, referred to as As− and As+) for 30 days. The As+ treatment lowered the aboveground
dry biomass (−8%, on average), but the grafting combinations differed in terms of photosynthetic
response. As regards the metalloid absorption, the rootstocks revealed a different tendency to uptake
As into the root, where its concentration varied from 1633.57 to 369.10 mg kg−1 DW in “Magnus” and
“RS841”, respectively. The high bioaccumulation factors in root (ranging from 97.13 to 429.89) and the
low translocation factors in shoot (from 0.015 to 0.071) and pulp (from 0.002 to 0.008) under As+,
showed a high As mobility in the substrate–plant system, and a lower mobility inside the plants. This
tendency was higher in the intraspecific rootstocks. Nonetheless, the interspecific “RS841” proved to
be the best rootstock in maximizing yield and minimizing, at the same time, the As concentration into
the fruit.

Keywords: Cucumis melo L.; arsenic; grafting; translocation; bioaccumulation

1. Introduction

Melon (Cucumis melo L.) is one of the major Cucurbit species, playing an important role in irrigated
farmlands of the Mediterranean area [1]. In these regions, the water intended for irrigation could be
contaminated with heavy metals as result of weathering of soil minerals and human activities [2].
Irrigation with contaminated water can affect food quality and safety for the presence of metalloids
and/or heavy metals harmful for human health [3,4]. Among these, arsenic (As) is a persistent,
non-degradable metalloid widely present in the environment both for geogenic or anthropogenic
reasons [5]. Most As compounds are odorless, tasteless, and water-soluble, creating a serious health
risk because of their carcinogenic potential [6]. This metalloid exists in plant organs both as inorganic
and organometallic species, whose concentration and oxidation states are dependent on the type and
amounts of sorbents in the substrate, pH, redox potential (Eh), and soil microbial activity [7,8].

Arsenic is non-essential and generally toxic to plants. At high concentrations (depending on
the species) it interferes with multiple metabolic processes, leading to growth and yield disturbance,
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and even plant death [9,10]. The As(III) root uptake (i.e., the dominating form in anaerobic root
environments) occurs by passive transmembrane transport involving members of the nodulin 26-like
intrinsic protein family of plant aquaporins [11]. As(V), which dominates in aerobic root environments,
enters plant roots via phosphate (Pi) transporters, as the oxyanion chemical structure of As(V) is
analogous to Pi [12]. As a consequence, As(V) compete with Pi absorption and P-dependent metabolic
processes during ATP synthesis, with subsequent disturbance of major biological functions [13,14].

The efficiency of As translocation from roots to shoots via xylem loading affects the plants’ As
tolerance and their proneness to accumulate this metalloid into the edible fraction, so posing potential
risks to human health [14].

In horticultural systems, vegetable grafting is a multipurpose technique improving crops
performances and product quality under both optimal and suboptimal growth conditions [15–17]. It
has been proposed as a means to reduce the heavy metals uptake and translocation to the shoots and
the edible parts [18,19], although the mechanisms underlying such impediment are still unclear [20].
Thus, investigating the use of melon rootstocks could be useful for understanding the behavior of
different grafting combinations, with the view to improve crop performances and product safety in
As-polluted areas.

Considering the above, the objective of this research was to study the effects of different rootstock
genotypes on As uptake, accumulation, and partitioning, as well as on agronomical and physiological
response of melon plants subjected to a high concentration of the metalloid in the root environment.
To this end, the present experiment was performed to investigate: (i) If As concentration in the
nutrient solution influences its uptake and translocation in melon plants; (ii) if and how the different
rootstocks can mitigate the As accumulation within plant organs; (iii) the possible role of different
rootstock genotypes in modulating the bio-agronomical response of melon plants to the elevated As
concentration in the root zone.

2. Materials and Methods

2.1. Experimental Site, Plant Material, and Management Practices

The experiment was conducted in 2014, in a greenhouse situated in the coastal area of Eastern
Sicily (37◦24′26” N, 15◦03′37” E, 6 m a.s.l.). The local climate is semi-arid/Mediterranean, with mild
and wet winters, and hot, dry summers. A 1000 m2, east–west-oriented, multi-aisle greenhouse was
used, having a steel tubular structure and covered with polycarbonate slabs. Mean air temperature,
relative humidity and global radiation inside the greenhouse (two sets of sensors in the center of each
experimental plot) were recorded on a data logger (CR10 X; Campbell Scientific Ltd., Loughborough,
UK). Melon cv. “Proteo” F1 (Syngenta Seed, Basel, Switzerland) belonging to the Reticulatus group was
used as scion. Five F1 rootstock genotypes were included in the study, of which 2 were intraspecific,
namely “Dinero” (Syngenta Seed) and “Magnus” (Agris), and 3 were interspecific (Cucurbita maxima
Duchesne × C. moschata Duchesne ex Poir.), namely “RS841” (DeRuiter Seeds, Oxnard, CA, USA)
“Shintoza” (Fenix, Belpasso, Italy) and ‘Strong Tosa’ (Syngenta Seed). Self-grafted “Proteo” was used
as control. Splice-grafted plantlets were used, whereas plastic clips were applied to secure the creation
of the graft union. Plantlets were obtained from a specialized nursery and transplanted at the stage of
3 true leaves on April 22, in 5 L pots filled with perlite (3–5 mm). Pots were placed in troughs (5 per
main plot) of an open soilless system, placed at 5 cm from the soil surface and with a distance of 50
cm between pots and 100 cm between troughs, obtaining a plant density of 2 plants m−2. During the
trial, the crop was fertigated with a nutrient solution having the following composition, including
the starting well water (mmol L−1): 11.2 NO3

−, 0.3 NH4
+, 1.3 H2PO4

−, 6.6 K+, 0.9 SO4
2−, 3.4 Ca2+,

2.5 Mg2+. The concentration of microelements (μmol L−1) was: 15 Fe3+, 10 Mn2+, 0.75 Cu2+, 5 Zn2+,
30 B3+, 0.5 Mo6+. The pH was maintained at 5.9 by adding H2SO4 (95% concentration, 1.83 kg L−1).
Bumblebees were introduced into the greenhouse to maximize pollination. Stems were left to grow
horizontally, whereas plants were pruned by removing the lateral shoots. Only 1 lateral ramification
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per plant was left, bearing 2 fruits. In order to evaluate the effects of studied factors at the same date,
the trial was stopped when the first fruit was fully ripe (i.e., 45 days after transplant). Fifteen days after
transplanting, the nutrient solution was differentiated to obtain 2 As concentrations, a control solution
(0.002 mg L−1 As, which was the concentration in the starting fertigation solution, hereafter As−) and
an As-enriched one (3.8 mg L−1 As, hereafter As+) obtained by adding sodium arsenate (Na2HAsO4

7H2O, 24% As content). The As+ treatment was chosen to simulate the working condition of a soil
having 55 ppm of As, ~7.0% of which was bioavailable (a common situation in As contaminated
soils). The nutrient solutions were supplied using a drip irrigation system with one emitter per plant
(4 L h−1). The amount of nutrient solution supplied at each irrigation was quantified on a weekly basis,
according to the volume of the substrate exploited by the roots and the corresponding water contained
in the substrate at the intervals from −10 to −50 hPa of matrix potential (12 mL 100 mL−1).

The experiment was arranged in a randomized split-plot design with three replicates, assigning
the As concentration of the nutrient solution to the main plots, and the rootstock combination to the
subplots. The overall experimental area inside the greenhouse was 450 m2 (15.0 × 30.0 m), including
900 plants (324, excluding border plants), divided into 36 net experimental units (2 As levels × 6
grafting combinations × 3 replicates) each containing 9 plants.

2.2. Leaf Relative Chlorophyll (Chl) Content and Gas Exchange Measurements

Forty-five days after transplanting plants were checked for leaf relative Chl content, through a
portable Chl meter (SPAD 502; Minolta Camera, Osaka, Japan). Before measurements, the instrument
was calibrated according to manufacturer’s instructions. All readings were taken from the adaxial
side of the tallest fully expanded leaf. To minimize possible interactions with either plant water status
and natural irradiance level [21,22], measurements were made in the morning, starting at 08:00 h
(local solar time). Instantaneous leaf photosynthetic rate (AN), stomatal conductance (gs), and leaf
transpiration rate (E) were also measured from 11:00 to 13:00 inside a 6.25 cm2 leaf chamber of a
portable photosynthesis system (LCi; ADC BioScientific Ltd., Hoddesdon, UK). Photosynthetic water
use efficiency (WUE) was calculated as the ratio AN/E [23]. During measurements, leaf temperature
was 27.4 ± 2 ◦C, while mean photosynthetic photon flux density was in the range of 1500 ± 100 μmol
photons m−2 s−1. Duplicate measurements were taken from four plants per sub-plot.

2.3. Plant Growth and Development Measurements

On the same date of physiological measurements, all the plants within each replicate were
harvested and their main fractions (leaves, stem and fruits, regardless of the ripening stage) weighed
separately. The number of leaves per plant (LN) was determined, while plant leaf area (LA) was
measured using an Image Analysis System (DeltaT Devices Ltd., Cambridge, UK), then subsamples
of raw materials were kept in a thermo-ventilated oven at 70 ◦C (Binder, Milan, Italy) until constant
weight, in order to determine their dry weight (DW). From the original data frame, the leaf area ratio
(LAR, the ratio between the area and total plant biomass) and leaf weight ratio (LWR, the dry weight
of leaves to whole plant dry weight) were calculated.

2.4. Arsenic and Phosphorous Determination in Plant Tissues

Roots, shoots, and fully ripe fruits (1 per plant) were analyzed to determine the quantity of the total
As and phosphorus (P). To this end, about 200 mg of samples were subjected to acid digestions and to
As and P determinations, which were performed according to Stazi et al. [19]. The reagents were super
pure for trace analysis. The accuracy of the measurements was assessed using SRM 1573a as standard
reference materials trace metals. Total As quantification were performed using an inductively-coupled
plasma optical emission spectrometer (ICP-OES) with an axially viewed configuration (8000 DV,
PerkinElmer, Shelton, CT, USA) equipped with an ultrasonic nebulizer. The As detection limit for
employed technique was 0.1 μg L−1. With the aim of understanding the metabolic pathway followed
by this element once absorbed by the plant, we measured the amount of trivalent and pentavalent
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As. Inorganic As species were extracted without the addition of hydrogen peroxide according to
Rintala et al. [24] with some modifications. In brief, 200 mg of roots were homogenized and digested
with 10 mL of a mixture of HNO3 (1%, v/v) and left to react overnight. The samples were subjected
to microwave-assisted extraction according to the following program—3 min from 25 to 55 ◦C (step
1), 10 min at 55 ◦C (step 2), 2 min from 55 to 75 ◦C (step 3), 10 min at 75 ◦C (step 4), 2 min from 75 to
95 ◦C (step 5) and 30 min at 95 ◦C (step 6). Samples were then quantitatively transferred into tubes
and centrifuged for 15 min at 10,000 rpm at 4 ◦C. The supernatant was filtered with a 0.22 μm PVDF
filter. The concentration of As(III) was determined directly with an ICP-OES equipped with a hydride
generation system. The total concentration of inorganic arsenic species [As(III)+As(V)] were obtained
after reducing As(V) to As(III) through 5.0% (w/v) ascorbic acid and potassium iodide in hydrochloric
acid, and the content of As(V) was calculated from the difference between total As concentration and
that of As(III) [25].

2.5. Bioaccumulation and Translocation Factors

Arsenic bioaccumulation factor (BAF) (i.e., the ability of a plant to accumulate this element
from water) was calculated on a DW basis, as the ratio among its concentration in root (BAFroot),
shoot (BAFshoot), and pulp (BAFpulp) and the corresponding concentration in the nutrient solution.
The root-to-plant translocation factor (TF) defines the movement and distribution of As from roots
to the aerial part of the plant. The TF was calculated on a DW basis, as the ratio between the As
concentration in shoot (TFshoot) and fruit pulp (TFpulp), and the corresponding concentration in roots
at the end of the experiment [26–28].

2.6. Statistical Procedures

All data were subjected to Shapiro–Wilk and Levene’s test, in order to check for normal distribution
and homoscedasticity, respectively, then to a ‘As concentration × rootstock’ analysis of variance
(ANOVA), according to the split-plot experimental layout adopted in the greenhouse. Percentage data
were Bliss’ transformed before the ANOVA (untransformed data are reported and discussed), while
multiple means comparison was performed through Fisher’s protected least significant difference (LSD)
test (p = 0.05). The As concentrations in root, shoot, and pulp were subjected at principal component
analysis (PCA) to verify the interaction between the different factors able to synthetize the considered
variables. All calculations were performed using the Excel (Microsoft Corporation, Redmond, WA,
USA) and JMP 11.0 statistical software package (SAS Institute, Cary, NC, USA).

2.7. Microclimate Conditions Inside the Greenhouse

During the experiment, the average mean temperature progressively increased from 18.6 to 26.4 ◦C
(on day 12 and 36 after transplanting, respectively), while relative humidity showed an opposite trend,
as it passed from 63.7% to 40.5% (on day 11 and 33 after transplanting, respectively). Solar radiation
amply paralleled the trend of mean temperature, as it progressively increased passing from 10.45 to
15.02 MJ m−2 (on day 11 and 36 after transplanting, respectively). As regards the spatial variability
among main plots, the differences in terms of mean temperature, relative humidity, and solar radiation
never exceeded 0.2 ◦C, 2.1%, and 0.8 MJ m−2, respectively.

3. Results

3.1. Aboveground Plant Biomass and Partitioning

Whole plant biomass was affected by the main factors and their interaction (Table 1). In As−
treatment this variable was higher in “Proteo” grafted onto “Strong Tosa” and “RS841” (309 g plant−1,
on average), whereas in response to As+ treatment it significantly decreased in “Proteo” grafted onto
“Dinero” (from 251.7 to 198.7 g plant−1, −21%) and “Strong Tosa” (from 317.0 to 239.3 g plant−1, −25%)
(Table 1). Among the plant components, stem biomass resulted 30 and 24 g plant−1 in As− and As+,
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respectively (−20%) (Table 1). Passing from As− to As+, there was a general decrease of the leaf
biomass too. This response was more marked in “Proteo” grafted onto “Dinero” (from 66.4 to 42.0 g
plant−1, −37%), ‘Magnus’ (from 56.7 to 44.5 g plant−1, −22%), ‘RS841’ (from 66.3 to 52.1 g plant−1,
−21%), and “Strong Tosa” (from 58.0 to 44.4 g plant−1, −23%), whereas no significant difference was
recorded when “Proteo” was self-grafted or grafted onto “Shintoza” (Table 1). When grown in the As+,
fruit biomass showed a significant variation in “Proteo” grafted onto ‘Magnus’ and “Strong Tosa”,
where it varied by +33% (from 119.9 to 159.1 g plant−1) and −26% (from 231.1 to 170.9 g plant−1),
respectively (Table 1).

Table 1. Aboveground biomass production and partitioning (g dry weight plant−1) in melon plant
as affected by As concentration in the nutrient solution and rootstock. Different letters within main
factors indicate significance at Fisher’s protected least significant difference (LSD) test (p = 0.05).
NS—not significant.

Variable

Rootstock

Mean
LSDinteraction

(p = 0.05)“Proteo”
(Control)

“Dinero” “Magnus” “RS841” “Shintoza” “Strong Tosa”

Plant
As− 235.0 251.7 207.0 300.3 247.7 317.0 259.8 a 45.1
As+ 220.0 198.7 226.3 278.7 268.3 239.3 238.6 b

Mean 227 bc 225 c 217 c 289 a 258 ab 278 a

Stem
As− 29.7 31.2 31.4 29.6 30.8 28.0 30.1 a NS
As+ 22.2 21.9 22.7 25.0 28.4 23.39 24.0 b

Mean 25.9 a 26.5 a 27.1 a 27.3 a 29.6 a 25.9 a

Leaf
As− 56.8 66.4 56.7 66.3 55.8 58.0 60.0 a 10.3
As+ 47.6 42.0 44.5 52.1 58.0 44.4 48.1 b

Mean 52.2 a 54.2 a 50.6 a 59.2 a 56.9 a 51.2 a

Fruit
As− 148.8 154.0 119.9 204.6 161.1 231.1 169.9 a 37.3
As+ 150.3 134.6 159.1 201.5 182.0 170.9 166.4 a

Mean 149.6 c 144.3 c 139.5 c 203.0 a 171.5 b 201.0 a

3.2. Leaf Growth Variables

All leaf growth variables were significantly affected by the ‘As concentration× rootstock’ interaction
(Table 2). With the As increase in the nutrient solution, both LN and LA showed the strongest reduction in
the grafting combinations “Proteo”/“Dinero” (−43 leaves plant−1 and −34.4 dm2 plant−1, respectively),
“Proteo”/“Magnus” (−42 leaves plant−1 and −27.2 dm2 plant−1), and “Proteo”/‘Strong Tosa’ (−27 leaves
plant−1 and −19.3 dm2 plant−1) (Table 2). Similarly, LAR and LWR showed a significant reduction
passing from As− to As+ solution, with the strongest drops recorded in the grafting combinations
“Proteo”/“Dinero” (−7.6 cm2 g−1 DW and −0.054 g g−1 DW, respectively) and “Proteo”/“Magnus”
(−16 cm2 g−1 DW and −0.073 g g−1 DW) (Table 2).

Table 2. Leaf growth variables in melon plant as affected by As concentration in the nutrient solution
and rootstock. Different letters within main factors indicate significance at Fisher’s LSD test (p = 0.05).

Variable

Rootstock

Mean
LSDinteraction

(p = 0.05)“Proteo”
(Control)

“Dinero” “Magnus” “RS841” “Shintoza” “Strong Tosa”

LN
(n. plant−1)

As− 163 178 187 158 157 176 170 a 22
As+ 159 135 145 140 162 149 148 b

Mean 161 a 156 a 166 a 149 a 160 a 162 a

LA
(dm2 plant−1)

As− 74.1 91.5 86.9 75.9 83.6 86.3 83.1 a 14.5
As+ 66.9 57.1 59.7 63.3 83.3 67.0 66.2 b

Mean 70.5 a 74.3 a 73.3 a 69.6 a 83.4 a 76.7 a

LAR
(cm2 g−1 DW)

As− 31.7 36.4 42.4 25.3 34.2 27.2 32.9 a 7.1
As+ 30.7 28.8 26.4 22.7 31.5 28.3 28.1 b

Mean 31.2 ab 32.6 ab 34.4 a 24.0 c 32.8 a 27.7 bc

LWR
(g g−1 DW)

As− 0.243 0.267 0.270 0.223 0.230 0.183 0.236 a 0.034
As+ 0.217 0.213 0.197 0.190 0.217 0.187 0.203 b

Mean 0.230 ab 0.240 a 0.233 a 0.207 ab 0.223 bc 0.185 c

LN—number of leaves; LA—leaf area; LAR—leaf area ratio; LWR—leaf weight ratio.
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3.3. Leaf Relative Chl Content and Gas Exchanges

Leaf relative Chl content did not differ in relation to rootstock, while in all grafting combinations
it increased by 7% (from 55.3 to 59.3 SPAD units) in the As+ solution (Table 3). The highest AN

values in As− solution were recorded in “Proteo” grafted onto “Magnus”, “RS841”, and ‘Strong Tosa’
(27.4 μmol CO2 m−2 s−1, on average). Nevertheless under As+ treatment, the grafting combination
“Proteo”/“RS841” showed a significant AN reduction (from 27.7 to 22.7 μmol CO2 m−2 s−1, −18%),
whereas an opposite trend was recorded in self-grafted “Proteo” (from 25.3 to 27.7 μmol CO2 m−2 s−1,
+10%) (Table 3). Passing from As− to As+, gs significantly varied in the grafting combinations
“Proteo”/“Dinero” (from 273 to 385 μmol CO2 m−2 s−1, +41%), “Proteo”/“Shintoza” (from 190 to
245 μmol CO2 m−2 s−1, +29%), and “Proteo”/“Magnus” (from 275 to 207 μmol CO2 m−2 s−1, −25%),
with the control showing stable gs values across nutrient solutions (Table 3). “RS841” rootstock
maximized the WUE values in As−, but showed the highest decrease in response to As+ (being
reduced from 3.5 to 3.0 μmol CO2 μmol−1 H2O m−2 s−1, −12%), while an opposite trend was recorded
in self-grafted “Proteo” (from 3.0 to 3.4 μmol CO2 μmol−1 H2O m−2 s−1, +14%). A similar response
was recorded when “Proteo” was grafted onto ‘Strong Tosa’ (from 2.8 to 3.3 μmol CO2 μmol−1 H2O
m−2 s−1, +17%) and “Magnus” (from 2.8 to 3.6 μmol CO2 μmol−1 H2O m−2 s−1, +26%) (Table 3).

Table 3. Leaf relative Chl content and gas exchange variables in melon plant as affected by As
concentration in the nutrient solution and rootstock. Different letters within main factors indicate
significance at Fisher’s LSD test (p = 0.05). NS—not significant.

Variable

Rootstock

Mean
LSDinteraction

(p = 0.05)“Proteo”
(Control)

“Dinero” “Magnus” “RS841” “Shintoza” “Strong Tosa”

SPAD
As− 55.7 56.4 54.7 56.1 52.9 55.9 55.3 b NS
As+ 57.5 59.3 58.1 61.7 58.6 60.8 59.3 a

Mean 56.6 a 57.8 a 56.4 a 58.9 a 55.7 a 58.4 a

AN
(μmol CO2 m−2 s−1)

As− 25.3 25.0 26.7 27.7 25.1 27.7 26.2 a 2.2
As+ 27.7 23.2 25.6 22.7 25.4 29.1 25.6 a

Mean 26.5 b 24.1 c 26.1 b 25.2 bc 25.2 bc 28.4 a

Gs
(μmol CO2 m−2 s−1)

As− 240 273 275 255 190 330 261 a 43
As+ 247 385 207 230 245 300 269 a

Mean 243 b 329 a 241 b 243 b 218 b 315 a
WUE

(μmol CO2 μmol−1

H2O m−2 s−1)

As− 3.0 3.0 2.8 3.5 3.0 2.8 3.0 b 0.3
As+ 3.4 2.8 3.6 3.0 3.2 3.3 3.2 a

Mean 3.2 a 2.9 b 3.2 a 3.3 a 3.1 ab 3.1 ab

AN—net assimilation rate; gs—stomatal conductance; WUE—water use efficiency.

3.4. Arsenic Accumulation in Plant Fractions

Arsenic accumulation in plant fractions was significantly affected by the main factors and their
interaction (Table 4). In As− treatment, the highest Asroot was recorded in the rootstocks “Magnus”
and “Proteo” (11.75 mg kg DW−1, on average), while the lowest one in “RS841” (6.26 mg kg DW−1). In
the As+ treatment, Asroot increased in all the tested rootstocks, with the highest concentration recorded
in “Magnus” (1633.57 mg kg−1 DW, +131 fold than control), while the lowest one in “RS841” (369.10
mg kg−1 DW, +58 fold) (Table 4). The As+ treatment promoted Asshoot in a rootstock-dependent way
too, since passing from As− to As+, “RS841” showed the highest Asshoot increase (by 25.61 mg kg−1

DW, +43 fold than control), whereas ‘Strong Tosa’ showed the least one (by 21.75 mg kg−1 DW, +36
fold) (Table 4). By increasing the As concentration in the nutrient solution, Aspulp increased in all
the grafting combinations, with the highest rise recorded in “Proteo” grafted onto “Shintoza” and
“Dinero” (by 3.09 mg kg−1 DW, on average, equal to +14 fold than control) and the least one recorded
in self-grafted “Proteo” (by 1.86 mg kg−1 DW, +2 fold) (Table 4).
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Table 4. Total arsenic accumulation (mg kg−1 DW) in different organs of melon plant as affected by
As concentration in the nutrient solution and rootstock. Different letters within main factors indicate
significance at Fisher’s LSD test (p = 0.05).

