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Abstract: Grafting alters the genetic and anatomical features of plants. Although grafting has been
widely applied in plant propagation, the underlying processes that govern the effects of the procedure
are not fully understood. Samples were collected to study the long-term influence of grafting on
the leaf-shoot morphology, leaf-shoot anatomy, and genetic signature of the grafted plants. Citrulus
lanatus (Thunb.) Matsum. & Nakai (cv. Lady) was used as the scion, and Lagenaria siceraria (Molina)
Standl (cv. Argentario) as a rootstock. In grafted plants, leaf blades and petioles were 20.92% and
12.82% longer, respectively, while the midrib collenchyma was 35.68% thicker, and the diameter of
the vessel member was 11.17% larger than in ungrafted plants. In the stem, grafting affected the
arrangement and number of vascular bundles (from 1 to 2 rings). The thickness of the epidermis
decreased by 69.79%, and the size of the external fascicular phloem decreased by 23.56%. The
diameter of the vessel member of the grafted plants increased by 28.94%. Eight out of ten evaluated
primers met the requirements (stability in both watermelons and bottle gourd, tissue-specific). In the
genetic tests, we examined whether this change in the gene expression pattern is due to the grafting
and, if so, to what extent. Seven out of eight tested Small Auxin Up-Regulated RNA (SAUR) genes
were expressed in the ungrafted and grafted C. lanatus lines in four cases; the expression increased by
more than 10% after grafting. The morpho-anatomical changes and genetic variation reported in this
study for grafted lines of C. lanatus contribute to the understanding of the underlying mechanisms of
plant growth observations resulting from grafting.

Keywords: anatomy; graft; vascular bundles; SAUR; scion; rootstock; watermelon

1. Introduction

Grafting is an important sustainable agricultural technique that has been practiced
in tree crops for thousands of years. Vegetable grafting on a commercial scale is relatively
new and is becoming common in vegetable production worldwide [1,2]. Grafted plants,
consisting of the scion (the new shoot system) and the rootstock (the new root system),
survive as one chimeric individual after recovery from the grafting process. Grafting
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success relies on rootstock-scion compatibility [2–5]. Grafts are used to induce resistance
to extreme temperatures, enhance nutrient uptake, improve water use efficiency, increase
endogenous hormones, enhance tolerance against diverse environmental conditions, and
reduce the uptake of organic pollutants [6–10]. The significant effects of grafting on the
quantity and quality of the crop are known [11–13]. The rootstock should be tolerant to a
variety of both biotic and abiotic stresses to maximize the success of grafts [1,14,15]. Despite
the advantages of the technique, the process is sometimes accompanied by additional costs,
disease, and poor fruit quality [1,2]. The effect of grafting on growth, internode length,
dry weight, and fruit production has been well studied [16–19], with Yetisir, among others,
conducting several comprehensive studies focusing on grafted watermelon plants. Yetisir
investigated the morphology of the grafted plants using several different rootstocks under
the influence of cold stress and productivity in the case of Fusarium infection [12,20].
However, fewer studies focus on the anatomy of grafted plants in their later stages of life.
Insights into the underlying processes that govern grafting and grafting success could be
useful in increasing vegetable production under diverse conditions and are relevant to
plant ecology as a whole. Studies that dealt with the anatomical and physiological changes
of grafted plants have previously focused on the fruit, the grafting region, or vascular
healing [21–23]. The plant’s vascular system functions to deliver resources to the organs
and serves as a long-distance communication system between the above and below-ground
aspects of the individual [24]. Examination of the communication between organs is likely
the key to understanding changes across the plant’s lifespan.

Several studies have previously examined different aspects of vegetative organs. In
Chouka’s research [16], changes in the leaf surface, internode length, shoot and root dry
weight of grafted Citrulus lanatus (Thunb.) Matsum. & Nakai (watermelon) were examined.
Also investigated were flowering time and changes in the yield. Chouka [16] worked
with different rootstocks of C. lanatus and found significant differences in leaf size, dry
weight, and productivity. As previously discussed, research on internal tissue changes
in grafted plants has focused on the grafting region and wound healing. During the
regeneration, tissues stick, cells begin to divide, cell differentiation proceeds and vascular
systems regenerate.

Plant hormones such as cytokinins, gibberellins or auxins play an important role during
grafting. Sharma and Zhang’s review article provides great insight into how phytohormones
help plants survive grafting and healing [25]. Cytokinins have a positive effect on wound
healing and graft union after grafting [26,27]. Gibberellins regulate important biological
processes such as cell elongation and cell division [28]. Gibberellins can move across the
graft union [29] and hold a significant role in the joining of scion rootstock and the normal
vascular development of plants [30].

Auxins are important phytohormones, and they are vital in plants during the process
of grafting. They are part of the development of xylem tissues [31]. Together with cytokinin,
auxin supports vascular differentiation and increases the phloem/xylem ratio [32]. The
auxin response increased with graft adherence during the healing process, and this response
was specific to vascular tissues [33,34]. Some proteins, mRNAs, and small RNA graft-
transducable signals are now emerging as novel mechanisms that regulate developmental
root/shoot relationships and may play a key role in understanding the later life of the
grafted plant. We focused on auxin and one gene family regulated by the auxin pathway.

