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Abstract: Grafting is increasingly becoming an indispensable tool that minimizes the risks associated
with intensive vegetable production systems, including soil-borne diseases. This study assesses the
performance of two cherry tomato hybrids (‘Cheramy’ and ‘Sheeja’) grafted onto three tomato and
five eggplant local rootstock genotypes (cultivated/wild) under Ralstonia solanacearum (bacterial
wilt)-infested greenhouse soil. The impact of grafting on growth, yield and fruit physical quality
was mainly influenced by the response of rootstocks to disease resistance. The non-grafted plants
of both the cultivars were severely affected by bacterial wilt, thus presenting high susceptibility to
disease. Eggplant rootstocks imparted moderate to high resistance against bacterial wilt in both
the scions, while tomato (cultivated or wild) rootstocks did not improve disease resistance, except
‘Anagha’, which provided resistance to scion cv. ‘Cheramy’. In general, scion cv. ‘Cheramy’, grafted
or non-grafted, showed superior growth, yield and fruit quality compared to ‘Sheeja’. The most
productive graft combinations for both the cultivars involved resistant rootstocks, i.e., ‘Sheeja’ onto
eggplant rootstock ‘Surya’, and ‘Cheramy’ onto tomato rootstock ‘Anagha’. Fruit quality attributes
such as ascorbic acid and lycopene contents were considerably higher, and the total soluble solids
(TSS) content was considerably lower in scion cv. ‘Cheramy’, whether grafted or non-grafted, than
those involving scion cv. ‘Sheeja’. The grafting effect on fruit chemical quality attributes was not
promising, except grafting ‘Sheeja’ onto ‘Sopim’ for TSS, ‘Sheeja’ onto ‘Sotor’ for lycopene and
‘Cheramy’ onto ‘Ponny’ for total phenols, though no clear connection with disease incidence was
in these grafts. Conclusively, eggplant rootstock imparted wilt resistance, while both eggplant and
tomato rootstock grafting was beneficial to both scion cultivars in boosting the overall production
and economic gains, especially for ‘Cheramy’ grafted onto ‘Anagha’ rootstock under bacterial wilt
infested soil of greenhouse.
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1. Introduction

Cherry tomato (Solanum lycopersicum var. cerasiforme) is a small garden variety from
which cultivated tomato (S. lycopersicum) was believed to be originated [1]. It is a typical
day-neutral and highly self-pollinated variety and has an indeterminate growth habit. It is a
highly priced and is commonly grown in protected conditions for its impressively nutritious
fruits. It is a rich source of vitamin C (13 mg100 g−1), dietary fiber (2 g100 g−1), vitamin A,
vitamin K, vitamin E (a-Tocopherol), niacin, thiamin, vitamin B6, folate, phosphorus, and
micronutrients such as copper, potassium, and manganese [2].

According to the latest available production statistics [3], India is the second leading
tomato-producing country in the world, with an annual production of 19.0 million tonnes
from an area of 0.78 million ha and average productivity of 24.3 tonnes ha−1. However, in
terms of productivity, India is far behind many countries, and even the world’s average
(35.9 tonnes ha−1). Thus, considering the increasing food demand with reducing arable
lands, there is need to increase productivity through deploying modern tools and tech-
niques. Though cherry tomato has gained popularity among greenhouse growers due to
a surge in demand, especially in urban markets, information on area and production is
not available.

The development of high yielding cultivars with desirable fruit quality and broad
environmental adaptation is crucial for the successful protective cultivation of cherry
tomato [4]. Besides, the development of varieties with high yield potential along with
resistance to biotic and abiotic stresses constitutes to be an eco-friendly practice [5]. How-
ever, introgressing disease-resistant genes in a new variety or hybrid is a time-consuming
procedure, and difficult for complex traits such as abiotic stress tolerance [6]

Vegetable grafting has proved an efficient substitute tool for classical breeding tech-
niques [7]. It has shown greater potential in boosting the production of several fruiting
vegetables, originally under intensive controlled production systems, but its application
has been subsequently expanded to non-traditional conditions and fragile agro-ecosystems
of arid and semi-arid regions [4,6,8].

Grafting has resulted in enhanced fruit quality and yield in many vegetables, such as
tomato [9–11], watermelon, cucumber, melon, capsicum and eggplant [12,13]. Increased
nutrient uptake [14], and enhanced tolerance to abiotic stresses, such as extreme temper-
atures [4,14,15], salinity [13,16], alkalinity [17], drought [6,18], flooding [19] and heavy
metals [9,20] was also seen in grafted plants. In many studies, the major advantage of
grafting was ascribed to the vigorous root system of rootstock that helps in the absorption
of water and nutrients more efficiently than the non-grafted plants [12,21].

Grafted plants have also exhibited excellent resistance to soil-borne pathogens when
grafted onto resistant rootstocks [22–24]. Fungi, bacteria and nematodes are major soil-
borne pathogens under intensive vegetable cultivation, where these cause considerable
yield losses. Under hot and humid regions such as India, bacterial wilt (Ralstonia solanacearum)
is more prevalent and causes devastating yield loss in tomato, especially under protected
cultivation [5]. It is very difficult to control the disease as the pathogenic spores can remain
viable and active in the soil for several years [25]. Complex disease biology and ineffective
management may lead to greater crop loss; further, because bacterial wilt is quantitatively
and significantly influenced by environmental factors, developing resistant varieties is
extremely challenging [26]. As a result, grafting using appropriate rootstock is an inevitable
approach to combat bacterial wilt in vegetable production [27–29].

Grafting serves at least two different purposes. First, even in the absence of any
stress, vigorous rootstocks can provide greater plant vigor and overall crop output. Second,
resistant rootstocks use can minimize the danger of soilborne diseases in susceptible scion
cultivars [30]. There is less research on grafting in vegetable plants in India, and especially
in cherry tomato, to manage bacterial wilt. Hence, barely any commercial resistant rootstock
is available for tomato in this country. India is the primary center of eggplant genetic stock,
with a large diversity in its landraces and primitive forms, with some wild related species
being known to possess resistance to certain abiotic and biotic stresses, including bacterial
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wilt [5,31]. Due to the cross-incompatibility, this genetic diversity in the form of rootstock
can be used to improve the abiotic and biotic stress tolerance of susceptible cultivars of
eggplant, as well as tomato [5]. It is, therefore, imperative to harness the potential of locally
available diverse genetic stocks of eggplant and also tomato as rootstocks to tackle the
issues associated with biotic stress, besides increasing the vigor and yield of commercial
cherry tomatoes for its successful cultivation under protected conditions. The present study
was conducted to evaluate the performance of two distinct cherry tomato hybrids grafted
onto different tomato and eggplant (cultivated or wild) rootstock genotypes under Ralstonia
solanacearum (bacterial wilt)-infested soil of a greenhouse, and the scion performance was
assessed based on growth, yield and fruit physicochemical quality characteristics.

2. Materials and Methods
2.1. Experimental Conditions and Plant Material

The experiment was conducted in a polythene-covered, naturally ventilated green-
house (area of 500 m2) at the experimental block of the Department of Vegetable Science,
College of Horticulture, Sirsi, from November to April of 2019–2020. The experimental site
is located at 14.26◦ north latitude and 74.5◦ east longitude, at an altitude of 619 m above
mean sea level. During the cropping period, the mean air temperature of the greenhouse
ranged between 24 ◦C to 36 ◦C and relative humidity ranged from 64 to 75%. The green-
house soil was naturally infested with Ralstonia solanacearum. There was no pre-planting
chemical treatment carried out in order to obtain the actual response of rootstocks under
natural incidence of bacterial wilt in soil.

