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Abstract

Tropical water lilies are a group of aquatic plants with high ornamental value and are widely
favored in home gardening. However, most tropical water lily cultivars feature a large plant
stature and vigorous spreading growth layout, making them unsuitable for cultivation
in small containers. Therefore, developing miniaturization cultivation techniques for
tropical water lilies in small containers is required. Plant growth retardants are effective
in inducing plant dwarfing and overall miniaturization. In this study, the tropical water
lily cultivar ‘Black Beauty’ was used as the experimental material to explore the effects
of two plant growth retardants, chlormequat chloride (CCC) and paclobutrazol (PP333),
on its growth and development, with the objective of screening optimal retardant types,
application concentrations and treatment methods. The results showed that the growth
rate of ‘Black Beauty’ slowed down under either CCC or PP333 treatment, and remained
stable from day 21 to day 51. Compared with the control group, treated plants presented
reduced crown spread, decreased leaf area and thickened leaves; the number of flowers
and leaves declined slightly, and the key ornamental morphological traits (compact plant
form, moderate leaf size, normal flowering) were maintained. PP333 exhibited a stronger
dwarfing effect than CCC. When the plant growth retardants were dissolved in water for
application, a 6-day treatment interval delivered better dwarfing efficacy than a 9-day
interval. Among all treatments, 30 mg·L−1 PP333 applied at 6-day intervals achieved the
optimal miniaturization effect. Following this treatment, the endogenous accumulation of
chlorophyll, soluble protein and total sugar, together with the activity levels of antioxidant
enzymes (SOD, POD, CAT), were markedly higher than those measured in the control and
all other treatment groups, whereas the endogenous accumulation of malondialdehyde
(MDA) decreased substantially. The contents of endogenous hormones IAA, GA3 and ZR
in all treatment groups decreased with the increase in retardant concentration, whereas the
ABA content showed an upward trend. The 30 mg·L−1 PP333 treatment applied every six
days induced the minimal endogenous accumulation of IAA, GA3 and ZR, alongside the
maximum endogenous ABA accumulation within plant tissues. For potted cultivation of
‘Black Beauty’ water lily, it is recommended to apply 30 mg·L−1 PP333 at 6-day intervals
and use containers with an outer diameter of 30–35 cm.
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1. Introduction
Water lilies (Nymphaea spp., Nymphaeaceae) are perennial aquatic floating plants with

high ornamental value, often referred to as the ‘Queen of Aquatic Plants’ [1]. Since their
introduction to China in the late 1990s, tropical water lilies have been welcomed by con-
sumers due to their rich diversity in flower color, flower form, and plant architecture,
including precious blue and purple flowers [2,3], as well as their strong fragrance. In South
China, they can bloom year-round and are primarily cultivated as cut flower materials,
with a small number of potted products also available on the market. Apart from the well-
known miniature species such as the Rwandan dwarf water lily (Nymphaea thermarum) [4]
and ‘Minuta’, most tropical water lily cultivars have large plant architectures, with floating
leaves occupying a water surface diameter (crown diameter) of 80–200 cm. These plants
require containers of at least 80 cm in diameter to grow well, making them unsuitable for
small-container cultivation on home balconies, terraces, or indoors. Therefore, technical
approaches to achieve dwarfing of water lily plants are required to support their wider use
in household settings. To date, research on artificial dwarfing techniques for water lilies
remains limited.

In horticultural production, a common and efficient approach to achieving plant
dwarfing is the application of plant growth retardants [5]. The common effects of plant
growth retardants include reduced plant height, increased lateral branching, promoted
flowering, and enhanced root development [6–8]. Common plant growth retardants include
chlormequat chloride (CCC), paclobutrazol (PP333), as well as daminozide (B9), unicona-
zole, prohexadione-calcium, and maleic hydrazide [9]. CCC is used to inhibit cell growth,
control plant architecture, thicken stems, and deepen leaf color. It also enhances lodging
resistance, salt tolerance, and increases tuber size [10,11]. Chaturvedi et al. demonstrated
that CCC increased the proportion of inflorescence production in Dendrobium orchids,
induced earlier flowering, and resulted in changes in inflorescence length, leaf number, and
flower number [12]. It should be noted that CCC represses vacuolar expansion; metrics
quantified based on fresh weight (FW) are prone to bias, and cell-based quantification is the
biologically reliable measurement standard. Bidave et al. found that CCC at 500 mg·L−1

helped reduce plant height, increased internode number per plant, internode length, branch
number per plant, and leaf area in okra (Abelmoschus esculentus L.), while also shortening
the number of days to first flowering and increasing flower number per plant [13]. Li et al.
reported that CCC application increased soluble sugar and soluble protein contents [14].
PP333 interferes with GA3 biosynthesis in plants, thereby shortening internode elongation,
promoting flower bud differentiation, and achieving early and high yields [15,16]. Ex-
ogenous PP333 treatment indirectly alleviates membrane lipid peroxidation and cellular
structural injury; such secondary responses associated with cellular physiological status
further elevate antioxidant enzyme activities and ultimately strengthen plant stress re-
sistance [17,18]. Li et al. applied PP333 at 10–50 mg·L−1 to bowl lotus (Nelumbo nucifera
Gaertn.) and found that it inhibited the growth of the cultivar ‘Spark’. As the concentration
increased, phenotypic traits such as erect leaf length, erect leaf width, flower number,
flower height, and flower stem generally showed a decreasing trend [19]. Over time, physi-
ological indicators including SOD, CAT, and soluble protein content initially increased and
then decreased. Grossi et al. reported that PP333 application reduced plant height, stem
diameter, and dry weight in ornamental pepper but increased leaf chlorophyll content [20].
Zhang et al. found that a combined treatment of 200 mg·L−1 PP333 and 200 mg·L−1 S3307

