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Abstract

Morphological traits although occasionally cited as outdated for scientific research remain indispensable
indicators of plant performance, serving as crucial visible proxies for the interplay between genetic potential
and environmental conditions in sustainable crop production. Intensified climate variability necessitates
controlled environment agriculture to stabilize yields of vital horticultural crops like the green bean (Phaseolus
vulgaris L.). Optimizing production requires the strategic integration of superior genetic accessions with precise
chemical regulation. This study investigated the differential effects of three commercial growth regulator
formulations (Formulation S, Formulation B, and Formulation N) on the morphological development and
pod mass partitioning of a local indeterminate green bean accession (GB00788) under controlled greenhouse
conditions. Significant treatment responses were observed. Formulation B notably enhanced root mass (2.61
g), while Formulation § significantly increased root mass (2.05 g), stem apical diameter (1.53 mm), total
inflorescences (15.19), and secondary branching (5.41). Critically, Formulation S maximized pod mass on the
main stem (30.86 g) but simultancously reduced pod mass on secondary branches (7.82 g), demonstrating a
strong trade-off in assimilate allocation. Furthermore, both Formulation B (2.63 + 0.82 kg m?) and
Formulation N (2.46 + 0.73 kg m™) significantly improved early yield. These results reveal the complex,
differential physiological effects of growth regulators on green bean development and biomass partitioning.
The findings provide high-value, actionable insights for developing genotype-specific cultivation strategies,
ultimately enhancing resource use efficiency and yield stability in modern greenhouse production.
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Introduction

Plant morphology is essential for agricultural research, and serves as a fundamental and visually critical
method. Although often cited in scientific studies as an outdated research approach, morphology is profoundly
important because it reveals visible changes that provide immediate indicators of the plant's condition. This
visual evidence makes it a crucial, if not basic, measure as it is a direct indicator of processes or deviations from
optimal processes within plants. Morphology also provides critical knowledge about how plants respond and
adapt to various environmental factors such as water availability, light, and climate conditions (Xu e 4/., 2009;
Yang ez al., 2015). A thorough understanding of plant morphological traits supports accurate species
identification and taxonomy, which are fundamental for biodiversity conservation and effective management
in agriculture (PySek e al., 2013; Steiner ez al., 2015). This knowledge enables researchers and farmers to select
and cultivate plant varieties that are better suited to withstand environmental stress, ultimately enhancing crop
productivity and sustainability. Therefore, studying plant morphology remains a crucial and advanced
discipline in modern agricultural science (Salmeri, 2019). A thorough understanding of plant morphology
serves as the foundation for predicting and improving crop productivity and adaptability (Ribeiro ez 4/., 2018).
Key parameters, such as leaf number, root mass, internode count, and pod characteristics, directly influence
photosynthesis, nutrient uptake, and reproductive success, and therefore, ultimately yield (Illipronti Jr ez 4l
2000; Namayanja ez al., 2014; Coclho, 2022; Castiano ez al., 2023).

The escalating global demand for food, intensified by climate change, necessitates the development of
resilient agricultural systems (Rosalia and Mulyaningsih, 2022; FAO ez al., 2023). The green bean (Phaseolus
vulgaris L.) is a globally significant legume that is nutritionally and economically vital (Akhtar ez al., 2023).
Greenhouse cultivation, among other methods, offers a robust solution by mitigating environmental stressors
and bolstering crop resilience (Cossu ez al., 2021) using optimized inputs such as growth regulators.

Research on genetic resources and the strategic application of growth regulators is crucial for enhancing
greenhouse production of green bean. This approach improves crop resilience against environmental stressors
(Smykal e al., 2020) and amplifies yield and resource efficiency by optimizing genetic traits under controlled
conditions (Karavidas ez 4/, 2022).

