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Abstract: Vegetable grafting is a practice employed worldwide since it helps prevent biotic and
abiotic disorders, and watermelon is one of the most important species grafted. The objective of this
study was to set critical limits for the characterization of quality categories for grafted watermelon
seedlings. Specifically, watermelon (scion) seedlings were grafted onto squash (rootstock) seedlings,
moved into a healing chamber for 7 days, and then transferred into a greenhouse for seven more
days. At 7 and 14 days after grafting, experienced personnel assessed grafted seedling quality by
categorizing them. The categories derived were Optimum and Acceptable for both time intervals,
plus Not acceptable at 14 days after grafting. Optimum seedlings showed greater leaf area, and shoot
and root fresh and dry weights at both time intervals. Moreover, they had greater stem diameter,
root-to-shoot ratio, shoot dry weight-to-length ratio and Dickson’s quality index compared to the
other category at 14 days after grafting. Therefore, Optimum seedlings would likely develop into
marketable plants of high quality, with better establishment in the field. Not acceptable seedlings
showed considerably inferior development, while Acceptable seedlings were between the other
categories, but were still marketable.

Keywords: Citrullus lanatus; vegetable grafting; optimal production; marketable seedlings; quality
indicators

1. Introduction

The use of grafting for vegetable seedlings is a well-established practice worldwide [1–3].
The important advantage of using grafted seedlings to prevent significant crop loss due to biotic [3,4]
and abiotic [5,6] factors (soil-borne diseases, salinity, low temperatures, etc.), as well as the reduction
of the use of agrochemical products, provide grafting as an environmentally-friendly practice [3].
Applications of grafting mainly focus on species of the Cucurbitaceae and Solanaceae families,
particularly watermelon and tomato, respectively [2,7]. In Greece the use of grafted watermelon
seedlings is almost 99% of growers using low tunnel protected cultivation in order to achieve early yield.

To enjoy the advantages of grafting, use of high quality grafted seedlings is a prerequisite. As a
result, a rapid development and expansion of a vegetable nursery industry is in progress. Successful
grafting requires good connection between the rootstock and the scion for healthy uniform growth and
development of the grafted plants [8]. The most important stage for seedling evaluation for the grower
is at the time of purchase and transplanting to avoid possibly negative results during subsequent
cultivation. However, the definition of what constitutes a high-quality seedling is a very complicated
issue [8].
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Generally, high-quality seedlings could be defined as plants uniform in size and traits,
proper size or height with a thick healthy stem with large thick leaves, a well-developed root system,
good root-to-shoot ratio, and a good ratio of shoot dry weight divided by shoot length [3,8]. However,
most of the above characteristics could be suitable for some species such as tomatoes, peppers, and
eggplants, but could be adapted for the cucurbits [3]. Moreover, most seedling quality parameters have
been qualitatively determined by experienced personnel. Therefore, it is critical to define quantitative
parameters that could be easily and objectively applied by anyone in this chain (industry, grower, etc.).

Therefore, the aim of this study was to set critical limits for objective measurements of grafted
watermelon seedling quality categories as well as to suggest the most accurate and convenient among
them for application by the industry and growers. Evaluations were conducted at 7 and 14 days
after grafting. Grafted watermelon seedlings exit the healing chamber at 7 days after grafting and
therefore quality assessment at that time is essential for possible later research. By 14 days, seedlings
are considered “final product” and therefore quality evaluation at that time is valuable to assess the
product marketability.

2. Materials and Methods

2.1. Plant Material

The experiments were conducted in the facilities of Agris S.A. in Kleidi, Imathia, Greece.
All measurements were executed at Aristotle University of Thessaloniki, Greece. During the
experiment, standard commercial practices were applied.

Watermelon (scion—Citrullus lanatus) “Celine” (HM. Clause SA, Portes-Les-Valence, France) and
squash (rootstock—Cucurbita moschata) “TZ-148” (HM. Clause SA, Portes-Les-Valence, France) were
used for the production of grafted seedlings. Watermelon seeds were sown in plastic 171-cell plug trays,
while squash seeds were sown in plastic 128-cell plug trays (both types: 67 × 33 cm, G.K. Rizakos S.A.,
Lamia, Greece). Both plug tray types were filled with a 5:1:2 mixture of peat, perlite, and vermiculite.