effectively inhibited gibberellin biosynthesis in Amorpha fruticosa and regulated the syn-
thesis of various hormones, thereby achieving internode shortening, reduced leaf area, and
compact plant architecture [8]. Jayanta reported that after PP333 treatment, oil sunflower
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plants became dwarf and compact, with dark green leaves and increased chlorophyll and
carotenoid contents compared with the control [21].

However, existing studies on dwarf cultivation using such retardants mostly focus
only on their morphological regulation effects on ornamental plants, while largely ignoring
their ecological safety hazards. As synthetic plant growth retardants that suppress gib-
berellin synthesis, CCC and PP333 feature strong environmental mobility and long residual
duration. When applied to water lily cultivation, they continuously enter the soil–water
coupling system and retain toxic activity, which may disrupt the growth and reproduc-
tion of surrounding non-target aquatic and soil organisms and pose potential risks to
aquatic ecosystems.

Against this research backdrop, the present study selected tropical water lily cultivar
‘Black Beauty’ as test material to explore artificial dwarfing approaches. Three concentra-
tion levels of CCC and PP333, together with two treatment intervals (6 days and 9 days),
were arranged to characterize their influences on vegetative growth and flowering per-
formance of ‘Black Beauty’, so as to screen optimal retardant types, concentrations and
application regimes for dwarfing tropical water lilies. Multiple phenotypic indicators were
comprehensively assessed to determine feasible dwarfing protocols, filling the existing
research gap regarding artificial dwarfing techniques for tropical water lilies. The findings
of this work can lay a preliminary technical foundation for dwarf culture of tropical water
lilies suitable for small-space household planting and commercial nursery production.
It should be noted that the present experiment only tracked plant performance during
continuous retardant application; whether the compact dwarf phenotype can be sustained
after stopping treatments requires further long-term verification. This research offers base-
line technical references for miniature cultivation and commercial propagation of tropical
water lilies, which may help expand the application of water lilies beyond conventional
landscape use toward high-value domestic gardening, and carries valuable theoretical and
practical significance.

2. Materials and Methods
2.1. Experimental Site and Plant Materials

The field experiment was carried out in a plastic greenhouse at the Water Lily Sub-
garden, Tropical Herbaceous Flowers Germplasm Resource Nursery, Yazhou District, Sanya
City, Hainan Province, China (geographical coordinates: 109◦20′06.3′′ E, 18◦47′21.64′′ N).

Prior to the formal experiment, unpublished preliminary trials were performed to
determine the suitable concentration ranges for CCC and PP333. The concentration gradi-
ents applied in this study were finalized based on the preliminary phenotypic responses
of tropical water lily seedlings. The screening criteria strictly included two core indica-
tors: the presence of obvious dwarfing tendency in vegetative growth and the complete
absence of phytotoxic symptoms. Specifically, seedlings exhibiting slowed plant height
increment, reduced crown expansion, and compact leaf morphology were defined as show-
ing positive dwarfing tendency. Seedlings with leaf chlorosis, leaf scorching, deformity, or
growth stagnation caused by chemical overdose were excluded to guarantee non-phytotoxic
growth status.

The experimental material was the tropical water lily cultivar ‘Black Beauty’. Uni-
form, robust, and disease-free seedlings with consistent growth status were selected for
formal treatments (provided by Hainan Fodu Lianyuan Agricultural Ecology Co., Ltd.,
Haikou, China).

The tested retardant reagents included CCC (50% active ingredient, aqueous solution,
manufactured by Sichuan Run’er Technology Co., Ltd., Chengdu, China) and PP333 (25%
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active ingredient, suspension concentrate, manufactured by Shandong Zouping Pesticide
Co., Ltd., Zouping, China).

Slow-release fertilizer used in this experiment was supplied by Hainan Lianhua
Ecological Culture Co., Ltd. (Haikou, China).

2.2. Experimental Design

Nymphaea plants were planted in small plastic pots (14 cm in diameter) filled with
modified Hoagland nutrient solution with NPK at 0.5×, 1×, and 1.5× strengths, and these
small pots were subsequently nested inside larger plastic pots (32 cm in diameter) filled
with identical nutrient solution. Prior to treatment, the plant material was appropriately
pruned to remove poorly growing leaves, followed by a several-day acclimation period
to promote root growth and adaptation to the new environment, thereby avoiding phyto-
toxicity during treatment. Subsequently, the plants were subjected to chemical treatments.
The plant growth retardants chlormequat chloride (CCC, designated as Treatment A) and
paclobutrazol (PP333, designated as Treatment B) were used. All chemical agents were
directly added into the nutrient solution of the large outer pots for uniform absorption by
plant roots. The dosage of CCC and PP333 was accurately calculated based on the water
volume of the large cylindrical plastic pots. The effective cultivation specifications of the
large pots were defined as a radius of 16 cm and a height of 20 cm. According to the
cylinder volume formula V = πr2h, the effective water-holding volume of each pot was
calculated as approximately 16.08 L. The corresponding masses of CCC and PP333 were
weighed and dissolved in the nutrient solution of each pot following the preset experimen-
tal concentration gradients to complete the unified treatment. The blank control group was
only supplemented with an equal volume of pure water without adding any plant growth
retardants, and all cultivation and management conditions were completely consistent
with the treatment groups. CCC concentrations were 20 mg·L−1 (A1), 50 mg·L−1 (A2), and
80 mg·L−1 (A3); PP333 concentrations were 10 mg·L−1 (B1), 20 mg·L−1 (B2), and 30 mg·L−1