Auxin regulates many aspects of plant development, and in grafted plants, auxin
plays an important role in wound healing and tissue regeneration [35–37]. Three known
gene families induced by auxin are GH3 (Gretchen Hagen 3), Aux/IAA (Auxin/Indoleacetic
Acid), and SAUR. SAURs (Small Auxin-Up RNA) are key effectors of hormonal, transcription
factors and environmental signals that regulate plant development and dynamic, adaptive
(auxin-induced) growth [38]. SAUR proteins are highly conserved among higher plants
and indicate functional similarity of members of the same clade in different plants [39].
Zhang investigated the proteins of C. lanatus (watermelon), Arabidopsis (rockcress), and
Cucumis sativus (cucumber) to investigate their evolution patterns. The examined genes
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could share similar functions with other SAUR genes from other higher plants, such as
Arabidopsis thaliana (thale cress), Zea mays (maize), or Oryza sativa (rice).

C. lanatus is a popular, sweet fruit that is rich in vitamins and minerals, which is grown
on more than 2800 hectares in Hungary alone (link 1). Among the most commonly used
rootstocks, we chose Lagenaria siceraria (Molina) Standl (bottle gourd) because it has a 95%
grafting success rate and provides one of the highest production yields [11].

To better understand the potential changes, we tested three hypotheses using un-
grafted and grafted lines of C. lanatus: (1) The quantitative and qualitative properties of the
leaf are intensified by grafting, (2) Grafting causes both quantitative and qualitative changes
to the vascular systems, and (3) There is a difference in the SAUR transcript abundance of
grafted and ungrafted plants.

Phases of experimental work were: (1) Seedling growing and grafting: C. lanatus
(cv. Lady) was used as the scion and the L. siceraria (cv. Argentario) as a rootstock, (2) Morpho-
anatomical (microscopical) analysis of ungrafted and grafted C. lanatus leaf and stem,
and (3) The expression of ClaSAUR9, ClaSAUR10, ClaSAUR11, ClaSAUR16, ClaSAUR19,
ClaSAUR27, ClaSAUR32, ClaSAUR36, ClaSAUR41, and ClaSAUR51 was tested in the leaves
of the ungrafted C. lanatus, grafted C. lanatus, and L. siceraria using the PCR method.

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

Citrulus lanatus (cv. Lady)—watermelon—was used in the grafting as the scion, and La-
genaria siceraria (Molina) Standl (cv. Argentario)—bottle gourd—as rootstock (Figure 1). Dur-
ing the experiment, the seeds from the same F1 hybrid were used via KITE zrt. (Kukorica- és
Iparinövény-termesztési Együttműködés zrt., Nádudvar, Hungary), C. lanatus seeds came
from Nunhems Netherlands BV, Nunhem, The Netherlands and L. siceraria from Syngenta
Crop Protection AG, Basel, Switzerland. The seeds of C. lanatus and L. siceraria were planted
in a commercial peat pot (6 cm × 6 cm × 6 cm seedlings) (Kekkilä BVB, Vantaa, Finland).
The plants were grafted after three weeks and were then kept in a greenhouse for another
three weeks, under a 13/11 h day/night period, at an average temperature of 27 ◦C ± 2 ◦C,
with 70–80% relative humidity. The grafting took place in growth phase 1 according to
the BBCH (Biologische Bundesanstalt, Bundessortenamt und Chemische Industrie) scale.
Each plant was occasionally watered with 100 mL of water. YaraLive Calcinit fertilizer
was added to the irrigation water in the greenhouse life stage. Except during sowing and
planting (~six-week-old plants), when we watered all plants 100 mL supplemented with
Ferticare Starter 15-30-15 fertilizer, each time based on the distribution company’s recipe.
Seed sowing, seedling cultivation and grafting began in April, and morphological sample
collection took place in July of the same year. Voucher specimens of the seeds labeled with
a unique code were deposited at the Institute of Biology, Faculty of Sciences, University of
Pécs, Hungary (Voucher code: CL, LS).
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2.2. The Applied Grafting Method and Field Work

Grafting was performed as previously described [40]. One cotyledon grafting method
was used. Rootstock seeds were sown five days before scion seeds due to the different
germination rates and probability. At the time of grafting, the rootstock plants still had
their cotyledons and had one or two true leaves. Citrulus lanatus (cv. Lady) was grafted
once the first true leaf appeared, but before it reached full development both in the scion
and rootstock seedlings. One cotyledon and the first true leaf were cut with a razor blade
following the angle of the leaf petiole. The hypocotyl of the scion was cut at a 35–45◦ angle
on one side. The two surfaces were matched and held together with a grafting clip.

After grafting, the plants were placed in a healing chamber at constant humidity (80–90%
humidity, 26–28 ◦C) and controlled light conditions (in the first 48 h the healing chamber was
covered with black plastic). After three days, the chamber was ventilated. After 4–8 days, we
increased the ventilation for longer and longer periods and slowly increased the number of
illuminated hours. After nine days, the plants were placed under a 13/11 day/night period.
The plant’s water resources were consistently replenished by the high humidity, as watering
is not possible due to the graft wound. When the plants reached the three-to-five-leaf stage,
they were removed from the healing chamber and transplanted into plastic pots (8143 cm3)
containing a growing medium mix (Kekkilä peat) and arid sand and occasionally wetted
with 100 mL of water. At approximately six weeks old, the seedlings were planted in an
experimental field in Cece, Hungary (46.75◦; 18.65◦), where they matured from May to July.
Average temperatures were 15.89 ◦C, 29.51 ◦C, and 23.37 ◦C, while monthly precipitation
was 61.00 mm, 32.50 mm, and 64.50 mm in May, June, and July, respectively.

