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Abstract: Plant architecture includes traits such as plant height, stem diameter, and branching pattern,
which have significant impacts on yield and fruit quality. Polyploidization can bring changes in plant
architectural traits in different crops along with other agronomic and biochemical attributes; however,
the specific physiological and biochemical mechanisms are still unclear. In this study, we utilized
five watermelon lines: ‘91E7’, ‘Zhengzhou No. 3’, ‘Fanzu No. 1’, ‘Shenlong’, and ‘Houlv’, along with
their corresponding autopolyploid derivatives (diploid, autotriploid, and autotetraploid) to compare
plant architecture differences in different polyploidy watermelon plants. The results showed that
the growth habits of diploid, triploid, and tetraploid watermelon plants were noticeably different.
Triploid and tetraploid watermelon plants had greater stem diameters and larger leaf sizes. The
leaf angle was also larger in polyploid watermelons than in their diploid ancestor lines. Although
vine length was significantly higher in diploid watermelon, there was no significant difference in
node number, indicating that the short vine length was due to the short internodal length. The
major differences between diploid and polyploid watermelon plants were found in the branching
pattern, as diploid watermelon lines have more branching compared to their polyploid sister lines.
Furthermore, we examined the phytohormone content of diploid, triploid, and tetraploid ‘Fanzu
No. 1’. The reasons for the selection of this material are its robust growth and profuse branching
habit, which cause visible differences among the ploidy levels. Hormone analysis showed distinct
variations in abscisic acid in the nodal and stem regions, gibberellin in the auxiliary bud regions, and
brassinosteroids in the apical meristematic regions. The correlation coefficient also strongly correlated
these hormones with architecture-related traits. Our findings indicated that gibberellin, ABA, and
brassinosteroids might be associated with variations in plant architectural traits like branching, vine
length, internodal length, stem thickness, and leaf angle among different ploidy levels of watermelon.
The exogenous application of GA3 showed a positive effect on branching, whereas ABA showed a
negative effect on branching. The application of brassinosteroid at the apical meristem demonstrated
its effect on leaf angle, leaf size, and internodal length. The results of this study can provide a
theoretical reference and valuable insights into the link between plant architecture and ploidy levels.

Keywords: watermelon; polyploidy; plant architecture; phytohormones

1. Introduction

Watermelon (Citrullus lanatus (Thumb) Matsum and Nakai) is a popular and widely
cultivated fruit known for its sweet, juicy flesh. It is a member of the Cucurbitaceae family.
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Watermelon plants are typically diploid, meaning they have two sets of chromosomes (2n).
Polyploid watermelons, specifically tetraploid watermelons, are created by the chromosome
doubling of diploid watermelon through colchicine treatment. Triploid watermelons
are sterile and produced by crossing a diploid (2n) watermelon with a tetraploid (4n)
watermelon [1]. Triploid watermelon is distinguished by its odd number of chromosome
sets and exhibits features such as seedlessness, larger fruit size, and enhanced sweetness,
catering to consumer preferences and market demands. However, polyploidization not
only causes seedlessness but also brings other physiological and morphological changes to
plants, including the plant architecture.

Plant architecture, the arrangement and organization of plant organs such as leaves,
stems, flowers, and roots, plays a crucial role in determining a plant’s overall growth,
development, and interaction with its environment. These traits collectively determine how
efficiently a plant captures sunlight, allocates resources, and interacts with its environment.
Architectural traits also impact crop yield, quality, and resistance to biotic and abiotic
stresses. Understanding plant architecture is crucial for designing efficient cultivation
practices for improving crop yield, resource utilization, and overall plant performance.
The arrangement of leaves on stems and their orientation and distribution within the
canopy determine the plant’s efficiency in harvesting sunlight for photosynthesis [2,3]. This
intricate interplay between light interception and the allocation of resources, including
water, nutrients, and carbohydrates, is crucial for determining the overall growth and
biomass accumulation in plants. The arrangement of stems and roots plays a pivotal role
in determining how plants access and distribute these resources. Root architecture, in
particular, is a subject of extensive research for its impact on nutrient uptake and water
absorption [4]. Plant architecture is also a key player in shaping a plant’s response to envi-
ronmental stresses, both biotic and abiotic. The spatial arrangement of leaves and stems can
influence a plant’s susceptibility to diseases and pests. Additionally, certain architectural
traits contribute to a plant’s ability to withstand abiotic stresses such as drought or high
temperatures. An understanding of these traits aids in the development of stress-tolerant
cultivars, contributing to sustainable and resilient agriculture [5]. Plant architecture also
determines the spatial arrangement of plants in the field, plant density, and different man-
agement practices, which ultimately affect crop yield and production cost. Developing
breeding programs designed to produce ideal plant architecture with desirable traits that
generate economic benefits has become a crucial integrated goal of plant breeding [6].
Plant architecture has an important effect on watermelon production. Plants with long
vines and dense branching need more space, resulting in fewer plants per unit area, and
subsequently, a low yield of fruit. Dense plant growth also hinders the mechanization of
crop production. The removal of lateral branches is an important management practice for
watermelon production, which is completely dependent on manual labor. The develop-
ment of low-branched varieties can reduce this labor cost. Hormonal regulation plays a
crucial role in shaping the architecture of plants [7]. Plants have the ability to respond and
adapt to their environment, and hormones serve as chemical messengers that coordinate
various physiological processes, including growth, development, and responses to external
stimuli [8]. Plant hormones, or growth regulators, contribute to the development of plant
architecture. Hormones like auxins (IAA), gibberellins (GA3), cytokinins (Zr), abscisic acid
(ABA), brassinosteroids (Br), etc., influence cell elongation, division, and differentiation,
thus affecting how plants grow and branch. Hormones do not act in isolation; rather, they
engage in crosstalk, forming a network of regulatory pathways [9].

Polyploidy, a condition where an organism possesses more than two sets of chromo-
somes, is an intriguing phenomenon that has captured the attention of researchers for
decades. In plants, polyploidy can arise through natural processes or be induced through
breeding techniques [10]. Polyploid plants often exhibit altered traits, such as larger cell
sizes, increased biomass, and changed morphology, which can have significant implications
for agricultural production [11–15]. The modifications in plant architecture induced by
polyploidy have significant implications for agricultural practices. Larger fruits, improved
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biomass production, and altered branching patterns can enhance crop yield and profitabil-
ity [16]. Furthermore, polyploid plants may exhibit increased tolerance to environmental
stresses, making them valuable resources for sustainable agriculture [17–20]. In water-
melon, an increased ploidy level was reported to have a positive effect on quality-related
traits by Davis et al. [21]. Polyploid watermelon also shows increased tolerance to abiotic
stress like salinity and flooding [17,18].