The strategic application of growth regulator formulations in green bean cultivation has recently
attracted significant attention. These organic substances, including beneficial microorganisms and plant
extracts, enhance crop performance by stimulating plant growth, improving nutrient uptake, and increasing
stress resistance (Khan ez a/., 2009; Sharma ez al., 2014; Bulgari ez al., 2015; Du Jardin, 2015; Yakhin ez a/.,
2017; Kumari ez al, 2023). This is achieved through enhanced root development, modulation of
phytohormone activity, and increased antioxidant capacity (Rouphael and Colla, 2020). Their potential to
reduce reliance on synthetic fertilizers contributes to more sustainable agricultural practices (Rajabi Hamedani
et al., 2020). Studies have consistently demonstrated a positive influence on morphological traits and resilience
to abiotic stresses (Galvio ez al., 2019; Petropoulos ez al., 2019; Szparaga et al., 2019; Petropoulos ez al., 20205
Fernandes ez al., 2021; Diaz et al., 2021; Nhhala ez al., 2024). Specific formulations such as those containing
secaweed extracts or microbial agents further enhance growth, nutrient acquisition, and disease resistance (da
Silva et al., 2024; Mughunth ez al., 2024; Siddiqui ez 4l., 2025).

Despite the known benefits of greenhouse cultivation and the individual impacts of genetic diversity
and plant amendments, a significant knowledge gap exists regarding the synergistic effects of different growth
regulators on the detailed morphological development and yield potential of green bean. Specifically,
comprehensive research integrating multiple growth regulator formulations with local green bean varieties
under controlled greenhouse conditions is still limited.

This study aimed to address a key research gap by examining the effects of three different growth
regulators on the morphological traits and yield components of a local common bean variety grown in
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greenhouse conditions. These findings support the development of sustainable strategies to optimize green
bean production.

Materials and methods

Experimental site and setup

The experiment was conducted under controlled greenhouse conditions at the Faculty of Agriculture,
University of Banja Luka, Bosnia and Herzegovina (44°77' N 17°21' E), within a 100 m* area. The ambient
temperature and humidity, typical for the region, were maintained from May 30 to July 25, 2023, with natural
light as the sole illumination source. This controlled environment, characterized by optimal and elevated
temperature levels, significantly accelerated the phenological development of the indeterminate green bean
variety. The study used a randomized complete block design with four treatments (three growth regulator
formulations and one control), each replicated ten times. Each replicate consisted of a single five L plastic pot.
The pots were spaced 40 x 40 cm apart. On May 30, 2023, three green bean seeds were sown per pot, and all
three emergent seedlings were maintained. This resulted in a total of 120 plants (ten pots per treatment x three
plants per pot) for detailed analysis, allowing for the assessment of within-pot performance.

Plant material and growth regulator application

An indeterminate green bean (accession GB00788), a local variety of 'Vidovac' from the Rogatica
municipality (43° 93.25' N 18°93.25" E, altitude 782 m), was used in this study. This accession was obtained
from the Plant Gene Bank of the Republic of Srpska (Institute of Genetic Resources of the Republic of Srpska,
University of Banja Luka). Plants were grown in a commercial Profi substrate, SUPERFANTAZIA
(Gramoflor, Germany). Three commercially available growth regulator formulations were tested:

. Formulation S (Slavol, Agrounik d.o.o., Serbia): A liquid microbiological fertilizer containing nitrogen-
fixing bacteria, phosphorus mineralizers, and auxin-producing plant growth regulator. This product acts
as both a nutrient source and a biostimulant.

. Formulation B (Biohealth BS TS WSG, (Humin Tech, Germany): A powder form microbiological
tertilizer enriched with Bacillus subtilis, Trichoderma harzianum, and seaweed extract, formulated to
promote root development and nutrient uptake.

o Formulation N (Nitrogenius, Biofor System d.o.0., Serbia): A liquid microbiological fertilizer primarily
based on Azorobacter chroococcum, a nitrogen-fixing bacterium that enriches soil with atmospheric
nitrogen and may improve fungicide efficacy.

The control group (C) did not receive any growth regulator application. These formulations were
applied as a soil drench around the base of each pot twice during the vegetative period of the plants. The
phenological development was exceptionally rapid and precisely tracked due to the controlled greenhouse
conditions. Emergence (BBCH 09) was recorded on June 6 (7 days after sowing), and the first true simple
leaves (BBCH 12) were present on June 9 (10 days after sowing) (Meier, 2001). This rapid early development
was crucial for the overall short cycle.