(B3). A blank control (CK) received no chemical treatment. Both retardants were applied
at two treatment intervals: every 6 days (denoted as 6) and every 9 days (denoted as 9)
(Table 1). All experimental groups were assigned unified combined treatment codes, in
which the letter represents retardant type, the middle number represents concentration gra-
dient, and the final number represents application interval. For instance, L-A1-6 indicates
20 mg·L−1 CCC applied at a 6-day interval, and L-B2-9 indicates 20 mg·L−1 PP333 applied
at a 9-day interval. All treatment combinations are listed in detail in Table 1. Throughout
the experimental period, water was added every three days until the pots were full. A total
of three treatments were applied. Each treatment consisted of single-plant plots with five
replications per treatment.

Table 1. Experimental treatment details.

Test
Material

Application
Interval
(Days)

PGR Code Dosage
(mg·L−1)

Dosage
(mL)

‘Black
Beauty’

Water Lily

CK 0 0

6, 9 CCC
A 1 20 0.64
A 2 50 1.61
A 3 80 2.57

6, 9 PP333

B 1 10 0.64
B 2 20 1.29
B 3 30 1.93
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2.3. Experimental Observations
2.3.1. Morphological Trait Measurements

After three applications of the growth retardants, the following 12 phenotypic traits
were measured on Day 7, Day 14, Day 21, and Day 51: leaf length, leaf width, leaf thickness,
leaf area, leaf number, flower height, flower diameter, peduncle height, peduncle diameter,
flower number, flower-to-leaf ratio, and plant crown diameter. On Day 51, plants were
harvested to measure three additional traits: maximum plant length, fresh weight, and
dry weight. Measurements were performed using a ruler, tape measure, electronic digital
calipers, high-precision spiral micrometer (vernier micrometer), and a portable leaf area
meter (L-3000 C).

2.3.2. Physiological Parameter Measurements

After the completion of observations on Day 51, fresh leaves were collected from five
replicate pots per treatment. The samples were immediately frozen in liquid nitrogen and
stored at −80 ◦C for subsequent determination of the following physiological parameters:

(1) Chlorophyll content: The contents of chlorophyll a, chlorophyll b, and carotenoids
were determined following the method of Jing et al. [22]. Total chlorophyll content
was calculated as chlorophyll a + chlorophyll b;

(2) Soluble protein content: Determined using the Coomassie Blue staining G250
method [23];

(3) Total sugar content: Determined using the DNS method [24];
(4) SOD activity: Assayed using the NBT method [25,26];
(5) POD activity: Assayed using the guaiacol method [27,28];
(6) CAT activity: Determined following the method of Aebi [29];
(7) MDA content: Determined following the method of Kumar et al. [30];
(8) Endogenous hormone content: IAA, GA3, ZR, and ABA were measured. Briefly, plant

tissues were homogenized for hormone extraction, and hormone quantification was
performed with commercial ELISA detection kits.

2.4. Data Processing

Raw data were preliminarily sorted with Microsoft Excel 2021. All statistical analyses
were carried out in SPSS 27.0. This experiment adopted a single-factor experimental design
with multiple gradient treatment levels, and each time point was analyzed independently
without combined superimposed treatments or interactive effects between treatment and
sampling time. Accordingly, one-way analysis of variance (ANOVA) was separately con-
ducted for data from each sampling time point, followed by Duncan’s multiple range test
for post hoc multiple comparisons at p < 0.05. All figures were visualized using GraphPad
Prism 9.

2.5. Membership Function Analysis and Principal Component Analysis of Each Indicator

Principal component analysis (PCA) was performed on the 26 measured indicators.
The membership function method was applied to standardize the data prior to PCA. The
number of principal components was determined based on the cumulative contribution
rate. The eigenvector of each indicator within each principal component and the weight of
each principal component were calculated.

Formula for the membership function method:

Yij = (Xij − Xmin)/(Xmax − Xmin) (1)

Yij = 1 − (Xij − Xmin)/(Xmax − Xmin) (2)
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where Yij is the standardized value of the corresponding indicator, Xmax is the maximum
value of the given indicator, and Xmin is the minimum value of the given indicator. In this
study, flower number, leaf thickness, leaf number, flower-to-leaf ratio, chlorophyll content,
SOD, POD, and CAT were treated as positive indicators, using Formula (1). Peduncle
height, flower height, flower diameter, leaf area, leaf length, leaf width, whole-plant height,
crown diameter, and MDA were treated as negative indicators, using Formula (2).