Two distinct fruiting types of cherry tomato hybrids, ‘Sheeja’ (Known–You Seed Co.,
Ltd., Kaohsiung, Taiwan) and ‘Cheramy’ (Rijk Zwaan India Seeds Pvt. Ltd., Bengaluru,
India) were used as scion sources. These were selected due to their high preference in
the Indian market: ‘Cheramy’ bears red, round fruits, and ‘Sheeja’ bears orange/yellow
grape-type cylindrical fruits. The rootstocks included three genotypes from tomato, among
which two were cultivated tomato (Solanum lycopersicum, ‘Abhilash’, ‘Anagha’) and one
was a wild species (S. pimpenellifolium, ‘Sopim’), and five genotypes from eggplant, among
which four were cultivated eggplants (S. melongena, ‘Ponny’, ‘Surya’, ‘Haritha’, ‘Arka
Neelkanth’) and one was from wild eggplant (S. torvum, ‘Sotar’). The brief description of
scion and rootstock genotypes, their characteristics and source are presented in Table 1.

Based on our previous experience, seeds of the scions, as well as rootstocks, were
sown in cocopeat enriched with Trichoderma harzianum (2 g inoculum kg−1 of cocopeat) to
obtain healthy seedlings with similar stem girth at the time of grafting. The age (days after
sowing) of seedlings at the time of grafting was 30 days for both the scions and 34–36 days
(tomato), 40–45 days (eggplant), 52 days (wild tomato) and 65–70 days (wild eggplant)
for the rootstocks. The cleft method of grafting was followed. Immediately after grafting,
the grafted seedlings were placed in a growth chamber at a temperature of 24 to 27 ◦C
and relative humidity (RH) of 90% for 7–8 days; then, the RH gradually reduced to 80 per
cent with a gradual increase in light and finally, and the seedlings were shifted to natural
greenhouse conditions (26–30 ◦C temperature, 67–74% RH with about 11 hours’ day length)
for hardening. Transplanting was carried out 18 days after grafting at the 3–4 leaves stage
in paired rows at 60 cm × 45 cm spacing on 90 cm wide beds, with a planting density of
2.8 plants m−2. There were 10 plants in each treatment per replication. The side suckers
that appeared from rootstocks were removed frequently. The plants were trained to a single
stem on the overhead wire, and side suckers produced on the main stem were removed
twice a week.
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Table 1. Description of the scion and rootstock genotypes used in the study.

Sl. No. Genotype Crop Species Characteristics Source

Scion

1. ‘Sheeja’ Cherry tomato

Indeterminate growth, attractive
orange/yellow grape-type cylindrical

fruits and crispy with sweet taste

Known-You Seed Co., Ltd.
Kaohsiung, Taiwan.

2. ‘Cheramy’ Indeterminate growth, and red colored,
round fruits

Rijk Zwaan India Seeds Pvt.
Ltd., Bengaluru, India

Rootstocks

1. ‘Ponny’

Eggplant

Vigorous growth and non-spiny in nature,
resistant to bacterial wilt KAU, Thrissur, India

2. ‘Surya’ Vigorous growth habit, resistant to
bacterial wilt, KAU, Thrissur, India

3. ‘Haritha’ Resistant to bacterial wilt KAU, Thrissur, India
4. ‘Arka Neelkanth’ Resistant to bacterial wilt IIHR, Bengaluru, India
5. ‘Sotor’ Resistant to biotic and abiotic stresses Local genotype
6. ‘Anagha’

Tomato
Resistant to bacterial wilt KAU, Thrissur, India

7. ‘Abhilash’ Commercial tomato cultivar with
semi-determinate growth

Seminis Vegetable Seeds
(India) Pvt. Ltd.,

Aurangabad, India
8. ‘Sopim’ Vigorous growth with profuse foliage Local genotype

KAU: Kerala Agriculture University; IIHR: ICAR–Indian Institute of Horticultural Research.

The edaphic characteristics of the planting medium in the greenhouse were lateritic
clay with pH 6.5, electrical conductivity 0.9 dsm−1 and organic carbon 1.1%. The available
N-P-K content of the soil was 315-20-280 kg ha−1, with 1.25 g cm−3 soil bulk density and
49% water holding capacity. Vermicompost and decomposed farmyard manure at 10 t
ha−1 each were mixed with the topsoil 15 days before the transplanting of the seedlings.
During the crop cycle, commercial-grade water-soluble fertilizers were applied once a week
through fertigation at the following rates (kg week−1 for 500 m2 area): calcium nitrate
0.813 kg, potassium nitrate 0.760 kg, mono-potassium phosphate 0.365 kg, potassium
sulphate 0.163 kg, magnesium sulphate 0.450 kg and micronutrients mix 0.032 kg. The
integrated pest control strategy was followed, involving use of yellow sticky traps, and the
control of sucking insects, especially whitefly was carried out by spraying Afidopyropen
50 g L−1 Dispersible Concentrate at the rate of 1 mL L−1 twice at 20 and 45 DAT at the
appearance of insects on yellow sticky traps. In addition, a foliar spray of Abamectin 1.9%
Emulsifiable Concentrate at the rate of 1 mL L−1 was carried out at 122 DAT to control red
spider mites. However, no chemical was applied against soil borne pathogens that had
natural disease incidence.

2.2. Measurement of Vegetative and Generative Growth Parameters

Five plants per treatment were evaluated for plant growth and yield-related attributes.
The plant height was measured from the growing tip to the collar using a measuring tape
at different growth stages (30, 60, 90 and 120 DAT). The number of days taken for the 1st
and 50% flowering was recorded when the first flower anthesis was observed in the 1st
truss and when 50% of the plant population had flowered, respectively. The number of
nodes per plant was counted from bottom to top at 90 and 120 DAT. The number of days
taken for the first fruit harvest was counted from the date of the transplantation to the
harvest of the first fruit from the concerned plants. The number of flowers per truss and
fruits per truss was counted in the first five clusters. The fruit set (%) was calculated by the
formula, (number of fruits per truss/number of flower per truss) × 100.

2.3. Determination of Fruit Yield and Fruit Quality Parameters

The fruit yield and number of fruits per plant were obtained by adding the fruit
weight and fruit number from each harvest. The results were expressed as yield per square
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meter. The observations were recorded on five tagged plants in each treatment, and the
results reported are the average of five plants per treatment. There was a total of six fruit
harvests, starting from the mean of 73 DAT to the last harvest (142 DAT).

Fruit quality analysis was carried out on ten freshly harvested ripe fruits of second
and third clusters (95 DAT) from five tagged plants of each treatment plot. The length
and diameter of the fruits and the thickness of the pericarp were measured using digital
vernier calipers. The fruit volume was measured by the water displacement method: the
measured amount of water displaced from the beaker after placing a fruit in it (1 mL
of water displaced is equal to 1 cc). The total soluble solids (TSS) content of fruit juice
was determined using a digital handheld refractometer, Atago Pal-1 (Atago Co. Ltd.,
Tokyo, Japan). The ascorbic acid content in fruit juice was estimated titrimetrically with
2, 6, dichlorophenol indophenol dye [32]. Total phenol content was determined by the
method recommended by Singleton and Rossi [33], using the Folin Ciocalteau reagent.
The fruit lycopene content was estimated as per the procedure suggested by Nagata and
Yamashita [34].