2.3. Morpho-Anatomical Examinations

Only mature plants were included in the morpho-anatomical analysis. For morpho-
metric examinations, the leaf length, leaf width, and petiole length of 20 grafted and
20 ungrafted leaves from 10 different plants of each type were measured. The fourth and
fifth leaves on the main stem were measured, and only healthy, well-developed leaves
were included.

For anatomical examinations, 15 leaf samples and 15 stem samples were collected
from both grafted and ungrafted C. lanatus. Stem samples were collected 30–35 cm above
the graft region on the main shoot. The samples were dehydrated at increasing ethanol
concentrations (50%, 70%, 90%), infiltrated with Technovit 7100 solution (Kulzer GmbH,
Wehrheim, Germany), and placed into the hydroxyethyl methacrylate-based resin. The
blocks were then sectioned with a rotary microtome (Anglia Scientific, Cambridge, UK)
and 10 µm cross-sections stained with toluidine blue. Cross sections were examined with
a light microscope (NIKON ECLIPSE 80i, Tokyo, Japan) with magnification 10 × 40, and
micrographs were taken with the software Spot Basic 4.0.

Quantitative histological traits, including the thickness of the epidermis, palisade,
spongy parenchyma, midrib collenchyma, diameter of the xylem, vessel member, phloem,
and vascular bundles of stems and leaves, were measured with Image Tool 3.0 (UTHSCSA,
San Antonio, TX, USA).

Linear models were created and analyzed using R ver. 3.6.2 [41]. In the models, the
measured traits were the dependent variable, and the graft status was the independent
variable. The graphical evaluation of the models (that is, normality check) was performed
according to Crawley [42]. The function drop term with the F-test was used for statistical
significance testing [43].

2.4. Quantitative RT-PCR Analysis

The fourth mature leaf away from the branching or grafting zone from 10 plants of
each treatment group was collected for testing (grafted, ungrafted, bottle gourd). RNA iso-
lation, cDNA synthesis from reserves, and quantitative RT-PCR analysis were performed as
previously described [44]. Total RNA was purified with Direct-zolTM RNA MiniPrep Plus
according to the protocol provided by the manufacturer. Purified RNA samples were sub-
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jected to cDNA synthesis using the SuperScript™ IV Reverse Transcriptase (Invitrogen™,
Thermo Fisher Scientific Inc., Waltham, MA, USA) system with random hexamers. Puri-
fied RNA samples were subjected to cDNA synthesis using the SuperScript™ IV Reverse
Transcriptase (Invitrogen™) system with random hexamers based on the instructions from
the manufacturer. Quantitative RealTime PCR analysis of cDNA samples was performed
on the CFX Opus 96 Real-Time PCR System (Bio-Rad Laboratories, Vienna, Austria) using
GoTaq® qPCR Master Mix (Promega Corporation, Madison, WIS, USA) with the following
cycling conditions: polymerase activation at 95 ◦C for 2 min, then 45 cycles of denaturation
at 95 ◦C for 3 s, annealing and denaturation at 60 ◦C for 30 s—used plate: Multiplate®

PCR PlatesTM 96-well, clear. Directly after PCR amplification, the amplicons were sub-
jected to melting curve analyses in which samples were ramped from 65 ◦C, increasing
the temperature in 0.5 ◦C increments up to 95 ◦C with fluorescence acquisition after 5 s
incremental holding periods. After data acquisition, the melting curves of the amplicons
were visually inspected in the CFX Maestro 2.3 software (Bio-Rad). The C. lanatus clathrin
adaptor complex subunit (ClCAC, Table S1) gene was used as the endogenous control [45].

We randomly chose 10 different SAUR genes for the comparative study of the ex-
pression of SAUR genes on grafted and ungrafted C. lanatus and L. siceraria, which
we used as rootstock. ClaSAUR gene sequences from the C. lanatus genome database
(http://cucurbitgenomics.org/v2/ (accessed on 3 July 2024)), were queried, the BLAST
search in L. siceraria and primers were tested in both lines.

2.5. Statistical Analysis

The normality of residuals was proven with the Kolmogorov–Smirnov test in SAUR
research, and the homogeneity of scatter was also proven with Levene’s test. For the
analysis of the data and correlation, a two-factor ANOVA model was applied.

Data are means ± standard deviations of five independent determinations (n = 5);
data in the same column with different superscripted symbols (*, **, ***) indicate significant
differences among grafted and ungrafted plant materials: * p < 0.05, ** p < 0.01, *** p < 0.001.