2.2. Germination, Grafting, Healing, and Acclimatization

Following planting, the plug trays of scions and rootstocks were moved into a growth chamber
(25 ◦C, 95–98% relative humidity (RH)) until germination. Watermelon and squash germinated after
72 and 48 h, respectively, and afterwards they were moved to a glass greenhouse for 9 (scion) and
10 (rootstock) days at a 21.5 ◦C minimum night temperature for both species, and 100 ± 10 µmol
m−2 s−1 photosynthetic photon flux density (PPFD) emitted by high-pressure sodium (HPS) lamps
(MASTER GreenPower 600 W, 400 V E40, Philips Lighting, Eindhoven, The Netherlands) with an 18 h
photoperiod only for watermelon. The natural light photoperiod during the experiment was 12.5 h
from sunrise to sunset. Supplemental lighting is commonly practiced for the production of watermelon
seedlings in order to achieve high quality product. On the other hand squash seedlings have adequate
development under natural light conditions and no supplemental lighting is employed.

Grafting was performed with the “splice grafting” technique, 12 days after sowing. Using a razor
blade, the scion was diagonally cut just below the cotyledons while the rootstock was diagonally cut
on the cotyledon level leaving only one cotyledon. The rootstock was also cut just above ground
level, which is a commonly practiced technique for cucurbit rootstocks in order to achieve increased
grafting efficiency [9]. Afterwards, the grafted seedlings were placed in polystyrene 72-cell plug
trays (50 × 30 cm, G.K. Rizakos S.A., Lamia, Greece) filled with a 3:1:1 mixture of peat, perlite,
and vermiculite. Grafting was performed by experienced personnel to minimize critical errors.

Following grafting, healing and acclimatization of grafted seedlings was achieved during 7 days
in a growth chamber at 25 ◦C, recirculating air, 45 µmol m−2 s−1 PPFD emitted by fluorescent tubes
(Fluora 58W, Osram, GmbH, Munich, Germany) for an 18 h photoperiod, and RH of 98% for days
1–4, 93% for day 5, and 89% for days 6 and 7. RH was high at the beginning of healing in order to
prevent leaf dehydration and it was gradually decreased in order for the seedlings to get acclimated to
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lower RH conditions. The growth conditions were monitored using a climate control system (Priva SA,
De Lier, The Netherlands).

After 7 days in the healing chamber the grafted seedlings were placed in a glass greenhouse
(21.5 ◦C minimum night temperature, 60 ± 10 µmol m−2 s−1 PPFD emitted by HPS lamps for an 18 h
photoperiod). The high RH was applied to prevent leaf dehydration due to water loss.

2.3. Quality Categorizing and Measurements

Seedling quality categorizing, sampling and measurements were conducted at two times, 7 and
14 days after grafting. Experienced personnel categorized quality. The quality categories are listed
in Table 1. Critical parameters for categorizing seedling quality were true leaf and cotyledon area,
cotyledon color, and root system development (personal communication with Agris S.A., Kleidi,
Imathia, Greece). In total, 50 seedlings per category were sampled and the number of samples was
equally distributed throughout the three periods of production

Table 1. Seedling quality categories derived seven and 14 days after grafting of watermelon seedlings.

Days after Grafting Quality Categories Marketable

7
Optimum Yes

Acceptable Yes

14
Optimum Yes

Acceptable Yes
Not Acceptable No

A digital caliper (Powerfix, Milomex, Pulloxhill, UK) was used to measure shoot height,
stem diameter (about 1 cm above the substrate surface), and thickness of true leaves, scion cotyledons
or rootstock cotyledons. Leaf area of true leaves, scion cotyledons or rootstock cotyledons were
measured using a leaf area meter (LI-3000C, LI-COR Biosciences, Lincoln, NE, USA). Fresh and dry
weights of shoots (stem and leaves) and roots were determined. Dry weights were obtained after three
days of drying in an oven. Moreover, root-to-shoot (R/S) dry weight ratio, shoot dry weight-to-length
(DW/L) ratio, and Dickson’s quality index (DQI) were estimated. DQI was calculated as follows [10]:

Quality index =
Seedling total dry weight (g)