2.4. Bacterial Wilt Incidence

All the plants in each treatment were considered for calculating the bacterial wilt
(Ralstonia solanacearum) disease incidence. The first bacterial wilt symptom was observed
in the non-grafted plants around 100 DAT, and the whole plant wilted completely within
10–15 days after the first symptom. Bacterial wilt disease was confirmed by the ooze test in
the laboratory. The percentage of wilted plants per plot was determined using the formula,
disease incidence (%) = (no. of plants wilted/total number of plants per replication) × 100.
The percentage of disease reaction was divided into five groups as per the report of AVRDC
(Asian vegetable research and development center), Taiwan [35] as 1. 0–5%—resistant, 2.
6–20%—moderately resistant, 3. 21–40%—susceptible, 4. 41–60%—moderately susceptible,
5. 61–100%—highly susceptible.

2.5. Assessment of Cost: Benefit Ratio

The cost incurred in Indian rupees (INR), with the present dollar exchange rate of
0.013 USD/1 INR, on the inputs during grafting and crop production was taken into
account to determine the economics of grafted plant production, and the cost:benefit ratio
was calculated.

2.6. Experimental Design and Statistical Analyses

The experiment was conducted in a completely randomized block design with three
replications per treatment. All the data were statistically analyzed using the SPSS 22.0 soft-
ware package (SPSS, Inc., Chicago, IL, USA). Duncan’s multiple range test was performed
(p = 0.05) to separate the treatment means within each variable measured.

3. Results and Discussion
3.1. Bacterial Wilt Incidence

Bacterial wilt caused by Ralstonia solanacearum is one of the major devastating diseases
which causes severe yield reduction in tomatoes and other solanaceous vegetables [36]. In
the present study, the impact of grafting on cherry tomatoes performance was primarily
due to rootstock responses to the disease. Both the cherry tomato cultivars, ‘Cheramy’ and
‘Sheeja’, were highly susceptible to bacterial wilt, as is evident in the high disease incidence
in their non-grafts (80% or more) (Table 2). However, grafting onto some rootstocks was
found to be promising, mainly due to reduced bacterial wilt incidence in both the scions.
Grafted plants involving either cultivated or wild eggplant rootstocks showed moderate
resistance to complete resistance to bacterial wilt for both the cultivars (Table 2). Grafting
‘Sheeja’ onto ‘Haritha’ was considered to be moderately resistant as per the AVRDC scale,
though the difference in disease incidence in this graft combination was non-significant
with those grafted onto resistant rootstocks. In the case of grafting onto tomato rootstocks,
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‘Anagha’ proved resistant, while ‘Abhilash’ provided a highly susceptible response to
this disease. The wild tomato rootstock ‘Sopim’ (S. pimpinellifolium) imparted moderate
resistance in both the cultivars of cherry tomato. In a previous study, eggplant rootstocks
‘Surya’ and ‘Sotor’ (S. torvum) also showed good resistance against bacterial wilt in grafted
eggplant [37]. Further, Peregrine and Ahmad [38] reported that S. torvum was the best
donor of bacterial wilt and other soil-borne diseases in tomatoes, with good fruit yield and
quality. Tomato breeding lines ‘CRA 66’ and ‘Hawaii 7996’ used as rootstocks for tomato
grafting in the southeastern United States showed the complete control of bacterial wilt
in tomato under naturally disease-infested soil [30]. Similarly, a tomato cultivar ‘Anagha’
was successfully grown in the bacterial wilt-infested area in Kerala, a southern state in
India, and imparted excellent resistance to bacterial wilt disease when used as rootstock
for grafting cherry tomato in the present study. The effectiveness of a local wild tomato (S.
pimpenellifolium) genotype PCA (pear-shaped Cruz du Almas) was also reported to manage
wilt disease incidence [39]. Concerning the mechanisms of bacterial wilt resistance in
solanaceous crops, it was found to be associated with the formation of mechanical obstacles
in the roots [40]. In other words, this entails the restriction of the diffusion of the bacterial
population from roots to stem in S. torvum through the collar region and their ability to
disturb their multiplication within the stem [41].

Table 2. Bacterial wilt disease incidence and reaction in different graft combinations of cherry
tomato plants.

Scion Rootstock Incidence % Reaction

‘Sheeja’ Non-grafted 82.22a Highly susceptible
‘Ponny’ 5.13c Resistant
‘Surya’ 0.00c Resistant

‘Arka Neelkanth’ 0.00c Resistant
‘Abhilash’ 77.78a Highly susceptible

‘Sotor’ 0.00c Resistant
‘Sopim’ 48.45b Moderately susceptible

‘Haritha’ 11.11c Moderately resistant
‘Cheramy’ Non-grafted 80.00a Highly susceptible

‘Ponny’ 0.00c Resistant
‘Surya’ 0.00c Resistant

‘Arka Neelkanth’ 0.00c Resistant
‘Anagha’ 0.00c Resistant

‘Sotor’ 0.00c Resistant
‘Sopim’ 43.92b Moderately susceptible

‘Haritha’ 0.00c Resistant

Significance ***
*** (p < 0.001), different letters reveal significant differences according to Duncan’s test p = 0.05, scale as per the
AVRDC, 2000: 0–5: resistant; 6–20: moderately resistant; 21–40: susceptible; 41–60: moderately susceptible; 61–100:
highly susceptible.

3.2. Vegetative Growth Parameters

Grafting vegetables onto resistant rootstocks can minimize the impact of soil-borne
disease, thus resulting in a better plant growth in grafted plants in comparison with
non-grafted plants [42]. In this study, we observed a significant control in bacterial wilt
disease in some of the graft combinations, so as to attain better plant growth than their
non-grafted control plants (Table 3). However, a significant variation was noticed in
plant height across different growth stages (30, 60, 90 and 120 DAT) among different graft
combinations. Grafting increased vegetative growth in both the scion cultivars; however,
‘Cheramy’ attained higher plants height than ‘Sheeja’, regardless of grafting treatment or
growth stage. Irrespective of the genotype, eggplant rootstocks resulted in better plant
height (Table 4), as these were least affected by the disease (Table 2). The non-grafted
plants of both the cultivars did not survive until the last plant height observation was
made (120 DAT) because of their high susceptibility to bacterial wilt disease. Bacterial
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wilt symptoms first appeared in these plants around 100 DAT and gradually turned into
complete wilting within a couple of weeks. However, at the early growth stage (30 DAT),
the non-grafted ‘Cheramy’ and ‘Sheeja’ showed better plant height compared to the grafted
plants. As grafted plants require some time to come out of the grafting shock, the grafted
plant’s growth remained slow initially, as compared to non-grafted plants. Similar findings
were previously reported in eggplant [37], where grafted eggplant’s height at the initial
growth stage was lesser than non-grafts. However, at the later stages, the plant growth
of grafted cherry tomatoes, especially onto all the eggplant rootstocks or onto tomato
rootstock ‘Anagha’, was relatively higher, which was the result of sustained growth on the
resistant rootstocks, as compared to the susceptible rootstocks. In a study conducted under
Verticillium dahliae-infested soils, grafting eggplant onto wild eggplant rootstocks (S. torvum
or S. sisymbriifolium) resulted in more vigorous growth (i.e., plant height) than non-grafted
plants; this was associated with the reduced disease incidence in grafted plants [42]. The
node number per plant on 90 DAT was higher in grafted plants than non-grafted ones in
both the scions, except ‘Cheramy’ grafted onto ‘Sotor’ (Table 3). However, the number of
nodes within ‘Sheeja’ graft combinations were statistically non-significant (Table 3). This
indicates that the higher plant height in some of the graft combinations was due to the
higher internodal length rather than node number per plant, which was likely caused by
disease, which induced some hormonal changes. However, this needs further study as this
phenomenon was not consistent with ‘Cheramy’ graft combination. ‘Cheramy’ grafted
onto ‘Surya’ and ‘Ponny’ had a higher number of nodes per plant, where plant height was
also higher in ‘Ponny’ but slightly lesser in ‘Surya’. The increased number of nodes in
grafted cherry tomatoes resulted in the production of more flower trusses (clusters) per
plant. A previous study by Voutsela et al. [43] supports these results, where tomato cultivar
‘Despina’ grafted onto different rootstocks increased node number. Similarly, capsicum
cv. ‘Yatsubusa’ grafted onto the rootstock of another variety (‘Spanish Paprika’) led to a
significantly higher number of nodes and branches on the main stem [44]. Overall, the field
survival and growth performance of successful graft combinations under disease-infested
conditions are the direct effect of rootstock-provided reduced disease incidence [45].