3. Results
3.1. Effect of Plant Growth Retardants on Crown Diameter

As shown in Figure 1, the crown diameter of water lilies in the CCC and PP333 treat-
ment groups was significantly reduced compared to CK, and the magnitude of reduction
increased with increasing treatment concentration. A treatment interval of 6 days resulted
in a greater reduction in crown diameter than a 9-day interval. From Day 7 to Day 14, all
treatment groups exhibited a significantly slower growth rate of crown diameter compared
to CK. Although the application of growth regulators ceased after Day 18 and Day 27,
respectively, the crown diameter of the treated plants remained relatively compact over
time. By Day 51, crown diameter under all retardant treatments had nearly stabilized.
Overall, PP333 showed a superior inhibitory effect compared to CCC.

Figure 1. Effects of different growth retardants and different application intervals on crown breadth
of ‘Black Beauty’. Different lowercase letters only represent that different treatments reached the 0.05
significant difference level in the same period of time (p < 0.05).

3.2. Leaf Length, Leaf Width, Leaf Area, Leaf Thickness

As shown in Figure S1, the CK group exhibited continuous growth, maintaining the
maximum values across different measurement stages and sustaining a strong growth
vigor. In the treatment groups, leaf area was reduced, leaf length shortened, leaf width
narrowed, and leaf thickness increased, indicating a clear dwarfing effect. The effect of
PP333 was greater than that of CCC, and the 6-day interval was more effective than the
9-day interval. On Day 7, leaf length and leaf area differed from those of the CK, whereas
leaf width and leaf thickness showed no significant difference. By Day 14, all measured
traits exhibited some degree of increase. From Day 21 to Day 51, significant differences
were observed compared with the CK. Overall, the traits tended to decrease progressively
with increasing concentration.

3.3. Peduncle Height, Peduncle Diameter, Flower Height, and Flower Diameter

As shown in Figures S2 and 2, the CK maintained a consistently strong growth vigor
across all measured traits. Compared with the CK, the treatment groups exhibited signifi-
cantly reduced values. Overall, flower diameter was reduced, peduncle height and flower
height were shortened, and peduncle diameter was decreased, with the effects becoming
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more pronounced as concentration increased. PP333 demonstrated a more significant effect
than CCC, and the 6-day interval was more effective than the 9-day interval. On Day
7, no significant difference in flower height was observed between the treatment groups
and the CK, whereas for the other traits, the 6-day interval showed better effects than the
9-day interval. By Day 14, all measured traits had increased to some extent but remained
inhibited by the growth retardants compared with the CK. On Day 21 and Day 51, all
traits showed significant differences from the CK, characterized by shorter and thinner
peduncles, reduced flower height, and smaller flower diameter. Overall, the growth trend
of the CK was increasing. Although differences existed between the treatment groups and
the CK, none of the measured traits had fully stabilized by the end of the experiment.

Figure 2. Effects of different growth retardants and different application intervals on flowers growth
and development of ‘Black Beauty’. (A) flower height; (B) flower diameter. Different lowercase letters
only represent that different treatments reached the 0.05 significant difference level in the same period
of time (p < 0.05).

3.4. Flower Number and Flower-to-Leaf Ratio

As shown in Figure 3, the growth of all treatment groups was retarded, with reduced
flower number and a certain degree of regulation of the flower-to-leaf ratio. The inhibitory
effect of CCC was smaller. On Day 7, no significant differences were observed in flower
number or flower-to-leaf ratio between the treatment groups and the CK. By Day 14, flower
number had increased compared with Day 7, but no significant differences were found
among the treatment groups in terms of flower number during the same period. In the
PP333 treatment with a 9-day interval, leaf number was lower, resulting in a relatively
higher flower-to-leaf ratio. On Day 21, the CK exhibited the highest flower number, while
no significant differences were observed among the treatment groups. Leaf number in the
CCC treatments was significantly higher than that in the PP333 treatments, whereas no
significant differences were found in the flower-to-leaf ratio. On Day 51, flower number
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showed a decreasing trend in all treatment groups except the CK, which maintained normal
growth. CCC had a minor effect on leaf number, while the L-B 3-6 treatment exhibited a
significantly distinct flower-to-leaf ratio.

Figure 3. Effects of different growth retardants and different application intervals on flowers and
leaves growth and development of ‘Black Beauty’. (A) flower number; (B) leaf number; (C) flower-
to-leaf ratio. Different lowercase letters only represent that different treatments reached the 0.05
significant difference level in the same period of time (p < 0.05).

3.5. Maximum Plant Length and Biomass

As shown in Table 2 and Figure 4, growth retardant treatments significantly sup-
pressed plant longitudinal elongation, resulting in reduced maximum plant length. The
CK exhibited the strongest growth vigor, while the L-B 3-6 treatment showed the strongest
inhibitory effect, resulting in a marked dwarfing phenotype. As presented in Table 2 and
Figure 5, the CK had the highest fresh weight and dry weight, whereas the L-B 3-6 treatment
had the lowest. Both fresh weight and dry weight were lower in PP333 treatments than in
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CCC treatments. Plant height of water lilies was inversely correlated with the concentration
of growth retardants. The most pronounced effect was observed with PP333 treatment, and
the 6-day interval was more effective than the 9-day interval.

Table 2. Effect of different concentrations of CCC and PP333, interval 6 d, 9 d on maximum length of
the whole plant, biomass of ‘Black Beauty’. Different lowercase letters only represent that different
treatments reached the 0.05 significant difference level in the same period of time (p < 0.05).