3. Results
3.1. Leaf Morpho-Anatomical Changes

The leaf morphometric analysis showed that the length and width of the blade, as well
as the length of the petiole, were significantly influenced by grafting (Figure 2). The grafted
leaves were, on average, 3.83 cm longer than the leaves from the ungrafted plants (df = 1;
F = 74.21; p < 0.001). The shortest (7.00 cm) measured leaf occurred in ungrafted C. lanatus
(df = 1; F = 36.54; p < 0.001). The grafted plants produced longer petioles (average 12.40 cm)
than ungrafted individuals (average 10.81 cm) (df = 1; F = 26.88; p < 0.001).

Agronomy 2024, 14, x FOR PEER REVIEW 6 of 14 
 

 

 
Figure 2. Morphometrical analysis of leaf blades and petioles: (A) leaf blade length, (B) leaf blade 
width, and (C) length of the petiole. Data are means ± standard deviations of five independent meas-
urements (n = 5); ** p < 0.01, *** p < 0.001. 

An anatomical examination of the leaf cross-sections revealed that vascular bundles 
were bicollateral (Figure 3). There were no significant differences in the measured ana-
tomical parameters, only in the thickness of the midrib collenchyma, which was 89.98 µm 
± 21.05 µm vs. 139.90 µm ± 3.32 µm in ungrafted vs. grafted C. lanatus plants, respectively 
(df = 1; F = 11.442; p = 0.003). 

 

 

 
(a) (b) 

Figure 3. Cross-sectional anatomy of (a) ungrafted and (b) grafted C. lanatus leaf. Significant differ-
ences were found in the thickness of the midrib collenchyma at p < 0.05. 

3.2. Stem Anatomical Changes 
The stem epidermis consisted of a single layer of isodiametric cells. The vascular bun-

dles were bicollateral (Figure 4). The structural and size differences were revealed in the 
vascular tissue system between the grafted and ungrafted plants (Figures 4 and 5). In the 
case of ungrafted C. lanatus, eight bicollateral vascular bundles were found in one ring, 
while the grafted plants had ten bicollateral vascular bundles in two rings (Figure 4). Sig-
nificant differences were found in epidermis thickness (Figures 4 and 5a), the thickness of 
the external fascicular phloem bundle (Figures 5b and 6), and the vessel member diameter 
(Figures 4 and 5d) between the two lines. The epidermis layer was 22.362 µm ± 4.63 µm 
vs. 13.17 µm ± 6.71 µm thick (df = 1; F = 11.442; p = 0.003); the diameter of the members of 
the vessel was 38.86 µm ± 10.98 µm vs. 54.69 µm ± 18.54 µm (df = 1; F = 8.374; p = 0.008); 

Figure 2. Morphometrical analysis of leaf blades and petioles: (A) leaf blade length, (B) leaf blade
width, and (C) length of the petiole. Data are means ± standard deviations of five independent
measurements (n = 5); ** p < 0.01, *** p < 0.001.

http://cucurbitgenomics.org/v2/


Agronomy 2024, 14, 1472 6 of 13

An anatomical examination of the leaf cross-sections revealed that vascular bun-
dles were bicollateral (Figure 3). There were no significant differences in the measured
anatomical parameters, only in the thickness of the midrib collenchyma, which was
89.98 µm ± 21.05 µm vs. 139.90 µm ± 3.32 µm in ungrafted vs. grafted C. lanatus plants,
respectively (df = 1; F = 11.442; p = 0.003).
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Figure 3. Cross-sectional anatomy of (a) ungrafted and (b) grafted C. lanatus leaf. Significant
differences were found in the thickness of the midrib collenchyma at p < 0.05.

3.2. Stem Anatomical Changes

The stem epidermis consisted of a single layer of isodiametric cells. The vascular
bundles were bicollateral (Figure 4). The structural and size differences were revealed in
the vascular tissue system between the grafted and ungrafted plants (Figures 4 and 5).
In the case of ungrafted C. lanatus, eight bicollateral vascular bundles were found in one
ring, while the grafted plants had ten bicollateral vascular bundles in two rings (Figure 4).
Significant differences were found in epidermis thickness (Figures 4 and 5a), the thickness of
the external fascicular phloem bundle (Figures 5b and 6), and the vessel member diameter
(Figures 4 and 5d) between the two lines. The epidermis layer was 22.362 µm ± 4.63 µm vs.
13.17 µm ± 6.71 µm thick (df = 1; F = 11.442; p = 0.003); the diameter of the members of the
vessel was 38.86 µm ± 10.98 µm vs. 54.69 µm ± 18.54 µm (df = 1; F = 8.374; p = 0.008); while
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genes between the grafted and ungrafted groups, of which it was more than 10% in the case of four
(ClaSAUR9, ClaSAUR27 and ClaSAUR19). Data are means ± standard deviations of five independent
determinations (n = 5); * p < 0.05, ** p < 0.01, *** p < 0.001.

3.3. Expression Analysis of Grafted C. lanatus SAUR Genes

The expression of ClaSAUR9, ClaSAUR10, ClaSAUR11, ClaSAUR16, ClaSAUR19,
ClaSAUR27, ClaSAUR32, ClaSAUR36, ClaSAUR41, and ClaSAUR51 was tested in the leaves
of the three groups (ungrafted C. lanatus, grafted C. lanatus, and L. siceraria) using PCR
(PTC-200 Peltier Thermal Cycler, Sigma-Aldrich, Saint Louis, MO, USA). Eight ClaSAUR
primer sets produced stable and strong signals in all three groups (Table 1), and their
expression patterns were examined by qRT-PCR analysis.