The first application was performed on June 12 when the bean plants had developed two simple leaves
(BBCH 12). The second application was performed on June 19, when the plants had fully developed three to
four compound leaves (BBCH 13-19) and were actively initiating vine growth. The plants reached the
beginning of flowering (BBCH 60) on June 29 (30 days after sowing). This accelerated timeline resulted in a
significantly shorter period from sowing to harvest compared to standard field conditions.

The specific application doses for each product, prepared in 15 L of water, were as follows:

. Formulation S: 150 mL (equivalent to 10 mL L)

. Formulation N: 100 mL (equivalent to 6.67 g L)

. Formulation B: 7.5 g (equivalent to 0.5 g L™").
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The total solution volume (15 L) was evenly divided among the 40 pots for each application, resulting
in an application volume of 375 mL per pot. This ensured a consistent application across all experimental units.

Crop management

Watering was performed manually as needed by observing the substrate’s moisture level. Plants were
watered when the substrate surface began to dry, ensuring adequate hydration without waterlogging. No
additional fertilizers or pest or disease control measures were applied throughout the experiment to avoid
confounding effects on the efficacy of the growth regulator formulations.

Determination of morphological parameters

Plant growth was continuously monitored until the pods reached green bean maturity. Morphological
analyses were conducted at the Laboratory for Pomology and Biotechnology in Horticulture, Institute of
Horticulture, Faculty of Agriculture, University of Banja Luka. The measured parameters were divided into
three separate groups.

1) Morphological and vegetative development traits: root mass (g), number of leaves per plant, leaf mass
per stem (g), number of secondary branches, stem height (cm), stem base diameter (mm), stem apical diameter
(mm) and number of internodes;

2) Flowering and reproductive traits: number of nodes to first inflorescence, number of inflorescences
on the main stem, number of inflorescences on secondary branches, total number of inflorescences;

3) Pod and yield traits: pod mass on the main stem (g), pod mass on secondary branches (g), early yield
(kg m™), pod diameter on main stem (mm), pod diameter on secondary branches (mm), pod length on main
stem (mm) and pod length on secondary branches (mm).

Measurements were performed using a UNIOR Digital Caliper 270A, a ruler, and a "Kern" laboratory
scale (accuracy: four decimal places; range: 10-120 g). The start of the harvest period for green pods was
recorded on July 11 (42 days after sowing and 12 days after first flowering). Early yield (kg m?) was defined as
the cumulative total pod mass harvested during the first three consecutive picking events (from July 11 to July
18). Total early yield was collected until the end of the experiment on July 25, 2023 (56 days after sowing),
when the plants reached the BBCH 75 stage (50% of pods achieved final size). Early yield was calculated based
on total pod mass per plant and the average number of pods per plant, assuming a planting density of
approximately 30,000 plants ha” for indeterminate green bean varieties (Todorovi¢ ez al., 2008).

(4) (8) (©)
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(D) (E) (F)
Figure 1. Experimental setup and growth stages of green bean under different treatments: (A) greenhouse
layout with pots arranged in a randomized complete block design; (B) early vegetative growth phase of the
plants; (C) flowering stage and development of inflorescences; (D) plant growth during the reproductive
phase prior to harvest; (E) measurement of vegetative and pod morphological characteristics; (F)
determination of fresh mass for pods and roots

Statistical analysis

Biometric analyses were performed using the JASP software (JASP Team, 2024). The General Linear
Model (GLM) was used to assess the statistical significance of the results, with a significance level set at p <
0.05. For post hoc pairwise comparisons, Tukey’s Honest Significant Difference (HSD) test was performed.
Results are presented as mean values + standard error (SE). For visualization, the results are shown as bar charts,
where the error bars represent 95 % confidence intervals. Statistically significant differences between groups
are indicated by different letters using a compact letter display (CLD).