Treatment
Maximum Length

of the Whole
Plant/cm

Fresh Weight/g Dry Weight/g

CK 68.75 ± 3.34 a 89.08 ± 12.89 a 7.22 ± 0.75 a
L-A 1-6 41.80 ± 1.85 c 30.70 ± 1.85 b 2.38 ± 0.41 b
L-A 2-6 32.80 ± 1.07 e 28.02 ± 5.05 bc 2.20 ± 0.60 b
L-A 3-6 24.48 ± 1.22 h 18.67 ± 4.31 bcd 1.24 ± 0.49 de
L-A 1-9 50.88 ± 0.74 b 32.09 ± 30.04 b 2.76 ± 0.54 b
L-A 2-9 39.93 ± 2.71 c 27.70 ± 3.75 bc 2.13 ± 0.72 bc
L-A 3-9 29.95 ± 1.73 fg 21.23 ± 3.40 bcd 1.54 ± 0.71 cd
L-B 1-6 33.93 ± 2.04 e 11.40 ± 0.09 d 0.86 ± 0.30 efg
L-B 2-6 27.63 ± 1.56 g 8.74 ± 2.70 d 0.37 ± 0.15 fg
L-B 3-6 22.55 ± 1.97 h 8.36 ± 0.59 d 0.31 ± 0.09 g
L-B 1-9 36.75 ± 1.79 d 16.32 ± 1.27 cd 1.03 ± 0.06 def
L-B 2-9 31.35 ± 2.47 ef 9.32 ± 0.47 d 0.75 ± 0.27 efg
L-B 3-9 23.65 ± 1.14 h 8.52 ± 5.52 d 0.45 ± 0.18 fg

   

   

Figure 4. Whole-plant maximum height of the experimental material under plant growth retardant
treatment, ‘Black Beauty’.
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Figure 5. Potted plant appearance of the experimental material under plant growth retardant
treatment, ‘Black Beauty’.

3.6. Chlorophyll and Carotenoid Content

As shown in Table S1, the contents of chlorophyll a, chlorophyll b, and total chlorophyll
in leaves under the L-B 3-6 treatment were significantly higher than those in the CK, and
this treatment exhibited the best effect among all treatment groups. Regarding the overall
treatment effect on chlorophyll a, chlorophyll b, and total chlorophyll, PP333 was superior
to CCC. The lowest chlorophyll a/b ratios were observed in the L-A 3-6 and L-B 3-6
treatments. Carotenoid content was higher under the 6-day application interval. Overall,
high concentration combined with a 6-day application interval had a significant effect on
regulating the chlorophyll a/b ratio and carotenoid content.

3.7. Soluble Protein and Total Sugar Content

As shown in Figure 6, the effects of the two growth retardants on soluble protein and
total sugar content in water lilies were similar, with the 6-day interval treatment showing
better results than the 9-day interval treatment. Overall, the effect of the 6-day interval
treatment increased with increasing treatment concentration. Both soluble protein and
total sugar contents were significantly higher in the L-B 3-6 treatment than in all other
treatment groups. Soluble protein content was significantly different from the CK under
high-concentration treatments of CCC at 80 mg·L−1 and PP333 at 30 mg·L−1, particularly
in the PP333 30 mg·L−1 treatment with a 6-day interval.

Figure 6. Effects of different growth retardants and different application intervals on content of soluble
protein and total sugar of ‘Black Beauty’. (A) soluble protein content; (B) total sugar content. Different
lowercase letters only represent that different treatments reached the 0.05 significant difference level
in the same period of time (p < 0.05).
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3.8. Activities of SOD, POD, and CAT

As shown in Figure 7, SOD activity in the treatment groups exhibited an increasing
trend with rising retardant concentration. The L-A 3-6 and L-B 3-6 treatments showed
significantly higher SOD activity compared with the CK. Regarding POD activity, the L-A
3-6 and L-B 3-6 treatments exhibited the highest values, which were significantly different
from the CK, showing a similar pattern to that of SOD activity. However, no significant
differences in POD activity were observed between the other treatment groups and the CK.
In terms of CAT activity, the L-B 1-6 and L-B 3-6 treatments showed significantly higher
CAT activity compared with the CK, while no significant differences were found among
the other treatment groups. In summary, the L-B 3-6 treatment resulted in higher activities
of SOD, POD, and CAT than those in the CK, and it also represented the highest values
among all treatment groups.

Figure 7. Effects of different growth retardants and different application intervals on activities of
antioxidant enzymes of ‘Black Beauty’. (A) SOD; (B) POD; (C) CAT. Different lowercase letters only
represent that different treatments reached the 0.05 significant difference level in the same period of
time (p < 0.05).

3.9. MDA Content

As shown in Figure 8, the MDA content under CCC treatment was generally higher,
while that of the CK group was at an intermediate level, and the overall trend under PP333

treatment was lower. Although the MDA content of the CK remained relatively stable, the
MDA content under PP333 treatment was significantly reduced.

Figure 8. Effects of different growth retardants and different application intervals on MDA of
‘Black Beauty’. Different lowercase letters only represent that different treatments reached the 0.05
significant difference level in the same period of time (p < 0.05).