Table 1. Expression of SAUR genes in ungrafted C. lanatus, grafted C. lanatus, and L. siceraria leaves.

Gene Ungrafted
C. lanatus

Grafted
C. lanatus L. siceraria

ClCAC 1 1 1
ClaSAUR9 1 1 1

ClaSAUR10 1 0 0
ClaSAUR11 1 1 1
ClaSAUR16 1 1 1
CLaSAUR19 1 1 1
ClaSAUR27 1 1 1
ClaSAUR32 1 1 1
ClaSAUR36 1 1 1
ClaSAUR41 1 0 0
ClaSAUR51 1 1 1

Notes: 1—stable, strong signal. 0—no signal or non-specifically displayed signal.

Seven out of eight genes showed significantly different expression between the un-
grafted and grafted C. lanatus (watermelon) plants: ClaSAUR11 (df = 2, F = 1639.30,
p < 0.001), ClaSAUR16 (df = 2, F = 382.89, p < 0.001), ClaSAUR19 (df = 2, F = 258.25,
p = 0.007), ClaSAUR27 (df = 2, F = 9.53, p = 0.016), ClaSAUR32 (df = 2, F = 170.68, p < 0.001),
ClaSAUR36 (df = 2, F = 250.60, p < 0.001), ClaSAUR51 (df = 2, F = 895.67, p < 0.001) (Figure 6).
For all genes examined, gene expression increased in grafted watermelons compared to
ungrafted watermelons. In four cases, the level of gene expression increased by more than
10% after grafting (ClaSAUR27, ClaSAUR19, ClaSAUR32, ClaSAUR36).

4. Discussion
4.1. Leaf Morpho-Anatomical Changes

Morphological examination of the leaves leads to the conclusion that grafting increases
the size of the leaf and petiole in grafted individuals. These results are similar to the
findings of several previous studies on grafted plants and confirm changes in the size of
the grafted plant under the influence of different subjects [46–48]. An increase in leaf size
was also found after grafting, which is consistent with Chouka and Jaberi [16]. Navas
and Garnier [49] and Yetisir and Sari [11,20] explained this effect by changes in nutrient
and water uptake, which substantially alter leaf plasticity. The improved ability of grafted
plants to take up water and nutrients from the soil may help explain the results of this
study as the grafted and ungrafted plants were grown in the same soil, at the same time,
and the same irrigation and fertilization regimes, suggesting that the source limitations
were similar. For the anatomical sampling, however, we had to damage the plant. Single
samples were taken from mature plants to avoid possible effects from anatomical sampling.
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Anatomical examination of the leaf did not reveal any structural differentiation, and
only one parameter showed a significant difference between the groups (thickness of the
midrib collenchyma). Other studies have suggested that the more extensive mechanical
tissues supported the increase in leaf size. In grafted plants, the size of the midrib col-
lenchyma was significantly larger, similar to the findings of Lawson and Morison [50],
Read and Stokes, and da Silva et al. [51,52], who claimed that the increase in the number of
mechanical tissues supported the increased leaf size. The larger proportion of supporting
ground tissues is probably accompanied by increased photosynthetic performance and
water transport capacity [53]. Buckley et al. [54] supported this conclusion through ex-
perimental work suggesting that sub-epidermal mechanical tissues can play a key role in
stomatal responses to water status.

4.2. Stem Anatomy Changes

Grafting significantly decreased the thickness of the stem epidermis in the tested
individuals. The thickness of the epidermis can be affected by external influences (UV
radiation, infection, environment) or internal influences such as enzyme changes [55–58].
In our case, finding the underlying mechanism for the change requires further investiga-
tion, but it is most likely an effect of grafting since the plants were exposed to the same
environmental conditions.

Ungrafted samples of C. lanatus had eight vascular bundles in one ring in the stem,
which differs from the typical ten vascular bundles in a varied arrangement in the Cu-
curbitaceae family [59]. In the case of grafted C. lanatus, the bicollateral vascular system
with ten vascular bundles was re-established, which is specific in the Cucurbitaceae family
and can be found in L. siceraria [60]. Plant hormones, such as auxin, can regulate the
development of the vascular system [61,62]; this information can be exchanged between
the rootstock and the scion [63]. According to Michurin’s graft hybrid concept [64], grafting
involves the transfer of genetic material, leading to heritable changes in the scion [2]. The
results of this study support this hypothesis, but further experiments are necessary to fully
explore this possibility.

The impact of grafting on the vascular system was evident in the increased number
and arrangement of vascular bundles, as well as the diameter of the vessel members.
Previous studies have suggested that grafting increases stem length and that vessel diameter
reflects the length of the conductive path of water along the stems [65]. Grafting also
increased the thickness of the external fascicular phloem (EFP) significantly. Zhang et al. [66]
demonstrated for both C. lanatus and L. siceraria that the phloem sap was mainly derived
from the fascicular phloem rather than from the extra fascicular phloem, the volume
issuing from the internal fascicular phloem being higher than from the EFP. Gaupels and
Ghirardo [67] demonstrated the protective role of the EFP system against herbivory and
subsequent microbial infection, which may explain better defense mechanisms of grafted
plants. The grafted C. lanatus plants had a larger, more complex, and more developed
vascular system than the members of the ungrafted plants. A more developed vascular
system can provide better nutrition and water [68,69], which in turn can lead to increased
leaf biomass.