3.3. Generative Growth Parameter
3.3.1. Flowering and Fruit Set

The generative growth traits, such as flowering and fruit set, which are related to
plant growth and vigor, are expected to be similarly influenced by grafting in response to
rootstock resistance to bacterial wilt. Early flowering is one of the main traits assessed in
terms of days to first and 50% flowering and is favored for commercial cultivation because
of the earliness which often contributes to high yield [46]. Irrespective of the differences
in plant growth under bacterial wilt disease-infested condition, grafting induced early
flowering in both the scions compared to their non-grafts, with some ‘Cheramy’ grafts
taking the shortest time (Table 3). Among both the scion grafts, ‘Cheramy’ grafted onto
tomato rootstock ‘Anagha’ took significantly fewer number of days to flower (Table 4).
Gisbert et al. [47] illustrated that grafted plants grow faster only when there is higher
compatibility, resulting in the early flowering. Similarly, several other studies reported
that grafting induced early flowering. For example, eggplant scion ‘MCV1’ grafted onto
wild eggplant rootstock ‘MWR’ [48] and eggplant cv. ‘Scarlatti’ grafted onto wild brinjal
rootstocks (S. torvum and S. melongena x S. aethiopicum) [49] resulted in the earlier flowering
of grafts than the non-grafted plants. Increased plant growth and earliness has also been
reported in other fruiting vegetables, such as melon and cucumber grafted onto cucurbit
rootstocks under biotic or abiotic stress [50,51]. Bletsos et al. [42] have reported that high
plant vigor and early production in eggplant (cv. ‘Tsakoniki’) was possible under V. dahliae
disease pressure due to grafting onto resistant rootstocks (S. torvum and S. sisymbriifolium).
Furthermore, Sabatino et al. [52] stated that plant vigor is found to be related to earliness
in solanaceous vegetables. Together, it appears that grafts between different species seems
to bring about earliness, regardless of the growing conditions.
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Table 3. Plant height, number of leaves, days to flowering and fruit set in different graft combinations of cherry tomato.

Scion Rootstock
Plant Height (cm) No. of Nodes Plant−1 Days to Flowering

30 DAT 60 DAT 90 DAT 120 DAT 90 DAT 120 DAT 1st 50%

‘Sheeja’ Non-grafted 122.33c 151.00i 181.88i NA 11.99f NA 30.66bc 39.00bcdef
‘Ponny’ 114.44e 201.11f 273.77f 354.55g 16.66e 20.55e 29.13cd 40.33abcd
‘Surya’ 118.66cd 174.66g 255.22g 352.77g 16.44e 19.55e 23.53hi 37.00defg

‘Arka Neelkanth’ 113.88de 210.66e 295.22e 386.00e 17.33e 20.44e 25.93fg 36.00efg
‘Abhilash’ 78.11hi 105.77k 171.11k 260.55j 15.33e 18.88e 33.00a 39.33bcde

‘Sotor’ 82.44h 97.55i 159.11l 262.88j 17.33e 21.33e 33.40a 43.00a
‘Sopim’ 97.88g 128.55j 176.55j 240.33k 16.55e 20.77e 28.13def 36.66efg

‘Haritha’ 107.55f 215.33d 254.00g 319.22i 17.21e 20.88e 26.53efg 35.66fg
‘Cheramy’ Non-grafted 142.66a 199.22f 325.33d NA 38.55c NA 33.13a 40.66abc

‘Ponny’ 106.11f 225.00c 357.33a 469.00a 43.44b 57.21ab 29.80cd 37.00defg
‘Surya’ 111.00ef 226.44cd 327.22d 414.00d 47.44a 59.66a 25.33gh 35.66fg

‘Arka Neelkanth’ 108.44f 229.66b 342.00b 439.44c 45.44ab 58.99ab 28.00def 38.00cdefg
‘Anagha’ 134.77b 247.00a 358.22a 454.77b 39.99c 52.44c 22.60i 32.00h

‘Sotor’ 76.66i 130.66j 236.00h 337.77h 28.66d 39.33d 32.33ab 41.66ab
‘Sopim’ 110.22ef 169.55h 294.66e 373.77f 39.44c 51.10c 28.53cde 35.33g

‘Haritha’ 99.22g 207.77e 333.77c 441.55c 44.66b 56.44b 30.66bc 39.00bcdef

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

*** (p < 0.001), ** (p < 0.01), * (p < 0.05), different letters reveal significant differences according to Duncan’s test p = 0.05, DAT: days after transplanting, NA: not available (plants died due to bacterial wilt).
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Table 4. Mean values of different plant parameters of different graft combinations of cherry tomatoes.

Grafting Treatments Plant Height
(cm)

Flowering
(DAT)

First Fruit
Harvest

Flower per
Truss

Fruits per
Truss Fruit Set Truss Plant −1

30 DAT 60 DAT 90 DAT 120 DAT 1st 50% DAT (No.) (No.) (%) (No.)

‘Sheeja’ Non-grafted 122.33c 151.00g 181.88h NA 30.66abc 39.0ab 72.55d 9.81g 7.17c 72.94a 19.11d
Egg plant 107.4d 179.86d 247.46f 335.08e 27.70de 38.4abc 73.48cd 12.91ced 8.19cde 63.66c 32.06ab
Tomato 88.0g 117.16h 173.83i 250.44g 30.56abcd 38.0abc 81.44a 11.18fg 7.13e 64.57bc 29.66ab
Grafted 101.86ef 161.95f 226.42g 310.90f 28.52cd 38.28abc 75.76b 12.42def 7.88de 63.92c 31.38ab

‘Cheramy’ Non-grafted 142.66a 199.22b 325.33a NA 33.13a 40.66f 67.66f 13.05bcde 9.01cd 69.03abc 26.0bc
Egg plant 100.28f 203.91a 319.26b 420.35a 29.22cd 38.26bc 75.02bc 14.31abc 10.35ab 72.32a 33.55a
Tomato 122.5c 208.27a 326.44a 414.27b 25.56e 33.66e 70.38c 15.67a 10.65a 68.01abc 35.0a
Grafted 106.6d 205.15a 321.31ab 418.61ab 28.18cde 36.95bcd 73.69bcd 14.70ab 10.43ab 71.09ab 33.96a