As polyploidization is known to induce diversity in plant species, the study of poly-
ploids alongside their diploid counterparts is a valuable approach to understanding the
underlying mechanisms behind those specific traits of watermelon. Many studies on
watermelon plant architectural traits like leaf morphology [22], root morphology [23],
dwarfism [24,25], and branching [26] were conducted by different researchers, but all the
works were based on diploid watermelon. The utilization of polyploidy in watermelon has
a long history, primarily focused on generating seedless fruits. Some researchers worked
on polyploid watermelon, but their research was predominantly focused on flower and
fruit anatomy in diploid and tetraploid watermelon cultivars, as explored in studies by
Khan et al. [27], Zhang et al. [28], Jaskani et al. [29], and Feng et al. [30]. However, the
broader benefits of polyploidization, especially concerning plant architecture in water-
melon, have been largely overlooked. Despite its significant impact on yield, fruit quality,
and profitability, this aspect has not received due attention. Therefore, our study aims to
fill this gap by documenting and understanding these changes, with a particular focus on
hormonal regulation, which plays a key role in plant growth.

2. Materials and Methods
2.1. Plant Materials

Five watermelon lines ‘91E7’, ‘Zhengzhou No. 3’, ‘Fanzu No. 1’, ‘Shenlong’, and
‘Houlv’ and their autopolyploidy derivatives of the same genotype (diploid, autotriploid,
and autotetraploid) were collected from the polyploidy watermelon breeding team,
Zhengzhou Fruit Research Institute, Chinese Academy of Agricultural Sciences, Zhengzhou,
Henan, China. Autotetraploid watermelon was induced artificially by 0.1% colchicine from
homozygous diploid watermelon; 0.1% (w/v) aqueous solution of colchicine was applied
to the young watermelon seedling in the filed condition following Zhu et al. (2018) [18].
The success of tetraploid mutagenesis was confirmed through physiological phenotype and
chromosome observation following Zhu et al. (2018) [18] (Figure S1). The plants were then
self-crossed for 7 generations. They were then crossbred with their diploid counterpart to
generate autotriploid watermelon.

2.2. Experimental Location and Climatic Condition

The field experiment was conducted at the Xinxiang experimental base of the Zhengzhou
Fruit Research Institute, Chinese Academy of Agricultural Science, Henan, China. The
geographical location is 35◦7′40′′ N and 113◦45′57′′ E and the altitude is 80 m above sea
level. Characterized by a temperate continental monsoon climate, the area experiences an
average annual temperature of 15.1 ◦C and receives approximately 568.3 mm of rainfall
each year (Source: China Meteorological Administration).

The materials were grown under a polytunnel for the evaluation of the structural traits
of the lines. The trial was performed in two consecutive spring and autumn seasons. The
seedlings were grown in a seed bed and transplanted to the main field at four to six leaf
stages 15 days after sowing. Plants were grown in three replications following a randomized
complete block design (RCBD), where each replication contained 30 plants. A plant spacing
of 50 cm and a row spacing of 2.5 m were maintained throughout the experiment. Without
clipping off side branches, the other cultivation management measures were the same as
the normal growth of watermelon management.
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2.3. Phenotypic Data Collection

Data on different morphological traits were collected. Data were measured from at
least five plants per accession and averages were taken. Vine length, number of primary
branches, and number of nodes were counted at 35 days after transplanting (DAT) at
the mid-growth stage and 55 DAT after the plant reached its maximum growth stage.
Internodal length and stem thickness, leaf area, leaf angle, petiole length, and petiole
thickness were measured at 35 DAT. Measurements were conducted on the 8th to 10th
nodal sections from the top, as leaves and stems at these positions achieve their maximum
size while remaining young and green. A measuring tape was used to measure the vine
length, whereas Internodal length, stem thickness, petiole length, and petiole thickness
were measured by Vernier calipers. A digital camera was used to photograph the leaf,
and the leaf area and leaf angle were measured by the computer software Digimizer
Version 6.3.0 using the digital image. All the measurements were performed following the
International system of unit (SI).

2.4. Hormone Content Measurement

‘Fanzu No. 1’ was used for hormone quantification. The reason for the selection of
this material is its profuse growth and branching, which show visible differences among
the ploidy levels. In addition, the diploid of ‘Fanzu No. 1’ is the core parent of watermelon
breeding in China. The tetraploid of ‘Fanzu No. 1’ is stable, easy to set fruit, and has a
large number of seeds (which is important because most tetraploid watermelons are not
easy to set fruit and have a small number of seeds). Apical meristem and nodal samples
were collected at 15, 25, 35, and 55 DAT. Auxiliary buds were collected at 35 DAT. Three
samples were collected for every stage in three replicates. Every sample contained plant
tissue from three plants. All the materials were collected in liquid nitrogen and preserved
in a refrigerator at −80 ◦C. Five important phytohormones, viz. IAA, Zr, GA, ABA, and Br,
were quantified using the Enzyme Linked Immunosorbent Assay (ELISA) method (College
of Agriculture and Biotechnology, China Agricultural University) following Mo et al. [31].
Every analysis was performed three times to obtain three technical replicates.

2.5. Exogenous Application of Plant Hormone

Three ploidy levels of ‘Fanzu No. 1’ (diploid, triploid, and tetraploid) were used
for the exogenous hormone application. Three important plant growth regulatory hor-
mones, GA3, ABA, and Br, were used in this experiment. For GA3, three hormone
concentrations—100 µM/L, 200 µM/L, and 300 µM/L—were used. For ABA, the hor-
mone concentrations were 50 µM/L, 100 µM/L, and 150 µM/L, and for Br, they were
1 µM/L, 10 µM/L, and 100 µM/L. In each case, a control treatment was also applied with
double-distilled water. The experiment was plotted in RCBD with three replications, and
each replication consisted of 30 plants. ABA and GA3 were applied to the nodal region
with high care, avoiding the apical meristem. Br was sprayed only on the apical meristem.
The hormone application started at 15 DAT when the plants started their vegetative growth.
The hormone application was performed every alternate day, and it was continued up to
35 DAT. Data on the hormone application were taken at 35 DAT.

2.6. Histological Analysis

For the histology of stem tissue, 1 cm samples from the 8th to 10th nodal region were
collected. Samples were preserved in FAA (4% paraformaldehyde) solution. Paraffin-
embedded tissues were sliced into 10 µm thick sections with a sliding microtome. The
tissue was stained with toluidine blue and observed with a NIKON ECLIPSE E 100 upright
optical microscope, Nikon, Tokyo, Japan. Images were captured by the NIKON DS-U3,
Nikon, Tokyo, Japan and cell measurement was performed using the computer software
Digimizer Version 6.3.0.
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2.7. Statistical Analysis

Data from two cropping seasons were combined for each accession. Analysis of
variance (ANOVA) was performed using the Statistical Tool for Agricultural Research
(STAR), Version: 2.0.1 developed by the International Rice Research Institute (IRRI). Excel
for Microsoft 365 package version 16.0.14026.20246 was used to draw the graphs. Tukey’s
honestly significant difference (HSD) test was performed to compare the means sets at
a 5% probability level. Pearson’s correlation was performed using OriginPro, Version
2022. OriginLab Corporation, Northampton, MA, USA, whereas principal component
analysis (PCA) was performed using GraphPad Prism version 9.0.0 for Windows, GraphPad
Software, San Diego, CA, USA, www.graphpad.com Computer software.

