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Abstract: The availability of uniform and high-quality robusta coffee seedlings
remains a major constraint in nursery production, particularly due to suboptimal
shoot initiation following wedge grafting. Natural plant growth regulators (PGRs)
derived from organic sources may offer an alternative approach to improve early
graft performance. This study aimed to evaluate the effects of different types and
concentrations of natural PGRs on the growth of wedge-grafted robusta coffee
(Coffea robusta L. ) seedlings. The experiment was arranged in a factorial Completely
Randomized Design with three natural PGR sources (shallot extract, bean sprout
extract, and coconut water) and four concentration levels (25%, 50%, 75%, and
100%), with three replications and four seedlings per experimental unit. Growth
parameters were measured at 90 days after grafting. Results showed that PGR type
significantly affected leaf area and highly significantly affected shoot number.
Coconut water produced the highest shoot number (2.54 shoots), 17.1% higher than
shallot extract, whereas shallot extract resulted in the largest leaf area (42.29 cm²),
11.2% greater than coconut water. PGR concentration significantly influenced shoot
emergence time, shoot length, and shoot number. Regression analysis suggested
that the highest responses within the tested range occurred near 25% concentration
for shoot emergence, around 48% for shoot length, and around 68.75% for shoot
number. Significant interaction effects indicated that treatment responses varied
according to PGR source. In conclusion, the effectiveness of natural PGRs in wedge-
grafted robusta coffee seedlings varied according to source type and concentration
under the conditions of this study.

Introduction
Coffee is one of the most economically important
plantation crops in Indonesia, playing a critical role as a
source of farmers’ income, foreign exchange earnings,
industrial raw material, and rural employment (1). National
coffee production has shown a consistent upward trend,
increasing from 762, 380 tons in 2020 to 774, 689 tons in
2021, reflecting sustained market demand and expanding
consumption patterns (2). In Central Java, Coffea robusta
dominates regional production, contributing 24, 008 tons
compared with only 3, 197 tons of C. arabica (3). Robusta
coffee is preferred by farmers due to its relatively simple
cultivation practices, higher productivity, and adaptability
to diverse agroecological conditions (4). However,
maintaining high productivity and uniform crop
performance remains a major challenge, particularly in
relation to the availability of high-quality planting material.

The provision of superior coffee seedlings is a key
determinant of plantation productivity and sustainability.
Vegetative propagation through wedge grafting (sambung
pucuk) has been widely adopted as an effective method to
preserve desirable genetic traits, enhance resistance to
pests and diseases, and accelerate crop establishment (5,
6). In commercial nurseries, rapid shoot emergence, higher
leaf number, and wider leaf area are important indicators
because they determine seedling vigor, shorten nursery
holding time, and improve transplant readiness in the
field. Despite its advantages, the success of grafting is
highly dependent on physiological compatibility and rapid
shoot initiation following graft union formation. Successful
graft union formation requires coordinated callus
development, vascular reconnection, and hormonal
signaling between rootstock and scion; therefore,
inadequate endogenous hormone balance often delays
bud break and reduces graft success. One of the major
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constraints in grafted coffee seedling production is
suboptimal shoot emergence and early growth, which can
limit graft success rates and nursery efficiency. Plant
growth regulators (PGRs) are commonly used to stimulate
cell division, elongation, and differentiation; however, the
excessive or inappropriate use of synthetic PGRs raises
concerns regarding cost, environmental impact, and
physiological imbalance in plants (7).

Natural plant growth regulators derived from organic
sources such as shallot extract, bean sprout extract, and
coconut water have emerged as promising,
environmentally friendly alternatives. These materials are
known to contain endogenous phytohormones including
auxins, gibberellins, and cytokinins, which play
complementary roles in shoot initiation and growth (8).
Previous studies have demonstrated that shallot extract
can enhance bud emergence (9), bean sprout extract can
stimulate cell division and stem elongation, and coconut
water can promote shoot and leaf development through
cytokinin activity (10). Comparative evidence indicates that
the magnitude and direction of these effects are not
uniform; some studies report stronger bud induction with
auxin-rich extracts, whereas others observe greater shoot
proliferation under cytokinin-dominant treatments,
suggesting a context-dependent response. In addition,
variations in experimental conditions such as plant species,
propagation techniques, and physiological status of
explants have led to contrasting outcomes, where similar
PGR sources produce either stimulatory or negligible
effects, indicating that the effectiveness of natural
biostimulants is highly dependent on crop species,
propagation method, physiological age of explants, and
applied concentration. Auxin-dominant materials such as
shallot extract are expected to accelerate callus formation
and bud initiation, whereas cytokinin-rich coconut water
may favor shoot proliferation and leaf expansion after
union establishment. Bean sprout extract, which contains
growth-promoting compounds and vitamins, may support
cell division and elongation during early vegetative
growth.