‘Sheeja’ +
‘Cheramy’

Non-grafted 132.50b 175.11e 253.61e NA 31.9ab 39.83e 70.11e 11.43ef 8.09cde 70.99ab 22.55cd
Egg plant 103.84def 191.88c 283.36c 377.72c 28.46cd 38.33abc 74.25bcd 13.61bcd 9.27bc 67.99abc 32.81a
Tomato 105.25de 162.72f 250.13ef 332.36e 28.06cde 35.83cd 75.91b 13.43bcd 8.89cd 66.29abc 32.33ab
Grafted 104.24de 183.55d 273.87d 364.76d 28.35cde 37.61bc 74.73bcd 13.56bcd 9.16c 67.51abc 32.67a

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

*** (p < 0.001), ** (p < 0.01), * (p < 0.05), different letters reveal significant differences according to Duncan’s test p = 0.05, DAT: days after transplanting, NA: not available.
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A higher number of flowers per truss and fruit per truss results in a higher fruit set
(%) that eventually leads to yield increment. Grafting ‘Cheramy’ with eggplant rootstock
‘Haritha’ and tomato rootstocks, especially ‘Sopim’, resulted in a higher fruit set (Table 4).
The higher number of flowers per truss, fruits per truss and fruit set (%) in the grafted plants
occurred partly due to their responses to disease incidence and the compatibility reaction
between the scion and rootstock. The highly successful and compatible scion–rootstock
combination may have better hormonal homeostasis in grafted plants, resulting in better
reproductive traits [53]. These observations are parallel to the findings of Arefin et al. [54]
reported in tomato grafted onto potato rootstock. The increased numbers of flowers and
fruits per truss in the grafted plants have been also reported in tomato [55] and eggplant
grafted onto bacterial wilt-resistant rootstock [37]. Similarly, Sudesh et al. [56] recorded the
highest fruit set (%) in eggplant cv. ‘Mahy-11’ grafted onto S. torvum and S. macrocarpon.

3.3.2. Fruit Yield and Yield Attributing Traits

Breeders are generally aware of quantitative resistance to diseases and pests in wild
Solanum spp. but making use of these resistance can be difficult due to undesirable fea-
tures such as decreased fruit size, being associated to resistance in the case of bacterial
wilt [57–59]. However, grafting susceptible scions onto resistant rootstock genotypes can
minimize the decrease in yield under disease stress. As it is also evident in this study,
there is a significant increase in cherry tomato yield in grafted plants as compared to
non-grafted plants (Table 5). The response of rootstocks in grafting, however, can vary
with the scion cultivar. The increase in yield was more conspicuous in scion cv. ‘Cheramy’
than cv. ‘Sheeja’ as the increase in mean fruit yield due to grafting was 75% and 69% over
their respective non-grafted plants (Table 6). The increase in fruit yield in grafted plants of
both the cultivars, regardless of rootstocks, was primarily due to the resistance reaction
imparted by the rootstocks, thus resulting in higher plant height, vegetative growth, higher
reproductive growth and yield. There was an increase in the number of fruits per plant but
not the fruit weight, except in the graft combination ‘Cheramy’ onto ‘Anagha’, in which
increased yield was due to increased fruit weight (Table 5). In general, the higher fruit
yield in grafted as well as non-grafted ‘Cheramy’ plants appeared to be due to the inherent
potential of the ‘Cheramy’ cultivar to produce a higher number of fruits with a larger fruit
size (weight) than ‘Sheeja’ (Table 6). However, compared to non-grafted plants, the increase
in fruit number was higher in grafted ‘Sheeja’ (87%) than grafted ‘Cheramy’ (84%) plants.
The higher fruit yield in eggplant under verticillium wilt-infested soil was in plants grafted
onto resistant rootstock (S. torvum), primarily due to the higher fruit number, but it was also
related to higher fruit weight onto another resistant rootstock [42]. A positive interaction
between the successful rootstock and the scion was the enhanced water relations and
uptake of macro- and micro-nutrients, which ultimately increased the average fruit weight
in the grafted plants [20,60]. This might have also happened in disease pressure, where the
resistant rootstocks can maintain water and nutrient supply to shoots, whereas the lower
number of fruits in non-grafted plants of both the cultivars in the present study was due
to severe infestation by R. solanacearum, especially in the later stage of the crop growth.
Therefore, ‘Sheeja’ grafted onto eggplant and tomato rootstocks showed 78% and 47%,
and ‘Cheramy’ grafted on eggplant and tomato rootstock showed 70% and 90% higher
fruit yield than their respective non-grafted plants, respectively. This positive influence
in grafted plants seems to be due to the resistance offered by the rootstocks to soil-borne
diseases such as bacterial wilt. Rivard and Louws, [30] reported that in a severely infested
bacterial wilt field, tomato rootstocks (‘CRA 66’ and ‘Hawaii 7996’) provided excellent
control against bacterial wilt, and grafting onto ‘Hawaii 7996’ rootstock produced 104%
higher yield than non-grafted susceptible heirloom tomato (‘German Johnson’) plants.
Further, the increased yield in some of the high productive graft combinations seems to be
a result of the boosted vigor of the scion [61], likely due to stronger and more expansive
root growth of some of the rootstocks [62]. The innate nature of certain rootstocks may help
to promote the scion’s growth, which may eventually increase the capacity of foraging,
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the availability of sufficient photosynthates, as well as increasing the uptake of water and
nutrients [14,63]. In spite of showing similar resistance by some of the eggplant rootstocks
(‘Ponny’, ‘Surya’ or ‘Haritha’), the yield level of their grafts involving any of the scion
cultivar (‘Sheeja’ or ‘Cheramy’) was not statistically similar. Additionally, the response
of a particular rootstock in grafting with different scion cultivar could not lead to same
yield level, which is evident for almost all the rootstocks which produced higher fruit
yield when grafted with ‘Cheramy’ than ‘Sheeja’. Other researchers have also reported
similar findings, e.g., ‘Beaufort’ rootstock increased shoot fresh weight and the yield of
tomato scion ‘Catalena’, while no effect on fruit yield was observed for the scion ‘Santazian’,
despite a significant increase in shoot fresh weight. This was ascribed to a substantially
higher root growth in the ‘Catalena’/‘Beaufort’ graft combination compared to the lower
root growth in the ‘Santazian’/‘Beaufort’ combination [64].

In addition, signaling molecules (e.g., phytohormones) are known to play a crucial
role in boosting shoot physiology and growth under different growing conditions. The
shoot to root transport of auxins that were synthesized in tomato scion leaves promoted
the development of lateral roots of rootstocks [65]. Similarly, faster nutrients absorption
and cytokinin synthesis were observed more often in grafted plants than in non-grafted
plants, thus producing more vigorous growth with higher yields [66]. These expansive
root systems of rootstock were, thus, able to absorb and transport nutrients more efficiently
to the scion. Furthermore, auxin and cytokinins synthesized in one place and mobilized to
another place can modulate shoot growth and yield [67–69]. Information on this aspect is
scarcely available on soil-borne disease and especially bacterial wilt-infested soil condition,
and hence, needs to be studied.