Variable

Rootstock

Mean
LSDinteraction

(p = 0.05)“Proteo”
(Control)

“Dinero” “Magnus” “RS841” “Shintoza” “Strong Tosa”

Asroot

As− 11.84 7.10 11.65 6.26 8.09 8.35 8.88 b 77.33
As+ 1031.53 1090.73 1633.57 369.10 732.75 805.88 943.93 a

Mean 521.68 b 548.91 b 822.61 a 187.68 d 370.42 c 407.12 c

Asshoot

As− 0.71 0.86 0.77 0.59 0.47 0.60 0.67 b 1.73
As+ 23.71 25.50 23.81 26.20 23.90 22.35 24.24 a

Mean 12.21 ab 13.18 a 12.29 ab 13.39 a 12.18 ab 11.48 b

Aspulp

As− 0.86 0.14 0.46 0.29 0.30 0.60 0.44 b 0.25
As+ 2.72 3.16 2.99 2.98 3.46 3.19 3.08 a

Mean 1.79 ab 1.65 b 1.72 ab 1.64 b 1.88 a 1.89 a

3.5. Arsenic Speciation in Root

Arsenic speciation in root was significantly affected by ‘As concentration × rootstock’ interaction
(Table 5). In As− treatment, Asinorganic in root accounted from 40.1% (“Shintoza”) to 60.1% (“Proteo”);
however, in the As+ solution, this variable significantly decreased in the intraspecific rootstocks,
namely “Proteo”, “Dinero”, and “Magnus” (−14.57%, on average), while it increased in the interspecific
hybrids “RS841”, “Shintoza”, and ‘Strong Tosa’ (+34.93%, on average) (Table 5). In As− treatment,
AsIIIroot widely differed among rootstocks, ranging from 0.01 to 1.94 mg kg−1 DW in “RS841” and
“Proteo”, respectively. In the As+ treatment it showed the highest rise in ‘Strong Tosa’ (+577.24 mg
kg−1 DW; i.e., +3207 fold than control) and “Shintoza” (+287.39 mg kg−1 DW; i.e., +3193 fold), and
the least one in “RS841” (+82.25 mg kg−1 DW; i.e., +8225 fold) (Table 5). In As− treatment, AsVroot

showed the highest value in “Proteo” (5.17 mg kg−1 DW) and the least one in “Dinero” and “RS841”
(2.88 mg kg−1 DW, on average) (Table 5). When plants were grown in the As+ solution, such variable
showed the highest increase in “Magnus” (by 345.94 mg kg−1 DW; i.e., +80 fold than control), followed
by “Proteo” and “Dinero” (by 255.88 mg kg−1 DW, on average; i.e., +64 fold), and the least one in
‘Strong Tosa’ (by 41.85 mg kg−1 DW; i.e., +14 fold) (Table 5).

Table 5. Inorganic As (percentage of total), As(III), and As(V) (mg kg−1 DW) in root of melon plant
as affected by As concentration in the nutrient solution and rootstock. Different letters within main
factors indicate significance at Fisher’s LSD test (p = 0.05).

Variable

Rootstock

Mean
LSDinteraction

(p = 0.05)“Proteo”
(Control)

“Dinero” “Magnus” “RS841” “Shintoza” “Strong Tosa”

Asinorganic

As− 60.1 54.1 48.0 46.0 40.1 38.2 47.8 a 12.7
As+ 48.6 38.9 31.0 80.7 71.2 77.2 57.9 b

Mean 54.3 bc 46.5 cd 39.5 d 63.4 a 55.6 ab 57.7 ab

AsIIIroot

As− 1.94 0.96 1.25 0.01 0.09 0.18 0.74 b 71.89
As+ 235.98 168.31 150.07 82.26 287.48 577.42 250.25 a

Mean 118.96 bc 84.64 cd 75.66 cd 41.14 d 143.79 b 288.80 a

AsVroot

As− 5.17 2.88 4.35 2.87 3.15 3.01 3.57 b 102.15
As+ 264.86 254.95 350.29 215.72 233.87 44.86 227.42 a

Mean 135.02 a 128.91 a 177.32 a 109.30 a 118.51 a 23.94 b

3.6. Arsenic Bioaccumulation and Translocation Factors

All the bioaccumulation and translocation factors proved to be higher under the control growing
conditions, displaying a sharp decrease in response to the As+ treatment (Table 6). Shifting from
As− to As+, the strongest BAFroot reduction was found in “Proteo” and “Magnus” (−5646.22 and
−5394.68, respectively, corresponding to −95% and −93%), while the least one in “Dinero” and “RS841”
(−3260.82 and −3033.38, respectively, corresponding to −92% and −97%) (Table 6). Differently, “Dinero”
caused the sharper BAFshoot decrease in response to As+ treatment (−422.82, i.e., −98%), followed
by “Magnus” (−377.37, i.e., −98%), while “Shintoza” generated the smallest variation (−229.6, i.e.,
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−97%) (Table 6). With reference to BAFpulp, “Proteo” and “Strong Tosa” generated the strongest drop
in response to As+ (by −426.92 and −298.47, respectively, corresponding to −99.8% and −99.7%),
whereas a less marked decrease was recorded when “Proteo” was grafted onto “Shintoza” (−150.45,
i.e., −99.4%), “RS841” (−145.92; i.e., −99.5%) and “Dinero” (−68.05, i.e.; −98.8%) (Table 6). The increase
in As concentration in the root environment caused the highest TFshoot reductions in “Proteo” grafted
onto “Dinero” (−0.097; i.e., −80.2%) and “Magnus” (−0.051, i.e., −77.3%), while the least ones in the
grafting combinations “Proteo”/“Shintoza” (−0.025; i.e., −43.1%) and “Proteo”/“RS841” (−0.024; i.e.,
−25.3%) (Table 6). “Strong Tosa”, “Magnus” and “Shintoza” proved the highest TFpulp reduction in
response to the As stress (−0.069, −0.038, and −0.032, respectively, corresponding to −94.5%, −95.0%,
and −86.5%), whereas “Dinero” showed the least one (−0.007; i.e., −84.2%) (Table 6).

Table 6. Arsenic bioaccumulation and translocation factors (adimensional) in shoot and pulp of melon
plants as affected by As concentration in the nutrient solution and rootstock. Different letters within
main factors indicate significance at Fisher’s LSD test (p = 0.05).

Variable

Rootstock

Mean
LSDinteraction

(p = 0.05)“Proteo
(Control)

“Dinero” “Magnus” “RS841” “Shintoza” “Strong Tosa”

BAFroot

As− 5917.67 3547.86 5824.57 3130.51 4045.17 4176.02 4440.30
a

370.18

As+ 271.45 287.04 429.89 97.13 192.83 212.07 248.40 b

Mean 3094.56 a 1917.45 c 3127.23 a 1613.82 d
2119.00

bc
2194.05 b

BAFshoot

As− 355.46 429.53 383.63 295.42 235.89 301.22 333.52 a 50.54
As+ 6.24 6.71 6.26 6.89 6.29 5.88 6.38 b

Mean 180.85 bc 218.12 a 194.95 ab 151.16 cd 121.09 d 153.55

BAFpulp

As− 427.64 68.88 229.97 146.70 151.36 299.31 220.64 a 15.50
As+ 0.72 0.83 0.79 0.78 0.91 0.84 0.81 b

Mean 214.18 a 34.86 e 115.38 c 73.74 d 76.13 d 150.07 b

TFshoot

As− 0.060 0.121 0.066 0.095 0.058 0.074 0.079 a 0.014
As+ 0.023 0.024 0.015 0.071 0.033 0.028 0.032 b

Mean 0.042 cd 0.072 b 0.040 d 0.083 a 0.046 cd 0.051 c

TFpulp

As− 0.073 0.019 0.040 0.048 0.037 0.073 0.048 a 0.007
As+ 0.003 0.003 0.002 0.008 0.005 0.004 0.004 b

Mean 0.038 a 0.011 d 0.021 c 0.028 b 0.021 c 0.039 a

3.7. Phosphorus Accumulation in Plant Fractions

Phosphorus accumulation in plant fractions was significantly affected by the main factors and
their interaction (Table 7). Passing from As− to As+ treatment, Proot increased mostly in self-grafted
“Proteo” (from 3527 to 31,390 mg kg−1 DW, +790%), followed by “Dinero” (from 3566 to 17,059 mg
kg−1 DW, +378%), “Magnus” (from 14,362 to 22,938 mg kg−1 DW, +60%), and “Shintoza” (from 12,535
to 19,210 mg kg−1 DW, +53%) (Table 7). Conversely, the As+ treatment significantly reduced Pshoot as
compared to the standard nutrient solution, with the highest drop recorded in “Proteo” grafted onto
“Dinero” and “Magnus” (from 7001 to 4923 mg kg−1 DW, on average, −30%) (Table 7). Passing from
As− to As+, Ppulp significantly increased in “Proteo” grafted onto “Dinero”, “Magnus”, and ‘Strong
Tosa’ (by 4472, 1334, and 1203 mg kg−1 DW, respectively, corresponding to +758%, +35%, and +30%),
whereas did not show any significant variation in the other graft combinations (Table 7).
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Table 7. Phosphorus accumulation (mg kg−1 DW) in different organs of melon plants as affected by
As concentration in the nutrient solution and rootstock. Different letters within main factors indicate
significance at Fisher’s LSD test (p = 0.05).

Variable

Rootstock

Mean
LSDinteraction

(p = 0.05)“Proteo”
(Control)

“Dinero” “Magnus” “RS841” “Shintoza” “Strong Tosa”

Proot

As− 3527 3566 14362 12959 12535 20875 11304 b 3111
As+ 31390 17059 22938 10379 19210 22343 20553 a

Mean 17458 bc 10312 d 18650 b 11669 d 15872 c 21609 a

Pshoot

As− 7038 7131 6871 6039 6465 6538 6681 a 564
As+ 6434 5064 4782 5563 5861 5786 5582 b

Mean 6736 a 6098 b 5827 b 5801 b 6163 b 6162 b

Ppulp

As− 4745 590 3827 4119 4110 3996 3565 b 521
As+ 5151 5062 5161 3797 4561 5199 4822 a

Mean 4948 a 2826 d 4494 b 3958 c 4335 b 4597 ab

3.8. Principal Component Analysis

The first two principal components gave eigenvalues equal to 2.75 (PC1) and 0.21 (PC2), and
together accounted for 98.9% of the total variance (Table 8). The As accumulation into the different
plant fractions positively contributed to PC1, with correlation coefficient ranging from 0.556 to 0.589,
while PC2 was strongly and positively correlated to Asroot (0.830) and negatively correlated to Asshoot

and Aspulp (−0.367 and −0.419, respectively). The resulting PCA scatterplot showed a clear separation
among plants grown in As− (on the negative side of PC1) and those grown in As+ (on the right side of
PC1). The first group clustered together, with no separation between different plant organs, while the
second group showed a further separation in two sub-clusters, in the second and fourth quadrant of the
centroid, respectively (Figure 1). The first sub-cluster grouped on the positive side of PC2 the grafting
combinations (self-grafted “Proteo”, “Proteo”/“Magnus”, and “Proteo”/“Dinero”) accumulating As
mainly in root, while the second sub-cluster grouped those combinations (“Proteo”/‘Strong Tosa’,
“Proteo”/“Shintoza”, and “Proteo”/“RS841”), accumulating As in the aerial parts of the plant, namely
shoot and pulp (Figure 1).

Table 8. Correlation coefficients for each trait with respect to the first two principal components,
eigenvalues, and relative and cumulative proportions of the explained variance.

Trait
Principal Component Coefficients

First Second

Asroot 0.556 0.830
Asshoot 0.589 −0.367
Aspulp 0.586 −0.419

Eigenvalue 2.75 0.21
Explained Variability (%) 91.91 7.07
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Figure 1. Principal Component Analysis scatter-plot based on total As concentration in root, shoot
and pulp of melon plant “Proteo” as a function of the grafting combination and As concentration of
the nutrient solution. Dotted lines group together treatments at different concentrations of As in the
nutrient solution, while solid lines group together the grafting combinations.

4. Discussion

The environmental As contamination is a worldwide health threat due to the toxic and carcinogenic
nature of this metalloid [29]. From an agricultural viewpoint, plants exposure to As− stress can cause
morphological, physiological, and biochemical changes, leading to altered photosynthesis, stunted
growth, reduced crop productivity, and worsened toxicological profile of the edible fractions [30].
In our experiment, the bioaccumulation factors values revealed that, even at a low As concentration
in the nutrient solution, melon behaves as an hyperaccumulator plant, following the gradient root
> shoot > fruit generally reported in literature [31]. However, when exposed to an As+ solution,
all the grafting combinations acted to limit the As entrance into the plant, as can be inferred from
the average reduction of BAFroot (−94.4%), BAFshoot (−98.1%), and BAFpulp (−99.6%). Nonetheless
plants exposure to As stress highlighted evidences of systemic stress, consisting in a decrease of the
whole aboveground dry biomass per plant, which mainly mirrored the reduction of both, stem and
leaf dry biomass per plant. The reduced plant growth in response to As toxicity originates from
complex alterations involving enzymes activity, induction of oxidative stresses, or altered nutrient
uptake and balance into the plant [32,33]. In the present experiment melon plants subjected to As
stress showed a decreased ability to maintain the normal growth equilibrium among plant fractions,
by partially losing (~20%) the ability of photosynthates investment into leaf biomass, so indicating
the main photosynthetic organs as an elective target of As-induced alterations. Leaf area, leaf area
ratio, and leaf weight ratio were predominantly affected by the As toxicity, more than leaf number,
indicating leaf cells proliferation and elongation as primarily affected by the As stress, more than leaf
cells differentiation. According to Koyama and Kikuzawa [34] and Ropokis et al. [35], leaf area is
a trait having a central role in determining the level of nutrient uptake, via the rate of whole plant
photosynthesis and transpiration. In this sense, the decreased leaf area we recorded suggests the
triggering of morpho-physiological modifications reducing the As entrance inside the plant, probably
by modulating the plant’s transpiration and nutrient demand.

Regarding photosynthesis, As accumulation in leaf tissues is responsible for key physiological
events such as chlorophyll degradation and leaf necrosis, decreased activity of the enzymes involved
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in photosynthetic metabolism, disturbance of photosynthates transport, and stomatal behavior [36,37].
This, apparently, was not reflected in our experiment where, besides the absence of any leaf necrosis
(data not shown), there was a general increase in leaf relative chlorophyll content, as can be inferred from
SPAD readings. This result is consistent with those of Zu et al. [37], which have reported that As is able
to promote chlorophyll content in leaf tissues, becoming harmful only above a threshold concentration.

The analysis of net photosynthetic rate revealed different degrees of sensibility to the As toxicity
among grafting combinations, with self-grafted “Proteo” experiencing a slight stimulation under
As stress, a feature opposite to that displayed by “Proteo”–“RS841” combination. Both trends were
associated to correspondingly similar patterns of water use efficiency, but not to any correlated change
in stomatal conductance, indicating that mechanisms beyond stomatal behavior are involved in
determining the photosynthetic response of As-stressed melon plants. Interestingly, under severe As
stress, the AN variations induced by the different rootstocks were not correlated to any corresponding
variation of the aboveground biomass per plant, so that AN and plant growth were apparently not
related to each other. Indeed, under As+ treatment, both whole plant and fruit biomass resulted
generally higher in “Proteo” grafted onto the C. maxima × C. moschata hybrids (namely “RS841”,
“Shintoza” and “Strong Tosa”; i.e., those rootstocks conferring no AN enhancement under As-enriched
nutrient solution). This seems to suggest a differential alteration of the energy balance of the plants,
likely attributable to different energy dissipation pathways involved in the As stress response [38].
The data of As speciation and partitioning we found seem to confirm such hypothesis. Indeed, when
exposed to the As+ treatment, the intraspecific rootstocks showed the highest total As concentration
in roots, but the lowest one under its inorganic form (from 31% to 49%), meaning that up to 69% of
their Asroot was present in organic and complexed form. This is the As form whose translocation
from root is hampered, because of bonds with thiol groups of root-synthetized phytochelatins and
subsequent sequestration into root cells vacuole [39]. On the contrary, the interspecific rootstocks
subjected to the As+ treatment, showed the lowest total As concentration in their root, demonstrating
their superior ability to buffer the As entrance into the plant from the nutrient solution. However, they
showed also the highest inorganic Asroot incidence (up to 81%; i.e., the most mobile As form from the
root organ) [39,40]. Inorganic As(III) is the main species suitable for transport trough xylem vessels
and/or root efflux, while As(V) is rapidly reduced in roots to As(III) and then transported from the root
cortical cells to the xylem vessels [40,41]. Accordingly, when growing under conditions of As stress, all
the interspecific rootstocks had the highest TFshoot and TFpulp values, with “Shintoza” and “Strong
Tosa” having also the highest concentration of As(III) in their roots. On the contrary, “Magnus” and
“Dinero” confirmed the lowest TFshoot and TFpulp values, respectively, since the highest incidence of
organic As into their roots.

Several authors have reported that the As uptake and translocation kinetics are mainly dependent
on its concentration in the root environment and plant species [42,43], with the diversity of the root
systems having a central role in determining differences among genotypes [44]. The PCA scatter
plot highlighted that the As concentration in the root environment had a pivotal role in triggering
different behaviors among rootstocks. Indeed, when exposed to the standard nutrient solution, all the
grafting combinations clustered together on the negative side of PC1 (indicating lower values of As
accumulation in plant tissues), without differences in terms of As partitioning inside the plant fractions.
The opposite was noticed under conditions of imposed As stress, so that the grafting combinations
clustered on the positive side of PC1, with a further distinction along the PC2 between rootstocks
promoting the As accumulation mainly in roots (i.e., the intraspecific rootstocks) and those promoting
its accumulation in shoot and pulp, namely “Shintoza” and “Strong Tosa”. “RS841” slightly diverged
from these latter owing to its ability to contain the As accumulation into the pulp.

The present study took into account the uptake and translocation of P too, given its peculiar
interaction with As, as well as for its role in improving the conversion of solar energy into new
plant biomass [45]. The complex interrelation between arsenate and phosphate in the substrate–plant
systems has brought, up to now, no univocal results in literature, since their interaction can be either
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synergistic or antagonistic, depending on the growing conditions [46]. In our experiment, both P
concentration and partitioning inside the plant were significantly modified by the As level in the
nutrient solution, so that in As-stressed plants prevailed an increased P concentration in root and
pulp, while a lowered one in shoot. This tendency was more marked when “Proteo” was grafted
onto the intraspecific combinations. To this end, the protective role of P against the As-induced lipid
peroxidation of cellular membranes has been suggested [47]. In this view, the selective increase in P
concentration inside the plant fractions could be the result of a melon response aimed at protecting
both root (the plant organ firstly exposed to the As pollution) and reproductive structures from the As
injury, this latter feature having been formerly described in rise [48]. On the other hand, the decreased
P concentration in shoot tissues seems well related to the decreased LA, LAR, and LWR per plant
recorded under conditions of As stress, so suggesting a possible role of P metabolism in buffering the
transpiration-driven As entrance inside the plant.

5. Conclusions

The outcome of this experiment shows that As uptake and translocation into melon plants were
both influenced by its concentration in the nutrient solution and by the genetic background of the
rootstock. All tested plants, when grown in an As-enriched solution, showed a high As mobility
in the substrate–plant continuum, resulting As accumulators most of all in root and shoot. Intra-
and interspecific rootstocks differently influenced the Asroot accumulation inside the plant, with the
interspecific hybrids proving a superior ability to limit the metalloid entrance into the roots. When
subjected to As stress, melon plants acted to limit the metalloid translocation from root to shoot and
pulp, so indicating the triggering of physiological mechanisms aimed at limiting the As diffusion inside
the plant. To this end, the intraspecific rootstocks displayed a better ability to retain the toxic metalloid
into the root system, most of all in an organic form. This feature suggests a higher efficiency of the
root chelation mechanisms of As, occurring, in turn, at the expenses of the photosynthetic balance.
The interspecific C. maxima × C. moschata rootstocks gave the best results in terms of fruit biomass
under conditions of As stress, so suggesting the possibility to exploit their superior bio-agronomical
potential with the aim to improve melon performances in heavily As-polluted areas. “RS841” proved
to be the best rootstock in the view of maximizing yield and minimizing, at the same time, the As
concentration into the fruit. Thus, the significant differences we found suggest the possibility to deepen
this area of research, with the aim of identifying rootstocks genotypes for their superior agronomic and
toxicological response to high As contamination in the root zone.
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Abstract: Lower quality and longer production periods of grafted seedlings, especially grafted plug
seedlings of fruit vegetables, may result from insufficient amounts of light, particularly in rainy
seasons and winter. Supplemental artificial lighting may be a feasible solution to such problems.
This study was conducted to evaluate light intensity’s influence on the quality of grafted tomato
seedlings, ‘Super Sunload’ and ‘Super Dotaerang’ were grafted onto the ‘B-Blocking’ rootstock.
To improve their quality, grafted seedlings were moved to a glasshouse and grown for 10 days.
The glasshouse had a combination of natural lighting from the sun and supplemental lighting from
LEDs (W1R2B2) for 16 h/day. Light intensity of natural lighting was 490 μmol·m−2·s−1 photosynthetic
photon flux density (PPFD) and that of supplemental lighting was 50, 100, or 150 μmol·m−2·s−1 PPFD.
The culture environment had 30/25 ◦C day/night temperatures, 70% ± 5% relative humidity (RH), and
a natural photoperiod of 14 h as well. Compared with quality of seedlings in supplemental lighting
of 50 μmol·m−2·s−1 PPFD, that of seedlings in supplement lighting of 100 or 150 μmol·m−2·s−1 PPFD
improved significantly. With increasing light intensity, diameter, fresh weight, and dry weight, which
were used to measure shoot growth, greatly improved. Leaf area, leaf thickness, and root biomass
were also greater. However, for quality of seedlings, no significant differences were discovered
between supplement lighting of 100 μmol·m−2·s−1 PPFD and supplement lighting of 150 μmol·m−2·s−1

PPFD. Expressions of PsaA and PsbA (two photosynthetic genes) as well as the corresponding proteins
increased significantly in supplement lightning of 100 and 150 μmol·m−2·s−1 PPFD, especially in
100 μmol·m−2·s−1 PPFD. Overall, considering quality and expressions of two photosynthetic genes
and proteins, supplemental light of 100 μmol·m−2·s−1 PPFD (W1R2B1) would be the best choice to
cultivate grafted tomato seedlings.

Keywords: LED; PPFD; PsaA; PsbA; Western Blot

1. Introduction

Light, temperature, humidity, concentration of CO2, and nutrition supply are vital factors that
influence photosynthesis of plants. Light intensity, quality, photoperiod, and direction influence
plant growth, development, photomorphogenesis, and anatomical structure as energy sources and
regulatory signals [1–3]. Previous studies have proven that light intensity can adjust formation of the
chloroplast protein complex, electron transport, and quantum yield between photosystems I (PSI) and
II (PSII) [4,5].
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Grafting as an efficient technique can be applied to overcome the obstacles of continuous cropping
and improve yield, quality, and stress resistance in various plant species including fruit trees, vegetables,
and ornamental flowers [6]. In addition to rootstock, affinity of the scion, and grafted methods, the
surviving rates, formation of new vascular bundles, and biological properties of grafted seedlings are
also related to environmental conditions and management in healing and acclimatization processes [7].
Light-emitting diodes (LEDs) are widely used in facility horticulture as an artificial light source for
production of high-quality seedlings. LEDs have shown promising foreground applications because of
their advantages of being light-weight, having a small volume, having a specific wavelength, they are
easy to integrate, and they have low heat dissipation. Previous studies have shown that the LEDs play
a vital role in toughening grafted seedlings in healing and acclimatization processes [8,9].