3.10. Endogenous Hormone Content

As shown in Figure 9A, endogenous IAA accumulation in all treatment groups de-
clined gradually as the concentration of growth retardants increased. Collectively, PP333

treatments yielded lower IAA accumulation, with the minimum values detected under
L-B 2-6 and L-B 3-6 treatments. Figure 9B revealed a comparable changing pattern for
endogenous GA3 accumulation. The control group maintained the highest overall GA3

accumulation, whereas PP333 treatments applied at 6-day intervals exhibited the lowest
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GA3 levels. In Figure 9C, endogenous ABA accumulation rose progressively with elevated
retardant concentrations, and all PP333 treatments displayed markedly greater ABA ac-
cumulation relative to every other group. As illustrated in Figure 9D, the control group
possessed the maximum endogenous ZR accumulation; ZR pools declined steadily with
rising chemical concentrations across all treatments, reaching the minimum under the
L-B3-6 treatment. In summary, following application of either retardant, endogenous accu-
mulations of IAA, GA3 and ZR were reduced compared with the untreated control, while
ABA accumulation was elevated. Endogenous pools of IAA, GA3 and ZR were negatively
correlated with retardant concentration, whereas ABA accumulation showed a positive
correlation with treatment concentration.

Figure 9. Effects of different growth retardants and different application intervals on endogenous
hormone content of ‘Black Beauty’. (A) IAA; (B) GA3; (C) ABA; (D) ZR. Different lowercase letters
only represent that different treatments reached the 0.05 significant difference level in the same period
of time (p < 0.05).

Notably, these static measurements of hormone accumulation alone cannot fully reflect
actual hormone bioactivity, as data regarding hormone translocation, metabolic turnover
and in vivo utilization dynamics remain uncharacterized.

3.11. Comprehensive Evaluation of the Dwarfing Effect of Plant Growth Retardants on Tropical
Water Lilies
3.11.1. Membership Function and Principal Component Analysis of Various Traits in
Tropical Water Lilies

As shown in the principal component analysis (PCA) results listed in Table 3, the vari-
ance contribution rates of the first six principal components were 44.664%, 11.865%, 6.153%,
5.731%, 5.197%, and 4.422%, respectively. Each of these six principal components had an
eigenvalue greater than 1, and their cumulative variance contribution rate amounted to
78.032%. Accordingly, retaining the six principal components to conduct a comprehensive
evaluation of materials is statistically reasonable.

For the first principal component (PC1), multiple morphological indicators exhibited
absolute loading coefficients exceeding 0.700. The traits with prominent positive loadings
included flower branch height (0.729), flower diameter (0.853), leaf area (0.917), leaf length
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(0.907), crown breadth (0.802), plant height (0.923), fresh weight (0.838), and dry weight
(0.894). Meanwhile, leaf thickness (−0.915) and leaf number (−0.824) showed strong
negative loadings on PC1.

Table 3. Principal component analysis results of ‘Black Beauty’.

Index
The First

Main
Component

The Second
Main

Component

The Third
Main

Component

The Fourth
Main

Component

The Fifth
Main

Component

The Sixth
Main

Component

Flower branch height 0.729 −0.197 −0.143 0.042 0.141 0.066
Thickness of flowering

branches 0.671 0.189 0.124 −0.244 −0.237 0.214

Flower height 0.566 0.107 0.240 0.288 −0.316 0.144
Flower diameter 0.853 −0.091 0.020 −0.246 −0.003 0.146
Flower number −0.486 0.609 0.321 0.150 0.325 0.232

Leaf area 0.917 −0.194 0.161 0.066 −0.006 0.089
Leaf length 0.907 −0.150 0.234 0.134 −0.046 0.034
Leaf width −0.394 −0.253 0.043 0.228 0.296 0.492

Leaf thickness −0.915 0.301 −0.062 −0.026 −0.069 −0.051
Leaf number −0.824 0.000 −0.238 −0.081 −0.018 0.044

Flower-to-leaf ratio 0.018 0.657 0.503 0.173 0.381 0.228
Crown breadth 0.802 −0.467 0.001 −0.143 0.206 0.010

Plant height 0.923 −0.166 0.050 −0.145 0.131 0.073
Fresh weight 0.838 −0.337 0.063 0.001 0.112 0.030
Dry weight 0.894 −0.334 0.043 0.036 0.145 0.042

SOD 0.259 0.368 0.093 −0.426 0.442 −0.029
POD 0.298 0.418 0.120 −0.571 −0.152 0.043
CAT 0.146 0.130 −0.146 0.103 −0.511 0.394
MDA 0.401 0.082 0.344 0.621 −0.217 −0.162

Total sugar 0.592 0.340 0.237 −0.282 −0.277 −0.016
Soluble protein 0.481 0.553 0.080 −0.065 −0.259 −0.141

Chl a 0.751 0.229 −0.323 0.195 0.165 −0.160
Chl b 0.725 0.479 −0.413 0.147 0.100 0.021

Chl a/b 0.616 0.542 −0.446 0.172 0.059 −0.059
Chl a + b 0.776 0.414 −0.402 0.169 0.128 −0.047

Car 0.148 0.002 0.371 0.053 0.096 −0.672
Eigenvalue 11.613 3.085 1.600 1.490 1.351 1.150

Contribution rate 44.664 11.865 6.153 5.731 5.197 4.422
Accumulate contribution

rate 44.664 56.529 62.682 68.414 73.610 78.032

The second principal component (PC2) was mainly represented by flower number
(0.609) and flower-to-leaf ratio (0.657). The flower-to-leaf ratio (0.503) contributed most
to the third principal component (PC3). MDA content dominated the fourth principal
component (PC4) with a loading value of 0.621. CAT activity bore the largest negative
loading (−0.511) on the fifth principal component (PC5), and leaf width had the highest
loading (0.492) for the sixth principal component (PC6). Each principal component thus
reflected a distinct set of correlated agronomic and physiological characteristics.