4.3. Differentially Expressed ClaSAUR Genes

The first goal of our research was to find SAUR genes whose sequence was identified
in C. lanatus as well as in L. siceraria. These genes have an influence on plant growth and
tissue arrangement. We could easily achieve this with the help of the literature [39,70].
In recent years, there has been an increase in studies related to the importance of SAUR
genes in the regulation of growth. SAUR genes are important elements of auxin-induced
development but can also act independently of auxin. The second goal was to ensure that
there was a flow of information between the rootstock and scion after grafting [63].
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Examination of the chosen SAUR gene expression of grafted and ungrafted plants
revealed several changes. In grafted plants, the expression of seven genes increased
when compared to that of ungrafted watermelon. Four of these seven genes, ClaSAUR19,
ClaSAUR32, ClaSAUR27 and ClaSAUR36I, showed an increase of more than 10% in gene
expression. All four genes were highly expressed in leaf tissue, and all of them showed
some degree of reaction under IAA treatment, where the expression of ClaSAUR19 reduced
more than threefold [39]. In addition, the sequences of all four genes show high homology
with functionally well-described SAUR genes identified in other plants. Therefore, it can be
assumed that since the SAUR genes are highly conserved sequences, the function of the
genes we examined and the genes or gene families described in the majority of Arabidopsis
are very similar or even the same.

ClaSAUR27 gene expression was significantly higher in the grafted plants compared
to the other two types of plants [39]. The ClaSAUR27 gene has a high homology with the
AtSAUR16 and AtSAUR50 genes (belonging to the AtSAUR10 clade). The AtSAUR10-clade
genes generally induce cell elongation but exhibit various expression patterns and different
responses to hormones. With the help of these genes, the plant can fine-tune growth in a
variety of tissues in response to internal and external signals [71]. The rootstock part and
scion part of the grafted plant continuously communicate with each other in response to
environmental stimuli [34]. ClaSAUR27 may help the plant in this fine-tuning.

Using our own results, as well as Qui and Zhang’s research, we can deduce certain
relationships between ClaSAUR19 and AtSAUR41 subfamily members. The sequence of
the ClaSAUR19 gene is similar to the members of the AtSAUR41 subfamily; they can be
detected in large quantities in the leaf tissues and, according to Qui [72], in root tissues.
Genes of the Arabidopsis SAUR41 subfamily, and presumably the ClaSAUR19 gene due to
its high homology, can be induced by ABA to modulate cell expansion, ion homeostasis,
and salt tolerance.

The homology between the ClaSAUR32 gene and the AtSAUR32 gene was almost 100%.
ClaSAUR32 was highly expressed in leaf, shoot and flower tissues but not in the root [39].
AtSAUR32, which can be found in Arabidopsis, regulates ABA-mediated responses [73]. The
ClaSAUR36 sequence is almost 100% identical to the AtSAUR76 gene. Both ClaSAUR36 and
AtSAUR76 can be detected in all organs and are less sensitive to auxin treatment. According
to Markakis et al. [74], AtSAUR76 plays a minor role in cell elongation.

Our results may be useful in designing future experiments, while we do not claim that
the morphological changes we measured are the result of changes in the expression of the
examined genes. Future studies are required to examine to what extent the functions of
the genes we are examining are actually similar to their homologous counterparts. Knock-
out experiments of the tested genes may be useful in understanding the processes of the
rootstock effects in grafted plants.

5. Conclusions

Significant differences were demonstrated between grafted and ungrafted plants of
C. lanatus regarding the morphoanatomy of both the leaf (size, midrib collenchyma) and the
stem (thickness of epidermis, EFP, vessel member diameter, changes in the vascular system
organization), as well as SAUR gene expression pattern. On the basis of the anatomical
and gene expression examination of the leaf, we suggest that there is a correlation between
the changes in the expression of individual SAUR genes and the differential leaf growth
observed in C. lanatus. These results suggest that the rootstock has a substantial impact on
various aspects of the scion. However, several questions remain regarding the functional
significance and genetic regulation of these anatomical traits, which should be explored in
future research projects.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy14071472/s1, Table S1: Primers of Citrullus lanatus ClCAC
gene (endogenous control) and 10 SAUR genes used for qRT-PCR.

https://www.mdpi.com/article/10.3390/agronomy14071472/s1
https://www.mdpi.com/article/10.3390/agronomy14071472/s1


Agronomy 2024, 14, 1472 11 of 13

Author Contributions: Conceptualization, R.M., M.K., Á.F. and S.S.; methodology, R.M., Á.F., M.K.
and D.K.; formal analysis, D.U.N., D.K., S.C. and G.N., investigation, R.M., M.K., Á.F. and D.U.N.;
resources, D.U.N., P.H., D.K. and G.N.; data curation, D.U.N., P.H., D.K. and G.N.; writing—original
draft preparation, R.M., M.K., Á.F., P.H. and S.S.; writing—review and editing, R.M., P.H. and S.C.;
visualization, G.N. and S.C.; supervision, S.S.; project administration, S.S.; funding acquisition, S.C.
All authors have read and agreed to the published version of the manuscript.