Generally, stocky plug seedlings are preferred by crop growers for the convenience of transportation
and to insure a higher survival ratio and enhanced development after transplanting. Each country has
different standards for evaluating the quality of seedlings. In South Korea, it is generally agreed that
high-quality seedlings are those without overgrowth, with short and not lodging stems and leaves,
and with well-developed roots that hold the medium in the plug tray. Light intensity has been proven
to affect plant height and biomass growth [10,11]. Leaf area also changes with light intensity as plants
use leaves to absorb light energy [12,13]. Moreover, higher light intensities may result in more root
biomass so the absorption of water and mineral elements could be promoted [14]. Therefore, seedlings
with good quality could be obtained by supplementing them with optimal light intensity.

This study was carried out aimed at finding an optimal light intensity to improve the quality of
two kinds of grafted tomato seedlings. After grafting, well-healed grafted seedlings were moved to
and cultivated for an additional 10 days in a glasshouse, which had natural lighting and supplemental
lighting. The supplementary light intensities were set at 50, 100, or 150 μmol·m−2·s−1 photosynthetic
photon flux density (PPFD) supplied from mixed LEDs (W1R2B1) to further improve the quality of
seedlings. After treatment, expressions of two photosynthesis-related genes (PsaA and PsbA) and the
corresponding proteins were analyzed to evaluate the capacity of photosynthesis.

2. Materials and Methods

2.1. Plant Materials

Two cultivars of tomato (Solanum lycopersicum L.) ‘Super Sunload (SS)’ and ‘Super Dotaerang (SD)’
were selected as the scions and tomato ‘B-Blocking’ as a common rootstock. Cultivars ‘SS’ and ‘SD’,
widely used for grafting, were purchased from Sakata Seed Korea Co., Ltd. (Seoul, Korea) and Koregon
Co., Ltd. (Anseong, Korea), respectively. The ‘SS’ has high fruit firmness with an average fruit weight
of 220–240 g. The primary advantages of ‘SS’ are a low ratio of fruit deformity and resistance to high
temperatures. The ‘SD’ is a cultivar with disease resistance and has a high sugar content, firm flesh,
and a low deformity ratio. The seeds of these cultivars were sown into 40 square cell plug trays at the
same time they were filled with commercial growing medium (Super Mix, NongKyung Co., Jincheon,
Korea). The scion and rootstock were cleft-grafted at 20 d after sowing when both scion cultivars
had two same sizes of compound leaves. After grafting, the grafted seedlings were immediately
transported to a healing chamber, which had a temperature of 23 ◦C and relative humidity of 95% to
100% throughout the healing period. Five days later, the well-healed grafted seedlings were moved
from the healing chamber to the greenhouse for light treatment when the average plant height was
about 8 ± 0.7 cm and each seedling had two and a half true leaves.

2.2. Light Treatments

Mixed LEDs (W1R2B1) (Custom made, Sung Kwang LED Co., Ltd., Incheon, Korea), which were
selected as the best artificial light source in precedent research [15], were used as the sole light source.
The grafted seedlings were cultivated for an additional 10 d in a glasshouse with a daily light integral
(DLI) of 11.59 mol·m−2·d−1 from the sun and supplemental lighting for 16 h/d. The supplementary
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light intensities were set at 50, 100, or 150 μmol·m−2·s−1 PPFD (henceforth shortened as 50, 100,
and 150). The DLIs of the three supplementary light treatments were 2.88, 5.76, and 8.64 mol·m−2·d−1,
respectively. The distance between the LEDs and seedlings was 50 cm. Light intensity was measured
at the horizontal position at the seedling stem. The culture environment had 30/25 ◦C day/night
temperatures, 70% ± 5% relative humidity (RH), with a natural photoperiod of 14 h. A portable
photo/radiometer (Type specification: HD-2102.2, Delta, OHM, Padova, Italy) was used to measure the
photon flux density. Different light intensities were controlled by adjustable electric currents.

2.3. Stomatal Conductance

Mature and expanded leaves were selected for the measurement of stomatal conductance.
Measurements were carried out during the day (9:00–10:00) on a porometer (Type specification: Sc-1
Porometer, Decagon Devices Inc., Pullman, WA, USA).

2.4. Quantitative Real-Time PCR Analysis

Tomato leaves were ground under RNase-free conditions after being frozen in liquid nitrogen. An
Easy-Spin total RNA extraction kit (Type Specification: iNtRON Biotechnology, Seoul, Republic of
Korea) and a GoScript Reverse Transcription System (Specification: Promega, Madison, WI, USA) were
used for RNA extraction and cDNA synthesis, respectively, following the manufacturer’s instructions.
The Rotor-Gene Q detection system (Qiagen, Hilden, Germany) was applied in the examination of
gene expression. Reaction volumes (20 μL) contained 1 μL cDNA, 0.5 μL primer (10 μM), 10 μL of
2× AMPIGENE qPCR Green Mix Lo-ROX (Enzo life Sciences Inc., Farmingdale, NY, USA), and 8 μL
ddH2O. The 2−��Ct method was applied to determine the relative gene expressions, and the 18S gene
was used as housekeeping gene. All primers used are shown in Supplementary Table S1.

2.5. Protein Extraction and Western Blotting

Protein extraction was conducted following the method described elsewhere [16], with slight
modifications. An extraction buffer was used to homogenize approximately 500 mg tomato leaves.
The buffer contained 100 mM Tris-HCl (pH 8.0), 0.5 mM EDTA·Na2, 1% (v/v) polyvinylpyrrolidone,
10 mM β-mercaptoethanol, and 200 mM sucrose. At 4 ◦C, the mixture was centrifuged at 12,000 rpm
for 10 min. Subsequent to determination of protein concentrations, the supernatant (10 μL) was mixed
together with protein loading buffer and then separated on 12% SDS-PAGE gel. After that, proteins
were moved to a polyvinylidene fluoride (PVDF) blotting membrane (Type specification: Millipore,
Bedford, MA, USA) using an electrotransfer instrument (Type specification: Bio-Rad, Hercules, CA,
USA). Following electrotransfer, the PVDF blotting membrane was transferred into 5% nonfat skimmed
milk, dissolved in tris buffered saline tween (TBST) overnight at 4 ◦C to prevent nonspecific adsorption,
washed with TBST, and incubated by using the following polyclonal primary antibodies: 1:3000
dilution of anti-PsaA (Specification: Agrisera AS06 172, Vännäs, Sweden) for PsaA, 1:10,000 dilution
of anti-PsbA (Specification: Agrisera AS05 084, Vännäs, Sweden) for PsbA, and 1:10,000 dilution
of anti-RbcL (Specification: Agrisera AS03 037, Vännäs, Sweden) for loading control overnight at
4 ◦C, respectively. After that, PVDF blotting membranes were incubated in 1:10,000 dilution of HRP
(horseradish peroxidase)-linked anti-rabbit 1gG (Bethyl A120 101P, Montgomery, TX, USA) for 1 h at
ambient temperature as a secondary antibody before visualization of immunoreactive proteins using
Clarity™Western ECL Substrate (#6883, Bio-Rad, Hercules, CA, USA) on an iBright™ Imaging Systems
(Type specification: Thermo Fisher Scientific, Waltham, MA, USA).

2.6. Data Collection and Analysis

After supplemental lighting treatments for 10 d, this study measured the following parameters:
lengths of scion and root, diameters of scions, number of leaves, leaf length, leaf width, leaf area and
thickness, chlorophyll (SPAD), fresh weight of root, dry weight of root, specific weight of leaf, and dry
weight to height ratio of scion.
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The experiment was carried out in three replicates with a design of randomized complete block,
using 9 seedlings in each replication. Locations of replications were randomly mixed to eliminate
position effect within a controlled environment. One-way analysis of variance ANOVA by SAS program
Statistical Analysis System (V.9.1, Cary, NC, USA), was applied to statistically analyze the collected
data. Duncan’s multiple range test was adopted to test significant differences between different means.

3. Results

3.1. Growth and Development of Tomato Seedlings as Affected by Supplemental Lighting Treatment in
the Glasshouse

After cultivation in a glasshouse for 10 d, growth and development parameters of the grafted
tomato seedlings were measured. Results of the measurements showed that the characteristics of
the seedlings’ morphologies were significantly influenced by light intensities. The two cultivars of
grafted tomato cultivated in 100 and those in 150 showed the greatest scion length and root fresh
weight. No significant differences were discovered in scion stem diameter and leaf length between
supplementary lighting of 50, 100, or 150. Leaf area and width, number of leaves, and root length of
‘SS’ were significantly greater in supplementary lighting of 100 and 150 than in supplementary lighting
50. The greatest root length was observed in light intensity of 150 in ‘SD’. In general, there were little
differences between supplementary lighting of 100 and 150. Compared with supplementary lighting
of 50, both of these two treatments significantly improved quality of the two types of grafted tomato
seedlings (Table 1).

Dry weight of shoot and dry weight of root are shown in Figure 1. Considering these two weights,
there were no significant differences between light intensity of 100 and light intensity of 150. However,
compared to the treatment of light intensity of 50, these two treatments significantly improved dry
weight of the two types of tomato cultivars.

Figure 1. Influence of supplementary lighting intensity on dry weight of shoots and dry weight of roots
of two cultivars of tomato ‘Super Sunload’ (‘SS’) (A,B) and ‘Super Dotaerang’ (‘SD’) (C,D) grafted onto
the ‘B-Blocking’ rootstock. Error bars represent SEs of nine biological replicates (n = 9). According to the
Duncan test, lowercase letters at p ≤ 0.05 indicate significant differences between different treatments.
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Growing compact and sturdy seedlings is an objective of high-quality seedling production. Dry
weight to height ratio of scion (WHR) was conducted to indicate the quality of seedlings. For ‘SS’,
supplementary lighting of 100 and 150 significantly improved WHR as compared to supplementary
lighting of 50. There were no significant differences in WHRs between supplementary lighting of 100
and 150. For ‘SD’, the greatest WHRs showed in supplementary light of 150. For both tomato cultivars,
the specific leaf weight (a leaf fresh weight per unit leaf area) was significantly improved in light
intensities of 100 and 150 as compared to light intensity of 50. There were no significant differences in
the specific leaf weight between light intensity of 100 and 150 (Figure 2).

Figure 2. Influence of supplementary lighting intensity on dry weight to height ratio of scion and
specific leaf weight of two cultivars of tomato ‘SS’ (A,B) and ‘SD’ (C,D) grafted onto ‘B-Blocking’
rootstock. The error bars represent SEs of biological replicates (n = 9). According to the Duncan test,
lowercase letters at p ≤ 0.05 indicate significant differences between different treatments.

Moreover, we determined the effect of lighting intensity on stomatal conductance of the two
tomato cultivars. Results showed, compared with light intensity of 50, light intensity of 100 increased
stomatal conductance of the two cultivars. Interestingly, stomatal conductance in light intensity of 150
was similar to that in light intensity of 50 treatment (Figure 3).

Figure 3. Influence of supplementary lighting intensity on stomatal conductance of two cultivars of
tomato ‘SS’ (A) and ‘SD’ (B) grafted onto the ‘B-Blocking’ rootstock. The error bars represent SEs of
three biological replicates (n = 3). According to the Duncan test, lowercase letters at p ≤ 0.05 indicate
significant differences between treatments.

Figure 4 illustrated seedling morphologies of ‘SS’ and ‘SD’ after treating for 10 d by using
supplementary lighting with a different light intensity. It showed that tomato seedlings grown in
supplementary lighting of 100 and 150 had more biomass and were sturdier.
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Figure 4. Influence of supplementary light intensity on morphology of ‘SS’ (A) and ‘SD’ (B) after 10 d
of cultivation.

3.2. Expressions of Photosynthesis-Related Genes

Light intensity significantly influenced PsaA and PsbA genes (Figure 5). Light intensity of 100
enhanced expressions of PsaA and PsbA. Relative expressions of PsaA in ‘SS’ and ‘SD’ were 1.37- and
2.27-fold, while that of PsbA was 4.01- and 10.29-fold, as compared to that in the light intensity of 50.
However, a dramatic decrease in expression was observed in light intensity of 150 in ‘SS’ and ‘SD’.
Particularly, the relative expression of PsaA in ‘SS’ was only 0.44-fold compared to the expression level
in 50.

Figure 5. Relative expressions of PsaA and PsbA genes in ‘SS’ (A,B) and ‘SD’ (C,D) grafted onto the
‘B-Blocking’ rootstock. The bars among treatments represent the mean ± SEs of technological replicates
(n = 3). According to the Duncan test, lowercase letters at p ≤ 0.05 indicate significant differences
between different treatments.
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3.3. PsaA and PsbA Immunoblots

The PsaA gene is located in chloroplast genome (cpDNA). It encodes a core protein of a
protein-pigment complex in PSI [17] and encodes D1 protein, which is a core component of PSII [18].
Figure 6 shows the protein expressions of PsaA and PsbA in ‘SD’ and ‘SS’ cultivated in supplementary
lighting with different light intensities (50, 100, or 150). For both tomato cultivars, expression levels of
PsaA and PsbA in light intensities of 100 and 150 increased as compared to those in light intensity of
50. The highest expression levels of the PsaA and PsbA proteins appeared in light intensity of 100.

Figure 6. Expressions of PsaA and PsbA protein in ‘SD’ and ‘SS’ grafted onto the ‘B-Blocking’ rootstock.
Equal loading was verified by the Rubisco large subunit (RbcL) level.

4. Discussion

Among regulatory factors for light condition, light intensity as an essential element is involved
in regulation of growth, yield, and nutritional quality of vegetables [19]. Previous studies have
proven that increased light intensity within a certain range may promote growth in lettuce [20,21].
Light condition is the foundation and guarantees healthy growth and yield of tomatoes [22]. Recent
studies have shown that tomato seedlings under low-light conditions showed elongated internodes
and petioles as well as a larger leaf area, which were caused by a shade-avoidance response [23,24].
Low-light conditions also affect the differentiation time and quality of flower buds in tomatoes [25].
For tomato cultivars ‘Matador’ and ‘Blizzard’, plant height, leaf width, number of leaves, and dry
weight of aerial plant parts significantly improved due to increased levels of supplementary light
(30, 60, and 90 μmol·m−2·s−1 PPFD) [26]. However, these findings do not mean the higher light
intensities are always better. Tomato seedlings treated with 150 μmol·m−2·s−1 PPFD using white and
blue LEDs showed continuous light-induced injuries, and the degree of the injury was more serious
under white and blue LEDs than under orange and red LEDs of the same intensity [27]. This study
showed that, compared with stem diameter of grafted tomato seedlings in supplementary lighting of
50, that of grafted tomato seedlings increased in supplementary lighting of 100 and 150. Leaf width
and leaf thickness were also greater with treatments of light intensity of 100 and 150 (Table 1). Higher
over-ground biomass and activeness of antioxidant enzymes were discovered in treatments with
increased light intensity (100, 200, and 400 μmol·m−2·s−1 PPFD) in lettuce [28]. For Nicotiana tabacum,
seedling biomass, soluble sugar concentrations, and primary root growth increased dramatically with
light intensity of 300 μmol·m−2·s−1 PPFD as compared to 60 μmol·m−2·s−1 PPFD [14]. It had been
proven that low light intensity decreased above- and below- ground biomass in radish [29]. The results
also showed, compared with light intensity of 100 and 150, dry weight of scion and dry weight of
root were much lower in light intensity of 50 (Figure 1). Additionally, light intensity influences the
development of stomata as well. According to the study of Lee [30], the stomatal conductance and the
number of stomata per unit area of leaf increased with light intensity, increasing up to 60 μmol·m−2·s−1

PPFD in Withania somnifera. However, width and length of stomata declined in light intensity of
90 μmol·m−2·s−1 PPFD. These findings were consistent with our results in Figure 3. The 100 promoted
stomatal conductance of both tomato cultivars, while 150 affected it adversely.

The aim of supplementary lighting in greenhouses are as follows: to increase the light intensity
in greenhouse and enable crops to receive proper light, to provide crops with light with specific
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wavelengths, to alter the time of flowering and fruiting, and to increase time for photosynthesis
via changing the lighted period [31,32]. Advantages of light-emitting diodes (LEDs) include their
small volume, longer service life, energy savings, and use of a single wavelength, which are efficient
to encourage plant growth by producing the type of light with the specific wavelength needed by
plants [33]. Studies have shown that red and blue lights absorbed by plants account for 90% of total
light absorption [34], which are involved in regulating gene expression in photomorphogenesis [35].
Our previous study showed that compared with high pressure sodium (HPS), far-red (FR), metal
halide (MH), and white LEDs (W), mixed LEDs (W1R2B1) as a supplementary light source had the
best effect to improve the quality of grafted tomato seedlings [15]. The application of monochromatic
light may cause physiological defects of plants such as disturbance of photosynthetic mechanisms [36],
damage to the granule and thylakoid [37], and restrained synthesis of chlorophyll [38], which can be
overcome or relieved by the mixture of red and blue light.

Photosynthesis is one of the supreme chemical reactions in plants. Photoreaction takes place in
the chloroplast thylakoid membrane. Two light energy-driven systems, PSI and PSII, synergistically
function in primary energy conversion reactions. Driven by light, plants and other photoautotrophs
are able to synthesize carbon compounds directly from CO2 and H2O and release O2. Processes of
consumption and formation in photosynthesis are related to photosynthetic phosphorylation coupled
with electron transport. Electrons generated from splitting of H2O by the oxygen-evolving complex
(OEC) are used to reduce NADP+ to NADPH. At the same time, synthesis of ATP is driven by a
transmembrane electrochemical proton gradient [39,40]. The PSII, a multi-subunit protein-pigment
complex, is associated with the photolysis of water and synthesis of ATP [41]. Within the core of the
complex, PsbC and PsbB are bond to the photosynthetic pigments and transfer the excitation energy to
reaction center proteins D1 (Qb, PsbA) and D2 (Qa, PsbD) [42]. D1 dimerize with D2 as a heterodimer.
Studies have suggested that synthesis of D1 is coordinated with linear photosynthetic electron transport
as well as the relative activities of PSI and PSII [43]. Light has an important role in the translation of Dl
protein [44]. The PSI complex contains reaction center P700, as well as five electron transfer centers
(A0, A1, FX, FA, and FB) bound to PsaA and PsaB proteins [45]; it mediates electron transfer and is
involved in light-driven conversion of NADP+ to NADPH [46]. The two largest polypeptides, PsaA
and PsaB, carrying P700 are believed to form the center Fx through dimerization [47]. In higher plants,
the genes PsaA and PsaB encode the two polypeptides respectively and are located adjacent to each
other in the plastid genome [48].

A previous study proved that expression of the PsaA gene product during rice plastid development
was light-regulated on the translational or post-translational level [49]. In Synechococcus, blue light
photoreceptor regulates expressions of PsbA genes [50]. Moreover, in Synechocystis the transcription
levels of promoters of Psba gene changed in response to dark and light conditions [51].

Expression levels of PsaA and PsbA genes in light intensities of 100 and 150 increased as compared
to those in light intensity of 50 in both cultivars. Compared with those in light intensity of 100, lower
expression levels of genes appeared in light intensity of 150 (Figure 5). Western blotting showed the
same tendency of variation in protein expression as shown in Figure 6. Previous studies pointed that
high light intensities caused degradation and phosphorylation of PSII core protein and damaged the
photosynthetic machinery [52]. It could be speculated that the photosynthetic apparatuses suffered
slight damage in light intensity of 150.

Although light is the basic energy for photosynthesis, light that is too strong will cause light stress
for plants, which has side effects for photosynthesis, especially under low temperatures, drought,
or other unfavorable conditions [53]. In 1956, Kok firstly proposed the concept of photoinhibition
and defined it as ‘the photochemical inactivation of complete pigment complexes or photosynthetic
units’ [54]. Powles (1984) pointed that excessive light energy absorbed by the photosynthetic
apparatus caused photoinhibition with the characteristic of reduced photosynthetic capacity [55].
PSII is very sensitive to strong light, and it is the main occurrence site of photoinhibition [40].
There are two mechanisms of photoinhibition in PSII, acceptor-side photoinhibition and donor-side
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photoinhibition [56]. In the former situation, the hindered assimilation of CO2 will cause the reduction
of the plastoquinone pool. Consequently, the double-reduced form of QA– accumulates and promotes
the formation of the triplet state of the primary donor (3P680). The 1O2 generated from the reaction
between 3P680 and O2 will cause damage to proteins and pigments, especially the amino acid residue
sites in the D1 protein. In another mechanism, electron transport is impaired due to the hindered
oxidation of water and prolonged half-life period of P680+ resulting in high oxidation potential on the
donor side. Adjacent proteins and pigments are damaged as a consequence [57].

In 1994, Terashima firstly reported photoinhibition in PSI [58]. High-light intensity [59,60], low
temperatures [61], and fluctuating light conditions [62,63] will cause PSI photoinhibition. Studies have
shown that changes of reducing state and production of ROS (reactive oxygen species) and hydroxyl
peroxide on the acceptor side are the main causes of PSI photoinhibition [64,65].

Plants have developed various mechanisms to prevent photoinhibition under high-light intensities
because of their long-term evolution and development. The main mechanisms of photoprotection
are as follows: to reduce the light absorption via movements of leaf and chloroplast [66]; to increase
photosynthetic efficiency via increased levels of the photosynthetic electron transport carriers and
contents of the photosynthetic key enzymes [67,68]; to protect the photosynthetic apparatus by
photochemical and non-photochemical pathway such as the xanthophyll cycle, photorespiration, and
the Mehler reaction [69–71]; to strengthen the active oxygen eliminating enzyme system [72,73]; and
to distribute excitation energy and heat dissipation equally via state transition between PSII and
PSI [74,75].

Usually, sun and shade plants possess different morphological, physiological, and biochemical
characteristics to adapt to different light conditions. Chloroplasts with distinctive characteristics
will contribute to levels of photosynthesis. As compared to sun plants, shade plants have higher
thylakoid stack areas, fewer grana stacks, and smaller widths of grana stacks to inhibit degradation
of the D1 protein [76]. The levels of photosynthetic electron transport carriers and activities of
photosynthesis-related enzymes, especially Rubisco, are higher in sun plants [77,78]. When light
intensity is changed, the activities of RuBP and Rubisco do respond to the fluctuating environment [79].
Studies in mulberry showed that the leaves, which were at the daily maximum photosynthetic state,
showed higher reversibility of photosynthetic quantum conversion, confronting the environment with
changing light intensity [80]. After being transferred to an intercropping shaded environment, the
lodging-resistant soybean genotypes showed elongated main stems and internodes as well as decreased
biomass to the length of the stem ratio. The reasons may be due to downregulated gene expressions
related to biosynthesis of structural carbohydrates [81]. Additionally, shade conditions influenced
the photosynthetic rate by altering the chlorophyll fluorescence performance in soybean [82] and
Athyrium pachyphlebium [83]. Shade treatment changed concentrations of chlorophyll and chlorophyll
a/b ratios in soybeans [84] and wheat [85]. These studies suggested that light capture and utilization,
PSII activity, and the transfer of electron and energy between PSII and PSI may involve the regulation
of photosynthetic capacity in shade and light conditions. Phenotypic plasticity of plants refers to
the ability to conform their morphology and physiology to the environment [86]. Even though
studies have shown that the phenotypic plasticity of some shade plant species is lower [87,88], the
mechanism of optimizing light energy capture should be lucubrated. To illustrate that, the mechanism
of photosynthesis in natural growth condition with fluctuating light can help plants to adapt to sun
and shade conditions and increase yields as a consequence [86]. Additionally, more attention should
be paid to the relationship between genotype plasticity and productivity as well as the intraspecific
variation in plasticity to fluctuating light [89].