3. Results
3.1. Comparison of Plant Architectural Traits among Diploid, Triploid, and Tetraploid
Watermelon Plants
3.1.1. Ploidy Induced Variations in Branching

Branching is a fundamental aspect of plant architecture that plays a crucial role in
determining the overall structure, growth, and adaptability of plants. In our study, we
found significant impacts of both genotype and ploidy level on branch number (Figure 1A).
Among the genotypes, ‘Fanzu No. 1’ had the highest branch numbers across all ploidy
levels, particularly at Diploid (10.43). ‘Houlv’ consistently showed the lowest branch
numbers among the genotypes (3.88, 2.45, and 1.9 branches in diploid, triploid, and
tetraploid, respectively).

Across genotypes, there was a general trend of decreasing branch numbers from
Diploid to Tetraploid. This suggested a potential inverse relationship between ploidy
level and branch development. Diploid, triploid, and tetraploid of ‘91E7’ showed the
most significant difference in the number of branches, with diploid having 1.44 times
more branches than triploid and 2.9 times more branches than tetraploid (8.20, 5.52, and
2.80 branches in diploid, triploid, and tetraploid, respectively). Although the difference
between the diploid and triploid of ‘Shenlong’ was not significant, the average number of
branches in the diploid was still greater than that of the triploid.

3.1.2. Ploidy Induced Variations in Node Number

The number of nodes in a plant plays a significant role in shaping its architecture.
Plants with a higher number of nodes tend to have more longitudinal and lateral growth.
In our study, diploid usually had a higher number of nodes compared to triploid and
tetraploid (Figure 1B). However, the variation pattern was not similar in all genotypes and
was not statistically significant in all varieties. Node number in ‘91E7’ was statistically
higher in diploid (44.9 nodes per plant), followed by triploid and tetraploid (36.9 nodes per
plant in triploid and 35.55 nodes per plant in tetraploid). In ‘Zhengzhou No. 1’, diploid
had 47.44 nodes per plant, which was statistically similar to triploid (44.84 nodes per plant)
and tetraploid (43.31 nodes per plant). In ‘Fanzu No. 1’, ‘Shenlong’, and ‘Houlv’, there was
also non-significant variation among the ploidy. Node numbers ranged from 43.12 to 47.45
in ‘Fanzu No. 1’, 39.98 to 44.74 in ‘Shenlong’, and 32.15 to 32.94 in ‘Houlv’ (Figure 1).

3.1.3. Ploidy Induced Variations in Vine Length

Vine length is an integral component of plant architecture that significantly impacts
the adaptation, growth, and ecological strategies of climbing plants. We observed signifi-
cant variation in vine length for both genotype and ploidy levels (Figure 1C,D). Diploid
‘Zhengzhou No. 3’ had the longest vine (363.5 cm), which was followed by ‘91E7’, ‘Fanzu
No. 1’, and ‘Shenlong’. ‘Houlv’ had the shortest vine length at all ploidy levels (180.94 cm,
185.69 cm, and 193.47 cm in diploid, triploid, and tetraploid, respectively). In general,
there is a trend of decreasing vine lengths from diploid to tetraploid, suggesting a potential
inverse correlation between ploidy levels and vine development. The maximum reduction
in vine length for the ploidy effect was obtained from ‘91E7’, which was 1.23 times longer

www.graphpad.com
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than triploid and 1.42 times longer than tetraploid. All other genotypes showed similar
trends of variation for the ploidy effect except ‘Houlv’. Notably, ‘Houlv’ exhibits a unique
response, displaying the shortest diploid vines but an increase in length in the triploid and
tetraploid state, though the difference was not significant.
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Figure 1. Branch number, number of nodes, and vine length of five watermelon cultivars with
their three ploidy levels. (A) Number of primary branches among different ploidy levels and
different genotypes. (B). Number of nodes among different ploidy levels and different genotypes.
(C). Vine length among different ploidy levels and different genotypes. (D). Images representing
the morphological variation across the diploid, triploid, and tetraploid plants in five watermelon
genotypes. Values represent the mean of three replicates ± SE. Values followed by same letters in the
column are not significantly different at the 5% probability level according to Tukey’s test.

3.1.4. Ploidy-Induced Variations in Stem Thickness and Internodal Length

Stem thickness showed significant variations among different ploidy levels of water-
melon (Figure 2A). In the diploid state, ‘Zhengzhou No. 3’ exhibited the thickest stems
(4.54 mm), closely followed by ‘91E7, ‘Fanzu No. 1’, and ‘Shenlong’, while ‘Houlv’ had the
thinnest stems at 3.988 cm. Moving to triploid, Shenglong had the thickest stem (5.66 mm),
followed by ‘91E7’, ‘Zhengzhou No. 3’, ‘Fanzu No. 1’, and ‘Houlv’. In the tetraploid state,
Zhenghou No. 3 had the highest value (5.67 mm), which was closely followed by ‘91E7’. In
general, stem thickness increased with increased ploidy level; however, the trend was not
similar. The variation was significant for diploid, triploid, and tetraploid in ‘Zhengzhou No.
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3’ and ‘Houlv’. Conversely, for ‘91E7’, ‘Fanzu No. 1’, and ‘Shenlong’, diploid had signifi-
cantly thinner stems than triploid and tetraploid, whereas variations were non-significant
between the latter two. Internodal length showed a different result, where the diploid had
the longest internodal length followed by the triploid, while the tetraploid had the shortest
internodal length (Figure 2B). ‘Zhengzhou No. 3’ exhibited the longest internodal lengths
in the diploid state (8.23 cm), whereas ‘Houlv’ consistently displayed shorter internodal
lengths across all ploidy levels (5.42 cm, 4.46 cm, and 4.19 cm in diploid, triploid, and
tetraploid, respectively). Though internodal length gradually decreased with increased
ploidy level, the variation was not the same in all the genotypes. ‘Zhengzhou No. 3’ and
‘Fanzu No. 1’ showed statistically significant differences across the ploidy level. However,
in ‘91E7’ and ‘Shenlong’, the variation was nonsignificant between diploid and triploid,
though tetraploid had a significantly shorter internode than the previous two. In ‘Houlv’,
diploid had significantly longer internodal length than triploid and tetraploid, whereas the
latter two had non-significant differences between them.
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Figure 2. Variation in stem morphology and anatomy among different ploidy levels of watermelon.
(A). Stem thickness of five watermelon genotypes with their three ploidy levels; (B). Internodal length
of five watermelons with their three ploidy levels; (C). Picture of intrenodal region of ‘Fanzu No. 1’;
(D). Cross-section of stem of Fanzu No. 1; (E). Longitudinal section of stem of Fanzu No. 1; (F,G). Cell
length and cell width of the stem. Values represent the mean of three replicates ± SE. Values followed
by same letters in the column are not significantly different at the 5% probability level according to
Tukey’s test.
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We also performed a histological observation of stem segments to analyze the ploidy
effect on cell size (Figure 2D–G). From the visual images of histology, we could observe
a compact cell arrangement with smaller cells in the diploid. Cell size increased with
increased ploidy level. Meanwhile, the number of cells per unit area (cell density) was
significantly higher in diploid than polyploid.