Height (mm)
Stem diameter (mm)

+
Shoot dry weight(g)
Root dry weight (g)

(1)

Relative chlorophyll content was measured using a portable chlorophyll meter (CCM-200 plus,
Opti-Sciences, USA). Maximum quantum yield of primary photochemistry, variable to maximal
fluorescence of dark-adapted leaves (Fv/Fm), was measured with a fluorometer (Pocket-PEA,
Hansatech Instruments, Norflock, UK). Finally, the color of true leaves, scion cotyledons, and rootstock
cotyledons was characterized using the colorimetric coordinates lightness (L*), Hue (h◦), Chroma (C*),
a*/b* (a*: red/green coordinate; b*: yellow/blue coordinate), and Hue (h◦) obtained from a digital
colorimeter (CR-400 Chroma Meter, Konica Minolta Inc., Tokyo, Japan) according to McGuire. [11].

2.4. Statistical Analysis

Statistical analysis was performed using IBM SPSS software (SPSS 23.0, IBM Corp., Armonk, NY,
USA). Data measured at 7 days after grafting were analyzed using a t-test (P ≤ 0.05), since at that
time point the seedlings were grouped into only two quality categories (Optimum and Acceptable).
Data measured at 14 days after grafting were analyzed within the methodological frame of one-way
analysis of variance (ANOVA), since at that time point the seedlings were grouped at three quality
categories (Optimum, Acceptable and not Acceptable). In this case, mean comparisons were conducted
using the Scott-Knott procedure [12], at a significance level of α = 0.05, using the StatsDirect v.2.8.0.
statistical software (StatsDirect, Ltd., Grantchester, Cambridge, UK). The choice of the Scott-Knott
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method was based on its important and unique characteristic that does not present any overlapping in
its grouping results. The above is critical in order to obtain quality indices that segregate the different
quality categories and, therefore, overlapping results between groups must not occur.

3. Results

Seven days after grafting, shoots of Optimum seedlings were significantly longer than Acceptable
ones (Table 2). However, stem diameter, shoot DW/L ratio, DQI and thickness of leaves and cotyledons
(both scion and rootstock) did not show any differences between Optimum and Acceptable seedlings.
Relative chlorophyll content of true leaves and cotyledons, as well as Fv/Fm were also similar in the two
quality categories tested (Table 2). Colorimetric parameters of true leaves also did not show differences
between the two categories, while scion and rootstock cotyledons showed significant differences in
parameters such as lightness (L*), Hue (h◦), a*/b* (a*: red/green coordinate; b*: yellow/blue coordinate),
and h◦ (Table 3). Moreover, Optimum seedlings developed significantly greater true leaves and scion
cotyledons compared to the Acceptable ones, while no differences were observed in rootstock cotyledons
(Figure 1A). Similarly, fresh and dry weight production of shoots and roots were significantly greater
for Optimum compared to Acceptable characterized seedlings (Figure 2A,B). However, R/S ratio did
not exhibit any significant differences between the different categories (Figure 2C).

Table 2. Morphological and developmental parameters of grafted watermelon seedlings from two
quality categories 7 days after grafting.

Parameters
Quality Categories

Optimum Acceptable

Height (mm) 57.82 ± 1.14 a y 47.38 ± 1.03 b
Stem diameter (mm) 4.34 ± 0.04 a 4.23 ± 0.05 a

DW/L z 0.004 ± <0.001 a 0.004 ± <0.001 a
DQI 0.012 ± <0.001 a 0.012 ± 0.001 a

Fv/Fm 0.82 ± <0.01 a 0.82 ± <0.01 a

Thickness (mm)
True leaf 0.62 ± 0.02 a 0.59 ± 0.02 a
Scion cot. 0.69 ± 0.01 a 0.69 ± 0.01 a
Roots. cot. 1.20 ± 0.03 a 1.15 ± 0.03 a

Relative chl. content
True leaf 27.17 ± 1.26 a 29.14 ± 1.04 a
Scion cot. 44.25 ± 1.38 a 43.37 ± 1.22 a
Roots. cot. 56.50 ± 1.88 a 57.16 ± 2.31 a

z shoot dry weight-to-length ratio; DQI: Dickson’s quality index; Fv/Fm: maximum quantum yield of primary
photochemistry of a dark-adapted leaf; y Mean values (±SE) (n = 50), within a row, followed by different letters are
significantly different by t-test (P ≤ 0.05).