Light required by plants is related to different species, cultivars, growth stages, developmental
stages, and environmental factors as well as target of production [19]. Although light has a vital
function in photosynthesis, excess light may depress photosynthetic efficiency, which is referred to as
photoinhibition [55]. Therefore, to maximize economic benefits of grafted seedlings with high quality
and quantity, detailed studies on optimizing light intensity are in urgent need.
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5. Conclusions

When moved to and cultivated in a glasshouse having supplementary lighting, light intensities
of 100 and 150 had significantly improved qualities of grafted tomato seedlings as compared to light
intensity of 50. However, considering improvement of quality of grafted seedlings, there were no
significant differences between light intensities of 100 and 150. Owing to enhanced photosynthesis, the
upregulated gene expression levels of PsaA and PsbA and the corresponding protein expression levels
indicated that light intensity of 100 might be the most suitable supplementary lighting to improve the
quality of grafted tomato seedlings. That is, supplementary lighting with a light intensity of 100 would
be the best choice to improve the quality of grafted vegetable seedlings when both power consumption
and economic benefits are taken into account. This study provides new thoughts on supplemental
lighting strategies that might be applied in greenhouses and lays the foundation for further studies on
the utilization of light energy during early development stages of tomato seedlings.
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Abstract: The density of herbaceous crops creates a suitable environment to produce pathogens
in the soil that intensify the attack of pathogens traditionally controlled by disinfectant, which are
mostly prohibited and unlisted because of their toxicity. Grafting is an alternative technique to
enhance abiotic stress tolerance and reduce root diseases due to soil-borne pathogens, thus enhancing
crop production. This research study was conducted during the crop season of 2017 and 2018
in order to investigate the interactive effect of different grafting techniques of hybrid scion onto
local rootstocks on plants survival, plant phenological growth, fruit yield and fruit quality under
a controlled environment. The hybrid cucumber was also planted self-rooted. The cucumber
(Cucumis sativus L.) cv. Kalaam F1, Syngenta was grafted onto four local cucurbitaceous rootstocks;
ridge gourd (Luffa operculate Cogn.), bitter gourd (Momordica charantia L.), pumpkin (Cucurbita pepo L.),
bottle gourd (Lagenaria siceraria (Molina) Standl.) using splice grafting, tongue approach, single
cotyledon and hole insertion grafting techniques and self-rooted hybrid cucumber under greenhouse
conditions. The experimental results indicated that all local cucurbitaceous rootstocks showed a
high compatibility with hybrid cucumber scion in the splice grafting method compared to other
grafting and non-grafted methods. Lagenaria siceraria rootstocks were found highly compatible with
cucumber cv Kalaam scion which gave significantly maximum plant survival rates (95%) due to high
sap contents, high SPAD value, better vegetative growth and maximum fruit yield when compared
with other rootstocks by employing the splice grafting method followed by tongue approach, single
cotyledon and hole insertion grafting while the fruit quality of all rootstocks was observed to be
similar. The non-grafted cucumber cv. Kalaam F1 showed significant results of plant vegetative
growth, fruit development and fruit quality and encountered grafting methods while the lowest
result were associated with the hole insertion grafting method in all scion/rootstock combinations.
The grafted plants have no significant effect on cucumber fruit dry matter and fruit quality while the
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fruit mineral compositions (N, P, K, Ca and Mg) were higher among grafted and non-grafted plant
fruits. The results indicate that grafting hybrid cucumber onto four local cucurbitaceous rootstocks
influenced growth, yield and fruit quality. Grafting can be alternative and control measure for
soil-borne disease and to enhance cucumber production.

Keywords: cucumber; grafting techniques; rootstock-scion; soil-borne disease; resistant; tolerant crop
growth; fruit yield; fruit quality

1. Introduction

Grafting entails a deliberate combination of parts of different plants of the same species by which
vascular continuity is established [1]. The crown of the plant (Scion) adheres to the root part of the
plant (rootstock) resulting in composite plant growth and development of a single plant (graft) [2].
The callus related to parenchyma cells develops from the plant tissue of the rootstock and scion around
the joint portion to develop vascular connection [3]. Grafting is a horticultural technique applied in the
sustainable agricultural practice for the protection of cucurbitaceous crops from soil-borne pathogens,
nematodes, soil pH and salinity. This problem has been globally important since 2005 when the
application of methyl bromide was prohibited [4]. The rapid multiplication of soil-borne pathogens
and nematodes is due to the intensive use of soil and absence of crop rotation. This affects vegetable
growth particularly under greenhouse conditions [5]. It is a big challenge to reduce the impact of soil
pathogens for a sustainable agriculture production system [6] and monoculture is more susceptible
than a diversified agricultural system [7]. The rootstocks resistant for nematodes are not available;
nematodes cause 11 % annual average yield loss [8].

Grafting has become a technique with a high potential to improve the efficiency of modern
and intelligent vegetable cultivation, and indicates adoptability and resistance under different stress
situations [9]. The grafting of plants is carried out to develop tolerance against temperature variation,
salt stress and heavy metal contents in the soil. The grafting scion on appropriate local rootstocks
can medicate these issues [10–12]. The structural and biological development of graft between scion
and rootstock has been studied and three basic phases have been observed, namely: combining scion
and rootstock, callus creation around the joint and establishing continuity at joint through vascular
re-differentiation [1,3,13,14]. These discussed events determine the success of the scion-rootstock
combination, considering the role of plant growth hormones (auxin) in the grafting technique [15].
The graft may grow through the wound healing mechanism and formation of conductive vessels [16].
Therefore, the formation of vascular connection represents the last and most critical stage in wound
healing because after healing, the transportation of water and solute start from the rootstock to the
scion and the graft union develops a strength [13,17]. The time required for the completion of grafting
stages is a little unpredictable [17] because an appropriate method for the assessment of development
in grafting does not exist [18]. However, the development can be predicted by destructive and
non-destructive methods, including the visual determination of graft [19], thermal camera image [19],
cutting graft vertically at union to observe vascular system [20], electrical resistance measurement from
scion to rootstock [19] asses tensile strength at scion-rootstock union [21,22], disruptive evaluation
of hydraulic connection [23] and the nuclear magnetic resonance (NMR) method to show water flux
inside vessels [23].

Cucurbitaceous crops are mostly grown during the warm season (greenhouse conditions, 21 ◦C
to 32 ◦C). The temperature below 16 ◦C is not suitable for the germination of cucumber seeds [24].
Cucumber is grown during the warm season when vegetables produce good crops when grown under
protection [24]. The above discussed problems severely influence the area and production under
greenhouse conditions [25]. The grafting of scion on local rootstocks is the most effective solution to
this problem. Cucumber (Cucumis sativus L.) grafted on different cucurbitaceous crop rootstocks are
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Cucurbita maxima Duchesne, C. moschata, C. ficifilia, Lagenaria spp., Luffa spp. [26–28]. The selective
method of grafting considerably depends upon crop type, grower decision and experience, as well as
facilities availability [29]. Splice grafting [30,31], tongue grafting [32], single cotyledon [4,33] and hole
insertion grafting [19,34]. Several studies indicated that the grafting technique showed productive
findings such as increase growth, yield and tolerance against stress conditions [35–37]. These plant
characteristics majorly linked with genotype of rootstock particularly plant growth and yield effected
by rootstock [37,38]. The grafting of cucumber crop on different rootstock reduces precocity but the
total yield significantly increased as compared with non-grafted plants [39].

The grafting had some undesirable effects such as deterioration in taste, changes in the fruit
color, bigger fruit size. The grafting also resulted the increment in fructose content and sweetness of
cucumber which indicates the significance of rootstock [40]. The collar size of grafted plants varies
depending upon rootstock. Frequently, the diameter of the collar of the grafted plants is higher [39].
The concerning, uncertainties regarding scion-rootstock and environmental instructions. The best
selection for rootstock based on production area, rootstock species and scion cultivars used under
different conditions [41]. The combination of rootstock and scion must be carefully selected according
to the specific calamitic and soil condition [42]. The adequate rootstock-scion combination could help
to regulate the soil borne diseases, increase yield and improve fruit quality.

This motivates us to carry out a more detailed study of these significant parameters such as
yield, earliness, taste and some fruit sensory characteristics of grafted cucumber plants on different
cucurbit rootstocks. This study was carried out to investigate the effect of grafting a hybrid cucumber
scion onto four local cucurbitaceous rootstocks by four different grafting technique under greenhouse
conditions on plants survival, plant phenological growth, fruit yield and fruit quality in order to
establish the most tolerant scion-rootstock combination and favorable method for cucumber grafting.
The hybrid scion cucumber cv Kalaam F1 and four rootstocks, namely ridge gourd (Luffa operculata),
bitter gourd (Momordica charantia), pumpkin (Cucurbita pepo), bottle gourd (Lagenaria siceraria) were used
as scion-rootstock combinations in order to check the compatibility of tongue grafting, splice grafting,
single cotyledon grafting and hole insertion grafting.

2. Materials and Methods

This experimental study was conducted during the crop season of 2017 and 2018 at Floriculture
Research Station, University of Agriculture, Faisalabad to evaluate the compatibility and suitability of
grafting techniques for hybrid cucumber cv. Kalaam F1 scion grafted onto four local cucurbitaceous
rootstocks (Pumpkin, Ridge gourd, Bottle Gourd and Bitter gourd) under greenhouse conditions
(Temperature 28 ◦C and 90% humidity). Screening and determining the resistant and tolerant rootstock
against soil pathogenic characteristics were performed.

2.1. Grafting Plant Materials

The hybrid cucumber cv. Kalaam F1 from Syngenta seed company was used as a scion. Four local
rootstocks from cucurbitaceous species; ridge gourd (Luffa operculata), bitter gourd (Momordica charantia),
pumpkin (Cucurbita pepo), bottle gourd (Lagenaria siceraria) were used as shown in Table 1.

2.2. Nursery of Scion and Rootstocks

Cucumber cv Kalaam F1 scion were grafted on four local cucurbitaceous rootstocks by tongue
grafting, splice grafting, single cotyledon grafting and hole insertion grafting. Scions were sown in a
nursery greenhouse on 25th and 28th of July in 2017 and 2018 in a 200-hole tray and rootstocks were
grown in seedling trays with 128 cells (280× 540× 40 mm). The seeds of four different rootstocks named
as Luffa operculata, Momordica charantia, Cucurbita pepo and Lagenaria siceraria were sown after five days
of scion seed sowing. Peat moss and vermiculite ratio 1:1 (v/v) was used as growing media because
it sustained better equilibrium of moisture and air which was best for seedlings. 100 g ammonium
sulphate, 150 g potassium sulphate, 400 g calcium superphosphate, 50 mL nutrient solution and 50 g
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of fungicide were mixed for each 50 kg of peat moss. The characteristics of the growing media before
seed sowing were: pH-6.7, electrical conductivity EC-0.14 mS cm−1, NO3-15 mg dm3, P-4 mg dm3,
K-31 mg dm3, Ca-28 mg dm3, Mg-17 mg dm3 and total nitrogen 0.25% [43]. Nitrogen, phosphate and
potassium fertilizer were also applied. The seeds were sown under 28 ◦C mean temperature and 80%
relative humidity. The 400 scion plants and 400 rootstocks (100 for each rootstock) were prepared
and 200 plants (100 scion and 100 rootstocks) were used in each grafting technique. The experimental
treatments, their levels and replication were presented in Table 1. The scion-rootstock were shifted into
plastic pots of 8 cm diameter with the same growing media. Before grafting, a laminar flow UV light
was used to kill the microbes in the working place [43].

2.3. Grafting Techniques and Procedure

The four grafting techniques used were splice grafting, tongue grafting, single cotyledon and hole
insertion grafting. The different aged seedlings were grafted under the different grafting methods.
Grafting method required selection of seedlings that mainly based on its stem diameter. Each grafting
technique was applied on 100 scion and 100 rootstocks (25 for each rootstock) with four treatments and
five replications.

The scion and rootstock plants were taken out from the seedling tray. The grafting was
performed and then the plants were shifted into disposable plastic pots with same growing media
and characteristics. In tongue grafting technique (TAG), the plants were 17 and 15 days old (4 mm
stem diameter) taken for root-stock and scion gave the best diameter match. The downward and
upward slanting cut were made on scion stock and rootstock respectively [32,44,45]. In splice grafting,
the 15 day old plants were preferably matched stem diameter that can fits with each other were best
fits for that graft union. The rootstock and scion stock were cut slanted at 35◦–45◦ downward and
upward respectively [33,34]. The 14 days rootstock and 13 days scion stock fit best for this graft
combination in single cotyledon grafting method. The scion was grafted on the stem of rootstock
plant [36,37]. The hybrid cucumber scions of 13 days and pumpkin rootstocks of 10 days were best
match for grafting. Rootstock was removed just above the false leaf, and the sharpened scion was
inserted in it after making a hole between the false leaf interjections with the help of small narrow
sterilized wooden sticks [20,38]. The union point was sealed with aluminum wrap and grafting clips.
The plastic pots were enveloped with transparent plastic sheet in order to maintain the humidity level
around the graft. The plastic sheet was cut from top side after three days in order to allow vertical
growth. Grafting plants healing begun after five days and plastic sheet was taken off completely after
six days. Plants were supplied water and fertilizer accordingly.

The plants were kept in screen house for eight days after twelve days of grafting. This whole
procedure took 30–35 days after transplanting. Transplantation of grafted plants was performed on
September 9th and 12th, 2017 and 2018. The grafted plants rows were of 10m in length and 1.2 m
in width with 0.5 m distance between plants. Each single treatment consisted of twenty (20) plants
in a row. The plants were transplanted keeping union of graft above the soil surface to prevent the
development of roots from graft union that may cause infection and plant wilting. The conventional
agricultural practices were adopted during the entire cucumber crop production. The cucumber fruit
was harvest after 70 days from grafting (35 days after transplanting) and then cucumber fruit was
harvested with two days interval. The following parameters were studied during this research study.

2.4. Studied Characteristics

The plant and fruit growth characteristics were studied to evaluate the compatibility of different
grafting techniques applied on four local cucurbitaceous rootstocks and one hybrid cucumber scion.

2.4.1. Plant Vegetative Growth

The plant sustainability after grafting was measured till 30 days after grafting and the measurements
were taken for plant vegetative growth 75 days after transplanting. Three plants were randomly
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selected from each treatment. The mean leaf area (cm2) was measured through fresh weight method.
The collected leaves were cleaned and weighted 0.001 g. The 20 disks with known weight were taken
and the area of each disk was 1.0 cm2.

Leaf area (cm2) =
fresh weight of leaf No.10
fresh weight of 20 diske

× 20× area of disk (1)

The other plant vegetative parameter measured number of leaves, plant height (cm), shoot length (cm),
stem diameter/thickness (cm), number of plant branches and chlorophyll content/SPAD values were
using SPAD-501 (leaf chlorophyll meter) to estimate the leaves pigments or green color of leaves of 5th
leaf (fully expanded) from the top of canopy [46]. At flowering stage flowering time (days), fruiting
harvesting time (days) and survival rates (%) were observed. The plant survival rates and mortality
were observed after 12 days from the grating by counting the number of plants wilted. The survival
rates were recorded till harvesting stage.

2.4.2. Fruit Growth and Quality Analysis

The parameters studied for fruit growth and quality were total number of fruits/plants, fruit
weight per cucumber (g), fruit shape index, total soluble solids (%), fruit dry matter (%), fruit chemical
contents, mineral composition and fruit fresh weight (g), length of fruit (cm) & fruit diameter (cm).

The fruit shape index was a ratio between cucumber fruit length and diameter. Total soluble solids
(T.S.S %) in fruit juice was measured using hand refractometer. Five samples were analyzed from each
scion-rootstock combination [47]. Fruit dry matter (%) was measured through drying 100 g of fresh
fruit weight in an oven at 70 ◦C till no further weight reduction condition reached. The contents of
ascorbic acid in all grafted and non-grafted fruit were measured by 2,6-dichlorophenol-indophenol
method [48]. Bradford G-250 reagent was used to calculate the soluble protein [49] while ninhydrin
technique was used to measure total amino acids [50]. Soluble sugar was calculated by anthrone [51].
Fruit mineral composition by the atomic absorption spectrometer (Varian spectra 220) to calculate after
dry fruit ashes (550 ◦C) and mixed in 1N HCl. The N and P were observed by Kjeldahl technique and
vanado-molybdate phosphoric yellow color method. The fruit fresh weight (g), fruit length (cm) and
fruit diameter (cm) were measured right after the first day of fruit development to harvesting (day 1–9).

2.5. Data Processing and Experimental Design

The experimental data collected were than analyzed statistically using one-way analysis of
variance (ANOVA) to evaluate the level of significance. Tukey HSD at 5% level of significance was
applied to check the significant difference between values of studied parameter. The complete statistical
analysis was performed using Minitab 17 statistical software (Minitab Pty Ltd., Sydney, Australia).

Table 1. Treatments, their level and replication for different grafting techniques.

Grafting Technique Cucurbitaceous Crop Treatment Description (Scion-Rootstock)

G1 = Tongue grafting
G2 = Splice grafting

G3 = Single cotyledon grafting
G4 = Hole insertion

Grafting
Gn = Non-grafted

Scion;
Cucumber cv. Kalaam F1

Rootstock;
Ridge gourd (Luffa operculata)

Bitter gourd (Momordica charantia)
Pumpkin (Cucurbita pepo)

Bottle gourd (Lagenaria siceraria)

T1 = Cucumber-Ridge gourd
T2 = Cucumber-Bitter gourd

T3 = Cucumber-Pumpkin
T4 = Cucumber-Bottle gourd
Tc = Kalam F1 (real rooted)

Replications

R1
R2
R3
R4
R5
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3. Results and Discussion

3.1. Plant Vegetative Growth

The results of vegetative growth and survival rate of cucumber (Cucumis sativus) plants grafted
on different cucurbitaceous rootstocks were observed after 15 and 30 days of grafting in two crop
season 2017 and 2018. The leaf area, number of leaves and SPAD values after the first 15 days of
grafting, during both crop seasons of 2017 and 2018, were observed in all combination of cucumber
(Kalaam F1) scion and four local rootstocks; ridge gourd, bitter gourd, pumpkin and bottle gourd were
presented in Figure 1. The mean leaf area (cm2) of cucumber cv. Kalaam F1 was found significantly
maximum during both crop seasons 2017 and 2018 when grafted onto bottle gourd rootstock followed
by ridge gourd, bitter gourd and pumpkin rootstock with the splice grafting (36.10, 37.65), single
cotyledon grafting (32.40, 33.23), tongue grafting (28.23, 29.98) and hole insertion grafting (25.80, 26.13)
respectively. The leaf area (21.43, 22.70) was found non-significant in non-grafting cucumber cv.
Kalaam F1. The results observed in both seasons didn’t show any significant difference. The plants
with bottle gourd rootstocks showed significantly maximum five plant leaves in tongue grafting, splice
grafting and single cotyledon grafting during both crop seasons. The real rooted plants produced four
plant leaves while the lowest figures were associated with pumpkin rootstock. Figure 1 illustrates that
the SPAD values (chlorophyll content) were found significantly different in all grafting techniques and
non-grafted plants during the vegetative growth stage. The splice grafting technique gave optimum
results of chlorophyll content than other grafting methods. The significantly different SPAD values
(49.31, 46.6) were found in cucumber cv. Kalaam F1 grafted onto bottle gourd with splice grafting
during 2017 and 2018 crop season respectively. The SPAD values in plant leaf of real rooted Kalaam F1

and pumpkin rootstock in hole insertion grafting method were statistically non-significant.

 

Figure 1. Evaluating the effect of Scion/rootstocks combinations (grafting) on vegetative growth of
Cucumber fruit after 15 days during crop season 2017 and 2018.

After 30 days, the bottle gourd rootstock in splice grafting showed significantly higher mean leaf
area (82.40, 85.28 cm2), number of leaves (8, 8) and SPAD contents (49.31, 56.22) during both crop season
2017 and 2018 respectively as shown in Figure 2. The real rooted cucumber didn’t show significant
difference of leaf area (40.95, 44.65 cm2), number of leaves (7, 7) and SPAD value (39.98, 42.8) during crop
season of 2017 and 2018 while the rootstocks in hole insertion grafting showed non-significant results.
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It could be found that the SPAD values and chlorophyll content have a strong correlation [42] and the
combinations of scion/rootstocks had significantly affected the vegetative growth of cucumber [52].

 

Figure 2. Evaluating the effect of Scion/rootstocks combinations (grafting) on vegetative growth of
Cucumber fruit after 30 days during crop season 2017 and 2018.

Table 2 indicates plant mortality and the percentage of plant survival in the real rooted and grafted
treatment of hybrid cucumber cv. Kalaam F1 grafted on four local cucurbitaceous rootstocks (ridge
gourd, bitter gourd, pumpkin and bottle gourd) with different grafting techniques during the 2017 and
2018 crop growing seasons. The statistical analysis presented in Table 2 shows that pumpkin rootstock
in the hole insertion grafting method had a lower plant survival (42.00 ± 0.81 and 44.00 ± 1.29) in the
2017 and 2018 seasons respectively. These results showed unsuitability of hybrid Kalam F1 with local
rootstock. The significantly maximum plant survival rate of (96.00 ± 2.77) was obtained when grafted
plants onto bottle gourd (T4) in splice grafting during the first crop season, while in the second crop
season bottle gourd (T4) and ridge gourd (T1) showed the same (95.00 ± 0.55) survival rates of grafted
plants. Ridge gourd (T1) and bitter gourd (T2) in tongue grafting (G1) and real rooted Kalaam, F1 (Tc)
didn’t show any significant difference during first growing season while, in second crop season ridge
gourd (T1) and bottle gourd (T4) in tongue grafting (G1) and non-grafted Kalaam, F1 (Tc) didn’t show
any significant difference in cucumber plants survival. The rootstocks under single cotyledon grafting
method show significantly different results for plants survival. These results agreed with [53] who
reported that the survival rate of cucumber plants increased under different grafting techniques.

The shoot length, plant height and stem diameter of cucumber (Cucumis sativus) plants grafted
onto four local cucurbitaceous rootstocks with different grafting methods were presented in Figure 3.
The bottle gourd rootstock had significant shoot length (cm) in tongue grafting (13.50, 13.30), splice
grafting (12.20, 12.10) and single cotyledon grafting (11.34, 11.28) after first 15 days of grafting during
2017 and 2018 respectively while the hole insertion grafting showed non-significant results (4.15, 4.1)
onto ridge gourd. The real rooted plant has (9.0, 9.20) shoot lengths. The plants with bottle gourd
rootstock developed a significantly thick plant stem (0.19, 0.18 cm) in splice grafting and didn’t
show any significant difference of stem diameter during season 2017 and 2018 respectively. The real
rooted hybrid cucumber had (0.15 and 0.16 cm) stem diameter after first 15 days of 2017 and 2018
seasons. In tongue grafting and single cotyledon grafting, the bottle gourd showed significant plant
height (15.34, 15.50 cm), (16.10, 15.73 cm) while the pumpkin rootstock in hole insertion grafting had
non-significant (6.55, 6.49 cm) plant height during 2017 and 2018 respectively.
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Figure 3. Effect of Scion/rootstocks combinations (grafting) on vegetative growth parameters of
Cucumber fruit after 15 days during crop season 2017 and 2018.