3.1.5. Ploidy-Induced Variations in Leaf Relate Traits

There was significant variation in leaf size, leaf angle, petiole length, and petiole
thickness for both genotype and ploidy level (Figure 3). In the diploid state, ‘Shenglong’
had the largest leaf (146.02 cm2), which was closely followed by ‘91E7’ (125.72 cm2) and
‘Zhengzhou No. 3’ (102.98 cm2) (Figure 3A). ‘Fanzu No. 1’ had the smallest leaf (51.49 cm2),
which was followed by ‘Houlv’ (55.23 cm2). The triploid also followed a similar trend
for leaf size. In the case of tetraploid, ‘91E7’ had the largest leaf (226.03 cm2) which was
followed by Shenglong (204.55 cm2), ‘Zhengzhou No. 3’ (134.35 cm2), ‘Houlv’ (132.77 cm2),
and ‘Fanzu No. 1’ (80.98 cm2). In general, leaf size increased with increased ploidy level
except in ‘Zhengzhou No. 3’ where the leaf size of diploid was significantly lower than
triploid and tetraploid but the latter two had non-significant variation. The maximum
changes in leaf size with ploidy level changes were found in ‘Houlv’, where the triploid
was 1.84 times larger than the diploid, the tetraploid was 2.40 times larger than the diploid,
and the tetraploid was 1.30 times larger than the triploid.
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Figure 3. Variation in leaf morphology among different ploidy levels of watermelon. (A–D) Leaf area,
leaf angle, leaf length, and leaf thickness of different ploidy levels of watermelon. (E). Leaf picture of
different genotypes with their three ploidy levels. Values represent the mean of three replicates ± SE.
Values followed by same letters in the column are not significantly different at the 5% probability
level according to Tukey’s test.

The leaf angle also showed interesting phenomena. The leaf type was comparatively
more erect in diploid than the triploid and tetraploid (Figure 3B). Tetraploid and triploid
had larger leaf angles. The maximum leaf angle was found in tetraploid ‘Fanzu No. 1’
(97.82◦ with the main stem). ‘Fanzu No. 1’ also showed significant variation in leaf angle
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across the ploidy, where the leaf angles of diploid were 64.15◦ and 74.76◦. In ‘Shenlong’ and
‘Houlv’, the diploid had a significantly smaller leaf angle than the triploid and tetraploid,
whereas the latter two had non-significant variation between them. In ‘91E7’, the tetraploid
had a significantly larger leaf angle than the diploid and triploid, whereas the latter two
had non-significant variation between them.

In the study, both petiole length and thickness were generally greater in tetraploid
and triploid watermelons compared to diploids; however, the trend was not similar in
all genotypes (Figure 3C,D). In ‘91E7’ and ‘Zhengzhou No. 3’, petiole length significantly
increased in triploid and then tetraploid, whereas in ‘Fanzu No. 1’ and ‘Houlv’, petiole
length of triploid and tetraploid was significantly higher than diploid, the latter two had
non-significant variation. There was statistically non-significant variation among the ploidy
in ‘Shenlong’, though the average data followed the trend diploid > Triploid > tetraploid.
For petiole thickness, ‘91E7’ and ‘Houlv’ showed significant variation, where tetraploid
had the largest thickness followed by triploid and diploid. However, in ‘Zhengzhou No.
3’, ‘Fanzu No. 1’, and ‘Shenlong’, triploid and tetraploid had significantly larger thickness
values than the diploid, whereas the first two had statistically non-significant variation.

3.2. Quantification of Endogenous Hormones at Different Growth Stages in Different Tissue Parts

Hormone content was quantified at apical meristem and nodal regions at 15, 25,
35, and 55 DAT. Hormones were measured at the auxiliary bud at 35 DAT. Five major
hormones, namely, IAA, Zr, GA3, ABA, and Br, were quantified.

3.2.1. Hormone Quantification at Apical Meristem

For the apical meristem, no hormone showed consistent and significant variation
among different ploidy watermelons except Br (Figure 4). IAA content at 15 DAT was
higher in diploid, whereas there was no statistical variation between triploid and tetraploid.
At 25 DAT and 35 DAT, there was no significant variation in IAA content among the ploidy
levels. However, at 55 DAT, Tetraploid had the highest IAA content followed by diploid
and triploid.

There was significant variation in Zr content among the ploidy levels, but Zr content
was not consistent across the growth phases. Zr content at 15 DAT was highest in diploid
(5.48 ng/g), which gradually decreased at 25 DAT (4.33 ng/g and 35 DAT (3.61 ng/g) and
finally increased at 55 DAT (4.57 ng/g). For triploid, Zr content was 5.41 ng/g at 15 DAT,
then it was decreased to 3.67 ng/g at 25 DAT, then increased to 4.8 ng/g at 35 DAT, and
finally decreased again to 3.72 ng/g at 55 DAT. For tetraploid, the initial Zr content at
15 DAT was 4.16 ng/g, which increased to 4.85 ng/g at 25 DAT, then decreased to 4.41 ng/g
at 35 DAT, and finally increased again to 5.02 ng/g.

There was variation in GA3 content at AM among the ploidy levels, but the trend was
not consistent across the growth stages. GA3 content at AM was 6.16 ng/g in diploid at
15 DAT, which was slightly reduced to 5.05 ng/g at 25 DAT and 4.62 ng/g at 35 DAT, and
finally increased to 6.51 ng/g at 55 DAT. In triploid, GA3 content was 5.42 ng/g, which
increased at 25 DAT to 6.78 ng/g, then decreased to 4.11 ng/g at 35 DAT, and finally, at
55DAT, it increased again to 5.73 ng/g. GA3 content in tetraploid was 7.53 ng/g at 15 DAT,
going down to 5.14 ng/g at 25 DAT and 3.27 ng/g at 35 DAT and finally raised sharply to
5.52 ng/g at 55 DAT.