3.4. Fruit Quality Traits

Cherry tomato is a high-value and highly priced crop grown for its impressive nutri-
tious fruits, which can be consumed either fresh as a salad or after cooking. In the present
study, different rootstocks influenced the physical as well as chemical fruit quality traits of
both the scions differently under the bacterial wilt-infested condition.

3.4.1. Fruit Physical Characteristics

The scion cultivar ‘Sheeja’ characteristically produced longer fruits with a lower
diameter than ‘Cheramy’ (Supplementary Figure S1). The advantage of grafting on fruit
length was clearly visible in ‘Sheeja’, as it was significantly higher on all the rootstocks
as compared to ‘Sheeja’ non-grafted plants, indicating the influence of bacterial wilt on
‘Sheeja’, as also noticed with respect to the growth and yield parameters (Table 7). For the
mean fruit shape index, ‘Sheeja’ and ‘Cheramy’ graft combinations showed a significant
difference, with ‘Sheeja’ and ‘Cheramy’ grafted on tomato rootstocks showing a higher
fruit shape index than those grafted onto eggplant rootstocks. However, the fruit shape
index across the graft combinations was statistically non-significant (Table 6). Fruit shape
(length and diameter) is a genetically controlled character. However, grafting has been
shown to affect the fruit shape in different studies [47,49,52]. Similar to our findings,
Passam et al. [70] posited that grafting may increase the size of eggplant fruits. Further,
compared to shelf-grafted plants, longer fruits were harvested from eggplant cv. ‘Black
Bell’ grafted onto Solanum torvum [71]. Significantly greater fruit shape index was recorded
in cucumber grafts than the non-grafts [13], while watermelon grafting did not have any
influence on fruit size and shape, according to certain studies [72,73]. For example, the
grafting of tomatoes on vigorous rootstocks (i.e., ‘Maxifort’; ‘Beaufort’) increased the size
of the fruit, while grafting on less vigorous rootstocks (i.e., ‘Brigeor’; ‘Energy,’ ‘Firefly,’
‘Linea9243’ and ‘Nico’) reduced the size of tomato fruits [74–76].
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Table 5. Number of flowers and fruits per truss, number of truss and fruits per plant, average fruit weight, fruit yield pe plant per square meter in different graft combinations of
cherry tomato.

Scion Rootstock Days to First
Fruit Harvest

No. of Flowers
per Truss

No. of Fruits
per Truss Fruit Set (%) No. of Truss

per Plant
No. of Fruits

per Plant
Average Fruit

Weight (g)
Yield (kg

m−2)

‘Sheeja’ Non-grafted 72.55ef 9.81h 7.17f 73.09bc 19.11e 132.05m 11.32de 3.08j
‘Ponny’ 66.44h 10.47gh 7.18f 68.81cdef 34.55ab 247.44h 10.82de 5.36g
‘Surya’ 70.55g 16.63a 10.65b 64.04cdefg 31.00bcd 329.13d 10.56ef 6.99f

‘Arka Neelkanth’ 71.33fg 13.55cde 8.30ef 61.25defg 31.44bcd 263.79g 9.79f 5.10gh
‘Abhilash’ 82.44b 10.36h 7.10f 68.54cdef 30.22cd 214.72j 10.64def 4.57i

‘Sotor’ 86.66a 11.20fgh 7.40f 66.07cdefg 31.22bcd 232.17i 10.82de 5.00h
‘Sopim’ 80.44c 12.00efg 7.15f 59.59fg 29.11d 208.48k 10.88de 4.52i

‘Haritha’ 72.44ef 12.72ef 7.40f 58.17g 32.11bcd 237.54i 10.51ef 5.00h
‘Cheramy’ Non-grafted 67.66h 13.05de 9.01de 69.04cdef 21.33e 192.13l 12.78b 4.91h

‘Ponny’ 70.00g 14.75bc 10.30bc 69.84bcde 33.77abc 348.88c 12.62b 8.77c
‘Surya’ 71.77efg 14.51bcd 8.78e 60.50efg 33.55abc 294.80f 12.75b 7.53e

‘Arka Neelkanth’ 73.22e 13.12cde 9.25cde 70.50bcd 34.11ab 314.13e 11.13de 7.05f
‘Anagha’ 63.88i 15.48ab 10.04bcd 64.86cdefg 36.88a 369.46b 14.21a 10.5a

‘Sotor’ 87.33a 13.46cde 10.57b 78.53ab 33.10bc 350.84c 12.20bc 8.59c
‘Sopim’ 76.88d 15.87ab 11.25b 70.89bc 33.11bc 372.70b 10.69de 7.97d

‘Haritha’ 72.77ef 15.71ab 12.84a 81.74a 33.22bc 427.86a 11.51cd 9.83b

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

*** (p < 0.001), ** (p < 0.01), * (p < 0.05), different letters reveal significant differences according to Duncan’s test p = 0.05.

Table 6. Fruit length, diameter, shape index, pericarp thickness and volume of cherry tomatoes.

GraftingTreatments No. of Fruits
(plant−1)

Average Fruit
Weight (g) Yield (kg m−2) Fruit Length

(cm)
Fruit Diameter

(cm)
Fruit Shape

Index
Pericarp Thickness

(mm)
Fruit Volume

(cc)

‘Sheeja’ Non-grafted 132.06j 11.33cd 3.09 h 3.48 b 2.16 f 1.62b 2.83a 10.08ef
Egg plant 262.02e 10.50 e 5.49 d 4.04 a 2.37 ef 1.71a 2.76a 9.60f
Tomato 211.60g 10.77 de 4.55 f 4.06 a 2.34 ef 1.73a 2.74a 9.58f
Grafted 247.61f 10.58 de 5.22 d 4.05 a 2.36 ef 1.72a 2.75a 9.59f

‘Cheramy’ Non-grafted 192.14h 12.79 a 4.91 e 2.56 d 2.71 c 0.94d 2.36c 12.91a
Egg plant 347.31b 12.04 bc 8.36 b 2.78 cd 2.98ab 0.93d 2.35c 12.16abcd
Tomato 371.08a 12.45 a 9.25 a 2.98 c 3.15a 0.95d 2.34c 12.57ab
Grafted 354.10b 12.16 ab 8.61 b 2.84 cd 3.03a 0.94d 2.35c 12.28abc
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Table 6. Cont.

GraftingTreatments No. of Fruits
(plant−1)

Average Fruit
Weight (g) Yield (kg m−2) Fruit Length

(cm)
Fruit Diameter

(cm)
Fruit Shape

Index
Pericarp Thickness

(mm)
Fruit Volume

(cc)

‘Sheeja’ +
‘Cheramy’

Non-grafted 162.10i 12.06 abc 4.00 g 3.02 c 2.43de 1.28c 2.60b 11.50bcd
Egg plant 304.66c 11.27 cde 6.93 c 3.41 b 2.67cd 1.32c 2.56b 10.88def
Tomato 291.34d 11.61 bc 6.90 c 3.52 b 2.74bc 1.34c 2.54b 11.08cde
Grafted 300.86cd 11.37 abce 6.92 c 3.44 b 2.69 cd 1.33c 2.55b 10.94cdef

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

*** (p < 0.001), ** (p < 0.01), * (p < 0.05), different letters reveal significant differences according to Duncan’s test p = 0.05.

Table 7. Fruit length, diameter, shape index, pericarp thickness and volume of cherry tomatoes.