Figure 4 presents shoot length, plant height and stem diameter of grafted cucumber
(Cucumis sativus) plants onto cucurbitaceous rootstocks during the crop seasons of 2017 and 2018.
After 30 days of grafting, The bottle gourd and ridge gourd rootstocks in splice grafting showed
significant shoot length (21.90, 21.80 cm) and (20.98, 21.10 cm) while the hole insertion grafting showed
non-significant results (9.10, 8.67 cm) onto pumpkin rootstock after 30 days of grafting during 2017
and 2018 respectively. The non-grafted plants didn’t show any significant difference. The plants
with bottle gourd rootstock developed significantly thick plant stems (0.37, 0.38 cm) in splice grafting.
The bottle gourd in tongue grafting, ridge gourd and bitter gourd in splice grafting, bottle gourd
in single cotyledon grafting and real rooted plants didn’t show any significant difference of stem
diameter during the seasons 2017 and 2018. The pumpkin rootstock in hole insertion grafting had (0.15
and 0.16 cm) non-significant stem diameter after 30 days of grafting during both 2017 and 2018 crop
seasons. In splice grafting and single cotyledon grafting, the bottle gourd showed significant plant
height (24.65, 24.50 cm), (24.0, 23.63 cm). The bottle gourd rootstock in tongue grafting, ridge gourd in
splice grafting, bottle gourd in single cotyledon and real rooted plants didn’t show any significant
change of plant height while the rest of the rootstocks showed non-significant plant height during 2017
and 2018 respectively.

The data in Table 3 indicate that the scion/rootstock combinations (grafting) promoted cucumber
plant growth and significantly increased the vigor of grafts plants compared to real rooted hybrid
cucumber during both 2017 and 2018 crop periods. That was shown in plant height (cm), number of
plant branches & leaves, stem thickness/diameter (cm), flowering time (days) and first fruit harvesting
time (days). Grafting cucumber cv. Kalaam F1 on cucurbitaceous rootstock (Bottle gourd) produced
significantly maximum plant height, stem diameter and No. of leaves & nodes than rootstocks (Ridge
gourd, Bitter gourd and Pumpkin). The sequence found between the grafting techniques was splice
grafting, tongue grafting, single cotyledon grafting and hole insertion grafting. The splice grafting
showed significantly maximum plant heights (622.0 ± 4.06 and 619.0 ± 4.58 cm), number of leaves
(194.0 ± 6.32 and 183.0 ± 4.62), number of branches (13.00 ± 0.40 and 13.00 ± 0.58) and stem diameter
(1.13 ± 0.03 and 1.10 ± 0.03 cm) for Lagenaria siceraria (bottle gourd) during crop season 2017 and 2018
respectively while, the lowest values were associated with pumpkin rootstock. Ridge gourd (T1) and
bitter gourd (T2) in tongue grafting (G1) & single Cotyledon grafting (G3), ridge gourd (T1) and bottle
gourd (T4) in hole insertion grafting (G4) and real rooted Kalaam, F1 (Tc) didn’t show any significant
difference in plant height during first season while, in the second season most of the rootstocks didn’t
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show any significant difference. Bitter gourd (T2) pumpkin (T3) bottle gourd (T4) in hole Insertion
grafting (G4) showed maximum time for flowering during both 2017 and 2018 crop seasons respectively.
Fruit harvesting time didn’t show any significant difference for all grafting technique under both
crop seasons. This could be interpreted that cultivation of grafted cucumber produced better plant
vegetative growth compared with non-grafted plants in infested soil with nematode and soil salinity.
The results are in line with [54] who described that vegetative growth (plant height, branches and
leaves) was significantly higher in grafting than that of non-grafting. Hormone synthesis controlled
by plant root could lead the plant growth and root to shoot ratios [55]. Zhang [56] stated that the
vegetative growth (plant height, leaves, branches, leaf area and stem diameter), photosynthesis rate,
yield, wilt resistance and root-knot nematode immunity were higher in scion/rootstock combination
plants. The statistical analysis presented in Table 3 indicate the earliness of first female flower on
grafted plants.

 

Figure 4. Effect of Scion/rootstocks combinations (grafting) on vegetative growth parameters of
Cucumber fruit after 30 days during crop season 2017 and 2018.

The Lagenaria siceraria, Luffa operculata and Momordica charantia started flowering at 33rd day while
pumpkin started on 34th day in splice grafting technique as shown in Table 3. The significantly different
62 days were taken by the plants for flowering in hole insertion grafting method. The non-grafted
cucumber cv. Kalaam F1 showed flowers after 60 days. Therefore, splice grafted plants showed early
and high vigor compared with other grafts and non-grafted plants. The first fruit harvested after
12 days of flowering. The harvesting was carried out at the same time from all kind of grafted plants.

Ozarslandan [57] observed that all genotypes of Lagenaria siceraria (Bottle gourd) were liable to
root-knot nematodes. The grafting of scion (Watermelon) onto rootstock (Bottle gourd) gave higher
plant growth and fruit yield as compared to non-grafted fruit root-knot nematodes carry soil. It was
concluded that bottle gourd rootstock tolerated nematodes with their rapid growth. In this study, splice
grafted plants using all scion/rootstock combinations had significantly higher vegetative growth and
fruit yield. According to our results, Lee [5] and Ioannou [58] observed that growth of scion/rootstocks
were better than that of real rooted plants.

Cansev and Ozgur [42] described that, generally the growth and yield reduced significantly in real
rooted (non-grafted) plants as compared with grafting techniques used for scion/rootstock combinations.
The results suggested grafting of cucurbitaceous plants avoid yield reduction due to intensive cropping
and soil borne disease. Cucumber grafting onto resistant rootstock was recommended technique in soil
with high root-knot nematodes infestation and to produce more fruit yield from grafted plants [59].
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The maximum early yield was produced by grafted plants rather than non-grafted plants [60].
Walters and Wehner [61] declared that root-knot nematodes were a major reason of cucumber yield
reduction. Zhang [56] observed that grafted cucumber plants onto resistant rootstocks showed earlier
flowering and first harvesting time than those of other rootstock and non-grafted plants.

Chen [62] reported that grafted cucumber onto local and resistant rootstocks had higher yields,
better quality and a good control on soil pathogenic characteristics. The yield was significantly reduced
cucumber fruit yield grown in non-treated soil compared to treated soil [46].

The damage of root-knot nematodes was highest in warm areas which resulted wilting plants
under moisture stress [60]. These results agreed with Miguel and Maroto [63], they reported maximum
yield in hybrid watermelon grafting and nematodes infested soil than self-rooted planed in fumigated
(nematicide) soils. The local and resistant rootstock had enhanced the plant growth, flowering and
yield of cucumber fruit [59]. The use of resistant cucurbitaceous rootstocks could increase the cucumber
plant growth and fruit yield while the fruit quality was not different [64]. The grafted plants have no
significant effect on fruit dry matter but improved nutritional concentration [65].

3.2. Fruit Growth and Quality

The effect of four different Scion/rootstocks combinations (grafting) on cucumber fruit, fruit fresh
weight, fruit shape index, TSS and fruit dry matter was presented in Table 4. The splice grafting showed
significantly maximum number of fruit per plant (14.60 ± 0.20 and 15.60 ± 0.38), Fruit weight/cucumber
(122.50 ± 2.42 and 121.29 ± 3.05 g), Fruit shape index (7.88 ± 0.22 and 7.84 ± 0.10), TSS (5.20 ± 0.11 and
5.11 ± 0.15%) and Fruit dry matter (4.62 ± 0.11 and 4.50 ± 0.12%) for Lagenaria siceraria (bottle gourd)
during crop season 2017 and 2018 respectively while, the lowest values were associated with pumpkin
rootstock. Ridge gourd (T1) and bottle gourd (T4) in tongue grafting (G1), single Cotyledon grafting
(G3) and hole Insertion grafting (G4) while ridge gourd (T1) and bitter gourd (T2) in splice grafting
(G2) didn’t show any significant difference in number of fruits/plants. The real rooted cucumber
showed significant different (10.30 ± 0.23) number of fruits per plant during both seasons. This could
be concluded that grafting hybrid cucumber onto local rootstocks gave significant increment in fruit
length and diameter (fruit shape index) which results in more fruit yield. These results agreed
with Al-Debei [43] who observed that when grafted cucumber cultivar on cucurbitaceous rootstock
resulted in more vigorous cucumber plants. Ridge gourd (T1), bitter gourd (T2) and pumpkin (T3)
in tongue grafting (G1), pumpkin (T3) in splice grafting (G2), ridge gourd (T1), bottle gourd (T4) in
single cotyledon grafting (G3), bitter gourd (T2) in hole insertion grafting (G4) and Kalaam, F1 (Tc)
in non-grafting (Gn) didn’t show any significant difference in fruit weight during first season while
in second season bottle gourd (T4) in all grafting techniques showed significantly different results.
The Kalaam, F1 (Tc) also showed significant results for fruit weight.
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The results of fruit dry matter obtained from ridge gourd (T1), bitter gourd (T2) and pumpkin
(T3) in tongue grafting (G1) and splice grafting (G2), ridge gourd (T1) and bottle gourd (T4) in single
cotyledon grafting (G3), bitter gourd (T2) in hole insertion grafting (G4) and real rooted Kalaam, F1 (Tc)
during first crop season 2017 were not statistically different. During second season, all rootstocks in
splice grafting and real rooted Kalaam, F1 didn’t show any significant difference. These results are
in line with Yetistir and Sari [66] who reported that grafted cucumber fruit with higher fruit fresh
weight and dry matter had more nutritional concentration compared with low fresh weight cucumber
fruit. Grafting of cucumber scion onto bottle gourd rootstock can enhance the reduction of cucumber
fruit dry matter [67]. Ridge gourd (T1) in tongue grafting (G1), bitter gourd (T2) in splice grafting (G2)
didn’t show any significant difference. Bottle gourd (T4) in tongue grafting (G1) and single cotyledon
grafting (G3) similarly pumpkin (T3) in tongue grafting (G1) and ridge gourd (T1) in hole insertion
grafting (G4) didn’t show any significant difference for TSS in fruit juice during first crop season while
in the second season, ridge gourd (T1) in tongue grafting (G1) and splice grafting (G2) and bottle gourd
(T4) in single cotyledon grafting (G3) and hole insertion grafting (G4) didn’t show any significant TSS
contents but real rooted plants showed statistically significant TSS [54]. During first crop season bottle
gourd (T4) and ridge gourd (T1) in splice grafting (G2) didn’t show any significant difference. The real
rooted plants showed statistically different results in season 2018 but not in 2017.

Plant hormones regulate plant vegetative growth and reproductive development and are
responsible for built root-shoot communication [68]. Plant with healthy rootstock produce more
cytokinins into rising xylem sap which enhanced fruit yield [68]. The grafting changed hormones
production and their impact on grafted plants. Flowering are controlled by plant hormones. It could
be concluded that grafting increased the fruit yield since grafted plants have strong root system
which improved disease immunity and photosynthesis. The plant growth of grafted cucumber
and the resemblance of protective isozymes between grafted and non-grafted plants had a positive
correlation [69].

The Table 5 indicated the effect of scion (cucumber cv. Kalaam F1) grafted onto four local rootstocks
(ridge gourd, bitter gourd, pumpkin and bottle gourd) with different grafting techniques on quality
of cucumber fruit. The fruit quality was evaluated at 3, 6 and 9 days after pollination. It is clear
from the Table that the contents of ascorbic acid in fruit decreased significantly with the fruit growth.
The ascorbic acid, soluble protein and free amino acid decreased with periodically while soluble
sugar content increased. The contents of ascorbic acid in cucumber cv. Kalaam F1 fruit were higher
initial days and then decrease gradually. Bottle gourd gave statistically significant results while the
pumpkin showed lowest values. The ridge gourd, bitter gourd and real rooted plants didn’t show any
significant difference during both seasons. The cucumber cv. Kalaam F1 fruit grafted onto bottle gourd
had statistically significant soluble protein content during first and second seasons while pumpkin
rootstock showed least values. The statistical difference was not found in other rootstocks. Free amino
acid and soluble sugar didn’t show any significant difference in all rootstocks during both seasons.
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The Table 6 indicated the mineral composition of scion/rootstock combinations (grafts) and
non-grafted cucumber cv. Kalaam F1. Fruit N, P, K, Ca and Mg of hybrid cucumber grafted onto bottle
gourd were significantly more among other rootstock and self-rooted cucumber fruits. The lowest
values were associated with pumpkin rootstock. Scion/rootstock enhanced mineral circulation in plants.
The contents of Potassium (K) and magnesium (Mg) in grafted fruits were statistically significant
as compared to non-grafted fruits which was based on vigorous rootstock development responsible
for absorbing water and nutrients effectively than other real roots [5]. The bottle gourd rootstock
showed significantly maximum N, P, K, Ca and Mg contents during both crop seasons. Bitter gourd
(T2) and Kalaam, F1 (Tc) didn’t show any significantly difference during first season while, during
second season all rootstocks had statistically different nitrogen contents. Ridge and bottle gourd didn’t
show any significant difference of phosphorus content during 2017 while results were statistically
different for all rootstock in second season. Statistically no different results of K, Ca and Mg were
found between both seasons. Although the scion/rootstock combinations determine fruit quality and
nutritional contents, there was a significant influence of grafting found on fruit quality as compared to
the original rooted plants. Therefore, the cucumber cv. Kalaam F1 grafted on four local root stocks
(ridge gourd, bitter gourd, pumpkin and bottle gourd) have an improved mineral composition that
can be used for commercial production.

Salehi-Muhammadi [70] described how the impact of rootstock on mineral composition depended
upon the development of root genotypes which improved water and mineral transfer. The low
performance of other rootstocks and non-grafted plants compared to the bottle gourd rootstock were
justified by unsuitable grafting, which can cause improper scion growth or depression and mineral
transfer from the union of grafting [42,71,72]. Several studies have been conducted to explain that
effect in scion due to grafting techniques and the transport of genes from the local root system and
hybrid scion through vascular bundles [73–75]. The rate of mineral transfer was higher in bottle gourd
than other grafted and non-grafted plants, and tolerated a high crop load [76].

The fresh weight, length and diameter of cucumber fruit grafted on different cucurbitaceous
rootstocks were presented in Figure 5. The observation carried out at the time of harvesting didn’t
show any significant difference in fruit weight, fruit length and fruit diameter during both crop seasons
2017 and 2018. The splice grafting of cucurbitaceous rootstock with hybrid cucumber fruit showed
significantly maximum physical properties of cucumber fruit. The splice grafting showed significant
fresh fruit weight (g) in bottle gourd (280.50 ± 3.39 and 277.00 ± 5.32), ridge gourd (252.00 ± 4.29
and 265.00 ± 7.31), bitter gourd (243.00 ± 3.34 and 252.00 ± 5.33) and pumpkin (227.00 ± 5.43 and
234.00 ± 1.68). All rootstocks showed significantly different fruit fresh weight during 2017 and 2018.
The fruit length of cucumber showed statistically different results. Ridge gourd in tongue grafting
and single cotyledon grafting while bitter gourd and pumpkin and ridge gourd and bottle gourd in
splice grafting didn’t show significant difference during first season but in second season the complete
results obtained were statistically different. The fruit diameter was not statistically different during the
first season but in the second season the results of fruit diameter were statistically different.
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Figure 5. Effect of scion/rootstocks combinations (grafting) on physical properties of Cucumber fruit.

The effect of grafting cucumber cv. Kalaam F1 onto local rootstocks on daily mean fresh weight
of fruit, average length and average diameter of cucumber fruit during crop seasons 2017 and 2018
is presented in Figures 6–8. Figure 6 illustrates that after 4 days of pollination, the mean weight
of fruit was increased significantly as shown in the Figure 6A–D. The fresh fruit weights (g) of all
scion/rootstock combination in splice grafting were found significantly maximum than other grafted
and real rooted cucumber plants during both 2017 and 2018 crop seasons. At day 9 after pollination,
the fresh weight of splice grafting was (270 g) statistically significant for bottle gourd while the ridge
gourd and bitter gourd (261 g and 24 7g) didn’t show significant differences in fruit fresh weight.
The pumpkin rootstock and real rooted cucumber cv. Kalaam F1 had non-significant fruit fresh weight
161 and 138.25 grams. During both 2017 and 2018 crop seasons length of cucumber fruit (cm) improved
significantly after pollination while from 3–8 days showed maximum fruit length in all scion/rootstock
combinations as shown in Figure 7A–D. The fruit lengths in splice grafting were significantly longer as
compared to that in other grafting and non-grafting methods. After 9 days of pollination for two years,
bottle gourd had significantly higher length of cucumber while ridge gourd and bitter gourd didn’t
show significant differences of fruit length. The pumpkin and real rooted plants had non-significant
mean fruit length. The diameter of cucumber fruit (cm) didn’t increased significantly from day 1–3
and enhanced significantly from day 3–9 after pollination as shown in Figure 8A–D. Grafted plants
had a significantly larger diameter of cucumber fruit while real rooted plants showed non-significant
fruit diameter. After day 9 the diameter of cucumber plants in splice grafting were significantly higher
3.5, 3.3, 3.4 and 3.7 cm. The diameter of non-grafted cucumber fruit (3.1 cm) didn’t show significant
difference while the non-significant diameters of cucumber fruits were found 2.7, 2.6, 2.7 and 2.7 cm in
hole insertion grafting of ridge gourd, bitter gourd, pumpkin and bottle gourd respectively. It could be
concluded that the grafted plants had significantly higher weight, length and diameter of fresh fruit
than those of fresh fruit in non-grafting. The results agreed with studies on citrus [77], grapes [78],
lemon [79], mango [80] and melon [81] grafted on appropriate rootstocks.
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Figure 6. (A–D). Effect of scion/rootstocks combinations (grafting) on fresh weight of Cucumber fruit.
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Figure 7. (A–D). Effect of grafting on Cucumber fruit development (fruit length) after pollination.
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Figure 8. (A–D). Effect of grafting on Cucumber fruit development (fruit diameter) after pollination.

4. Conclusions

The pathological and soil-borne diseases particularly root-knot nematode represent major
constraints for good seed germination, plant survival and growth, fruit development and fruit
quality in cucumber production. There is no cucumber hybrid variety tolerant to nematode while
fumigation of nematicides are expensive and can damage a sustainable agriculture system. Therefore,
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grafting is a real agricultural practice to control disease, and to improve cucumber production and
quality in a suitable growing environment. The optimum plant vegetative growth, yield and fruit
quality are based on both shoot and root genotypes. This study aimed to select and evaluate the
resistant and tolerant scion/rootstock combination. The scion of hybrid cucumber cv. Kalaam F1 and
four local cucurbitaceous rootstocks were combined through tongue grafting (TAG), splice grafting,
single cotyledon grafting and hole insertion grafting during 2017 and 2018. All scion/rootstocks
combinations showed significantly maximum results in splice grafting than other grafting and
non-grafted (self-rooted) plants. The hybrid cucumber cv. Kalaam F1 grafted on bottle gourd rootstock
gave significantly highest survival rate, plant vegetative growth, yield, fruit quality and resistance
against soil-borne disease in splice grafting method followed by tongue approach, single cotyledon
and hole insertion grafting. The non-significant values were associated with hole insertion grafting
method in all scion/rootstock combinations. Grafting had no effect on cucumber fruit matter and fruit
quality but fruit mineral composition (N, P, K, Ca and Mg) was improved significantly. Thus, grafting
hybrid cucumber onto local rootstocks improved the growth, yield and quality of fruit, as well as
the development of immunity to disease. The studies suggested that grafting of hybrid cucumber cv.
Kalaam F1 on local rootstocks grow well in infested soil to control soil-borne disease and to enhance
cucumber production.
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Abstract: Grafting is generally considered effective in ameliorating vegetable crop tolerance to biotic
and abiotic stresses. The use of interspecific hybrid as rootstock for eggplant may represent a valid
alternative approach to enhance eggplant performance. However, studies on the effects of different
rootstocks on eggplant plant vigor, yield, and fruit quality traits often show conflicting results. Thus,
an experiment was performed in two spring–summer growing seasons (2014 and 2015) by grafting
eggplant ′Scarlatti′ F1 hybrid on two accessions of S. aethiopicum gr. gilo and on the interspecific hybrid
S. melongena × S. aehtiopicum gr. gilo in comparison to the most common eggplant rootstock S. torvum.
Results indicate that S. melongena × S. aethiopicum gr. gilo interspecific hybrid and S. torvum improved
grafting success, plant vigor, early flowering and yield in ′Scarlatti′ F1 scion. All rootstocks tested did
not negatively influence fruit apparent quality traits and fruit quality composition. Moreover, fruit
glycoalkaloids content remained below the recommended threshold value. These findings suggest
that the use of S. melongena × S. aethiopicum gr. gilo interspecific hybrid as rootstock may be a good
alternative to the most commonly used S. torvum.

Keywords: wild eggplant relative; interspecific hybrid; scion/rootstock combination; plant vigour;
yield; fruit quality attributes

1. Introduction

Eggplant (Solanum melongena L.) is the world’s sixth most important vegetable after tomato,
watermelon, onion, cabbage, and cucumber [1] and the most important Solanum crop native to the
Old World [2]. Sicily is one of the most important production areas within the Mediterranean Basin
that is considered a secondary center of diversification [3]. Soilborne diseases arising from continuous
cropping are major problems that limit productivity in eggplant [4]. Therefore, improving soilborne
resistance is one of the major scientific and economic challenges in eggplant. Grafting has been
attempted as an effective mean to control soilborne diseases and abiotic stresses while simultaneously
not adversely affect plant growth or even to improve vigor and yield [4]. Among the abiotic stresses
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that affect vegetable crops, salinity continues to be a main factor in reducing vegetable crop yield and
profits in many arid and semi-arid regions. In this respect, Colla et al. [5] demonstrated the effectiveness
of grafting to improve salinity tolerance in cucumber. However, the use of specific rootstocks may
offer many other advantages such as drought resistance [6] or heavy metal tolerance [7].

Solanum torvum Sw. is the rootstock commonly used for grafting, especially in the most intensive
protected cultivation. However, its use has been limited due to lack of rapid and homogeneous
synchronized seed germination [8]. Studies have shown that grafting can affect yield and fruit quality
in eggplant [9,10]. Kyriacou et al. [11], in their review, reassessed that grafting itself and the prevalence of
particular type of commercial rootstocks influence vegetable fruit quality and, partially, storability. They
also reported that grafting significantly affects morphometric traits, textural characteristics, sweetness
and acidity, as well as functional compounds in eggplant. However, according to Kyriacou et al. [11],
current reports on the changes conferred by grafting on eggplant fruit quality provide conflicting
information probably due to the environment in which experiment were run. In particular, they
stressed both possible rootstock–scion interactions, underscoring graft combinations and different
stemming from failure to standardize fruit harvest maturity. In this respect, Gisbert et al. [9] and
Sabatino et al. [10] found that the use of interspecific hybrid rootstocks derived from compatible crosses
of eggplant with related species can be a valuable approach to improve/preserve eggplant production.