ABA content was low at 15 DAT in all ploidy levels (19.00 ng/g, 16.01 ng/g, and
15.00 ng/g in diploid, triploid, and tetraploid, respectively) and it increased gradually with
the increase in plant age up to 35 DAT, though there was no significant variation among the
ploidy levels. However, it showed a sharp increment at 55 DAT. ABA content at 55 DAT
was significantly higher in diploid (88.65 ng/g), followed by triploid (75.78 ng/g) and
tetraploid (47.95 ng/g), which is very logical because diploid plants gain earlier senescence
than that of triploid and tetraploid.
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Figure 4. Five major hormones’ content at apical meristem at different growth stages. Values represent
the mean of three replicates ± SE. Values followed by same letters are not significantly different at
the 5% probability level according to Tukey’s test.

Only Br showed a consistent and significant variation among the ploidy levels through-
out the growth phase. Br content ranged from 2.84 ng/g to 4.4.87 ng/g where the lowest
reading was found in diploid at 25 DAT and the highest reading was found in tetraploid
at 35 DAT. Br was significantly higher at all the growth stages in tetraploid and triploid
compared to the diploid. Though the average Br content was higher in tetraploid than
diploid, the difference was not statistically significant.

From the findings mentioned above, it can be concluded that Br content at AM might
have some effect on controlling plant architectural traits.

3.2.2. Hormone Quantification at Nodal Tissue

IAA, Zr, GA3, ABA, and Br contents at nodal regions were also measured (Figure 5).
IAA content ranged from 28.05 ng/g at 35 DAT in diploid to 50.42 ng/g at 55 DAT in
diploid. However, there was minor variation in IAA content up to 35 DAT across the
growth stage and across the ploidy level. At 55 DAT, variation for IAA content was found
among the ploidy levels, where diploid had a sharp increase in IAA content (50.42 ng/g),
triploid had a moderate level at 37.37 ng/g, and tetraploid had the least amount of IAA
content (30.42 ng/g).

Zr content also showed non-significant variation up to 35 DAT but significant variation
at 55 DAT among the ploidy levels. At 55 DAT, the maximum Zr was found in triploid
(8.33 ng/g), followed by diploid (6.90 ng/g) and tetraploid (6.08 ng/g).
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Figure 5. Five major hormones’ content in nodal region at different growth stages. Values represent
the mean of three replicates ± SE. Values followed by same letters are not significantly different at
the 5% probability level according to Tukey’s test.

GA3 and Br also showed a similar pattern where significant variation among the
ploidy levels was found only at 55 DAT. GA3 and Br content at 55 DAT was maximum
in triploid (6.39 ng/g GA3 and 6.84 ng/g Br), followed by tetraploid (4.96 ng/g GA3 and
6.38 ng/g Br) and diploid (4.25 ng/g GA3 and 5.54 ng/g Br).

The ABA content at the nodal region varied from 24.85 ng/g in diploid at 15 DAT to
140.71 ng/g in tetraploid at 55 DAT. Only ABA showed a significantly higher level of the
accumulation rate in the nodal region in tetraploid and triploid. Diploid had comparatively
lower levels of accumulation of the ABA hormone in the nodal region. There was no
significant variation for ABA content in any growth stage between triploid and tetraploid
though the average value was slightly higher in tetraploid than triploid. It can also be noted
here that ABA content not only increased with ploidy level increase but also increased with
plant age at all ploidy levels.

From the above findings, it is evident that no hormone except ABA varied among the
ploidy levels in the active plant growth stage. Therefore, it can be summarized that ABA in
the nodal region might have an effect on plant architecture-related traits.

3.2.3. Hormone Quantification at Auxiliary Bud

Hormone quantification was also performed for auxiliary buds (Figure 6). Each
auxiliary bud was collected from 35-day-old plants and combined. Zr, IAA, Br, and ABA
did not show any significant variation among the ploidy levels. However, GA3 showed high
variation among the ploidies. The maximum GA3 content was found in the diploid, which
contained 5.27 ng/g GA3, whereas the triploid contained 2.46 ng/g and the tetraploid
contained 1.84 ng/g GA3 at the auxiliary bud.
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Figure 6. Five major hormone content at auxiliary bud at 35 DAT. (A–E) IAA, Zr, GA3, ABA and Br
content at auxiliary bud. (F) Red circle showing the auxiliary bud growth at diploid, triploid and
tetraploid. Values represent the mean of three replicates ± SE. Values followed by same letters in the
column are not significantly different at the 5% probability level by Tukey’s test.

3.3. Correlation Study between the Morphological and Hormonal Traits

A correlation study was performed with the hormones quantified and the plant archi-
tectural traits. Here, hormone concentrations at 35 days and different growth parameters
at 35 DAT were compared. First, we compared correlations between the morphological
traits (Figure 7A). Vine length was positively correlated with node number (r = 0.852) but
negatively correlated with leaf area (r = −0.760). Node number was positively correlated
with branch number (r = 0.827) and internodal length (r = 0.737) and negatively correlated
with leaf area (r = −0.887) and petiole length (r = −0.732). The number of branches was
negatively correlated with leaf area (r = −0.795) and petiole length (r = −0.726). Stem
thickness was positively correlated with petiole length (r = 0.779) and petiole thickness
(r = 0.729) and negatively correlated with internodal length (r = −0. 740). Leaf area was
positively correlated with leaf angle (r = 0.872) and negatively correlated with internodal
length (r = −0.794). Internodal length was negatively correlated with leaf angle (r = −0.897)
and petiole length (r = −0.907).

We studied the correlation among the phytohormones (Figure 7B). It was clearly
visible that Br at AM was positively correlated with Zr at AM (r = 0.760) and ABA at the
node (r = 0.905), but negatively correlated with GA3 at AM (r = −0.718) and GA3 at AB
(r = −0.925). Zr at AM was positively correlated with ABA at the node (r = 0.853) and
negatively correlated with GA3 at AB (r = −0.731). ABA at AM was negatively correlated
with ABA at AB (r = −0.734). IAA at AM was positively correlated with Zr at AB (r = 0.758).
Br at the node was positively correlated with GA3 at the node (r = 0.830). Zr at the node
was positively correlated with IAA at AB (r = 0.832) and negatively correlated with ABA at
AB (r = −0.794). ABA at the node was significantly and negatively correlated with GA3 at
AB (r = −0.956).
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We compared the hormone levels with morphological traits (Figure 7C), and Br at
AM was positively correlated with stem thickness (r = 0.786), leaf area (r = 0.799), petiole
length (r = 0.841), and leaf angle (r = 0.778) but negatively correlated with the number of
nodes (r = −0.844), branch number (r = −0.770), and internodal length (r = −0.878). Zr at
AM was positively correlated with stem thickness (r = 0.710) and petiole length (r = 0.791).
GA3 at AM was positively correlated with internodal length (r = 0.913) and negatively
correlated with leaf area (r = −0.735), petiole length (r = −0.775), and leaf angle (r = −0.895).
ABA at AM was positively correlated with branch number (r = 0.719). Zr at the node was
positively correlated with the branch number (r = 0.707). ABA at the node was positively
correlated with stem thickness (r = 0.723), petiole length (r = 0.917), and petiole thickness
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(r = 0.820) and negatively correlated with the number of nodes (r = −0.861), branch number
(r = −0.774), and internodal length (r = −0.807). GA3 at AB was positively correlated with
the number of nodes (r = 0.855), number of branches (r = 0.746), and internodal length
(r = 0.871) and negatively correlated with stem thickness (r = −0.790), leaf area (r = −0.736),
leaf angle (r = −0.766), petiole length (r = −0.948), and petiole thickness (r = −0.787).