Results

During the experimental period, the temperature was primarily within the optimal range for flowering
and pod setting of green bean, which is approximately 20 - 25 °C and the optimal air humidity for green bean
is 80 % - 90 % (Todorovi¢ ez al., 2008). In contrast, the greenhouse study reported a humidity range of 50 % -
60 % for the majority of the study, which is below the stated optimum. During the observation period, as
illustrated in Figure 2, the greenhouse experienced considerable fluctuations in both the average air
temperature and humidity levels.
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Figure 2. Average air temperatures (°C) and air humidity (%) in the greenhouse
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The microclimatic environment inside the greenhouse during the observation period (30 May to 25
July) exhibited considerable instability, primarily defined by significant volatility in relative air humidity, which
introduced transient physiological stress factors (Figure 2). Average daily temperatures were generally
maintained between 24 °C and 34 °C, supporting rapid growth; however, the system recorded distinct thermal
peaks that reached maximum values of 38 °C to 40 °C around 31 May, 14 - 15 June, and 20 - 22 July, indicating
episodes of acute thermal stress typical of summer greenhouse conditions.

In contrast, relative air humidity demonstrated a wider fluctuation, ranging substantially from
approximately 12 % to 70 %. Low humidity episodes, particularly approaching 12 % in mid-June, resulted in a
severe water stress for the plants.

Overall, the environment's instability, marked by intermittent periods of elevated temperature and
pronounced fluctuations in air humidity, suggests that the plants were continuously subjected to physiological
challenges that may have influenced the observed morphological and yield outcomes.

The analysis revealed significant effects of treatment on several key morphological parameters of green
bean, notably root mass, number of secondary branches, and stem apical diameter. A highly significant
treatment effect was observed on root mass (p < 0.001). Post-hoc analysis showed that both Formulation B
(2.61 g) and Formulation S (2.05 g) significantly increased root mass compared to the control (0.85 g) and
Formulation N (0.76 g). This indicated the strong positive effects of Formulation B and Formulation S on
belowground biomass accumulation, with Formulation B leading to the highest overall root mass. Statistical
grouping further differentiated these effects, with Formulation B and Formulation S forming a distinct group
(b) compared to the Control and Formulation N (a), demonstrating their superior impact on root
development (Figure 3A).
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Figure 3. Morphological and vegetative development traits: A) Root mass (g); B) Number of leaves per
plant; C) Leaf mass per plant (g); D) Number of secondary branches; E) Stem height (cm); F) Stem base
diameter (mm); G) Stem apical diameter (mm); H) Number of internodes

Dataare presented as mean + standard error (SE). C - Control; S - Formulation S; B - Formulation B; N - Formulation
N. Different letters indicate significant differences between treatments according to the Tukey HSD test at p < 0.05

Highly significant differences were observed in the stem apical diameter (p < 0.001). Formulation S-
treated plants exhibited a significantly thicker apical diameter (1.53 mm) than plants in all other treatments.
The Control, Formulation B, and Formulation N treatments were statistically grouped, while Formulation S
formed a distinct group, highlighting its unique positive effect on apical stem development (Figure 3G).
Conversely, no significant differences were observed in basal stem diameter (p = 0.554) (Figure 3F). A
statistically significant difference was also observed in the number of secondary branches (p = 0.048) between
the two treatments. Formulation S-treated plants produced a significantly higher number of secondary
branches (5.41) than N-treated plants (3.93) (Figure 3D).

In contrast, no statistically significant treatment effects were observed for stem height (p = 0.227)
(Figure 3E), number of leaves per stem (p = 0.200) (Figure 3B), leaf mass per stem (p = 0.145) (Figure 3C), or
number of internodes (p = 0.372) (Figure 3H). While Formulation S-treated plants generally exhibited the
highest mean values for these non-significant parameters (16.81 leaves, 41.59 g leaf mass per stem, and 34.41
internodes), these differences did not reach statistical significance across all treatments.