Scion Rootstock Fruit Length (cm) Fruit Diameter (cm) Fruit Shape Index Pericarp Thickness (mm) Fruit Volume (cc)

‘Sheeja’ Non-grafted 3.48c 2.15ef 1.61b 2.83a 10.08fgh
‘Ponny’ 4.13a 2.44d 1.69ab 2.77ab 9.63ghi
‘Surya’ 4.16a 2.45d 1.69ab 2.70b 9.39hi

‘Arka Neelkanth’ 3.99ab 2.38de 1.67ab 2.79ab 8.71i
‘Abhilash’ 3.95ab 2.30def 1.72ab 2.75ab 9.47hi

‘Sotor’ 3.76b 2.10f 1.78a 2.78ab 9.63ghi
‘Sopim’ 4.16a 2.38de 1.74a 2.73b 9.68ghi

‘Haritha’ 4.15a 2.43d 1.70ab 2.72b 10.61efgh
‘Cheramy’ Non-grafted 2.55e 2.71c 0.94c 2.36c 12.91b

‘Ponny’ 2.78de 3.09ab 0.90c 2.37c 12.74bc
‘Surya’ 2.78de 3.03ab 0.91c 2.33c 12.87b

‘Arka Neelkanth’ 2.71de 2.93bc 0.92c 2.36c 11.23def
‘Anagha’ 2.99d 3.19a 0.93c 2.37c 14.34a

‘Sotor’ 2.84de 2.86bc 0.99c 2.35c 12.31bcd
‘Sopim’ 2.97d 3.09ab 0.96c 2.30c 10.79efg

‘Haritha’ 2.78de 2.96ab 0.93c 2.35c 11.62cde

Significance ** * ** ** ***

*** (p < 0.001), ** (p < 0.01), * (p < 0.05), different letters reveal significant differences according to Duncan’s test p = 0.05.
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Fruit pericarp thickness was higher in either grafted or non-grafted ‘Sheeja’ than
‘Cheramy’, and among all the graft combinations, it was highest recorded in the fruits
of non-grafted ‘Sheeja’. A significant variation was noted in the fruit volume of grafted
and non-grafted cherry tomatoes (Table 7). Between the two cultivars, fruit volume was
higher in ‘Cheramy’ than ‘Sheeja’. However, the general response of grafting was the
reduction in fruit volume in both the scions; this probably is a result of an increase in the
size of fruits on grafted plants, but not the density. However, fruits of ‘Cheramy’ plants
grafted onto ‘Anagha’ had a higher fruit volume. The compatibility between the scion
and the rootstock, with no influence of bacterial wilt due to the resistance reaction, has
likely resulted in increased plant growth and its subsequent response on increased fruit
size and weight with enhanced fruit volume in this graft combination. Some studies have
also reported a negative impact of rootstocks on fruit physical characteristics. For instance,
Cucurbita moschata (Duchesne ex. Poir) was recommended by Imazu [77] as a rootstock
for Cucumis melo because it offered resistance to Fusarium wilt and also showed potent
plant vigor, though he also revealed that this rootstock induced poor texture and flavor in
grafted Honey Dew (Cucumis melo var. inodorus) fruits.

3.4.2. Fruit Chemical Characteristics

The literature suggests that the response of grafting has been inconsistent from the
rootstock’s perspective for fruit chemical characteristics. Like fruit’s physical traits, the
two cherry tomato hybrids were also characteristically different in fruit chemical quality
attributes (Figure 1). ‘Sheeja’ had higher TSS and lower ascorbic acid and lycopene contents
than ‘Cheramy’, whether grafted or not. The increase in TSS content was noticed only
in scion cv. ‘Sheeja’ when grafted onto moderately disease-susceptible rootstock ‘Sopim’,
while it reduced when grafted onto resistant rootstock ‘Sotor’ as compared to ‘Sheeja’
non-graft. In the case of ‘Cheramy’, the response of grafting was non-significant, with
a negative response observed when it was grafted onto resistant rootstock ‘Surya’. The
inconsistent responses were also reported in previous grafting studies. When tomato was
grafted onto three soil-borne disease-resistant rootstocks, S. torvum, S. sisysmbriifolium and
S. toxicarum, the scion fruits had around the same concentration of soluble solids (◦Brix)
as was in non-grafted plants [78]. However, in several other studies, non-grafted plants
showed higher values of fruit TSS content than grafted tomatoes [75,79], watermelon [80]
and melons [81] under different growing conditions. The lower TSS content in the fruits of
plants grafted onto the resistant rootstocks than non-grafted plants was likely due to the
higher water content in the fruits of grafted plants, indicating the dilution effect of the solids
in the fruits [82]. The change in ascorbic acid content due to grafting was non-significant
on most of the rootstocks, except on ‘Ponny’ for ‘Sheeja’ and ‘Sotor’ for ‘Cheramy’, which
showed reduced ascorbic contents as compared to their respective non-grafted plants
(Figure 1b). A decrease in the ascorbic acid content in fruits of commercial tomato grafted
onto the vigorous rootstocks, ‘Beaufort’ and ‘Maxifort’, as compared to non-grafted plants
was reported [83]. Like the TSS content, a negative relationship between fruit size and
ascorbic acid content of cherry tomato reported in a recent study suggests a dilution effect
of the ascorbic content in the fruits [84]. In addition to genetic factors, environmental
factors also influence the lycopene content in tomato varieties [85]. In the present study, the
mean lycopene content in ‘Cheramy’ was about four times higher than ‘Sheeja’ due to their
distinct fruit quality characteristics. The fruit lycopene content of non-grafted ‘Cheramy’
plants was highest among all grafting treatments. Grafting reduced lycopene contents
of ‘Cheramy’ grafted onto all the rootstocks but increased in ‘Sheeja’ grafted onto some
rootstocks compared to their respective non-grafts (Figure 1c), regardless of the impact of
bacterial wilt disease pressure. In the literature, both reduced and non-significant change
in lycopene content has been observed in grafted tomatoes [46,86].
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Figure 1. Fruit quality parameters of grafted and non-grafted cherry tomato plants: (a) TSS (◦Brix), (b) ascorbic acid (mg 100 g−1 fresh weight), (c) lycopene (mg 100 g−1 fresh weight),
(d) total phenol (mg 100 g−1 fresh weight). Scion/rootstock combination: 1: Sheeja (non-grafted), 2: Sheeja/Ponny, 3: Sheeja/Surya, 4: Sheeja/Arka Neelkanth, 5: Sheeja/Abhilash,
6: Sheeja/Sotor, 7: Sheeja/Sopim, 8: Sheeja/Haritha, 9: Cheramy (non-grafted), 10: Cheramy/Ponny, 11: Cheramy/Surya, 12: Cheramy/Arka Neelkanth, 13: Cheramy/Anagha, 14:
Cheramy/Sotor, 15: Cheramy/Sopim, 16: Cheramy/Haritha; Different letters in histogram for each parameter reveal significant differences according to Duncan’s test p = 0.05.