Nevertheless, plant responses to natural PGRs are
strongly influenced by concentration, and inappropriate
dosages may result in ineffective or inhibitory effects. The
concentration range of 25-100% was selected to represent
diluted to full-strength extracts commonly evaluated in
previous nursery studies and to identify the threshold
between promotive and inhibitory responses. Although
individual natural PGR sources have been studied
separately, comparative studies integrating both PGR type
and concentration in a factorial framework for wedge-
grafted robusta coffee seedlings are still scarce. Moreover,
limited information is available on which source–
concentration combination most effectively improves early
nursery growth after grafting. Therefore, this study aims to
assess the effects of different natural PGR sources and
concentration levels on the growth performance of
wedge-grafted Coffea robusta seedlings using a factorial
experimental design, with the goal of identifying optimal
treatments that enhance graft success and early vegetative
growth in a sustainable manner. It was hypothesized that
growth responses would differ among natural PGR sources
and concentrations, and that an intermediate
concentration of a cytokinin- or auxin-containing extract

would provide the best performance for shoot emergence
and seedling growth.

Materials and Methods

Study Design and Experimental Rationale
The study was designed as a factorial experiment arranged
in a Completely Randomized Design (CRD)to evaluate the
effects of natural plant growth regulators (PGRs) on the
growth performance of wedge-grafted robusta coffee
seedlings. A 3 × 4 factorial structure was employed to
allow simultaneous examination of the main effects and
interaction effects between the type and concentration of
natural PGRs, which is essential for identifying biologically
effective and agronomically feasible treatment
combinations in vegetative propagation systems. The first
factor consisted of three natural PGR sources, namely
shallot extract, mung bean sprout extract, and coconut
water, while the second factor comprised four
concentration levels (25%, 50%, 75%, and 100%). Each
treatment combination was replicated three times to
ensure experimental reliability and statistical robustness.
Each replicate consisted of one experimental unit
containing four grafted seedlings exposed to the same
treatment combination. The experimental unit mean was
used as the basis for statistical analysis to maintain
independence among replications.

Study Site and Duration
The experiment was conducted from 4 March to 2 June
2023 at the Seed Production Unit (UPTD BBP) of the
Agricultural Office, Medari Village, Ngadirejo District,
Temanggung Regency, Central Java, Indonesia, located at
an altitude of approximately 700 m above sea level. The
experimental site is characterized by latosol soil, which is
commonly used for coffee nurseries due to its favorable
physical properties and nutrient-holding capacity. The
study was carried out under greenhouse conditions
covered with UV plastic to minimize environmental
variability and to provide a controlled microclimate
suitable for graft establishment and early vegetative
growth. During the experiment, average daytime
temperature ranged from 26-31°C, nighttime temperature
from 20–24°C, and relative humidity from 70-85%, with
routine ventilation adjustment to reduce excessive
fluctuation.

Plant Materials, Growing Media, and
Experimental Units
The experimental material consisted of wedge-grafted
robusta coffee (Coffea robusta L.) seedlings prepared using
one-year-old rootstocks of clone BP 308 and scions
derived from orthotropic branches of clone BP 534.
Rootstocks were approximately 40 cm in height with a
stem diameter of 0.55 cm, while scions were 7 cm in
length, had a comparable stem diameter, and were
approximately five months old, collected from six-year-old
mother plants. The selected clones were commonly used
in local coffee nurseries due to their good compatibility
and stable vegetative performance under nursery
conditions. Seedlings were grown in polybags measuring
15 cm × 20 cm, filled with a 2: 1 (v/v) mixture of latosol
soil and well-decomposed goat manure. The growing
medium was homogenized thoroughly before use to
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ensure uniform nutrient distribution and adequate
aeration for root development. Each experimental unit
consisted of four grafted seedlings, resulting in a total of
144 plants across all treatments.