3.4. Principal Component Analysis of Morphological and Hormonal Traits

In the principal component analysis, all the traits fall into eight principal components,
where the first four components explained almost 87% of the variation, while the first two
PCs could explain almost 67% of the variations (Figure 8A). It is also noted that all three
ploidies were classified separately, with the triploid and tetraploid closer than the diploid
(Figure 8B). Among the traits, Br at the node (0.660), ABA at the node (0.555), Br at the
apical meristem (0.740), and Zr at the apical meristem (0.644) contributed positively to
PC1. ABA at the node (0.801), Br at the apical meristem (0.552), and GA3 at the apical
meristem (0.970) contributed positively to PC2 (Figure 8C). The results clearly indicated
the importance of Br, Zr, and GA3 at the apical meristem, Br at the node, and ABA at the
node for plant architectural traits in polyploid watermelon. As the first two PCs explained
almost 67% variation, we plotted PC1 on the X-axis and PC2 on the Y-axis to formulate a
score plot. In the score plot, three ploidy levels were placed in three different clusters. Then
we created a biplot to see how our experimental traits are affected. In the biplot, high ABA
at the node, IAA at the node, and Br at AM and low vine length and number of nodes were
associated with triploid plants. Similarly, higher values of Br at the node, ABA at the node,
and IAA at the node and leaf area and lower values of vine length, number of node, and
branch number were associated with tetraploid. Lower values of ABA at the node, IAA at
the node, and Br at AM and higher values of GA3 at auxiliary buds, vine length, number of
nodes, and branch numbers were associated with diploid.

3.5. Effect of Exogenous Application of GA3, ABA, and Br on Plant Architectural Traits
3.5.1. Effect of Exogenous Application of GA3 on Plant Architectural Traits

GA3 was applied to nodal regions in a way that it does not touch the apical tip of the
plant. For branching, GA3 treatment showed significant variation in branch number for all
three ploidy levels (diploid, triploid, and tetraploid) (Figure 9A). In all cases, the number
of branches increases with the application of the hormone. However, in diploid plants,
the increment rate slowed down with the increase in GA3 concentration. For example, it
increased 29.09% at 100 µM GA3 and 48.72% at 200 µM GA3 and then decreased to 42.79 at
300 µM GA3. The number of branches gradually increased in triploid and tetraploid plants
with increased GA3 concentrations (Figure 9B). The maximum increment in triploid plants
was found to be 60.5% at 300 µM GA3, and it was 67.09% in tetraploid plants at 300 µM
GA3. The other parameters like vine length, stem thickness, leaf area, and leaf angle were
not significantly affected by GA3 treatment (Figure 9C–E).

We also measured the endogenous GA3 content in nodal regions (Figure 9F). Hormone
content increased gradually with increased GA3 application. However, the increment was
not statistically significant in diploid plants. In diploid plants, the hormone concentration
in the control plant was 4.07 ng/g, which increased to 4.52 ng/g after the 200 µM GA3
application. In triploid plants, GA3 content in the control plant was 2.85 ng/g, which
increased to 3.59 ng/g after the 300 µM GA3 application, and in tetraploid plants, GA3
content in the control plant was 2.82 ng/g, which increased to 3.94 ng/g after the 300 µM
GA3 application.
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Figure 9. Effect of exogenous GA3 application in nodal regions of diploid, triploid, and tetraploid
watermelon plants. (A). Whole plants under different GA3 treatments on diploid, triploid, and
tetraploid watermelon. Red arrows indicate the branches. (B–E) Effect of exogenous GA3 on branch
numbers, vine length, leaf angle, and leaf area. (F) Changes in endogenous GA3 concentration after
hormone application. Values represent the mean of three replicates ± SE. Values followed by same
letters in the column are not significantly different at the 5% probability level according to Tukey’s
test. Control = freshwater spray, GA3-1 = spraying with 100 µM GA3, GA3-2 = spraying with 200 µM
GA3, GA3-3 = spraying with 300 µM GA3.

3.5.2. Effect of Exogenous Application of ABA on Plant Architectural Traits

ABA was applied to different nodal regions in a way that it does not touch the apical tip
of the plant. Like exogenous GA3, ABA also showed a significant effect on branching, but
unlike GA3, its effect was negative on branching (Figure 10A,B). In all cases, the maximum
reduction was found at 150 µM ABA. The maximum reduction after the application of
150 µM ABA was found to be 37.47% in diploid, 23.09% in triploid, and 50% in tetraploid
plants. Like GA3, other parameters like vine length, stem thickness, leaf area, and leaf angle
were not significantly affected by ABA treatment (Figure 10C–E).

ABA content was also measured in nodal regions after the application of ABA. En-
dogenous ABA content increased gradually with increased ABA application (Figure 10F).
In diploid plants, it increased to 56.33 ng/g when 150 µM ABA was applied, which was
67.30% higher than the control plants. In triploid plants, endogenous ABA increased with
the application of a higher ABA concentration but the increment was not statistically signif-
icant. In tetraploid plants, ABA content increased with the increased concentration of the
applied hormone and the maximum ABA content was found when ABA was applied at
150 µM ABA concentration, which was 36.40% higher than the control plants.



Horticulturae 2024, 10, 569 17 of 24Horticulturae 2024, 10, x FOR PEER REVIEW 18 of 25 
 

 

 
Figure 10. Effect of exogenous ABA application to nodal regions in diploid, triploid, and tetraploid 
watermelon plants. (A). The pictorial view of whole plants under different ABA treatments on dip-
loid, triploid, and tetraploid watermelon. Red arrows indicate the branches. (B–E) Effect of exoge-
nous ABA on number of branches, vine length, leaf angle, and leaf area. (F) Changes in endogenous 
ABA concentration after hormone application. Values represent the mean of three replicates ± SE. 
Values followed by same letters in the column are not significantly different at the 5% probability 
level according to Tukey’s test. Control = freshwater spray, ABA 1 = spraying with 50 µM ABA, ABA 
2 = spraying with 100 µM ABA, ABA 3 = spraying with 150 µM ABA. 