Solanum aethiopicum gr. gilo (scarlet eggplant), a close relative species of S. melongena, has been
considered a noticeable resource for eggplant genetic improvement and as potential rootstock.
It presents traits of interest, including resistance to F. oxysporum f. sp. melongenae, R. solanacearum [12,13],
and root-knot nematodes [14]. Since scarlet eggplant is a cultivated species, it does not display those
undesirable traits that are commonly present in the wild relatives of eggplant such as small fruit
production, presence of prickles, and high saponins and glycoalcaloids concentrations [15]. A great
genetic and morphological variability has been evidenced in S. aethiopicum [16]; therefore, it is
particularly relevant to characterize the accessions for the presence and expressivity of the traits
of interest before starting a breeding program. Interspecific sexual and somatic hybrids between
S. melongena and S. aethiopicum gr. gilo have been produced and although they present a high degree
of sterility, recombination between the two genomes has been demonstrated [17] and backcross
generations to S. melongena with useful introgressions of S. aethiopicum gr. gilo obtained [13,18,19]. The
aim of this work was to explore the possibility to use two accessions of S. aethiopicum gr. gilo and
an initial highly fertile introgression line (BC1) from the somatic hybrid between S. melongena and S.
aethiopicum gr. gilo as rootstock for eggplant. The introgression line was resistant to Fusarium oxysporum
f.sp. melongenae and is the founder of the series of improved eggplant lines resistant to Fusarium
wilt carrying the resistant locus RfoSa1 [18]. The effects of these three genetic materials when used
as rootstock, on vigor, yield, and fruit quality traits of eggplant ′Scarlatti′ F1 hybrid were evaluated.
The results are compared with those obtained from ungrafted, self-grafted, and S. torvum rootstock
grafted plants. Therefore, our aim was also to validate the assumption that using interspecific hybrid
rootstocks may be a good approach to enhance eggplant performance because the presence of the
eggplant genome together that one of the wild/allied species may improve the overall affinity between
rootstock and scion exploiting the advantage of grafting.

2. Materials and Methods

2.1. Plant Material

The eggplant F1 hybrid ′Scarlatti′ (black cylindrical shape) (EnzaZaden, The Netherlands) was
used as the scion cultivar as well as the rootstock and ungrafted control. Five rootstocks were evaluated,
which included materials corresponding to the three species S. melongena (F1 hybrid ′Scarlatti′), Solanum
torvum, and Solanum aethiopicum gr. gilo (two accessions, named accession 1 and accession 2), and
one interspecific hybrid of S. melongena × S. aethiopicum gr. gilo, which is a double haploid line
obtained from another culture of the tetraploid backcrosses from the somatic hybrid eggplant cv
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Dourga(+) S. aethiopicum gr. gilo accession 2 with a tetraploid plant of the eggplant line DR2 [13,18].
The materials used as rootstocks originated from the germplasm collection of the Consiglio per la
Ricerca in Agricoltura e l’Analisi dell’Economia Agraria CREA-GB, Centro di Ricerca Genomica e
Bioinformatica (Montanaso Lombardo, Italy).

2.2. Seedlings Production and Grafting

For the production of the grafted plant material, on 10 February 2014 and 9 February 2015,
S. aethiopicum gr. gilo and S. torvum rootstock seeds were planted in 40-cell seedling trays (cell volume
of 83 cm3), under a temperature regime of 25 ◦C/18 ◦C (day/night) in a propagation greenhouse. After
20 days, seeds of the F1

′Scarlatti′ eggplant were planted in 104-cell trays (cell volume of 33 cm3) under
the same temperature regime and planting method as the rootstocks. Due to the faster germination and
growth, the S. melongena × S. aethiopicum gr. gilo hybrid rootstock was sown simultaneously to the F1
′Scarlatti′ hybrid. Trays were watered manually every day to maintain the substrate at water holding
capacity. Seventy-five days after the sowing of S. torvum and S. aethiopicum gr. gilo (accessions 1 and 2),
all seedlings had reached an adequate diameter for grafting. The eggplant cultivar Scarlatti was grafted
onto ′Scarlatti′ rootstocks (self-grafted), S. torvum, S. aethiopicum gr. gilo (accession 1 and accession
2), and S. melongena × S. aethiopicum gr. gilo rootstocks using the tube grafting method described by
Lee [20] and modified by Miceli et al. [21]. Plants at the 3–4 leaf stage were used as rootstocks. The
grafted plantlets were misted, incubated within a plastic tunnel in a greenhouse, and maintained at a
temperature of 20 ◦C and a humidity rate of 95% for 7 days. After 7 days, the grafted plantlets were
acclimatized to the natural conditions of the greenhouse by slowly dropping the humidity (RH 70–80%)
for 3 days, until they were ready for transplant.

2.3. Cultivation Conditions

′Scarlatti′ plants ungrafted, self-grafted, and grafted onto S. melongena, S. torvum, and accession
1 and 2 of S. aethiopicum gr. gilo rootstocks were transplanted on 5 May 2014 and 4 May 2015 on a
Typic Rhodoxeralf soil in the experimental farm of the Department of Agricultural, Alimentary and
Forest Sciences (SAAF) (longitude 13◦19′ E, latitude 38◦09′ N), of the University of Palermo, Italy.
The field trials were conducted in a sandy clay loam soil (46.5% sand, 22.3% silt, 31.2 clay) at pH 7.2 in a
completely randomized design with 4 replications of 10 plants (40 plants per treatment). In both years,
the preceding crop was cauliflower. Plants were spaced 1.0 m between rows and 0.5 m apart within
the row and drip irrigated. Fertilization was applied with drip irrigation throughout the growing cycle
and consisted of 250 kg nitrogen ha−1, 150 kg phosphorous pentoxide ha−1, and 250 kg potassium
oxide ha−1 (Yara, Oslo, Norway). Standard horticultural practices for eggplant production in the
Mediterranean environment were adopted [22].

Average daily temperature during the experimental period from May to August of 2014 and
2015 was obtained from the meteorological station of the experimental farm of the Department SAAF
(Figure S1). In terms of temperatures, the weather during the experimental period in 2014 and 2015
was similar to the long term average. Nevertheless, the average monthly temperatures showed the
highest negative deviation in June (1.8 and 2.2 ◦C in 2014 and 2015, respectively).

2.4. Grafting Success, Biometric Parameters, Yield, and Apparent Fruit Quality Evaluation

Grafting success was recorded after two weeks from grafting and was calculated on 100 grafted
seedlings for each rootstock used. Plant height and root collar diameter (via a digital caliper) at 50,
80, and 110 days after transplanting (DAT), number of leaves at 50 DAT, and aboveground biomass
produced at the end of fruit harvest (including total yield and vegetative part produced (weight of the
plant at the end of harvests plus vegetative part removed by pruning after plant branching)) were
determined. First flower formation (expressed as DAT) were also recorded.
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Immediately after harvesting fruits were weighed. Total yield (kg plant-1), marketable yield (kg
plant−1), and number of marketable fruits per plant were collected. Average marketable fruit weight
(g) was calculated.

Color (a* and b* parameters -CIELab) was measured on four replications of five fruits per
rootstock–scion combination. The records were taken on two opposite point of eggplant fruit skin
(equatorial zone) by a colorimeter (Chroma-meter CR-400, Minolta Corporation, Ltd., Osaka, Japan).
Hue angle (H◦) was calculated as follows: H◦ = arctan(b*/a*).

Fruit firmness was determined by measuring its resistance to the plunger of a digital penetrometer
(Trsnc, Italy). Each fruit was subjected to a compression in two opposite point in the equatorial
part using a 6 mm diameter stainless steel cylinder probe. The mean peak force was calculated in
Newton (N).

Apparent fruit quality traits of ′Scarlatti′ eggplant fruit were measured in four replications of
ten representative commercially mature fruits from non-grafted and self-grafted plants, and from
plants derived from ′Scarlatti′ scions grafted onto S. torvum and accession 1 and 2 of S. aethiopicum
gr. gilo hybrid rootstocks. Fruit length/width ratios were calculated. Several traits were measured
in an arbitrary scale according to the European Eggplant Genetic Resources Network (EGGNET)
descriptors [23]. These traits included fruit curvature (1 = none; 9 = U-shaped), fruit cross section (1 =
circular; 9 = very irregular), fruit calyx length (1 = very short (>10%); 9 = very long (>75%)), and fruit
calyx prickles (0 = none; 9 = very many (>30)). In addition to these EGGNET descriptors, seed index
(0 = none; 5 = very many (>80) seeds visible in a longitudinal fruit section) was measured.

2.5. Pulp Browning, Soluble Solid Content, and Chemicals

The colorimeter was also used to determine the lightness of fruit pulp by measuring L* value
(0 = black and 100 = white). Fruits were sectioned in the equatorial part and the color of the pulp was
measured immediately after cutting (L0) and after 30 min (L30) in two areas (central and lateral) of
the section. The oxidation potential was estimated using Larrigaudiere et al. [24] method with little
modifications as in part suggested by Concellòn et al. [25]. The oxidation potential was expressed as
ΔL30 = (L30 − L0).

Sampling for the quality analysis of the fruits was carried out as described by Sabatino et al. [10]
and Sabatino et al. [26]. Thus, 3–5 commercially mature fruits for each replication from the second and
third harvest were used; only healthy fruits were chosen. Care was taken to ensure that each sample
contained the same percentage weight of apical, middle, and distal parts of the fruits. Qualitative
fruit characteristic analyses were conducted on fruits harvested from labeled fruits (the flowers were
labeled at the fruit set stage) and all fruits were harvested after 35 days from labeling (fruit commercial
maturity stage).

Sample of the fruit pulp were squeezed by hand with a garlic squeezer. The juice was filtered and
soluble solids content (SSC) was measured using a digital refractometer (MTD-045nD, Three-In-One
Enterprises Co. Ltd. Taiwan).

Fruit dry matter percentage was determined in samples dried at 105 ◦C until constant weight as
100% × (dry weight/fresh weight).

Proteins, metals, total anthocyanins, chlorogenic acid, and glycoalkaloids were determined only
in the second trial (2015). Protein concentration was determined from N content obtained from the
Kjeldahl method. In particular, a sample rate was subjected to acid-catalyzed mineralization to turn the
organic nitrogen into ammoniacal nitrogen. The ammoniacal nitrogen was then distilled in an alkaline
pH. The ammonia formed during this distillation was collected in a boric acid solution and determined
through titrimetric dosage. The protein concentration was reported as N × 6.25. Phosphorus content
were assessed using colorimetry [27]. Ca, Mg, and K were determined using atomic absorption
spectroscopy following wet mineralization [28].

Polyphenols were extracted and analyzed according to Stommel and Whitaker [29] with minor
modifications. The analyses were performed through a Waters E-Alliance HPLC system constituted
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by a 2695 separations module with quaternary pump, auto sampler, and a 2996 photodiode array
detector; data were acquired and analyzed with Waters Empower software on a personal computer.
A binary mobile phase gradient of methanol in 0.01% aqueous phosphoric acid was used according to
this procedure: 0–15 min, linear increase from 5 to 25% methanol; 15–28 min, linear increase from 25
to 50% methanol; 28–30 min, linear increase from 50 to 100% methanol; 30–32 min, 100% methanol;
32–36 min, linear decrease from 100 to 5% methanol; 36–43 min, 5% methanol. The flow rate was
0.8 mL/min. Quantification of chlorogenic acid (CA), carried out after a RP-HPLC separation, was
based on absorbance at 325 nm relative to the sesamol internal standard and an external standard of
authentic CA (Sigma-Aldrich, St. Louis, MO). The results were expressed as mg·100 g−1 of fw.

The extraction and the analysis of anthocyanins were carried out on 200 mg of lyophilized
and powdered peel as reported in Mennella et al. [30]. Briefly, the chromatographic separations
were performed at a flow rate of 0.8 mL/min and at 0.1 absorbance units full scale (AUFS).
Purified delphinidin-3-rutinoside (D3R, Polyphenols Laboratories AS, Sandnes, Norway) was used
as external standard in RP-HPLC analyses, with a different retention time (23.9 min) compared to
delphinidin-3-(p-coumaroylrutinoside)-5-glucoside (nasunin), that was eluted at a longer retention time
(25.8 min for cis-nasunin and 26.1 min for trans-nasunin, respectively). As for nasunin quantification, a
partially purified standard was used according to Lo Scalzo et al. [31]. The results were expressed as
mg·100 g−1 of peel fw; the limit of detection was 2.00 mg·100 g−1 of peel dw.

Glycoalkaloids were extracted as described by Birner [32] with some modifications. Glycoalkaloid
extraction was detected from 0.5 g lyophilized samples and powdered flesh tissue by 95% ethanol.
The analyses were carried out by means of RP-HPLC according to Kuronen et al. [33] using partially
purified solasonine and solamargine as the external standard. The data were expressed as mg·100 g−1

fw; the limit of detection was 0.03 mg·100 g−1 of dw.

2.6. Statistical Analysis

Data were statistically analyzed by a two-way analysis of variance (ANOVA) (year (Y) × rootstock
(R)) using SPSS software package version 14.0 (StatSoft, Inc., Chicago, IL, USA). Proteins, metals,
total anthocyanins, chlorogenic acid and glycoalkaloids, which were determined only in the second
trial (2015), were analyzed via one-factor analysis of variance (ANOVA) using a fixed-effects model
for the effect of rootstock treatment. For data expressed in percentage, the arcsin transformation
before ANOVA analysis [Ø = arcsin(p/100)1/2] was applied. To separate treatment means within each
measured parameter, Tukey HSD test was performed at p = 0.05.

3. Results

The interaction between rootstock and year was always not significant; therefore, for the sake
of simplicity it was omitted from the tables and graphs. Similarly, the factor year was statistically
significant only for first flower formation and is reported only in the correspondent table.

3.1. Grafting Success and Plant Biometric Parameters

Rootstock significantly affected grafting success, number of leaves at 50 DAT and aboveground
biomass (Table 1).
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Table 1. Year and rootstock effects on grafting success and plant biometric parameters of ‘Scarlatti’
F1 scion.

Treatments
Grafting

Success (%)
No. Leaves 50

DAT (No.)
Aboveground
Biomass (kg)

First Flower
Formation (DAT)

Rootstock
′Scarlatti′ ungrafted - 17.5 b 4.5 ab 53.1 a

S. torvum 99.3 a 24.3 ab 5.1 a 49.0 d
′Scarlatti′ self-grafted 99.6 a 25.4 a 4.9 a 52.9 ab
Hybrid S. melongena ×

S. aethiopicum 99.0 a 21.1 ab 4.6 ab 49.3 d

S. aethiopicum (accession 1) 93.6 b 27.3 a 3.7 c 51.9 bc
S. aethiopicum (accession 2) 89.1 b 17.6 b 4.0 bc 51.5 c

Year
2014 96.5 a 22.3 a 4.4 a 52.0 a
2015 95.8 a 22.1 a 4.5 a 50.6 b

Significance
Rootstock *** ** *** ***

Year NS NS NS ***

DAT, days after transplanting. Values within a column and a year followed by the same letter are not significantly
different at p ≤ 0.05 (Tukey HSD Test). The significance is designated by asterisks as follows: *, statistically significant
differences at p-value below 0.05; **, statistically significant differences at p-value below 0.01; ***, statistically
significant differences at p-value below 0.001; NS = not significant.

The tube grafting method proved highly efficient with success percentages that ranged from 89.1
to 99.6% among the materials used (Table 1). No significant differences were found in terms of success
rate among ′Scarlatti′, S. torvum, and S. melongena × S. aethiopicum gr. gilo hybrid rootstocks, which
showed percentages of graft success ranging from 99% (S. melongena × S. aethiopicum gr. gilo hybrid)
to 99.6% (′Scarlatti′). In contrast, S. aethiopicum gr. gilo (accessions 1 and 2) had a significantly lower
percentage of success (93.6 and 89.1%, respectively) with respect to the other rootstocks (Table 1). No
visible disaffinity signals at the grafting zone were observed for any rootstock–scion combination.

The mean number of leaves at 50 DAT varied between 17.5 and 27.3 leaves per plant for the
′Scarlatti′ ungrafted and S. aethiopicum gr. gilo (accession 1) rootstock, respectively (Table 1). ′Scarlatti′
scions grafted onto S. melongena (′Scarlatti′) and S. aethiopicum gr. gilo (accession 1) rootstocks had
a higher number of leaves at 50 DAT than those ungrafted or grafted onto S. aethiopicum gr. gilo
(accession 2). However, eggplant plants grafted onto S. torvum and S. melongena × S. aethiopicum gr.
gilo hybrid did not significantly differ from those grafted onto the other rootstocks tested.

Aboveground biomass produced ranged from 5.1 kg for ′Scarlatti′ grafted on S. torvum rootstock
to 3.7 kg for those grafted on S. aethiopicum gr. gilo (accession 1) rootstock (Table 1). Plants grafted onto
S. torvum rootstock did not significantly differ compared to those grafted onto S. melongena (self-grafted
plants), whereas the lowest aboveground biomass values were collected from eggplant plants grafted
onto S. aethiopicum gr. gilo (accessions 1 and 2) (3.7 and 4.0 kg).

Regardless of the rootstock, the second trial (2015) gave the shortest time of first flower formation
(50.6 DAT), whereas, irrespective of the year, plants grafted onto S. melongena × S. aethiopicum gr. gilo
hybrid and S. torvum gave the shortest time of first flower formation (49.3 and 49.0 DAT, respectively).
‘Scarlatti’ ungrafted had the longest first flower formation (53.1 DAT) (Table 1).

Rootstock significantly influenced plant height at 50, 80, and 110 DAT (Figure 1).
Plants grafted onto S. aethiopicum gr. gilo (accession 1) had the highest plant height, whereas plants

grafted onto S. aethiopicum gr. gilo (accession 2) had the lowest values (Figure S2).
At 80 DAT, no significant differences were found in plant height among ‘Scarlatti’, S. torvum,

S. aethiopicum gr. gilo (accession 1), and S. melongena × S. aethiopicum gr. gilo hybrid rootstocks.
S. aethiopicum gr. gilo (accession 2) had a significantly lower plant height value with respect to the
other rootstocks (Figure 1). However, plant height at 50 and 110 DAT, in ‘Scarlatti’ F1 grafted onto
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S. melongena × S. aethiopicum gr. gilo hybrid rootstocks did not significantly differ from those grafted
onto S. aethiopicum gr. gilo (accession 2).

Rootstock significantly influenced root collar at 50, 80, and 110 DAT (Figure S3). Plants grafted
onto S. aethiopicum gr. gilo (accession 2) and S. melongena × S. aethiopicum gr. gilo hybrid rootstocks had
the lowest root collar values, whereas plants grafted on S. aethiopicum gr. gilo (accession 1) had the
highest value (Figure S3).

Figure 1. Mineral elements of ‘Scarlatti’ eggplant fruits produced from ungrafted, self-grafted, and
grafted onto S. torvum, S. aethiopicum gr. gilo (accession 1), S. aethiopicum gr. gilo (accession 2), and S.
melongena × S. aethiopicum gr. gilo rootstocks. Bars with different letters are significant by Tukey HSD
Test (p < 0.05).

3.2. Yield

Rootstock significantly influenced total yield, marketable yield and number of marketable fruits
(Table 2).

Table 2. Rootstock effects on yield traits of ‘Scarlatti’ F1 scion.

Treatments
Total Yield

Plant−1 (kg)
Marketable Yield

Plant−1 (kg)
No. Marketable

Fruits Plant−1 (No.)
Average Fruit

Weight (g)

Rootstock
‘Scarlatti’ ungrafted 3.4 ab 3.3 ab 14.5 a 231.3 ns

S. torvum 3.8 a 3.6 a 16.6 a 216.8 ns
‘Scarlatti’ self-grafted 3.9 a 3.6 a 16.2 a 223.5 ns
Hybrid S. melongena ×

S. aethiopicum 3.4 ab 3.2 ab 15.1 a 213.9 ns

S. aethiopicum (accession 1) 2.7 c 2.5 c 9.1 b 330.1 ns
S. aethiopicum (accession 2) 3.1 bc 2.9 bc 14.1 a 207.5 ns

Significance
Rootstock *** ** *** NS

Values within a column and a year followed by the same letter are not significantly different at p ≤ 0.05 (Tukey HSD
Test). The significance is designated by asterisks as follows: *, statistically significant differences at p-value below
0.05; **, statistically significant differences at p-value below 0.01; ***, statistically significant differences at p-value
below 0.001; NS = not significant.

Total yield ranged between 2.7 kg plant−1 for ‘Scarlatti’ grafted on S. aethiopicum gr. gilo (accession
1) and 3.9 kg plant−1 for those grafted onto S. melongena (self-grafted plants) (Table 2). No significant
differences were found in the total yield among ‘Scarlatti’ and S. torvum rootstocks, which had total
yield that ranged from 3.8 kg plant−1 (S. torvum) to 3.9 kg plant−1 (‘Scarlatti’ self-grafted). S. aethiopicum
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gr. gilo (accessions 1 and 2) had a significantly lower total yield (2.7 and 3.1 kg plant−1, respectively)
than the other rootstocks (Table 2). However, plants grafted onto S. melongena × S. aethiopicum gr. gilo
rootstock and ‘Scarlatti’ ungrafted plants did not significantly differ in total yield compared to the
plants grafted onto ‘Scarlatti’ and S. torvum rootstocks. Data collected on marketable yield supported
the trend established for total yield (Table 2). Plants with S. aethiopicum gr. gilo (accession 1) as rootstock
had a significantly lower fruit number in comparison to those grafted onto ‘Scarlatti’, S. torvum, and
S. melongena × S. aethiopicum gr. gilo hybrid, and not different from those grafted onto S. aethiopicum
gr. gilo (accession 2) (Table 2). In addition, no differences were found among plants grafted onto
‘Scarlatti’, S. torvum, S. melongena × S. aethiopicum gr. gilo hybrid, and S. aethiopicum gr. gilo (accession 2)
for number of marketable fruits plant−1 which produced a significantly higher number of fruits than
accession 1 of S. aethiopicum gr. gilo. No significant differences among treatments were found for the
average fruit weight (Table 2).

3.3. Apparent Fruit Quality

Rootstock significantly influenced fruit length and fruit calyx length parameters (Table S1). Fruit
from plants grafted on S. melongena × S. aethiopicum gr. gilo hybrid rootstock were significantly more
elongated than those from plants grafted onto ‘Scarlatti’ rootstock or from ungrafted ‘Scarlatti’ plants
(Table S1), which in turn had more elongated fruits than those from plants grafted onto S. aethiopicum
gr. gilo (accession 2).

Fruit calyx length in ‘Scarlatti’ scion grafted onto S. aethiopicum gr. gilo × S. melongena hybrid
rootstock was significantly higher than in plants grafted onto S. torvum; however, fruits from self-grafted
and ungrafted ‘Scarlatti’ plants did not significantly differ neither from fruits from plants grafted onto
S. melongena × S. aethiopicum gr. gilo hybrid nor from those from plants grafted onto S. torvum. No
significant differences among rootstocks tested were found for fruit width (average of 4.7 cm), fruit
length–width ratio (average of 3.9), fruit curvature (average of 1.0), fruit cross-section (average of 7.1),
fruit calyx prickles (average of 0.2), or seeds index (average of 1.1) (Table S1).

3.4. Intrinsic and Extrinsic Fruit Quality

Hue color parameter in fruits from plants grafted onto S.torvum and S. aethiopicum gr. gilo
(accession 1) had the highest values (360.3 and 360.2, respectively) (Table 3).

Table 3. Rootstock effects on Hue◦, fruit dry matter, firmness, and soluble solids content (SSC) in
‘Scarlatti’ F1 scion.

Treatments H◦ Fruit Dry Matter (%) Firmness (N) SSC (◦Brix)

Rootstock
Scarlatti’ ungrafted 360.1 b 7.3 ns 60.0 ns 4.5 b

S. torvum 360.3 a 7.2 ns 43.2 ns 3.9 c
Scarlatti’ self-grafted 360.1 b 6.8 ns 44.2 ns 4.1 c

Hybrid S. melongena ×
S. aethiopicum 360.0 b 6.8 ns 49.0 ns 4.6 ab

S. aethiopicum (accession 1) 360.2 ab 6.9 ns 50.6 ns 4.6 ab
S. aethiopicum (accession 2) 360.1 b 6.8 ns 38.8 ns 4.9 a

Significance
Rootstock *** NS NS ***

Values within a column and a year followed by the same letter are not significantly different at p ≤ 0.05 (Tukey HSD
Test). The significance is designated by asterisks as follows: *, statistically significant differences at p-value below
0.05; **, statistically significant differences at p-value below 0.01; ***, statistically significant differences at p-value
below 0.001; NS = not significant.