Funding: The project has been supported by the European Union, co-financed by the European Social
Fund Grant n.: EFOP-3.6.1.-16-2016-00004 entitled Comprehensive Development for Implementing
Smart Specialization Strategies at the University of Pécs. The APC was funded by the Ministry of
Education, Science, Research and Sport of the Slovak Republic grants (VEGA 1/0226/22 and VEGA
1/0101/23) and the Library Foundation of FaF CU.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study, in the collection, analyses, or interpretation of data, in the writing of the manuscript, or
in the decision to publish the results.

References
1. Lee, J.M.; Oda, M. Grafting of herbaceous vegetable and ornamental crops. Hortic. Rev. 2003, 28, 61–124. [CrossRef]
2. Goldschmidt, E. Plant grafting: New mechanisms, evolutionary implications. Front Plant Sci. 2014, 5, 727. [CrossRef]
3. Ren, Y.; Guo, S.R.; Shu, S.; Xu, Y.; Sun, J. Isolation and expression pattern analysis of CmRNF5 and CmNPH3L potentially

involved in graft compatibility in cucumber/pumpkin graft combinations. Sci. Hortic. 2018, 227, 92–101. [CrossRef]
4. Ren, Y.; Xu, Q.; Wang, L.; Guo, S.; Shu, S.; Lu, N.; Sun, J. Involvement of metabolic, physiological and hormonal responses in

the graft-compatible process of cucumber/pumpkin combinations was revealed through the integrative analysis of mRNA and
miRNA expression. Plant Physiol. Biochem. 2018, 129, 368–380. [CrossRef] [PubMed]

5. Gisbert-Mullor, R.; Pascual-Seva, N.; Martínez-Gimeno, M.A.; López-Serrano, L.; Badal Marín, E.; Pérez-Pérez, J.G.; Bonet, L.;
Padilla, Y.G.; Calatayud, Á.; Pascual, B.; et al. Grafting onto an Appropriate Rootstock Reduces the Impact on Yield and Quality
of Controlled Deficit Irrigated Pepper Crops. Agronomy 2020, 10, 1529. [CrossRef]

6. Otani, T.; Seike, N. Comparative effects of rootstock and scion on dieldrin and endrin uptake by grafted cucumber (Cucumis
sativus). J. Pestic. Sci. 2006, 31, 316–321. [CrossRef]

7. Dong, H.H.; Niu, Y.H.; Li, W.J.; Zhang, D.M. Effects of cotton rootstock on endogenous cytokinins and abscisic acid in xylem sap
and leaves in relation to leaf senescence. J. Exp. Bot. 2008, 59, 1295–1304. [CrossRef] [PubMed]

8. Huang, Y.; Li, J.; Hua, B.; Liu, Z.; Fan, M.; Bie, Z. Grafting onto different rootstocks as a means to improve watermelon tolerance
to low potassium stress. Sci. Hortic. 2013, 149, 80–85. [CrossRef]

9. Pina, A.; Cookson, S.J.; Calatayud, A.; Errea, P. Physiological and molecular mechanisms underlying graft compatibility. In
Vegetable Grafting: Principles and Practices, 2nd ed.; Colla, G., Pérez-Alfocea, F., Schwarz, D., Eds.; CABI: London, UK, 2017;
pp. 132–154. [CrossRef]

10. Lu, K.; Sun, J.; Li, Q.; Li, X.; Jin, S. Effect of Cold Stress on Growth, Physiological Characteristics, and Clavin-Cyle-Related Gene
Expression of Grafted watermelon Seedlings of Different Gourd Rootstocks. Horticulturae 2021, 7, 391. [CrossRef]

11. Yetisir, H.; Sari, N. Effect of different rootstock on plant growth, yield and quality of watermelon. Aust. J. Exp. Agric. 2003, 43,
1269–1274. [CrossRef]

12. Yetisir, H.; Sari, N.; Yücel, S. Rootstock resistance to Fusarium wilt and effect on watermelon fruit yield and quality. Phytoparasitica
2003, 31, 163–169T. [CrossRef]

13. Turhan, A.; Ozmen, N.; Kuscu, H.; Serbeci, M.S.; Seniz, V. Influence of rootstocks on yield and fruit characteristics and quality of
watermelon. Hortic. Environ. Biotechnol. 2012, 53, 336–341. [CrossRef]

14. Nisini, P.T.; Colla, G.; Grantani, E.; Temperini, O.; Crinó, P.; Saccado, F. Rootstock resistance to fusarium wilt and effect on fruit
yield and quality of two muskmelon cultivars. Sci. Hortic. 2002, 93, 281–288. [CrossRef]

15. Ombódi, A. Az oltás elméleti és gyakorlati szerepe a dinnyetermesztésben. Hajtásos Korai Termesztés 2005, 36, 9–12.
16. Chouka, A.S.; Jaberi, H. Effect of grafting on watermelon vegetative and root development, production and fruit quality. Acta