Preparation of Natural Plant Growth Regulators
Natural PGR solutions were prepared using standardized
extraction procedures to ensure consistency among
treatments. Shallot extract was prepared from fresh bulbs
(Allium cepa L. , cv. Batu Ijo), which were homogenized
using a blender for 5 minutes and subsequently filtered
through a fine cloth. Mung bean sprout extract was
prepared from mung bean seeds (Vigna radiata L. , cv.
Vima-1) that had been germinated for three days, followed
by blending and filtration using the same procedure.
Coconut water was obtained from immature coconuts
approximately five months of age. Each extract was diluted
with distilled water to obtain concentration levels of 25%,
50%, 75%, and 100% (v/v) according to the experimental
design. Chemical characterization of endogenous
hormone concentration or nutrient composition was not
conducted; therefore, treatment effects were interpreted
based on source type and dilution level rather than
quantified biochemical content. This limitation implies that
the specific hormonal or biochemical drivers underlying
observed responses cannot be explicitly attributed, and
thus all treatment effects in this study should be
interpreted at the level of input–output response rather
than mechanistic causation.

Scion Treatment and Grafting Procedure
Prior to grafting, the basal portions of the scions were
immersed in the respective natural PGR solutions for 1
hour to facilitate hormone absorption. Wedge grafting was
initiated by cutting the rootstock at 40 cm above the soil
surface, followed by the creation of a vertical slit at the
center of the stem. The basal end of each scion was
shaped into a V-shaped wedge approximately 3 cm in
lengthand carefully inserted into the slit to ensure optimal
cambial contact. The graft union was tightly secured using
elastic plastic tape to prevent displacement. Each grafted
seedling was then covered with a transparent plastic
sleeve (2 cm × 15 cm) to maintain humidity and reduce
desiccation stress. Initial graft success was visually
assessed two weeks after grafting.

Seedling Maintenance
All grafted seedlings were maintained under uniform
nursery conditions throughout the experimental period.
Irrigation was conducted every three days in the morning
using a hose system, with water volume adjusted
according to media moisture conditions. Weed control was
performed manually at weekly intervals to reduce
competition for nutrients and water. Pest management
was carried out by applying Abamectin 18 EC at a
concentration of 1 mL L⁻¹ using a knapsack sprayer at 60
days after grafting, targeting common nursery pests such
as mealybugs (Phenacoccus manihoti), aphids (Toxoptera
aurantii), and green scale insects (Coccus viridis).
Replanting of failed grafts was conducted only within the

first two weeks after grafting using reserve seedlings
receiving identical treatments. Observations for growth
variables at 90 days after grafting included only plants that
had established normally.

Data Collection and Measured Parameters
Data collection was performed at 90 days after grafting,
when graft unions had stabilized and vegetative growth
was clearly expressed. Four representative plants from
each experimental unit were used for observation. Plant-
level observations within each unit were averaged before
statistical analysis. Graft survival percentage was
determined as an indicator of grafting success and
calculated using Eq. 1, defined as the proportion of living
grafts relative to the total number of grafts performed.
This parameter was used to assess the overall success rate
of the grafting process under different treatment
conditions.

Time to shoot emergence was recorded as the
number of days from grafting until visible bud break
occurred. The number of shoots per plant was counted at
the end of the experimental period. Shoot length was
measured as the length of the longest shoot from the
shoot base to the apical meristem using a ruler. Leaf
number was determined by counting fully expanded
leaves on each scion. Total leaf area was measured using a
Leaf Area Meter, following instrument calibration prior to
scanning, and expressed in square centimeters.

Statistical Analysis
All observed data were subjected to analysis of variance
(ANOVA) appropriate for a factorial experiment arranged
in a Completely Randomized Design (CRD) to determine
the effects of natural plant growth regulator (PGR) types,
concentration levels, and their interactions on the growth
of wedge-grafted robusta coffee seedlings.

The experiment consisted of two factors: three types
of natural PGRs and four concentration levels, resulting in
12 treatment combinations with three replications. The
mean value of four plants within each experimental unit
was used as the observation unit for statistical analysis.