Treatments tested had no effects on fruit dry matter and firmness (Table 3).
Rootstock significantly influenced SSC (Table 3). The highest value of SSC (4.6, 4.9 and 4.6 ◦Brix,

respectively) were found in plants grafted onto S. aethiopicum gr. gilo (accessions 1 and 2) and S.
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melongena × S. aethiopicum gr. gilo hybrid, whereas the lowest value (3.9 and 4.1 ◦Brix, respectively)
were observed in plants grafted onto S. torvum and ‘Scarlatti’(Table 3).

‘Scarlatti’ scions grafted onto S. aethiopicum gr. gilo (accession 1) and S. melongena × S. aethiopicum
gr. gilo, had the highest values of L0 central area (Table 4), while fruits from plants grafted onto S.
aethiopicum gr. gilo (accession 2) rootstocks had the lowest value.

Table 4. Rootstock effect on pulp lightness measured immediately after cutting (L0) in the central and
lateral area and the fruit browning (ΔL30) of the lateral area in ‘Scarlatti’ F1 scion.

Treatments L0 Central Area L0 Lateral Area ΔL30 Lateral Area

Rootstock
‘Scarlatti’ ungrafted 82.4 bc 80.6 b 2.5 bc

S. torvum 82.9 b 81.0 b 2.3 c
‘Scarlatti’ self-grafted 82.5 b 80.6 b 2.5 bc
Hybrid S. melongena ×

S. aethiopicum 83.5 ab 81.5 ab 2.7 ab

S. aethiopicum (accession 1) 84.8 a 82.9 a 2.7 ab
S. aethiopicum (accession2) 80.7 c 78.9 c 2.9 a

Significance
Rootstock *** *** ***

Values within a column and a year followed by the same letter are not significantly different at p ≤ 0.05 (Tukey HSD
Test). The significance is designated by asterisks as follows: *, statistically significant differences at p-value below
0.05; **, statistically significant differences at p-value below 0.01; ***, statistically significant differences at p-value
below 0.001; NS = not significant.

Data collected for L0 lateral area supported the trend established for L0 central area (Table 4).
S. aethiopicum gr. gilo (accessions 1 and 2) and S. melongena × S. aethiopicum gr. gilo hybrid

rootstocks induced the highest ΔL30 lateral area values (Table 4). While, S. torvum rootstock induced
the lowest one.

ANOVA for total anthocyanins was not statistically significant (Table 5).

Table 5. Rootstock effect on total antocyanins, glycoalkaloids, chlorogenic acid, and proteins in ‘Scarlatti’
F1 scion.

Treatments
Total

Anthocyanins
(mg·100 g−1 of fw)

Glycoalkaloids
(mg·100 g−1 of fw)

Chlorogenic Acid
(mg·100 g−1 of fw)

Proteins (g·100
g−1 of fw)

Rootstock
‘Scarlatti’ ungrafted 60.6 ns 8.4 a 21.7 ab 1.0 ab

S. torvum 43.0 ns 1.0 b 40.3 a 1.0 ab
‘Scarlatti’ self-grafted 47.8 ns 2.7 b 34.1 a 1.0 ab
Hybrid S. melongena ×

S. aethiopicum 70.8 ns 8.6 a 4.4 b 0.9 bc

S. aethiopicum (accession 1) 80.0 ns 3.7 b 40.0 a 1.1 ab
S. aethiopicum (accession 2) 106.4 ns 1.9 b 17.9 ab 0.8 d

Significance
Rootstock NS * ** ***

Values within a column and a year followed by the same letter are not significantly different at p ≤ 0.05 (Tukey HSD
Test). The significance is designated by asterisks as follows: *, statistically significant differences at p-value below
0.05; **, statistically significant differences at p-value below 0.01; ***, statistically significant differences at p-value
below 0.001; NS = not significant; fw = fresh weight.

The highest glycoalkaloids content was observed in fruits from ungrafted plants and in those
from plants grafted onto S. melongena × S. aethiopicum gr. gilo rootstocks (Table 5).

Fruits from ‘Scarlatti’ grafted on S. torvum, S. aethiopicum gr. gilo (accession 1), and ‘Scarlatti’
self-grafted plants had the highest chlorogenic acid content, whereas, fruits from plants grafted onto S.
melongena × S. aethiopicum gr. gilo hybrid rootstock showed the lowest value (Table 5).
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We found that protein content in fruits from plants grafted onto S. aethiopicum gr. gilo (accession 1)
was slightly higher than those from ‘Scarlatti’ ungrafted, self-grafted, and S. torvum grafted plants. The
lowest protein content was detected in fruits from plants grafted onto S. aethiopicum gr. gilo (accession
2) (Table 5).

Rootstock significantly affected mineral content (Figure 1).
Ungrafted, self-grafted, and S. torvum rootstock grafted plants had the highest fruit P content (538,

551, and 541 mg·100 g−1 of dw, respectively). The lowest fruit P content value (395.4 mg·100 g−1 of
dw) was found in S.melongena × S. aethiopicum gr. gilo hybrid rootstock (Figure 1). Fruits harvested
from plants grafted on S. aethiopicum gr. gilo (accession 1) rootstock had a significantly lower K content
(302.9 mg·100 g−1 of dw) in comparison to those grafted onto ‘Scarlatti’, S. torvum, S. melongena × S.
aethiopicum gr. gilo hybrid, S. aethiopicum gr. gilo (accession 2), and ‘Scarlatti ungrafted (341.0, 349.0,
341.3, 359.1, and 354.4 mg·100 g−1 of dw, respectively) (Figure 1). Moreover, no significant differences
were found among plants grafted onto ‘Scarlatti’, S. torvum, S. melongena × S. aethiopicum gr. gilo hybrid,
S. aethiopicum gr. gilo (accession 2), and ‘Scarlatti ungrafted for fruit K content. ‘Scarlatti’ grafted onto
S. melongena × S. aethiopicum gr. gilo hybrid gave the highest fruit Ca content (108.9 mg·100 g−1 of dw),
whereas fruits from plants grafted S. aethiopicum gr. gilo (accession 2) gave the lowest Ca fruit content
(99.4 mg·100 g−1 of dw) (Figure 1). ‘Scarlatti’ grafted onto S. aethiopicum gr. gilo (accessions 1 and 2)
and S. melongena × S. aethiopicum gr. gilo hybrid had the highest Mg content (19.3, 18.1, and 18.6 mg 100
g−1 of dw, respectively) (Figure 1), whereas the lowest Mg contents were found in fruits from ‘Scarlatti’
grafted on S. torvum (13.8 mg·100 g−1 of dw).

4. Discussion

Nowadays, both a high yield performance and fruit quality attributes (intrinsic and extrinsic) are
very important due to the functional role of vegetables in the human diet [29].

Along with approaches such as genetic improvement and optimization of the cultivation conditions,
herbaceous grafting technique represents a toolbox for securing or increasing yield stability and fruit
quality with or without stress conditions [26,34–37]. In this paper, we investigated the effects of S.
aethiopicum gr. gilo (accessions 1 and 2) versus the interspecific hybrid of S. melongena × S. aethiopicum gr.
gilo on plant performance and fruit quality attributes of ‘Scarlatti’ eggplant F1 hybrid (black cylindrical
shape). All the results are compared with those obtained from non-grafted, self-grafted, and S. torvum
rootstock grafted plants.

Grafting success is an important concern when using new scion–rootstock combinations [37].
Generally, Solanaceous crops are grafted by cleft or tube grafting methods [4,20,38]. In our experiment
using the tube grafting technique, grafting success rates of 89.1% for S. aethiopicum gr. gilo (accession 1),
93.6% for S. aethiopicum gr. gilo (accession 2), and over 99% for grafting onto ‘Scarlatti’, S. torvum, and S.
melongena× S. aethiopicum gr. gilo hybrid, were observed. Our findings are in accord with those obtained
by Bletsos et al. [4] and Rahman et al. [39], who reported a high grafting success rate of eggplant
cultivars grafted onto S. torvum. Although, Solanum aethiopicum gr. gilo is a close relative species of
S. melongena [16], from our results it appears that graft incompatibility might exist especially when
‘Scarlatti’ is grafted onto S. aethiopicum gr. gilo accession 2. Thus, we may assume that the genotype is a
crucial aspect for the identification of a suitable rootstock as significant differences may exist between
different accessions of a species. Regarding the S. melongena × S. aethiopicum gr. gilo hybrid rootstock,
our outcomes are in accord with those obtained by Gisbert et al. [9], who reported a high graft success
rate when interspecific hybrids of eggplants were used as rootstocks. Our results are also consistent
with those of Sabatino et al. [10], who reported a high graft success rate of eggplant ‘Birgah’ F1 hybrid
(violet globose shape) grafted onto S. melongena × S. aethiopicum rootstock, confirming the capacity of
this interspecific hybrid to give good results with two different types of common eggplant. In fact,
Birgah is one of the violet F1 hybrid belonging to a local Sicilian fruit typology that has been subjected
to lower breeding improvement efforts when compared to elongated black-purple typelike ‘Scarlatti’,
which is world-wide diffused especially in the most industrialized countries. Our experiment confirms
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that rootstock might play a major role on plant biometric parameters. Plant height, which may be
considered an indicator of vigor was highest in plants with S. aethiopicum gr. gilo (accession 1), S. torvum,
and interspecific hybrid S. melongena × S. aethiopicum gr. gilo rootstocks and lowest in those plants
with S. aethiopicum gr. gilo (accession 2) rootstock grafts. Therefore, vigor of the rootstock is important
in conferring scion vigor. In the absence of grafting incompatibility signals, grafted plants may also
develop more rapidly, hence contributing to earliness. In our work, plants grafted onto S. torvum and
S. melongena × S. aethiopicum gr. gilo hybrid rootstocks flowered earlier than those grafted on the other
rootstocks tested. Our results are consistent with those obtained by Gisbert et al. [9] and Sabatino et
al. [10], who reported that plant vigor is positively related to fruit earliness. Increased earliness has also
been reported for other fruiting vegetables such as melon grafted onto Cucurbita rootstock [40,41]. In
our experiment, grafting has proved a useful technique to enhance eggplant ‘Scarlatti’ F1 hybrid yield
traits. We also found that plants grafted onto S. melongena × S. aethiopicum gr. gilo hybrid rootstock had
higher total and marketable yield plant−1 than plants grafted onto S. aethiopicum gr. gilo (accessions 1
and 2), confirming that this latter rootstock has little value for enhancing eggplant yield. Conversely,
interspecific hybrid of S. melongena × S. aethiopicum gr. gilo rootstock demonstrated great improvements
in agronomic performance due to grafting. However, in our study grafting did not increase the number
of marketable fruits. These findings are different from those of Gisbert et al. [9] and Sabatino et al. [10],
who reported that eggplants grafted onto interspecific hybrids produced consistently more fruits per
plant than ungrafted ones. However, despite in the present work grafting did not significantly improve
the number of fruits per plant, the data recorded in our experiment supported the trend established in
the experiments by Gisbert et al. [9] and Sabatino et al. [10]. On the other hand, these findings seem to
be consistent with those obtained by Maršič et al. [42], who reported that, in the second trial, grafting
did not increase the number of fruit per plant in eggplant ‘Galine’ F1 (eggplant cylindrical shape).
Therefore, it seems that the number of fruit per plant is a yield component influenced by the genetic
background of the rootstock scion combination.

Apparent visual quality is an important criterion when consumers decide to purchase eggplant
fruits. In our study, rootstocks affect fruit length and fruit calyx length. Our results are in accord
with those obtained by Gisbert et al. [9], who hypothesized that fruit shape changes are probably
due to changes in the concentration of growth regulators induced by the rootstock. Our findings on
apparent visual quality are partially different from those of Sabatino et al. [10], who reported that
rootstock significantly influences fruit width but has no significant effect on calyx length. Thus, it
seems that, although fruit shape in eggplant is highly heritable and under genetic control [43,44] and
even though rootstocks may affect cultivar fruit shape parameters due to changes in the concentration
of growth regulators [9], rootstock may differently affect specific fruit shape characters in relation to
the scion genotype.

Our results demonstrated that rootstock may enhance H◦ color parameter of skin eggplant
fruit. Our outcomes are in contrast with those of Moncada et al. [45], who revealed that S. torvum
rootstock decreased H◦ parameter in ‘Black Bell’, ‘Black Moon’, and ‘Longo’ eggplants. Thus, it seems
that fruit skin color parameters are differently affected by scion–rootstock combination. Moreover,
in our study, fruits from plants grafted onto S. torvum and S. melongena × S. aethiopicum gr. gilo
hybrid had the highest H◦ color parameter value, which is an important commercial and qualitative
prerequisite in eggplant fruit. Eggplant ranks among the top 10 vegetables in terms of antioxidant fruit
activity. Accordingly to these data, a high fruit pulp browning potential could be expected [46,47].
Mishra et al. [46], King et al. [48], and Prohens et al. [49] revealed that eggplant cultivars differed in
their extents of post-cut browning, which could be due to variations in the PPO activity or level of
soluble phenolics. Our results on pulp browning are consistent with the findings of Sabatino et al. [10],
who reported little or no effect of grafting by using S. torvum rootstock. However, we also found that
fruits from plant grafted onto S. aethiopicum gr. gilo (accessions 1 and 2) revealed the highest value in
terms of ΔL30.
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Mennella et al. [19] revealed that chlorogenic acid is the major monomeric phenolic compound
in eggplant fruits. Although few differences were found in fruit composition traits, higher fruit
chlorogenic acid content was found in fruits harvested from plants with ‘Scarlatti’, S. torvum, S.
aethiopicum gr. gilo (accessions 1 and 2) rootstocks, and ungrafted plants in comparison to fruits
harvested from ‘Scarlatti’ scions grafted onto S. melongena × S. aethiopicum gr. gilo hybrid. This
higher chlorogenic acid concentration may be an additional indication of stress in this rootstock–scion
combination, as stress conditions induce accumulation of phenolics [50,51]. Our results are dissimilar
from those of Sabatino et al. [10], who reported no differences in terms of fruit chlorogenic acid content
among rootstocks tested, but are consistent with those of Sabatino et al. [26] who reported that grafting
significantly increased phenolic concentration in fruits from grafted eggplant landraces only in three
out of four genotypes. Our outcomes on phenolic content are also consistent with those of Maršič
et al. [42] who demonstrated that grafting significantly increased phenolic concentration in fruits
from a grafted eggplant landrace as opposed to commercial varieties. Moreover, Toppino et al. [52]
discovered environment-specific QTLs associated to the amount of chlorogenic acid. Accordingly,
it seems that fruit phenolic content in eggplant is a quality trait also affected by scion–rootstock
interactions. Mennella et al. [19], Friedman and McDonald [53], and Friedman [54] observed that
genetic, environment, and growing conditions may affect glycoalkaloids concentration in potato,
tomato, and eggplant. In addition, Jones and Fenwick [55] and Krits et al. [56] assessed that the level of
total glycoalkaloids in potato tubers should not exceed 200 mg·kg−1 of fw (or 200 mg·100 g−1 of dw).
Glycoalkaloids concentration ranged from 0.98 to 8.64 mg·100 g−1 of fresh weight. Rootstock affected
glycoalkaloids concentration in eggplant; however, it is important to remark that glycoalkaloids
amount in fruits from grafted plant remained below the recommended threshold value. Our findings
are in contrast with those of Sabatino et al. [10], who observed no significant differences in terms of
glycoalkaloids concentration in ‘Birgah’ F1 eggplant fruits from plants grafted onto several potential
rootstocks including hybrids and allied species.

Generally, changes in overall fruit composition between grafted and ungrafted plants were
reported in tomato [57] and pepper [58]. Our results are in accord with those of Sabatino et al. [10],
who found some differences in fruit quality attributes among fruits from ungrafted or self-grafted plants.

5. Conclusions

After the ban of methyl bromide use for soil fumigation, the soilborne diseases arising from
continuous cropping are major issues that negatively affect productivity in eggplant. In this scenario,
grafting is an effective tool to control vegetable crop stresses. Nowadays, S. torvum and tomato hybrids
are the main eggplant rootstocks commercially used. However, investigations on the influence of new
rootstocks on biometric parameters, yield performance, and fruit quality characteristics of different
eggplant groups can provide further advances in this specific grafting field. In the present study,
the interspecific hybrid of S. melongena × S. aethiopicum gr. gilo exhibited high grafting compatibility
and high yield performance. These findings, together with the absence of negative effects on apparent
‘Scarlatti’ F1 hybrid fruit quality and composition, demonstrate that this interspecific hybrid may be a
viable rootstock alternative to S. torvum.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/9/5/223/s1,
Figure S1: Monthly meteorological data from May to August of 2014 and 2015 from the meteorological station of
the experimental farm of the Department of Agricultural, Alimentary and Forest Sciences, University of Palermo,
Italy, Figure S2: Plant height evolution of ’Scarlatti’ eggplant plant ungrafted, self-grafted and grafted onto
S. torvum, S. aethiopicum gr. gilo (accession 1), S. aethiopicum gr. gilo (accession 2) and S. melongena × S.
aethiopicum gr. gilo rootstocks. Bars indicate the standard error of the mean. ANOVA analysis for plant height at
50, 80, and 110 DAT showed the following significance: *** (statistically significant differences at p-value below
0.001), *** and * (statistically significant differences at p-value below 0.05), respectively, Figure S3: Root collar
evolution of ’Scarlatti’ eggplant plant ungrafted, self-grafted and grafted onto S. torvum, S. aethiopicum gr. gilo
(accession 1), S. aethiopicum gr. gilo (accession 2) and S. melongena × S. aethiopicum gr. gilo rootstocks. Bars
indicate the standard error of the mean. ANOVA analysis for root collar at 50, 80, and 110 DAT showed the
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following significance: *** (statistically significant differences at p-value below 0.001), *** and ***, respectively.
Table S1: Rootstock effects on apparent fruit quality in ’Scarlatti’ F1 scion.
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Abstract: Herbaceous crop yield intensification creates favourable conditions for the development of
pests that intensify the attack of soil pathogens traditionally controlled by disinfectant, which are
mostly prohibited and unlisted because of their toxicity. The use of grafted plants solves this
problem and assists in addressing abiotic stress conditions. Within Solanaceae, specifically tomato
crops (Solanum lycopersicum), the use of the splicing technique (simple and easily automated) is
of special interest. This experiment attempts to present the combined influence of cutting angle
and different random diameters on grafting success with the objective of detecting an optimum
working range that will be applicable to automated and robotic grafting systems. An increase in the
grafting angle is associated with a higher survival of grafted plants despite variations in diameter.
Moreover, a threshold cutting angle is observed from which the success rate no longer increases
but decreases drastically. Therefore, for a given working range with a significant cutting angle,
whether the seedlings of origin are similar in diameter is not important, and this factor is more
influential outside the optimal cutting angle range.

Keywords: tomato grafting; splice grafting technique; graft angle; random diameter

1. Introduction

The objective of the experimental study was to determine the combined importance of random
rootstock and scion diameters at different cutting angles on splice grafting success. The proposed
working hypothesis suggests that both parameters have a statistically significant relationship with
grafting success and an optimum working range can be defined to achieve successful grafts.

The experiment was developed as part of a larger study to optimize working conditions for the
automation of grafting via the splicing technique. The study is autonomous and independent and
presents sufficient and consistent results for the definition and specification of the splice grafting
conditions that provide the most optimal results, whether performed manually or automated.

Grafting can be defined as a natural or deliberate fusion of plant parts by which vascular continuity
is established [1], so that the resulting organisms function as a single plant [2].

The portion of the upper tissue or crown of a plant, which is also known as the stem or scion,
adheres to another portion of the plant, specifically its root and lower part, which is commonly called
rootstock, under stock or stock, and both parts come in contact and join with each other so that the
resulting composite plant grows and develops as a single organism (graft). The callus corresponds to
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the mass of parenchyma cells that develop from the plant tissue of the scion and the rootstock around
the wound and where the development of vascular connections of the resulting graft union occurs [3].

Reducing the impact of pathogens is a challenge in all agricultural production systems [4],
and monocultures are even more vulnerable than more diversified agricultural production systems [5].
Thus, grafting has become a tool of enormous potential to quickly enhance the efficiency of modern
vegetable cultivars to promote wider adaptability or resistance to different stress situations [6].

The sequence of structural and biological events that occur in the development of a compatible
graft between plants has been described in many studies, and the following development pattern
is observed in which three fundamental phases can be distinguished: fusing of the rootstock and
scion; proliferation of the callus around the union; and vascular re-differentiation through the interface
establishing continuity between rootstock and scion [1,3,7,8]:

1. The meristematic tissues of the stem are placed in direct contact with the tissues of the rootstock.
Once both components of the graft are in intimate contact, cambium cells from the rootstock
and the scion produce parenchyma cells that fuse forming a callus tissue [9]. This first phase
of cohesion that forms the callus is a reaction similar to wound healing, and it does not require
recognition between rootstock and scion, occurring in both compatible and incompatible grafts.

2. If the graft is compatible, a differentiation of certain vessels and sieve tube elements of the phloem
is observed in the callus, and they are not derived from the cambium and constitute the first
transitional and continuous union between the rootstock and the scion.

3. In the last part of the grafting process, the cambium layer newly formed in the bridge of the callus
begins its own meristematic tissue activity, thus forming new vascular tissue. Production of
these new vascular elements that join xylem and phloem allows establishing a symplastic
communication between rootstock and scion [1].

The success of the graft performed with a variety of compatible seedlings is determined by the
three events previously described, assuming an important role of the plant hormones related to growth,
such as auxin, in the grafting process [10]. Thus, the graft may originate from a combined mechanism
of wound healing and conductive vessels formation [11]. Therefore, vascular connection is the last
event in a successful healing process and represents the most important event because once such
a vascular connection is established, water and solute transport begins from the stock to the scion,
and the mechanical strength at the graft union increases [7,12]. One difficulty is to understand when
the grafting process is completed [13], since a simple technique for continuous evaluation of graft
development is not available [14]. Nonetheless, the assessment can be based on various techniques,
including destructive and non-destructive techniques as follows:

(1) Visual estimation of the constituent seedlings and the appearance of graft growth [15];
(2) thermal camera imagery because the temperature of the leaves is 2 to 3 ◦C lower than that in
a failed graft due to the transpiration of a successful graft [16]; (3) vertical cut performed on the
graft surface and observation of the curvature of the vascular system formed at the union [17];
(4) measurement of the electrical resistance transferred from the scion to the rootstock through the
surface area of its connection, which undergoes variations associated with histological changes during
the union of the rootstock and the scion [14]; (5) assay performed to evaluate the tensile strength of the
graft and analyse the strength of the graft union between rootstock and scion until breaking [18,19];
(6) displacement transducers used to perform a continuous and non-disruptive evaluation of the
functional hydraulic connections within the plant [20]; and (7) NMR-based method (Nuclear magnetic
resonance), that reveals water flux vectors inside individual vessels of intact plants [21].

The tomato is one of the world’s most important herbaceous crops [22], and grafting of tomato
plants is a widespread practice. Grafting methods among seedlings vary greatly and considerably
depending upon the type of crops, farmer’s experience and preferences, availability of facilities and
machines, the number of grafts to perform and even the purpose and destination of the grafts, i.e.,
whether they are for the farmer’s own uses or for sale and commercial distribution [23]. Grafting is
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a common practice among herbaceous crops, and its use for Solanaceae is highlighted as follows: cleft or
split grafting [21,24], splice or tube grafting [25,26], plug-in grafting [27], double-stem grafting [28,29],
or pin grafting [15,30], among others.