Hortic. 1999, 492, 85–94. [CrossRef]
17. Colla, G.; Rouphael, Y.; Cardarelli, M.; Salerno, A.; Rea, E. The effectiveness of grafting to improve alkalinity tolerance in

watermelon. Environ. Exp. Bot. 2010, 68, 283–291. [CrossRef]
18. Mohamed, F.H.; El-Hamed, K.E.A.; Elwan, M.W.M.; Hussien, M.N.E. Impact of grafting on watermelon growth, fruit yield and

quality. Horticulturae 2012, 76, 99–118. [CrossRef]
19. Farhadi, A.; Aroeii, H.; Nemati, H.; Salehi, R.; Giuffrida, F. The effectiveness of different rootstocks for improving yield and

growth of cucumber cultivated hydroponically in a greenhouse. Horticulturae 2016, 2, 1. [CrossRef]

https://doi.org/10.1002/9780470650851.ch2
https://doi.org/10.3389/fpls.2014.00727
https://doi.org/10.1016/j.scienta.2017.09.022
https://doi.org/10.1016/j.plaphy.2018.06.021
https://www.ncbi.nlm.nih.gov/pubmed/29940473
https://doi.org/10.3390/agronomy10101529
https://doi.org/10.1584/jpestics.31.316
https://doi.org/10.1093/jxb/ern035
https://www.ncbi.nlm.nih.gov/pubmed/18375935
https://doi.org/10.1016/j.scienta.2012.02.009
https://doi.org/10.1079/9781780648972.0132
https://doi.org/10.3390/horticulturae7100391
https://doi.org/10.1071/EA02095
https://doi.org/10.1007/BF02980786
https://doi.org/10.1007/s13580-012-0034-2
https://doi.org/10.1016/S0304-4238(01)00335-1
https://doi.org/10.17660/ActaHortic.1999.492.10
https://doi.org/10.1016/j.envexpbot.2009.12.005
https://doi.org/10.2478/v10032-012-0007-0
https://doi.org/10.3390/horticulturae2010001


Agronomy 2024, 14, 1472 12 of 13

20. Yetisir, H.; Sari, N. Effect of Hypocotyl Morphology on Survival Rate and Growth of Watermelon Seedlings Grafted on Rootstocks
with Different Emergence Performance at Various Temperatures. Turk. J. Agric. For. 2004, 28, 231–236.

21. Colla, G.; Rouphael, Y.; Cardarelli, M.; Rea, E. Effect of salinity on yield, fruit quality, leaf gas exchange, and mineral composition
of grafted watermelon plants. Hort. Sci. 2006, 41, 622–627. [CrossRef]

22. Proietti, S.; Rouphael, Y.; Colla, G.; Cardarelli, M.; De Agazio, M.; Zacchini, M.; Rea, E.; Moscatello, S.; Battistelli, A. Fruit quality
of mini-watermelon as affected by grafting and irrigation regimes. J. Sci. Food Agric. 2008, 88, 1107–1114. [CrossRef]

23. Melnyk, C.W. Plant grafting: Insights into tissue regeneration. Regeneration 2016, 4, 3–14. [CrossRef] [PubMed]
24. Lucas, W.J.; Groover, A.; Lichtenberger, R.; Furuta, K.; Yadav, S.R.; Helariutta, Y.; He, X.Q.; Fukuda, H.; Kang, J.; Brady, S.M.; et al.

The plant vascular system: Evolution, development and functions. J. Integr. Plant Biol. 2013, 55, 294–388. [CrossRef] [PubMed]
25. Sharma, A.; Zheng, B. Molecular Responses during Plant Grafting and Its Regulation by Auxins, Cytokinins, and Gibberellins.

Biomolecules 2019, 9, 397. [CrossRef] [PubMed]
26. Köse, C.; Güleryüz, M. Effects of auxins and cytokinins on graft union of grapevine (Vitis vinifera). N. Z. J. Crop Hortic. Sci. 2006,

34, 145–150. [CrossRef]
27. Mitchell, J.; Van Staden, J. Cytokinins and the wounding response in potato tissue. Z. Pflanzenphysiol. 1983, 109, 1–5. [CrossRef]
28. Hu, Y.; Zhou, L.; Huang, M.; He, X.; Yang, Y.; Liu, X.; Li, Y.; Hou, X. Gibberellins play an essential role in late embryogenesis of

Arabidopsis. Nat. Plants. 2018, 4, 289–298. [CrossRef] [PubMed]
29. Ragni, L.; Nieminen, K.; Pacheco-Villalobos, D.; Sibout, R.; Schwechheimer, C.; Hardtke, C.S. Mobile gibberellin directly stimulates

Arabidopsis hypocotyl xylem expansion. Plant Cell 2011, 23, 1322–1336. [CrossRef] [PubMed]
30. Regnault, T.; Daviere, J.M.; Wild, M.; Sakvarelidze-Achard, L.; Heintz, D.; Carrera Bergua, E.; Lopez Diaz, I.; Gong, F.; Hedden,

P.; Achard, P. The gibberellin precursor GA12 acts as a long-distance growth signal in Arabidopsis. Nat. Plants. 2015, 1, 15073.
[CrossRef]
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