When the ANOVA indicated significant effects, further
analysis was conducted using the Least Significant
Difference (LSD) test at the 5% significance level to
compare the effects of natural PGR types. For the
concentration factor and the interaction between PGR type
and concentration, orthogonal polynomial analysis was
applied to evaluate response trends and estimate
optimum concentration levels for significant growth
parameters.

Linear and quadratic regression equations obtained
from orthogonal polynomial analysis were used to
describe the relationship between concentration levels and
plant growth responses. The optimum concentration
values reported in the Results section were determined
from significant quadratic regression models.

All statistical analyses were conducted at the 5% and
1% significance levels. Given the absence of chemical
characterization of the natural extracts, interpretation of
treatment effects was limited to comparative growth

(Eq. 1)Graft survival (%) = ​ ×
grafts made∑
living grafts∑

100
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responses rather than specific physiological or hormonal
mechanisms. All conclusions are based solely on observed
phenotypic responses.

Ethical Considerations
This study involved only plant materials and did not
include human or animal subjects; therefore, ethical
approval was not required. All experimental procedures
complied with guidelines for agricultural and horticultural
research.

Results

Overview of Growth Responses of Wedge-
Grafted Robusta Coffee Seedlings to Natural
Plant Growth Regulators
The analysis of variance (ANOVA) showed that the growth
responses of wedge-grafted robusta coffee seedlings
varied according to the type of natural plant growth
regulator (PGR), PGR concentration, and their interaction
(Table 1).

The type of natural PGR significantly affected leaf area
(P < 0.05) and highly significantly affected shoot number
(P < 0.01), but did not significantly influence graft survival

percentage, shoot emergence time, longest shoot length,
or leaf number. PGR concentration significantly affected
shoot emergence time and longest shoot length (P <
0.05), and highly significantly affected shoot number (P <
0.01). Significant interaction effects between PGR type and
concentration were detected for shoot emergence time,
longest shoot length, and leaf number (11). These results
suggest that certain growth parameters were more
sensitive to concentration and combined treatment effects
than to PGR type alone. The response patterns indicate
differential sensitivity of growth traits to the tested factors
under nursery conditions. Only statistically significant
responses are interpreted in detail below.

Effects of Natural PGR Type on the Growth of
Wedge-Grafted Robusta Coffee Seedlings
Application of shallot extract, bean sprout extract, and
coconut water did not significantly affect graft survival
percentage. Survival remained high across all treatments
(97.2 ± 2.8% to 100.0 ± 0.0%, mean ± SE), indicating that
all treatments were generally compatible with wedge
grafting. This indicates that graft establishment was
consistently successful across all treatments under the
applied nursery conditions.

Table 1. F-values of all observed parameters.

Observed Parameters Type of Natural
PGR

Concentration of Natural
PGR

Interaction between Type and Concentration
of Natural PGR

Graft success
percentage (%) 0.50 0.67 1.17 

Shoot emergence time
(days) 1.02 3.49 * 3.18 *

Number of shoots 10.74 ** 9.55 ** 2.51 

Longest shoot length
(cm) 2.07 3.93 * 3.58 *

Number of leaves
(leaves) 2.62 0.31 7.03 **

Leaf area (cm²) 5.26 * 2.77 1.21 

Notes: * = Significant, ** = Highly significant,  = Not significant.

Figure 1. Visual condition of coffee seedlings after wedge grafting (a) unsuccessful graft resulting in seedling death, (b)
grafted seedling showing the emergence of a new shoot, and (c) actively growing new shoot on a success.
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Graft Survival PercentageGraft Survival Percentage
Seedling mortality was observed primarily within the first
14 days after grafting and was attributed to aphid
infestation, which caused scion tissue discoloration,
necrosis, and desiccation (Figure 1a). Successful grafts
were characterized by green, fresh scions and the
emergence of new shoots (Figure 1c). The consistently
high survival rates across treatments indicate that all three
natural PGRs were physiologically compatible with wedge
grafting in robusta coffee.

Treatment differences were not significant, these
numerical variations should not be interpreted as evidence
of superior treatment performance, and graft success was
likely influenced more strongly by grafting technique and
nursery management than by PGR application (12).