Analysis of inflorescence development revealed several key insights. No significant differences were
observed in the number of nodes to the first inflorescence (p = 0.916), suggesting that the tested treatments
did not alter the timing of initial flowering (Figure 4A). Similarly, the number of inflorescences on the main
stem did not show a statistically significant treatment effect (p = 0.374) (Figure 4B).
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Figure 4. Flowering and reproductive traits: A) Number of nodes to first inflorescence; B) Number of
inflorescences on the main stem; C) Number of inflorescences on secondary branches; D) Total number
of inflorescences

Dataare presented as mean + standard error (SE). C - Control; S - Formulation S; B - Formulation B; N - Formulation
N. Different letters indicate significant differences between treatments according to the Tukey HSD test at p < 0.05

However, a significant treatment effect was observed on the number of inflorescences on secondary
branches (p = 0.002). Formulation S (10.48) significantly increased the number of inflorescences on secondary
branches compared to both the control (6.11) and Formulation N (6.24) treatments (Figure 4C). Although
Formulation S showed a numerically higher value than Formulation B (7.96), this difference was not
statistically significant.

Crucially, statistically significant differences were found in the total number of inflorescences produced
(p = 0.015). Formulation S-treated plants consistently exhibited a significantly higher total number of
inflorescences (15.19) than all other treatments (Control: 11.89, Formulation B: 12.32, Formulation N: 11.35)
(Figure 4D). This finding indicates the superior ability of Formulation S to promote the overall reproductive
potential of green bean plants.

The treatments had a significant influence on pod length and diameter (Figure 5). Formulation S
consistently resulted in shorter and thinner pods on both main and secondary branches.

¢ The pod length on the main stem was significantly reduced by Formulation S (72.56 mm) compared
to the control (102.11 mm), Formulation B (91.13 mm), and Formulation N (100.23 mm) (p <
0.001) (Figure SF).

¢ Podlength on secondary branches also showed significant reductions with Formulation S (77.52 mm)
compared to the Control (97.75 mm) and Formulation N (101.79 mm) (p = 0.029) (Figure 5G).

e The pod diameter on the main stem was significantly thinner with Formulation S (8.43 mm) than
with Control (12.02 mm), Formulation B (10.14 mm), and Formulation N (10.85 mm) (p < 0.001)
(Figure 5D).

e The pod diameter on secondary branches was also significantly thinner in Formulation S (8.38 mm)
than in the Control (10.37 mm), Formulation B (11.49 mm), and Formulation N (11.25 mm) (p <
0.001) (Figure SE).
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Figure 5. Pod and yicld traits: A) Pod mass on the main stem (g); B) Pod mass on secondary branches (g);
C) Early yield (kg m™); D) Pod diameter on main stem (mm); E) Pod diameter on secondary branches
(mm); F) Pod length on main stem (mm); G) Pod length on secondary branches (mm)

Dataare presented as means + standard error (SE). C - Control; S - Formulation S; B - Formulation B; N - Formulation
N. Different letters indicate significant differences between treatments according to the Tukey HSD test at p < 0.05

Despite these changes, the total pod mass per plant remained statistically unaffected (p = 0.893) by the
treatments. However, the pod mass distributions varied. The pod mass on the main stem significantly increased
with Formulation S (30.86 g) compared to that in the control (p = 0.026) (Figure SA). Conversely, pod mass
on secondary branches was significantly lower in Formulations S (7.82 g) and B (7.62 g) than in the control
(23.16 g) and N (21.90 g) (p < 0.001) (Figure 5B).

Significant variation was observed in the early yield (p < 0.001). Formulation B (2.63 + 0.82 kg m™) and
Formulation N (2.46 + 0.73 kg m™) significantly outperformed the control (1.76 + 0.24 kg m?) (p < 0.001).
Formulation S's early yield (1.91 + 0.36 kg m™) was not significantly different from that of the control (Figure
5C). There was no significant difference between Formulations B and N, but both performed significantly
better than Formulation S.