Table 3. Colorimetric parameters of grafted watermelon seedlings from two quality categories 7 days
after grafting.

Plant Tissue Colorimetric Parameters
Quality Categories

Optimum Acceptable

True leaves

L* z 41.75 ± 1.39 a y 42.30 ± 1.96 a
C* 24.76 ± 4.08 a 24.18 ± 3.69 a
h◦ 129.05 ± 1.64 a 128.32 ± 1.62 a

a*/b* −0.81 ± 0.05 a −0.79 ± 0.05 a

Scion cotyledons

L* 42.85 ± 1.53 b 44.12 ± 2.11 a
C* 20.42 ± 2.31 a 20.61 ± 3.15 a
h◦ 128.05 ± 1.21 a 126.54 ± 1.98 b

a*/b* −0.78 ± 0.03 b −0.74 ± 0.05 a

Rootstock cotyledons

L* 39.32 ± 1.87 a 39.87 ± 2.00 a
C* 19.66 ± 1.79 a 19.69 ± 2.54 a
h◦ 130.07 ± 1.11 a 129.26 ± 1.68 b

a*/b* −0.84 ± 0.03 a −0.82 ± 0.05 a
z lightness; C*: chroma; h◦: hue angle; a*: red/green coordinate; b*: yellow/blue coordinate; y Mean values (±SE)
(n = 50), within a row, followed by different letters are significantly different by t-test (P ≤ 0.05).
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Quite similar results were obtained between the quality categories at 14 days after grafting.
Specifically, shoot height was significantly greater for Optimum seedlings compared to Acceptable
ones, while shoot DW/L ratio was significantly greater for the two marketable categories compared to
Not Acceptable seedlings. Stem diameter and DQI were greater for Optimum seedlings compared to
the other categories. Nevertheless, thickness of leaves and cotyledons (both scion and rootstock) were
similar for all categories. Relative chlorophyll content and Fv/Fm were not different between the three
quality categories, similar to the 7 day measurements (Table 4). However, differences between the
three categories were observed in colour, particularly parameters such as h◦ and a*/b* for the true leaf,
and C*, L*, h◦, and a*/b* for rootstock cotyledons (Table 5). At 7 days after grafting, Optimum scion
cotyledons had a darker (lower L*) and greener (lower a*/b*) color compared to Acceptable seedlings.
At 14 days after grafting, scion cotyledons did not show any color differences but rootstock cotyledons
categorized as Optimum had darker (lower L*) and greener (lower a*/b*) color compared to the rest of
the quality categories. True leaves of Optimum seedlings had significantly greater area compared to
the other categories, but scion and rootstock leaf area were not different (Figure 1B). Moreover, fresh
and dry biomass of shoots and roots, as well as R/S ratio were significantly greater for Optimum
seedlings compared to the other categories (Figure 2D–F).
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Figure 1. Leaf area of true leaves, scion cotyledons and rootstock cotyledons of grafted watermelon
seedlings from the quality categories derived 7 days (A) or 14 days (B) after grafting. Each data point
is a mean value ± standard error (SE) of the mean (n = 50). Bars of the same color (same tissue type)
across categories with different letters are significantly different (P ≤ 0.05) according to the results of
the t-test (A) or the Scott-Knott method (B).
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Figure 2. Fresh weight (A) and dry weight (B) of shoots and roots, and root-to-shoot ratio (C) of grafted
watermelon seedlings from the quality categories derived 7 days after grafting. Fresh weight (D) and
dry weight (E) of shoots and roots, and root-to-shoot ratio (F) of grafted watermelon seedlings from the
quality categories derived 14 days after grafting. Each data point is a mean value of 50 observations.
Error bars correspond to the standard error (SE) of the mean. Bars of the same colour (same tissue type)
across categories followed by different letters are significantly different (P ≤ 0.05) according to the
results of the t-test (A–C) or the Scott-Knott method (D–F).
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Table 4. Morphological and developmental parameters of grafted watermelon seedlings from two
quality categories 14 days after grafting.