3.11.2. Comprehensive Evaluation of Plant Responses to Plant Growth Retardant
Applications

Based on the results of the principal component analysis, the comprehensive score
formula was derived as follows:

For the six principal components (F1, F2, F3, F4, F5, F6), the weights of their contribu-
tion rates were 0.5724, 0.1521, 0.0789, 0.0734, 0.0666, and 0.0567, respectively (Table 4).

F = F1 × 0.5724 + F2 × 0.1521 + F3 × 0.0789 + F4 × 0.0734 + F5 × 0.0666 + F6 × 0.0567
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Table 4. Principal component score of ‘Black Beauty’.

Treatment
The First

Main Com-
ponent

The
Second

Main Com-
ponent

The Third
Main Com-

ponent

The Fourth
Main Com-

ponent

The Fifth
Main Com-

ponent

The Sixth
Main Com-

ponent

Comprehensive
Score Ranking

L-B 3-6 1.51 1.51 0.87 −0.49 −0.58 0.54 1.12 1
L-B 2-6 0.92 0.15 0.70 0.64 −0.09 −0.82 0.60 2
L-B 3-9 0.88 −0.33 −0.01 −0.01 −0.62 0.64 0.44 3
L-A 3-6 0.63 0.78 −1.47 −1.73 0.57 0.36 0.29 4
L-B 2-9 0.53 −0.50 0.13 0.72 0.05 −0.44 0.27 5
L-B 1-9 0.18 −0.23 −0.57 1.37 0.39 0.03 0.15 6
L-B 1-6 0.27 −0.51 0.51 0.74 −0.59 −0.48 0.11 7
L-A 3-9 0.08 0.07 −0.34 −0.09 0.78 0.27 0.09 8
L-A 2-6 −0.32 −0.44 0.18 −0.51 0.95 −0.34 −0.23 9
L-A 1-6 −0.41 −0.26 −0.49 0.30 0.26 −0.98 −0.33 10
L-A 2-9 −0.86 −1.47 1.05 −0.99 −0.13 0.62 −0.68 11
L-A 1-9 −1.02 −0.74 −0.74 −0.25 −0.23 0.83 −0.74 12

CK −2.39 1.97 0.16 0.31 −0.74 −0.24 −1.10 13

The comprehensive score (F value) was calculated using the above formula to evaluate
the growth of water lilies under different retardant treatments. The treatments were then
ranked according to their comprehensive scores.

As shown in Table 4, the top three treatments with the highest comprehensive scores
were L-B 3-6, L-B 2-6, and L-B 3-9.

The treatment with the best comprehensive score was L-B 3-6, which can be considered
a reference treatment for achieving dwarfing in the water lily cultivar ‘Black Beauty’.

4. Discussion
To achieve dwarfing cultivation of water lilies, it is necessary to reduce the crown

diameter of the plants. The present study demonstrated that both growth retardants (PP333

and CCC) effectively reduced crown diameter, and PP333 produced stronger inhibitory
effects than CCC. This was manifested as shortened petiole length, a reduced number of
leaves, and no significant decrease in flower number, thereby essentially accomplishing
the goal of dwarfing water lily plants. These findings are consistent with those of Tripathy
et al. in chrysanthemum, who reported that PP333 at 90 mg·L−1 maximally reduced plant
height and internode length, while CCC at 1000 mg·L−1 reduced plant height but increased
plant spread and flower number per plant [31]. Similarly, Demir et al. found that PP333

at 2 mg·pot−1 significantly inhibited plant height and leaf length in narcissus (Narcissus
tazetta var. chinensis Roem.) [32].

Our study showed that within the concentration range of 10–30 mg·L−1, the inhibitory
effect of PP333 on water lily growth became more pronounced with increasing concentration,
and no obvious phytotoxicity was observed. However, compared with the optimal PP333

drench concentration of 90 mg·L−1 for chrysanthemum and 60 mg·L−1 for poinsettia, the
concentration used in this study has not yet reached the maximum threshold, indicating
that water lilies possess good tolerance to PP333 [31,33]. In contrast, basil (Ocimum basilicum)
required only 5 mg·L−1 PP333 to achieve growth inhibition, suggesting that water lilies are
moderately sensitive to PP333 [34]. Therefore, it is recommended that future studies include
higher concentrations and a wider gradient of PP333 to explore better dwarfing effects.

The 6-day treatment interval induced a more prominent dwarfing effect compared
with the 9-day interval, a feature that may help shorten the production cycle of potted
water lilies and bring forward their time to market. Moreover, dwarfing traits could
still be observed at 51 days post-treatment, which only provides preliminary short-term
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evidence for dwarfing persistence under household cultivation environments within this
monitoring period. Treated plants showed a lower incidence of tall growth reversion
during the 51-day observation window; this trait might extend the ornamental period,
improve consumer experience, and potentially cut down after-sales complaints. Overall,
our findings offer tentative theoretical references for the cultivation of miniature potted
water lilies, yet long-term continuous monitoring trials are still required to verify sustained
dwarfing stability, permanent inhibition of growth reversion, stable consumer satisfaction
and reliable commercial practicability of this treatment strategy.