Splice grafting, also known as tube grafting, top grafting or slant cut grafting, is the most
popular [31] and widely used technique for tomato as well as eggplant [32]. The rootstock is cut
below the cotyledons, thus eliminating the need to continually eliminate the sprouting of the stock
over the plant’s life [33]. The scion is also slant cut on a complementary angle above the cotyledons.
Both parts are then placed in contact and secured by means of a tube or elastic tube-shaped clip with
side slit. This method has the disadvantage of being highly demanding in terms of post-grafting
microclimatic conditions, which require meticulous timing and delicate handling after the cut until
healing and the maintenance of optimal temperature and humidity conditions to stimulate rooting [34].
As an advantage, the splicing method allows grafting with smaller plants, which reduces the pre-graft
cultivation time and takes up less space in cultivation chambers and nurseries [35].

Velasco [12] and Villasana [36] affirmed that successful grafting is contingent upon similar stem
diameters and the alignment of the vascular cambium area. However, such claims are dependent
on the effect that the seedling diameter variable has on grafting success and do not consider the
interrelated influence of other parameters and constraints of the grafting process.

For studying the success or failure of splice grafting, Yamada [37] established three factors of
importance for its execution: (a) area of the cut surface; (b) gripping force of the union clip; and (c)
smoothness of the cut surface and sharpness of the blade. For the first factor, allusive to the coincidence
rate between seedlings, from coincidences of 50% graft successes of over 85% were achieved, and up
to 95% success rates were observed for alignments over 80%; all this referred exclusively to a test angle
of 30◦, so these results were obtained regardless of the effect of the cutting angle on the success of
the process.

Furthermore, although the number of vascular bundles does not affect the grafting success,
differences in diameters between the rootstock and the scion [38], that mark the alignment between
them do have an effect. Thus, when a graft is performed, it is important to increase the chances that
the vascular bundles from the rootstock and the scion come in direct contact, maximizing the area of
the cut surfaces that are joined by pressing them together [39].

For manual and automated grafting, the alignment of diameter of both seedlings must be
identified, classified, and visually paired. This is an expensive and arduous task that applies a series
of calibrations and visual comparison criteria based on morphological characteristics, which may be
subjective and susceptible to human error [40,41]. The present study analyses the importance of these
pre-grafting tasks based on grafting success and whether an optimal working zone can be established
that guarantees adequate grafting success without having to pre-sort the seedlings.

2. Materials and Methods

2.1. Definition of Operating Conditions

The experimental study was carried out at the Tenova Technological Center: Foundation for
Auxiliary Technologies for Agriculture (Centro Tecnológico Tecnova: Fundación para las Tecnologías
Auxiliares de la Agricultura) in Almería between March and June 2017. Almería’s surroundings
correspond to a model of agricultural exploitation of high technical and economic performance of
greenhouse herbaceous fruit crops, especially for the tomato crop (Figure 1).
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Figure 1. Working procedure of the experimental study to determine the combined importance of
random rootstock and scion diameters at different cutting angles on splice grafting success.

For the study, rootstocks of the interspecific hybrid KNVF (L. esculentum x L. hirsutum) were
used since it is the most used stock for tomato grafting [42–44]. The commercial rootstock Maxifort
was used because of its strong roots and vigour and good performance at lower temperatures
and in high salinity conditions. It presents high resistance (HR): ToMV: 0–2/Fol: 0,1/For/PI/Va:
0/Vd: 0; intermediate resistance (IR): Ma/Mi/Mj [45]. Likewise, the Ventero variety has been used
as a grafting scion as an indeterminate tomato hybrid for truss harvesting, and it presents medium
vigour, with good foliar coverage, very uniform fruits, slightly flattened of good red colour and
deep shine, very good cracking and micro-cracking tolerance, and compact and well-formed clusters.
It presents high genetic resistance (HR): ToMV: 0–2/Ff: B, D/Fol: 0,1/Va: 0/Vd: 0; and intermediate
resistance (IR): TYLCV/Ma/Mi/Mj [39]. Both varieties are commonly used for manual grafting using
the “tomato on tomato” (ToT) splicing technique, which demonstrated their compatibility prior to
the experiment.

The working environment during the study was maintained under stable and controlled
environmental conditions throughout all grafting experiments, with temperatures oscillating between
20◦ and 25◦, relative humidity conditions occasionally forced between 75% and 90% and stable
brightness conditions of natural in-direct light. Oda [39] indicated that grafting must be performed in
the shade in an area protected from the wind and the sun to avoid wilting of grafted seedlings.
Grafting was performed at the lowest period of plant transpiration during morning hours [46],
between 8 h and 12 h to maintain transpiration similar among the experiments and at the time
period when the transport of water from the roots to the leaves is slowest, which makes the graft
less susceptible to water stress and therefore to water loss. Other parameters with possible influence,
such as atmospheric CO2 and other air contaminants, were not been controlled.

In the nursery, the plants were cultivated and attended to from sowing until 25 to 35 days after,
and the scions were sown 2 to 5 days before the rootstock seeds. This variability of days is determined
by the growth rate since different plants require different germination periods [47], and such periods
are directly related to climatic conditions of the month of growing.

For the experiment, the plants were considered mature and ready for grafting when they had
2 to 4 well-defined true compound leaves [32], preferably with little foliage, thus decreasing the
transpiration demand and post-grafting stress. The peat root ball remained wet but not soggy at all
times during the grafting process, thus ensuring proper root respiration. The substrate used was 80%
black peat with 10% perlite and 10% mulch. The experiments were always conducted with seedlings
whose stems were still green and tender (herbaceous and non-woody).
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For the splicing method, the seedling stems diameters should be at least 1.5 mm [48], and not too
thick but with some natural and random variation. In the study, the diameters in the area close to the
cut have varied from 1.5 to 2.5 mm for the scion and 2 to 3 mm for the rootstock.

The matching of the rootstock and scion samples was established randomly among plants that
were healthy, had an acceptable anatomy and growth and presented diameters between the established
reference limits. Seedlings with anomalous growth and diameters outside the established range were
discarded. Diameters were measured using a digital calliper with a resolution of 1 dmm (0.1 mm) and
repeatability of 1 dmm in the areas close to where the cut was performed both for the rootstocks and
for the scions. The cut in the rootstock was always performed below the cotyledons, whereas the cut in
the scion was performed above the cotyledons.

The complete experiment consisted of 10 individual events of 150 grafts each distributed over
4 months. Each graft consisted of 10 series of 15 grafts per tested angle. Therefore, 10 representative
angles of the possible cutting range were selected: 0◦, 10◦, 20◦, 30◦, 40◦, 50◦, 60◦, 70◦, 80◦ and 85◦.
Once each of the experiments was performed, grafts were grouped for healing on a single grafting
tray of 15 × 10 cells, placing each group of grafts of a given angle in each of the 10 rows of the tray.
Each of the grafted plants was rotated within their row for every tested angle eliminating in this way
the position factor and its possible effects (ventilation and luminosity among others).

2.2. Device Description

For the experiment, two seedling-cutting machines were implemented to ensure the accuracy
of the cutting angle required for each test and the integrity of the dissected seedling. The machines
were similar and complementary to each other, where one was designated for cutting the rootstock
and the other for cutting the scion. Each of the machines had a double acting dual rod cylinder,
model CXSM15-15 by SMC, which operated at 3.5 bars and used dry-pressed air to produce a clean
bisection of the seedling via a stainless steel cutting blade (type BA-160-9 mm from NT Cutter) that can
be attached as a tip and is interchangeable with an adjustable inclination angle, thus providing optimal
sharpness (Figure 2). To ensure a clean cut, the machine has a fitting notch adapted to accommodate the
seedling, ensuring the verticality of the stem ahead of the blade and another notch fitted for the blade
at each cutting angle. The blade was replaced prior to each experiment (150 grafts per blade), and it
was below the limit of 5000 grafts per blade established by Yamada [35], who determined that as the
number of cuts per blade increases, the roughness of the cutting area becomes notable, thus reducing
the grafting success. Before each use, the blade was cleaned and disinfected as Bumgarner suggests by
soaking in alcohol [45], exposure to flame and air drying.

 
Figure 2. Cutting device. As can be seen, a fitting device is used to guarantee or ensure the verticality
of seedling in the cutting process, beside a groove for insertion of the cutting blade. A specific fitting
device for each cutting angle was developed. Once inserted, the seedling is disectioned in two by
a sharp blow of the sharp blade.
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The union of the seedlings cut by the machines was executed manually using the traditional splice
grafting technique described by Oda [49] and expanded on by DeMiguel [33]. For this, plastic grafting
clips of different lengths were used according to the tested angles. Clips were cut from a continuous
flexible transparent plastic roll and outfitted with lateral wings for opening and placement to allow for
easy observation of the success or failure of the graft. The clip diameter was less than 3 mm, and the
shape was slightly oval, which guaranteed a better grip when the rootstock and scion diameters were
unequal. Grafting clips that were too long inhibited the attached graft union, and clips that were too
short exerted too much pressure and deformed the graft union [50].

Manual handling of the seedlings was always performed after thorough washing with
antibacterial soap. Direct contact with the wounds was constantly avoided. Once grafted, the plants
were placed on the tray and introduced into a healing chamber, similar to a small acclimatization
tunnel as described by Oda [51]. This chamber was itself placed inside a larger growth chamber that
allows for the appropriate basic environmental conditions as follows: 14 h photoperiod and a daily
light integral (DLI) of ≈100 μmol·m−2·s−1 PAR, (~3000 Lux) of indirect diffuse light during the callus
development stage [52,53], temperature of 26 ◦C and relative humidity of 95%.

After the trays were transferred to the chamber, the plants were not manipulated or moved for
3 full days so that the natural healing process was not disturbed. From the fourth day of the graft,
the first individual plant by plant visual inspection was conducted inside the chamber. This inspection
was routinely repeated during the following days from the 4◦ DAG (day after the graft) until the 9◦

DAG to assess changes and the healing process in each plant and therefore the success or failure of
the graft. During this period and from the 6◦ DAG, the environmental conditions of the chamber
were gradually relaxed, acclimatising to external environment, and the inside chamber was opened
to decrease the humidity and temperature, acording to outside. Between the 10◦ DAG and the 14◦

DAG, the plants were eventually removed from the growth chamber and allowed to develop without
being transplanted.

While the rootstock and scion establish a vascular connection during the first days [54], at least
14 days are needed for the graft union to heal completely and be considered functional. After 14 DAG
of performing daily observations for each experiment, the experiment was ended. Grafts that did not
survive the healing process within the stipulated period were considered failures.

The success or failure of the graft has been evaluated by daily visual estimations and observations
that evaluated the development of the graft and analysed other external symptoms and evidence,
such as physiological abnormalities or signs of wound healing and scarring. Symptoms of internal
failure generally precede those of external failure [55]. If the graft is successful, evident progress is
generally seen from the wilt stage to greater vigour in the aerial part of the graft, which is reflected in
a palpable recovery and associated with a gradual disappearance of signs of dehydration, which implies
that adequate vascular continuity has been generated among the elements of the xylem. In addition,
this factor is accompanied with the occurrence of axillary buds in the aerial part, thus indicating that
the graft is successful and the resulting plant is functional. These factors are used to determine whether
the graft is successful. Regardless, the behaviour and subsequent evolution of the grafts continue to be
evaluated until 14 DAG to corroborate and validate the evolution of the natural healing process of the
graft (Figure 3).
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Figure 3. Timeline of the grafting process developed. DBR (days before rootstock has been planted).
DBG (days before grafting process). DAG (days after grafting process).

3. Results and Discussion

The results of the 1500 individual experiences were collected and grouped polytomously in
10 sections of equal height to compare the cutting angle and differences in diameter of rootstock and
scion and to evaluate the grafted plant survival for each case.

The data analysis process included two stages: the first phase consisted of conducting a descriptive
analysis of the data distribution and their correlation through the application of One-way ANOVA for
Randomized Complete Block Design (RCBD ANOVA), and the second phase consisted of a two-way
analysis of variance in which only one sample per group was run, and the results were then assessed
by a post-hoc comparison test, such as Student's t-test.

3.1. Data Analysis: Descriptive Statistics

An analysis of the experimental results showed that the effect of variations in diameter on the
grafting success decreases as the grafting angle increases, and the differences are nearly negligible in the
range between 50◦ and 80◦ and between 60◦ and 80◦, where percentage changes between the grafted
seedling and the successful graft were maintained at an overall success rate of greater than 90% or even
greater than 95%, respectively. This finding confirms that for greater angles, the success probability
depends less on the diameter of the seedlings. From 80◦ onward, successful execution of the graft began
to be materially more complicated due to two factors: physical limitations related to the technology
used for the cutting and subsequent union of the seedlings; and the exponential increase in the
sectioned surface that was directly related to the tangent of the cutting angle, which determined both
the exposed surface and the rigidity and firmness of the structure of the dissected and subsequently
joined seedlings.

Grouped data confirm that independent of section variation among the seedlings of origin,
a working zone between 50◦ and 80◦ offers good results in terms of graft success (Figure 4).
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Figure 4. Distribution of successful grafts according to different cutting angles. It can be seen that the
zone between 50◦ and 80◦ (blue zone), has a success rate higher than 90%, so we can consider it an
optimal work zone. This graph represents the absolute number of successes for each cutting angle,
without considering the variable of difference between diameters.

Having studied the diametric differences with respect to grafting angles, it is apparent that at
small cutting angles and with highly variable diameters, the failure probability is high, and success
was not observed, while at larger cutting angles, success associated with high diametric differences
was recorded. A slightly greater range between quartiles is observed at angles between 50◦ and 70◦,
which indicates a greater tolerance to variable diameters during the grafting process (Figure 5).
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Figure 5. Distribution of successful grafts according to the differences between diameters of plants
for each angle of union. This graph represents the density function of successes for each cutting
angle (1 dmm is a tenths of a millimeter, 10−4 m). A slightly greater amplitude between quartiles is
appreciable at angles between 50◦ and 70◦ degrees, which indicates a greater tolerance in this range to
the disparity of diameters.

The combined representation of cutting angle and diameter differences between plants versus the
success of the graft provide evidence of the combined effect that both factors have on the successful
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execution of the graft. This representation has been developed through the use of the software
Surfer12 and the Local Polynomial gridding method for the interpolation of points of the spatial matrix,
which only uses points within the defined neighbourhood and adjusts the matrix to a first-order
polynomial to the power of two. Polynomial interpolation allows us to create a uniform surface and
identify long-range trends in the data set (Figure 6).

(a) (b) 

Figure 6. Graphical representation of the combined influence of cutting angle and diameter differences
between seedlings on the grafting success of tomato using the splice grafting thecnique. These graphs
represent the successes for each concrete difference of diameters, associated to each angle of union
(1 dmm is a tenths of a millimeter, 10−4 m). Results represented by the Local Polynomial Gridding
Method (Polynomial Order 1, Power 2). (a) Coloured contour diagram of successful grafts (%),
as a function of cutting angle (◦) and difference between diameters of grafted (dmm); (b) 3D
wireframe of successful grafts (%), as function of cutting angle (◦) and difference between diameters of
grafted (dmm).

At small differences in diameter, the success rate is high for cutting angles between 30◦ and
60◦, whereas when this difference between diameters increases, the maximum values move to values
between 50◦ and 70◦, and the percentage of success gradually decreases.

One of the possible causes that justify grafting success within this range of working angles
is the exponential increase of the contact surface, which increases in equal measure the possibility
of matching between vascular bundles arranged in a circle around the stem [34]. Effective contact
depends on the surface and arrangement of the bundles in the two plants that are grafted; therefore,
at a larger cutting surface with an appropriate arrangement and matching of the seedlings, a greater
area of contact is observed. Thus, this range of graft angles between 50◦ and 70◦ is associated with
a decrease in failure and substantially less importance and influence of uniformity in stem diameter
between both plants on grafting success.

By increasing the difference between the sections at the point of union and at greater graft
angles, the area of contact surface increases exponentially, thus increasing the probability of vascular
correlation. Moreover, for uncovered surfaces, the area remaining outside the contact area is exposed
to pathogens, such as bacteria and fungi, which cause the graft to fail [56]. In addition, greater stress
associated with scarring is evident based on the proliferation of a larger callus in response to the
wound. As the cutting angle approaches 90◦, the successful execution of the graft begins to become
more mechanically complicated due to the technology used in the process and the firmness of the
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dissected seedling themselves. In addition, the uncovered or unmatched surface between the seedlings
increases excessively.

Therefore, when significant differences in diameter occur between the rootstock and the scion,
the probability of failure is higher at small cutting angles close to horizontal, while the probability of
success is higher at similar diameters. This correlation reflects the farmer’s own practice and experience
and represents a frequently observed factor that is directly related to the success of the graft as observed
in the first known publication referring to seedling grafting for herbaceous crops, which indicated
that seedlings with similar diameters should be selected [57]. However, subsequent studies have
corroborated the direct relationship between the cutting angle and the success of the graft [19],
which supports the premise that seedlings should have similar diameters in the cutting zone. Zhao [58]
stated that expanding the area of contact between the rootstock and scion is the key to graft survival.

3.2. Data Analysis: ANOVA

The experimental results for grafting success were tested via two-way ANOVA of the cutting angle
and diameter difference, where each of these factors has been grouped into 10 blocks, with a single
sample or repetition per group (ANOVA). The randomized complete block design (RCBD ANOVA)
analysis technique used as the usual standard for agriculture was used, where similar experimental
units were grouped into blocks. We consider α = 0.05 (95% confidence level). The statistical package
Real Statistics Resource Pack 5.8 in Microsoft Excel 2010 was used for the study. Analysis of variance
was performed to answer the following general research question (RQ): Are statistically significant
differences observed between the means of grafting success for different cutting angles and different
diameters between seedlings? (Tables 1 and 2).

Table 1. Analysis of variance of two factors without replication. Factor 1: the difference between the
rootstock and scion diameters, where the positive values represent a larger diameter of the rootstock
and the negative ones a larger diameter of the scion. Factor 2: cutting angles of the seedlings.

Analysis of Variance of Two Factors without Replication

Summary Count Sum Mean Variance

15 to 13 dmm 10 3.3333 0.3333 0.1806
13 to 11 dmm 10 3.7242 0.3724 0.1253
11 to 9 dmm 10 5.8789 0.5879 0.1009
9 to 7 dmm 10 7.1258 0.7126 0.0589
7 to 5 dmm 10 8.4487 0.8449 0.0545
5 to 3 dmm 10 9.0306 0.9031 0.0202
3 to 1 dmm 10 9.1009 0.9101 0.0245

1 to (−1) dmm 10 9.2110 0.9211 0.0284
(−1) to (−3) dmm 10 9.2333 0.9233 0.0239
(−3) to (−5) dmm 10 8.6000 0.8600 0.1071

Summary Count Sum Mean Variance

0◦ 10 6.7621 0.6762 0.1398
10◦ 10 6.3766 0.6377 0.1391
20◦ 10 6.0410 0.6041 0.1725
30◦ 10 6.9445 0.6945 0.1644
40◦ 10 7.5000 0.7500 0.1405
50◦ 10 8.5650 0.8565 0.0645
60◦ 10 9.5815 0.9582 0.0031
70◦ 10 9.1847 0.9185 0.0117
80◦ 10 9.4521 0.9452 0.0022
85◦ 10 3.2792 0.3279 0.0326
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Table 2. Combined influence of the cutting angle and the difference betwen diameters in graft success.
All statistical analyzes were done using a significance factor of 95% (p ≤ 0.05). ANOVA summary tables
(1 dmm is a tenths of a millimeter, 10−4 m). The result of the analysis ANOVA (two factors without
replication) indicates that the statistical value of “F” is much higher than the critical value for “F” for
both factors: angles and differences between diameters. Therefore, we can assure that the results of our
tests are significant.

ANOVA

Sourface of
Variation

Sum of
Squares

Degrees of
Freedom

Mean of the
Squares

F
Probability

Value
Critical

Value for F

Diameter difference 4.7160 9.0000 0.5240 13.6138 0.0000 1.9976
Cutting angle 3.4002 9.0000 0.3778 9.8154 0.0000 1.9976

Error 3.1178 81.0000 0.0385

Total 11.2340 99.0000

After running the ANOVA analysis, the null hypotheses H0 were rejected for both cases, and the
alternative hypotheses Hi were accepted. Therefore, confirmable cases of significant differences
between success means and cutting angles and seedling diametric differences were observed with
a 95% confidence. To compare the differences, post-hoc rank tests were conducted to determine which
means differ from each other. Student's t-type comparison tests (RCBD ANOVA and t-test) were
performed (Table 3).

Table 3. Comparison of means differences between angles using Student's t-test (t-test). Use of contrasts
to determine whether there is a significant difference (p ≤ 0.05).

0◦ 10◦ 20◦ 30◦ 40◦ 50◦ 60◦ 70◦ 80◦ 85◦
0◦ N N N N Y Y Y Y Y

10◦ N N N Y Y Y Y Y
20◦ N N Y Y Y Y N
30◦ N N N N N Y
40◦ N N N N Y
50◦ N N N Y
60◦ N N Y
70◦ N Y
80◦ Y
85◦

Significant differences in the mean grafting success values were not observed for similar angles,
whereas clearly significant differences were observed when larger angles were compared, especially for
angles equal to 20◦ or less and angles equal to 50◦ or greater. A cutting angle of 85◦ produced significant
differences in the mean grafting success compared with most angles, including angles close to each
other and distant, since the response of grafting success to cutting angle was random and irregular
(Table 4).

Variations in the diameters of grafting seedlings greater than 90 cmm produced significant
differences in the mean success with respect to the other variations in diameter, which may be due
to a random and unpredictable response to the success of the graft from these diametric differences.
The remaining variations in diameters below 90 cmm did not produce significant differences between
their success means.
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Table 4. Comparison of means differences between diameter of seedlings using Student's t-test (1 dmm
is a tenths of a millimeter, 10−4 m). Use of contrasts to determine whether there is a significant
difference (p ≤ 0.05).

15 to 13 dmm 13 to 11 dmm 11 to 9 dmm 9 to 7 dmm 7 to 5 dmm 5 to 3 dmm 3 to 1 dmm
1 to (−1)

dmm
(−1) to

(−3) dmm
(−3) to

(−5) dmm

15 to 13 dmm N Y Y Y Y Y Y Y Y
13 to 11 dmm Y Y Y Y Y Y Y Y
11 to 9 dmm Y Y Y Y Y Y Y
9 to 7 dmm N Y Y Y Y N
7 to 5 dmm N N Y N N
5 to 3 dmm N N N N
3 to 1 dmm N N N

1 to (−1) dmm N N
(−1) to (−3)

dmm
N

(−3) to (−5)
dmm

4. Conclusions

A review of the scientific literature suggests that the success of the splice grafting process increases
as the cutting angle increases as long as the union is based on similarities between the stems of the
grafting seedlings. However, until now, the success rate based on the interaction between the cutting
angle and diameter of the seedling has not been reported.

The present study has concluded that the success of a graft depends to a great extent on the
cutting angle and diameter of the seedlings, with disparities or similarities between the seedling
sections playing an important role in the success of smaller cutting angles, although the stem diameter
shows decreasing importance as the cutting angle increases, with the minimum influence of diameter
observed within a cutting angle range of 50◦ and 70◦.

Consequently, using the splicing technique with a cutting angle between 50◦ and 70◦ can lead
to a substantial improvement of grafting conditions and techniques and can eliminate, to some
extent, the random factor of differences between diameters as well as the pre-selection and
matching requirements for sections between seedlings, thereby simplifying the demands for manual,
automated and robotized grafting systems.
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