Shoot Emergence Time, Shoot Length, and Leaf
Number
Natural PGR type did not significantly affect shoot
emergence time, longest shoot length, or leaf number.
Therefore, no single PGR source can be considered
superior for these parameters within the tested conditions.
The absence of significance suggests that these early
vegetative traits were relatively stable across natural PGR
sources during the 90-day observation period. Since
endogenous and exogenous hormone levels were not
chemically quantified, further mechanistic interpretation
should be made cautiously. Given that hormone
composition was not quantified, these results are
interpreted as comparative treatment responses rather
than evidence of specific physiological mechanisms.

Leaf Area
Unlike other vegetative parameters, leaf area was
significantly influenced by the type of natural PGR applied
(Table 2). Shallot extract resulted in the largest mean leaf
area (42.29 cm²), significantly exceeding that of bean
sprout extract (39.35 cm²) and coconut water (38.03 cm²).
A treatment-dependent variation in leaf expansion across
the tested PGR sources.

Leaf area is a critical determinant of photosynthetic
capacity, as larger leaves provide greater surface area for
light interception and carbon assimilation (13, 14). The

higher leaf area observed in shallot extract treatments
indicates a more favorable growth response under the
present conditions; however, this should not be directly
attributed to specific hormone activity due to the absence
of chemical analysis. Accordingly, the observed differences
are interpreted strictly as treatment effects within the
experimental framework.

Leaf area was significantly affected by natural PGR
type (Table 2). Shallot extract produced the highest mean
leaf area (42.29 ± SE cm²), followed by bean sprout extract
(39.35 ± SE cm²) and coconut water (38.03 ± SE cm²).
Although statistically significant, the practical magnitude
of difference was moderate (approximately 4.26 cm²
between the highest and lowest treatments). In nursery
practice, this may indicate a modest advantage in early
canopy expansion rather than a major difference in
seedling quality. Thus, the observed differences should be
interpreted as empirical outcomes of treatment
application rather than mechanistic effects (15). These
results reflect comparative performance among treatments
under controlled nursery conditions.

Shoot Number
Shoot number was highly significantly affected by natural
PGR type (Table 3). Coconut water produced the highest
mean shoot number (2.54 ± SE shoots), followed by bean
sprout extract (2.31 ± SE shoots) and shallot extract (2.17
± SE shoots). This indicates that the type of natural extract
used had a measurable effect on shoot proliferation under
nursery conditions.

The difference between the highest and lowest
treatments was 0.37 shoot per seedling. While statistically
significant, the agronomic importance depends on nursery
objectives. For nurseries targeting rapid canopy formation,
this increase may be useful; however, under routine
seedling production, the practical benefit may be
moderate. Although coconut water showed the highest
response, this finding reflects treatment performance
rather than direct confirmation of cytokinin-related effects,
since extract composition was not measure (16, 17).
Therefore, the observed variation should be interpreted as
an empirical growth response influenced by treatment
type rather than a mechanistic hormonal explanation.

Table 2. Effect of natural PGR type on leaf area of wedge-grafted coffee seedlings.

Type of Natural PGR Leaf Area (cm²)

Shallot extract 42.29 
Bean sprout extract 39.35 

Coconut water 38.03 
Note: Values followed by the same letter are not significantly different based on LSD test at 5% level (LSD = 2.777).

Table 3. Effect of natural PGR type on the number of shoots of wedge-grafted coffee seedlings.

Type of Natural PGR Number of Shoots

Shallot extract 2.17 
Bean sprout extract 2.31 

Coconut water 2.54 
Notes: Values followed by the same letter are not significantly different based on LSD test at 1% level (LSD = 0.228).

a

bc

c

c

bc

a
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Figure 2. Effect of natural plant growth regulator
concentration on shoot emergence time of wedge-grafted

coffee seedlings.

Figure 3. Influence of natural plant growth regulator
concentration on the longest shoot length of wedge-

grafted coffee seedlings.

Figure 4. Response of shoot number to different
concentrations of natural plant growth regulators in

wedge-grafted coffee seedlings.

Figure 5. Interaction between type and concentration of
natural plant growth regulators on shoot emergence time

of wedge-grafted coffee seedlings.

Effects of Natural PGR Concentration on the
Growth of Wedge-Grafted Robusta Coffee
Seedlings

Graft Survival, Leaf Number, and Leaf Area
Variation in PGR concentration (25–100%) did not
significantly affect graft survival, leaf number, or leaf area.
Thus, concentration differences within the tested range
were not critical determinants of these variables during
early graft establishment (18). Within the tested range,
these parameters showed relatively stable responses.