Agronomy 2021, 11, 1311 16 of 21

Unlike a significant variation in many physical and chemical fruit quality parameters
observed between the two hybrids, there was no significant difference in the total phenol
content. However, averaging over the grafting treatment, the fruit phenol content was
higher in cv. ‘Cheramy’ than cv. ‘Sheeja’. This was probably due to the fact that some of
the rootstocks (e.g., ‘Ponny’) produced higher level of phenols in fruits of scion ‘Cheramy’,
while other rootstocks (e.g., ‘Sopim’) considerably reduced its content in grafted ‘Sheeja’
as compared to their respective non-grafted plants (Figure 1d). In a study on eggplant,
researchers could not find a change in fruit phenolic content due to grafting [87], whereas
in the same cop, compared to non-grafted plants, an increase in fruit phenol content was
recorded when it was grafted onto some eggplant landraces [49] or grafted onto wild
eggplant, S. macrocarpon [47]. The mode of action leading to accumulation in phenolic
compounds has generally been associated with plant stress [88,89] as was also expected.
Conversely, the overall phenolic content changes significantly between the rootstocks
used in the experiment as well as between the different scion–rootstock combinations [90].
However, there was no relation in the disease severity and fruit phenol content in the graft
combinations.

It has been established that the simultaneous increase in fruit yield and quality in com-
mercial tomato cultivars is difficult [91], as there is inverse relationship between fruit yield
and quality [92,93]. In fact, the inconsistent results on different fruit chemical attributes
among different scion–rootstock combinations under different agronomic conditions have
been a matter of debate [93].

3.5. Cost: Benefit Ratio

Calculating the cost of grafted seedlings gives an idea about the inputs spent on
their production and how the cost can be regulated. The cost of grafted plants is largely
determined by the cost of seeds, which varies with the type of seeds (rootstocks: cultivated
varieties, wild species and hybrids; scions: hybrids or varieties) used. The wild species of
eggplant and tomato seeds were a little more costly due to lower germination (%), thus
requiring higher quantity of seeds for sowing, leading to a higher grafted seedling cost
(Table 8). However, compared to the higher seed cost of commercial hybrid rootstocks,
wild species rootstocks are still cheaper. Moreover, the higher cost of grafted seedlings
involving resistant rootstocks could be easily compensated by obtaining extra yields under
stressful conditions, such as with bacterial wilt. For instance, the ‘Cheramy’ hybrids
grafted onto tomato rootstock ‘Anagha’ will have a higher cost:benefit ratio due to the
significantly higher yield of the graft combination (Table 9). In earlier reports, eggplant
cv. ‘Arka Kusumakar’ grafted onto bacterial wilt-resistant eggplant rootstock ‘Surya’ had
a higher cost:benefit ratio, as observed by Praveen [37]. Therefore, grafting can be used
as an efficient tool involving a suitable combination of scion–rootstock to increase income
due to the better performance of the grafts in terms of crop productivity, quality and
disease resistance. It can be one of the best approaches in boosting vegetable productivity
in general and cherry tomato, in particular, under bacterial wilt disease-infested soils of
protected environments.
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Table 8. Cost of grafted seedlings in different graft combination.

Scions Rootstocks Species Seedling Cost (INR
Plant−1)

‘Cheramy’

‘Ponny’, ‘Surya’, ‘Haritha’,
‘Arka Neelkanth’ S. melongena 8.93

‘Sotor’ S. torvum 9.06
‘Anagha’ S. lycopersicum 8.77

Sopim S. pimpinellifolium 9.06

‘Sheeja’

‘Ponny’, ‘Surya’, ‘Haritha’,
‘Arka Neelkanth’ S. melongena 8.03

‘Sotor’ S. torvum 8.16
‘Abhilash’ S. lycopersicum 7.87

‘Sopim’ S. pimpinellifolium 8.16
(Currency exchange rate used was 0.013 USD = 1 INR).

Table 9. Economics of grafted and non-grafted cherry tomato cultivation.

Scion Rootstock Cost of
Cultivation (INR)

Yield (kg
500 m−2)

Total Returns
(INR) Net Income C:B Ratio

‘Sheeja’ Non-grafted 38,065.7 1540 46,200 8134.3 1:1.21
‘Ponny’ 43,055.9 2680 80,400 37,344.1 1:1.86
‘Surya’ 43,055.9 3490 104,700 61,644.1 1:2.43

‘Arka Neelkanth’ 43,537.5 2550 76,500 32,962.5 1:1.75
‘Abhilash’ 43,022.6 2280 68,400 25,377.4 1:1.58

‘Sotor’ 43,305.9 2500 75,000 31,694.1 1:1.73
‘Sopim’ 43,305.9 2260 67,800 24,494.1 1:1.56

‘Haritha’ 43,055.9 2500 75,000 31,944.1 1:1.74

‘Cheramy’ Non-grafted 38,965.7 2450 73,500 34,534.3 1:1.88
‘Ponny’ 43,955.9 4380 131,400 87,444.1 1:2.98
‘Surya’ 43,955.9 3760 112,800 68,844.1 1:2.56

‘Arka Neelkanth’ 44,437.5 3520 105,600 61,162.5 1:2.37
‘Anagha’ 43,905.9 5260 157,800 113,894.1 1:3.59

‘Sotor’ 44,205.9 4290 128,700 84,494.1 1:2.91
‘Sopim’ 44,205.9 3980 119,400 75,194.1 1:2.70

‘Haritha’ 43,955.9 4910 147,300 103,344.1 1:3.35

Cost of cultivation was calculated for 500 m2 area; average selling price of cherry tomato: 30 INR kg−1, (currency exchange rate used was
0.013 USD = 1 INR).

4. Conclusions

It is concluded from the present work that the response of grafting on the growth, yield
and physical fruit quality parameters in both the scion cultivars was mainly dependent
on the reaction of the rootstock genotypes to the bacterial wilt incidence under naturally
infested greenhouse soil. However, the response was inconsistent for fruit chemical quality
parameters in the grafted plants of both the cultivars involving rootstocks with different
degrees of resistance/susceptibility to disease. Irrespective of the rootstock used, cherry
tomato yield in the grafted plants increased in both the scion cultivars. This was, in fact,
due to the relatively better control on disease imparted by the rootstock genotypes, though
their resistance reaction widely varied. Both the cherry tomato hybrids (‘Sheeja’ and
‘Cheramy’) were highly susceptible to the disease. However, among the two cultivars, the
overall performance of ‘Cheramy’ was better than ‘Sheeja’ for growth, yield, and also fruit
quality traits, except for the TSS, which was higher in ‘Sheeja’. Concerning the grafted
plants, the incidence of bacterial wilt was lower in ‘Cheramy’, especially those grafted
onto eggplant rootstocks. Plants grafted onto tomato rootstocks showed a susceptibility to
bacterial wilt disease, regardless of scion cultivars; however, tomato rootstock ‘Anagha’ was
found to be best for ‘Cheramy’, which showed disease resistance. The major fruit quality
attributing trait, lycopene content, was considerably higher in non-grafted ‘Cheramy’.
There was non-significant difference in the ascorbic acid content of the grafted and non-
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grafted tomatoes, with the non-grafted ‘Sheeja’ fruits recording higher pericarp thickness.
The cost:benefit ratio indicates that the scion cultivar ‘Cheramy’ (whether grafted or non-
grafted) was better than ‘Sheeja’, but grafting was beneficial for both the cultivars to boost
the overall economic gains, with the highest being in ‘Cheramy’ with ‘Anagha’ rootstock in
the bacterial wilt-infested greenhouse soil. Future research is required to ascertain whether
resistant mechanisms in eggplant and tomato rootstocks are the same, and if the scion
cultivars also affect the rootstocks’ resistance response.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/agronomy11071311/s1, Figure S1: Fruit physical appearance of scion cv. ‘Cheramy’ and
cv. ‘Sheeja’.
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