Parameters
Quality Categories

Optimum Acceptable Not Acceptable

Height (mm) 59.10 ± 1.19 a y 52.00 ± 1.20 b 56.80 ± 1.59 a
Stem diameter (mm) 4.65 ± 0.05 a 4.49 ± 0.07 b 4.35 ± 0.05 c

DW/L z 0.006 ± <0.001 a 0.006 ± <0.001 a 0.005 ± <0.001 b
DQI 0.025 ± 0.001 a 0.021 ± 0.001 b 0.018 ± 0.001 c

Fv/Fm 0.84 ± <0.01 a 0.84 ± <0.01 a 0.84 ± <0.01 a

Thickness (mm)
True leaf 0.69 ± 0.03 a 0.62 ± 0.02 a 0.64 ± 0.02 a
Scion cot. 0.72 ± 0.01 a 0.73 ± 0.01 a 0.74 ± 0.01 a
Roots. cot. 1.17 ± 0.03 a 1.12 ± 0.02a 1.18 ± 0.03 a

Relative chl.
content

True leaf 32.60 ± 1.13 a 31.91 ± 1.40 a 31.76 ± 1.17 a
Scion cot. 27.56 ± 1.10 a 30.32 ± 1.12 a 29.21 ± 1.48 a
Roots. cot. 51.11 ± 1.98 a 46.51 ± 2.45 a 50.16 ± 2.98 a

z shoot dry weight-to-length ratio; DQI: Dickson’s quality index; Fv/Fm: maximum quantum yield of primary
photochemistry of a dark-adapted leaf; y Mean values (±SE) (n = 50), within a row, followed by different letters are
significantly different (P ≤ 0.05) according to the results of the Scott-Knott method.

Table 5. Colorimetric parameters of grafted watermelon seedlings from two quality categories derived
14 days after grafting.

Plant Tissue Colorimetric Parameters
Quality Categories

Optimum Acceptable Not Acceptable

True leaves

L* z 40.00 ± 0.46 a y 41.26 ± 0.49 a 41.30 ± 0.53 a
C* 19.39 ± 0.51 a 20.73 ± 0.53 a 21.23 ± 0.67 a
h◦ 129.40 ± 0.42 b 129.40 ± 0.42 b 128.56 ± 0.48 b

a*/b* −0.86 ± 0.01 b −0.83 ± 0.01 a −0.80 ± 0.01 a

Scion cotyledons

L* 44.70 ± 0.47 a 43.87 ± 0.42 a 44.89 ± 0.39 a
C* 23.29 ± 0.69 a 23.34 ± 0.55 a 23.74 ± 0.51 a
h◦ 126.54 ± 0.41 a 126.35 ± 0.37 a 126.20 ± 0.30 a

a*/b* −0.74 ± 0.01 as −0.74 ± 0.01 a −0.73 ± 0.01 a

Rootstock
cotyledons

L* 40.52 ± 0.43 b 41.92 ± 0.43 a 42.53 ± 0.59 a
C* 19.47 ± 0.43 b 20.92 ± 0.46 a 22.10 ± 0.71 a
h◦ 129.46 ± 0.29 a 128.07 ± 0.33 b 127.82 ± 0.40 b

a*/b* −0.82 ± 0.01 b −0.79 ± 0.01 a −0.78 ± 0.01 a
z lighting; C*: chroma; h◦: hue angle; a*: red/green coordinate; b*: yellow/blue coordinate; y Mean values (±SE)
(n = 50), within a row, followed by different letters are significantly different (P ≤ 0.05) according to the results of
the Scott-Knott method.

4. Discussion

Seedling quality is one of the major concerns among farmers, and grafted watermelon seedlings
are mainly produced by professional nurseries instead of individual farmers. Many factors influence
quality evaluation and, therefore, it is difficult to define and categorize seedlings of different qualities.
Seedlings of high-quality should have uniformity in terms of size and traits [3].

During healing, grafted seedlings remained in an environmentally controlled growth chamber
where microclimate was almost identical for all seedlings. Nevertheless, two quality categories derived
7 days after grafting (i.e., after healing). The seedlings from both categories showed promising potential
to develop into marketable plants of high quality. However, the days between the exit from the healing
chamber and planting by the grower (i.e., between day 6 and day 14 after grafting) are crucial for
maintaining high seedling quality. Many seedlings suffer during the period of acclimatization which
might lead to quality deterioration [3]. In our study, three quality categories were developed at 14 days
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after grafting: two marketable categories (Optimum and Acceptable) and one non-marketable category
(Not acceptable).