Shoot Emergence Time
PGR concentration significantly affected shoot emergence
time (Figure 2). The fastest shoot emergence (23.76 days)
was recorded at 25% concentration, while higher
concentrations progressively delayed shoot emergence.
This indicates a clear concentration-dependent response
in early bud break timing.

This pattern indicates that lower concentrations were
more effective for shoot initiation, while higher
concentrations may have reduced effectiveness; however,
the underlying physiological basis cannot be confirmed in
the absence of hormone quantification. High
concentrations of exogenous hormones can damage
wounded tissues and delay shoot development,
supporting the observed trend (19).

Longest Shoot Length
Shoot length exhibited a quadratic response to PGR
concentration, with the longest shoots (3.6 cm) observed
at an optimal concentration of 48% (Figure 3). This
suggests the presence of an optimal concentration range
for promoting shoot elongation, beyond which the
response declines. Interpretation remains limited to
response patterns rather than specific hormonal
mechanisms (20).

Shoot Number
Shoot number responded very significantly to PGR
concentration, with the highest mean value (2.5 shoots)
achieved at an estimated optimal concentration of 68.75%
(Figure 4). This indicates that higher concentrations
tended to favor shoot proliferation within the tested
range, although the exact physiological drivers cannot be
determined.

A high cytokinin-to-auxin ratio favors shoot
formation, which explains why the optimal concentration
for shoot number differed from that for shoot length (21).

Interaction Effects Between PGR Type and
Concentration

Shoot Emergence Time

A significant interaction between PGR type and
concentration was observed for shoot emergence time
(Figure 5). Bean sprout extract at 25% concentration
produced the fastest shoot emergence (22.84 days).

This result highlights that treatment effectiveness
depends on the combination of source and concentration,
rather than on a single factor alone. Any explanation
related to hormonal balance remains tentative due to the
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Figure 6. Combined effects of natural plant growth
regulator type and concentration on the longest shoot

length of wedge-grafted coffee seedlings.

Figure 7. Interaction effects of natural plant growth
regulator type and concentration on leaf number of

wedge-grafted coffee seedlings.

lack of compositional analysis.

Longest Shoot Length

The interaction between shallot extract and concentration
significantly affected shoot length (Figure 6). Shallot
extract at an optimal concentration of 55% produced the
longest shoots (4.42 cm). At higher concentrations, shoot
length declined, indicating hormone overdose effects.
Misra et al. (2025) reported that excessive exogenous
hormone application can inhibit growth or even cause
phytotoxicity (22).

Leaf Number
Leaf number was highly significantly influenced by the
interaction between PGR type and concentration (Figure
7). Coconut water at an optimal concentration of 60.7%
produced the highest leaf number (12 leaves). This finding
suggests that specific source concentration combinations
can enhance leaf development; however, the effect should
be interpreted as a treatment response rather than direct
evidence of synergistic hormonal action. Similar results
were reported by Lince et al. (2025), who observed
enhanced leaf formation at comparable coconut water
concentrations (23).

Conclusion
The application of natural plant growth regulators
significantly affected several early vegetative growth
parameters of wedge-grafted robusta coffee seedlings
under the greenhouse conditions of this study. Coconut

water produced the highest shoot number, whereas
shallot extract resulted in the largest leaf area among the
tested PGR sources. Growth responses to concentration
were treatment-dependent, with the fastest shoot
emergence observed at 25%, while regression analysis
estimated peak shoot length and shoot number at
approximately 48% and 68.75%, respectively, within the
tested concentration range. Significant interaction effects
indicated that responses to concentration varied according
to PGR source, particularly for shoot emergence time,
shoot length, and leaf number. These findings should be
interpreted within the scope of the present experiment,
which was limited to one nursery environment, a 25–100%
concentration range, and without direct quantification of
endogenous hormone composition in the extracts.
Therefore, practical application should be restricted to
conditions similar to those tested until further field or
multi-location validation is available. Future research is
recommended to include biochemical characterization of
natural PGR sources, broader concentration gradients,
longer nursery evaluation periods, and field performance
after transplanting.
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