3.5.3. Effect of Exogenous Application of Br on Plant Architectural Traits 
Exogenous Br showed interesting changes in diploid watermelon plants. We applied 

Br at the apical meristem of the diploid plants (Figure 11A). Exogenous Br showed a neg-
ative effect on the vine length of diploid watermelon plants and the rate of reduction in-
creased with increased Br concentrations (Figure 11A,D). The average vine length of 35-
day-old control plants was 127.08 cm, and it was 107.58 cm at 100 µM Br, which shows a 
15.17% length reduction. Internodal length also decreased with 1 µM and 10 µM Br con-
centrations but then increased again at the 100 µM Br concentration (Figure 11F). The in-
ternodal length of the control plant was 36.87 mm, which was reduced to 33.27 mm at 1 
µM Br and 30.87 mm at 10 µM Br but increased to 37.42 mm at 100 µM Br. Exogenous Br 
had a positive effect on stem thickness, leaf area, and leaf angle (Figure 11B,C). Stem thick-
ness showed an 8.30% increment at 1 µM Br and a 30.56% increment at 10 µM Br compared 
to the control plants. However, it decreased by 3.38% when the Br concentration was in-
creased to 100 µM (Figure 11E). Leaf area increased at 1 µM and 10 µM concentrations. 
Leaf area increased by 32.97% at 1 µM Br and 50.57% at 10 µM Br compared to the control 
plants. However, at higher concentrations like 100 µM, it showed only a 17.60% increment 
compared to the control plants (Figure 11G). Leaf angle showed a 28.10% increment at 1 
µM Br, a 37.56% increment at 10 µM Br, and an 80.31% increment at 100 µM Br compared 
to the control group plants (Figure 11H).  

We also measured the hormone content in the apical meristem and nodal regions 
(Figure 11I–K). Br content increased with increased concentrations of the applied hor-
mone. We observed the endogenous Br content in control plants to be 1.3 ng/g, which 

Figure 10. Effect of exogenous ABA application to nodal regions in diploid, triploid, and tetraploid
watermelon plants. (A). The pictorial view of whole plants under different ABA treatments on diploid,
triploid, and tetraploid watermelon. Red arrows indicate the branches. (B–E) Effect of exogenous
ABA on number of branches, vine length, leaf angle, and leaf area. (F) Changes in endogenous
ABA concentration after hormone application. Values represent the mean of three replicates ± SE.
Values followed by same letters in the column are not significantly different at the 5% probability
level according to Tukey’s test. Control = freshwater spray, ABA 1 = spraying with 50 µM ABA,
ABA 2 = spraying with 100 µM ABA, ABA 3 = spraying with 150 µM ABA.

3.5.3. Effect of Exogenous Application of Br on Plant Architectural Traits

Exogenous Br showed interesting changes in diploid watermelon plants. We applied
Br at the apical meristem of the diploid plants (Figure 11A). Exogenous Br showed a
negative effect on the vine length of diploid watermelon plants and the rate of reduction
increased with increased Br concentrations (Figure 11A,D). The average vine length of
35-day-old control plants was 127.08 cm, and it was 107.58 cm at 100 µM Br, which shows
a 15.17% length reduction. Internodal length also decreased with 1 µM and 10 µM Br
concentrations but then increased again at the 100 µM Br concentration (Figure 11F). The
internodal length of the control plant was 36.87 mm, which was reduced to 33.27 mm at
1 µM Br and 30.87 mm at 10 µM Br but increased to 37.42 mm at 100 µM Br. Exogenous
Br had a positive effect on stem thickness, leaf area, and leaf angle (Figure 11B,C). Stem
thickness showed an 8.30% increment at 1 µM Br and a 30.56% increment at 10 µM Br
compared to the control plants. However, it decreased by 3.38% when the Br concentration
was increased to 100 µM (Figure 11E). Leaf area increased at 1 µM and 10 µM concentrations.
Leaf area increased by 32.97% at 1 µM Br and 50.57% at 10 µM Br compared to the control
plants. However, at higher concentrations like 100 µM, it showed only a 17.60% increment
compared to the control plants (Figure 11G). Leaf angle showed a 28.10% increment at
1 µM Br, a 37.56% increment at 10 µM Br, and an 80.31% increment at 100 µM Br compared
to the control group plants (Figure 11H).
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Figure 11. Effect of exogenous Br application in nodal region on diploid watermelon. (A). The
pictorial view of whole plants under different treatments. (B) Effect of exogenous Br on leaf angle and
leaf size changes under different treatments. (C) Cross-section in nodal region showing increased cell
size with increased Br doses. (D–H) Morphological changes under Br application. (I–K) Endogenous
hormonal changes after Br application. Values represent the mean of three replicates ± SE. Values
followed by same letters in the column are not significantly different at the 5% probability level
according to Tukey’s test. Control = freshwater spray, Br 1 = spraying with 1 µM Br, Br 2 = spraying
with 10 µM Br, Br 3 = spraying with 100 µM Br.

We also measured the hormone content in the apical meristem and nodal regions
(Figure 11I–K). Br content increased with increased concentrations of the applied hormone.
We observed the endogenous Br content in control plants to be 1.3 ng/g, which increased
3.57 times when 100 µM Br was applied. It also changed the concentration of ABA and
GA3 in the nodal and auxiliary bud regions.

4. Discussion

The comprehensive study of various watermelon genotypes across different ploidy
levels reveals distinct variations in plant architectural traits, highlighting the profound
impact of polyploidy on plant morphology and growth patterns. Diploid watermelon plants
exhibited a higher number of branches and nodes compared to their triploid and tetraploid
counterparts. They also showed longer internodal length and vine length (Figures 1 and 2).
In contrast to diploids, triploid and tetraploid watermelon plants exhibited a more compact
growth form, characterized by shorter plants with less branching. However, these higher
ploidy levels were associated with larger leaves, increased leaf angle, and greater petiole
length and thickness (Figure 3). Similar results were reported by Corneillie et al. [32] for
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the leaf size, stem diameter, and lateral branches of inflorescence in Arabidopsis thaliana.
However, they reported longer inflorescence in tetraploid than diploid. Increased biomass
of polyploid was also observed in Miscanthus spp. and Salix spp. [33,34]. The result can be
easily explained by the increased gene copies of polyploid resulting in increased cell and
organ size. However, an increase in gene number does not always result in an increase in
biomass production. Smaller plant sizes in tetraploid than diploid were also reported in
Triticum monococcum and apples [35–37]. Slower growth with short but thick stems and large
leaves was reported in autotetraploid britch, poplus, and eucalyptus tree species [3,38,39].
Ren et al. [40], Corneillie et al. [33], and Rosellini et al. [41] described this shorter but
thicker stem as being due to shorter but wider cells in tetraploid compared to its diploid
counterpart.