After 7 days, shoot height was highly distinguishable between the two quality categories, however,
it was not confirmed after 14 days. Therefore, shoot height alone cannot be used as an efficient index of
seedling quality before going to market. On the other hand, stem diameter was greater for Optimum
seedlings at 14 days after grafting. Even though the differences were very slight and could not easily
be detected by eye, this parameter is reliable for distinguishing the quality of grafted seedlings before
going to market [13–15]. Color differences were not visually detectable, but colorimetry revealed slight
distinctions at both times. However, relative chlorophyll content was similar at all measurement dates
and quality categories. Additionally, no differences were detected between the quality categories in
parameters such as leaf or cotyledon thickness and Fv/Fm, both seven and 14 days after grafting.

Seven days after grafting, one of the greatest morphological parameters that distinguished the
Optimum and Acceptable seedlings was the area of true leaves, which leads to greater absorption
of incident light in the first very important days of seedling development. Therefore, leaf area is a
valuable indicator not only between marketable and not marketable seedlings, but also between the
different quality categories of grafted watermelon.

As discussed above, Optimum seedlings were defined by faster leaf development, i.e., larger
photosynthetic area in a shorter amount of time. Subsequently, this quality category contained
seedlings with greater fresh and dry biomass production compared to the other categories, both 7 and
14 days after grafting, proving that these parameters can be used as index of marketable seedlings.
Seven days is considered a short amount of time for grafted seedlings to develop a vigorous root system,
especially when the original roots were completely removed, as in our case. However, the quality
categories were also distinguished by root biomass.

R/S ratio is a parameter related to the possibility of successful seedling establishment in the
field which depends on the proper allocation of biomass between the above and below ground parts.
Fourteen days after grafting, R/S ratio was greater for Optimum seedlings which developed a vigorous
root system. Shoot DW/L ratio, which is a good indicator of seedling quality [3] revealed that Optimum
plants were of higher value. Since this parameter was comprised of shoot dry weight and length
(which is similar for the quality categories), biomass accumulation is decisive for the production of
high quality seedlings at the nursery. DQI is commonly used for the evaluation of forest or fruit tree
seedlings, but recently it has also been employed for assessing horticultural species such as cucumber,
muskmelon and tomato [16–18]. Even though the parameter incorporates a number of destructive
measurements, it is a useful indicator of seedling quality and plantation performance [19] since its
values was correlated with the quality categories in our study.

Optimum seedlings have a better chance of developing into high quality marketable plants,
with better establishment in the field, since they excelled in almost all tested parameters, including
the essential leaf area and root dry weight. This superiority was also highlighted by shoot DW/L
ratio and DQI. Acceptable seedlings were on the border between the other two categories. Parameters,
such as stem diameter, shoot DW/L ratio, and DQI, were valuable for identifying them as marketable
or not. Not acceptable seedlings after 14 days had inferior development with smaller leaves and
considerably weaker root systems compared to the marketable seedlings. Their lower chance of
successful establishment and slower development do not favor these seedlings as marketable.

It is concluded that leaf and cotyledon area of scion, stem diameter, shoot and root dry weights
as well as shoot DW/L and DQI are good indicators for categorizing grafted watermelon seedlings.
Specifically, seedlings of the highest quality must have a leaf area of about 25 cm2 and 50 cm2 at 7 and
14 days after grafting, respectively. Scion (watermelon cv. Celine) cotyledons must be fully expanded
(about 15 cm2) 7 days after grafting, while rootstock cotyledons were not good indicators of seedling
quality. Shoot height was a weak quality indicator 14 days after grafting, since Not acceptable values
were similar to Optimum seedlings. However, stem diameter was a good quality index even though
values between the categories were very close. Moreover, shoot and root dry weights, as well as shoot
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DW/L ratio and DQI, proved valuable indicators of grafted watermelon seedling quality. The benefits
of grafting is associated with the use of high quality watermelon seedlings, and their categorization
could help both the nursery industry and growers.
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