Physiological indicators measured 51 days after treatment showed that soluble protein
and soluble sugar contents increased in the PP333 treatment groups, and the activities of
SOD, POD, and CAT were all higher than those in CK. These physiological responses
are consistent with previous research regarding the dwarfing effects of plant growth
retardants on Melaleuca alternifolia [35], which suggests that PP333 may maintain normal
metabolic activity and stress resistance while inducing plant dwarfing. MDA content
was significantly lower than that in the CK, indicating no membrane lipid peroxidation
damage, further confirming that 30 mg·L−1 is a safe concentration. The contents of IAA,
GA3, and ZR were lower than those in the CK, while ABA content was higher, which
is consistent with the findings of Tabatabaei et al. in chemical and mechanical dwarfing
studies on M7 apple rootstock [36]. Based on the existing literature, PP333 functions as a GA3

synthesis inhibitor [35]; inferred from published studies rather than direct evidence from
the present results, the reduction in GA3 induced by PP333 may further regulate IAA and ZR
homeostasis, potentially restraining cell elongation and division and consequently leading
to plant dwarfing. Meanwhile, the accumulated ABA is hypothesized to be associated with
improved plant stress tolerance.

Based on the above experimental results and related studies, the physiological mech-
anisms by which paclobutrazol induces dwarfing in water lilies are as follows: First, it
inhibits gibberellin biosynthesis. PP333, a triazole plant growth retardant, effectively inhibits
gibberellin biosynthesis in plants. Gibberellin is a key hormone promoting cell elongation
and internode extension; its reduction directly leads to shortened internodes and reduced
plant height, thereby achieving a dwarfing effect. Second, it alters the endogenous hor-
mone balance. In addition to inhibiting gibberellin, paclobutrazol reduces the synthesis
or metabolism of IAA and promotes ABA accumulation, further regulating the balance
between growth and dormancy and suppressing vegetative growth. Meanwhile, increases
in soluble protein and soluble sugar content indicate that cells maintain metabolic activity
and energy supply through the accumulation of osmotic regulatory substances, without
exhibiting decline due to dwarfing. Third, it affects cell structure and function. Studies
have shown that paclobutrazol treatment shortens cell longitudinal length while increasing
transverse width [37], resulting in thicker stems and compact internodes. It also enhances
chlorophyll content and improves photosynthetic efficiency, leading to thicker leaves and
darker green coloration. Finally, it promotes tillering and lateral bud sprouting. By in-
hibiting apical dominance, paclobutrazol stimulates lateral bud sprouting and tillering,
resulting in a more compact plant architecture and enhanced lodging resistance.

Following growth retardant application, the crown diameter of water lilies was gen-
erally maintained at 20–30 cm. Accordingly, pots with an outer diameter of 30–35 cm are
recommended for cultivation.

5. Conclusions
This study systematically investigated the dwarfing effects of two common plant

growth retardants (CCC and PP333) with different concentrations and application intervals
on the tropical water lily cultivar ‘Black Beauty’. Overall, exogenous retardant appli-
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cation effectively inhibited the vegetative and reproductive overgrowth of water lilies,
producing stable compact plant architecture. The inhibitory effects on plant morphological
traits were concentration-dependent, and treatment interval significantly modulated the
dwarfing efficacy.

Between the two retardants, PP333 exhibited substantially superior dwarfing perfor-
mance compared with CCC, and a 6-day application interval achieved a better regulatory
effect than a 9-day interval. At the physiological level, optimal retardant treatment im-
proved photosynthetic substrate accumulation and antioxidant enzyme activity, reduced
membrane lipid peroxidation damage, and regulated endogenous hormone dynamic bal-
ance by decreasing IAA, GA3, and ZR accumulation while elevating ABA accumulation.
These physiological changes jointly contributed to the formation of compact and dwarf
plant phenotypes without impairing the basic ornamental characteristics of water lilies.

In summary, treatment with PP333 at 30 mg·L−1 applied at a 6-day interval effectively
achieved a stable dwarfing effect in the water lily cultivar ‘Black Beauty’. To assess the
potential environmental load, we propose a typical home garden scenario: a 1-m2 pond
with a water depth of 0.3 m (volume ≈ 300 L). Following the recommended regimen
(30 mg·L−1 × 300 L = 9 g per application × 5 applications per season), each garden would
consume 45 g of paclobutrazol annually. For 100 such gardens, the total annual input
reaches 4.5 kg. Assuming a worst-case scenario in which all applied paclobutrazol is
released into the environment via overflow, drainage, or substrate leaching, this would
result in 45 g per garden and 4.5 kg per 100 gardens entering the ecosystem each year.
These estimates, even under small-scale horticultural conditions, indicate that cumulative
environmental inputs are substantial, highlighting the urgency of adopting controlled
application strategies and conducting further research on the environmental persistence
and ecological risks of paclobutrazol in aquatic ecosystems.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/horticulturae12070895/s1, Figure S1: Effects of different growth
retardants and different application intervals on Leaf length (A), Leaf width (B), Leaf area (C),
Leaf thickness (D) of ‘Black Beauty’; Figure S2: Effects of different growth retardants and different
application intervals on Flower branch height (A), Thickness of flowering branches (B) of ‘Black
Beauty’; Table S1: Effects of different growth retardants and different application intervals on
Chlorophyll, Carotenoid of ‘Black Beauty’.
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