The comprehensive analysis of hormone content in watermelon plants across differ-
ent ploidy levels revealed intricate patterns of hormonal variation, contributing to our
understanding of plant physiology and development. In the AM, IAA, GA3, Zr, and ABA
showed fluctuations across different growth stages and ploidy levels, but not in a consistent
manner (Figure 4). The significant increase in ABA at 55 DAT in diploids might correlate
with early senescence, aligning with the findings of Van Norman et al. [42] regarding ABA’s
role in plant development and stress responses. Br showed consistent variation at AM,
being significantly higher in tetraploid and triploid plants compared to diploids. Though
Ma et al. [36] found the lower Br concentration at the shoot tip to be responsible for the
dwarfism of tetraploid apples, they concluded that Br acts in a dose-dependent manner.
Both Br mutant plants and higher doses of Br can be detrimental to plant growth. The
nodal region displayed a significantly higher accumulation rate of ABA in tetraploid and
triploid plants (Figure 5), aligning with the role of ABA in stress adaptation and growth
regulation [43]. The increase in ABA content with plant age across all ploidy levels further
highlights its role in plant maturation and stress responses. A notable variation in GA3
content was observed in the auxiliary buds, with diploid plants showing the highest levels
(Figure 6). This finding is particularly interesting as it suggests a potential link between
the GA3 concentration and the development of auxiliary buds, potentially influencing
branching patterns, as discussed by Yamaguchi [44].

Though hormones play a regulatory role in developing plant architecture, the regu-
lations are not so linear; rather, there is a complex crosstalk between the hormones [45].
The correlation study examining the relationship between hormone content and plant
architectural traits in watermelons highlights the complex interactions between hormonal
regulation and plant morphology (Figure 7). In our study, Br at AM showed a significant
positive correlation with Zr at AM and a significant negative correlation with GA3 at AM.
Yuldashev et al. [46] also showed that the exogenous application of Br can increase the
CK level in wheat seedlings. Chone et al. [47] and Zu et al. [48] showed the synergistic
effect of Br and CK on somatic embryogenesis in leaf explants of Coffea arabica and ovule
initiation of arabidopsis. However, the negative correlation observed between Br and GA
is somewhat perplexing, given that most researchers have reported positive regulation of
Br and GA [49,50]. Notably, Xia et al. [51] described the downregulation of GA in response
to a higher Br dose. This phenomenon can be explained by the findings of a previous
study conducted by Ma et al. [36], who mentioned that the action of Br is dose-dependent.
The positive correlation of GA with Br and the negative correlation with ABA align with
the well-established roles of GA and Br as growth-promoting hormones and ABA as a
stress-related hormone [52,53]. Besides the significant positive correlations between Br at
AM and ABA at the node, Zr at AM and ABA at the node, IAA at AM and Zr at AB, and Zr
at the node and IAA at AB and the significant negative correlations between Br at AM and
GA3 at AB, Zr at AM and GA3 at AB, ABA at AM and ABA at AB, Zr at the node and ABA
at AB, and ABA at the node and GA3 at AB, they might also be associated with their signal
transduction mechanism. Interestingly, hormonal interactions with morphological traits
revealed that Br at AM, ABA at the node, and GA3 at AB interact with most of the plant’s
architectural traits. Among them, Br at AM positively interacted with stem thickness, leaf
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area, petiole length, and leaf angle and negatively correlated with the number of nodes,
branch number, and internodal length. ABA at the node positively correlated with stem
thickness, leaf area, petiole length, petiole thickness, and leaf angle, whereas it showed
negative correlations with node number, branch number, and internodal length. GA3
in the auxiliary branch positively affected the node and branch numbers and internodal
length, while negatively impacting stem and leaf dimensions. A subsequent biplot analysis
revealed associations of specific traits with each ploidy level: high ABA at the node, IAA at
the node, and Br at AM gave the plants a compact stature with less branching, which was
characteristics of triploid and tetraploid, whereas lower values of ABA at the node, IAA at
the node, and Br at AM but higher values of GA3 at the auxiliary bud gave plants a thin
stature with profuse branching, which was associated with diploid (Figure 8). These correla-
tions reflect the complex and significant role of hormones in shaping the architectural traits
of watermelon plants, indicating a deep interconnection between physiological processes
and plant structure. For further confirmation of the result, we treated Fanzu No. 1’ with
different doses of Gibberellin, ABA, and Br. We sprayed GA3 and ABA at different nodal
regions and Br on the apical meristem regions. GA3 increased the number of branches in
both diploid and polyploid watermelon plants, where the exogenous application of ABA to
the nodal region reduced the branch number in all three ploidy levels. Gibberellin showed
a different effect on shoot growth. Its negative regulatory role on auxiliary shoot outgrowth
was reported in pea, turf grass, and populous [54–57]. On the other hand, its positive
role in auxiliary shoot-out growth was reported in arabidopsis, citrus, snapdragon, sweet
cherry, and Jatropha [58–62]. The suppressing role of ABA in auxiliary bud development
was also mentioned by (González et al., 2017) [63]. Yao and Finlayson (2015) suggested
that exogenous ABA can affect the expression of the IAA biosynthesis enzyme Tryptophan
Aminotransferase Of Arabidopsis1 (TAA1), the auxin transporter PIN-FORMED1, and the cell
cycle genes CYCLIN A2;1 and Proliferating Cell Nuclear Antigen1 (PCNA1) in buds, thus
suppressing auxiliary bud outgrowth [64]. The most interesting factor was shown by the
exogenous application of Br at the apical meristem. It increased the leaf angle and leaf area
but reduced the vine length and internodal length, which resembles the traits of polyploid.
The positive role of Br on leaf size has also been reported by many researchers [65,66].
The effect is mainly related to cell expansion [67,68]. Zhang and Kang (2014) showed that
exogenous Br application can upregulate the expression of cell growth-related genes like
NtCYCD3; 1, NtARGOS, NtGRF5, NtGRF8, and NtXTH [69]. The role of Br in regulat-
ing leaf angle has been reported by many researchers, but most of these are concerning
monocotyledonous plants [70–72].

5. Conclusions

In conclusion, the impact of genome duplication on plant morphology is evident,
with diploid plants exhibiting expansive growth forms characterized by higher branching
and longer vine lengths. In contrast, triploid and tetraploid plants display a compact
stature with distinct features such as larger leaves and thicker stems. Hormonal analysis
underscores the importance of Br, ABA, and GA3 in shaping the plant architecture at
different ploidy levels, revealing a complex interplay in growth and development. These
findings contribute valuable insights for breeding programs and agricultural practices,
guiding the optimization of growth conditions for diverse watermelon varieties.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/horticulturae10060569/s1, Figure S1: Picture showing chromosome
number in diploid, triploid and tetraploid. Supplementary File S1: ANOVA table for morphological
traits. Supplementary File S2: ANOVA table for hormone content at apical meristem (AM); hormone
content at nodal tissue; hormone content at AB. Supplementary File S3: ANOVA table for different
parameters after ABA spray; GA3 spray; Br spray. Supplementary File S4: Correlation co-efficient
for morphological traits; Correlation co-efficient among hormones; Correlation between hormones
and traits.
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