These results demonstrate that while total pod mass was unaffected, growth regulators modulated yield
components through differential biomass allocation and significantly influenced early productivity, especially
under Formulation B and Formulation N treatments.
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Discussion

Understanding morphological characteristics is fundamental for successful crop cultivation, as is
studying the growth and developmental dynamics of each plant species. Each bean growth stage requires
specific environmental conditions, and deviations from optimal conditions can lead to reduced yield and lower
seed quality (Pandurovié ez 4/., 2019).

The fluctuating and often extreme microclimatic conditions observed during the green bean production
period (Figure 2) were highly unfavorable, likely contributing to the reduced pod potential and yield
characteristics. The experiment recorded numerous thermal peaks, with temperatures reaching 38 °C to 40 °C
during the critical flowering and early pod development stages (29 June - 22 July). These acute thermal stress
events occurred concurrently with severe drops in relative air humidity, approaching 12 % in mid-June. Green
beans, originating from moderately warm regions, are sensitive to temperature extremes; temperatures
exceeding 30 - 35 °C can lead to pollen destruction and fertilization failure (Vasi¢, 2003). This recorded
exposure to supra-optimal temperatures and high deficit in vapor pressure directly validates the hypothesis that
the greenhouse conditions acted as a major confounding factor. Similarly, while the carly vegetative stages
tolerate short-term droughts, severe air droughts during flowering and both air and soil droughts during pod
ripening and seed filling significantly reduce productivity (Vasi¢ et al, 2010). The combination of high
temperature and low humidity likely accelerated the phenological timeline observed (30 days from sowing to
flowering), but simultaneously introduced stress that compromised the potential pod number and final yield
stability across all treatments, regardless of the efficacy of the applied growth regulators.

Our findings on root mass (Figure 3A) showed significant increases with Formulations B and S. This
suggests that these growth regulator formulations effectively promoted root development, likely by enhancing
water and nutrient uptake, which is critical for stress resilience under fluctuating greenhouse conditions. This
aligns with studies indicating that microbial inoculants and seaweed extracts, which are key components of
these biostimulants, can improve the root architecture and biomass (Du Jardin, 2015; Yakhin ez 4/, 2017).
While Ferndndez-Luqueo ez al. (2010) reported higher root mass at full maturity, the increases observed at
pod formation in the present study were more significant.

In comparison to the study by Mtaita and Mutetwa (2014), which reported an average plant height of
57.50 cm, the average height in our study was significantly higher, ranging from 82 to 104 cm (Figure 3E).
These findings may be attributed to environmental and genetic factors that are exacerbated by high greenhouse
temperatures. Growth regulators influenced leaf number (Figure 3B), which is consistent with Tahiri (2023),
although our percentage differences were smaller. Leaf mass variations (Figure 3C) also concurred with those
reported by Tahiri ez al. (2024), who noted progressive increases with the application of growth regulators.
Ribeiro ez al. (2018) reported lower internode numbers in bean lines than our findings (Figure 3H), suggesting
our growth regulator treatments may foster increased internode development. The results for the secondary
branches (Figure 3D) were comparable to those of Tunc ez al. (2023), with Formulation S showing a
significantly positive effect. The increased stem apical diameter with Formulation S (Figure 3G), despite no
difference in basal diameter (Figure 3F), suggests localized effects on stem vigor, potentially linked to assimilate
partitioning. While Maure ez al. (2019) found that intercropping significantly affected stem diameter
(averaging 6 mm) but not the number of inflorescences (42-53 per plant), our research showed that the
application of growth stimulators showed no significant difference in basal stem diameter (1.75-2.6 mm) but a
significant increase in the total number of inflorescences (15.19), particularly with Formulation S.

The significant increase in inflorescences on secondary branches in Formulation S-treated plants (Figure
4C) indicates its role in promoting lateral reproductive growth, possibly through hormonal modulation. The
application of growth stimulators containing nitrogen-fixing bacteria in common bean cultivation led to
increased root biomass and a higher number of inflorescences on lower branches, suggesting a redistribution of
resources and the possible influence of phytohormones, such as cytokinins, which are known to promote lateral

10
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branching and flowering (Werner ez al., 2003). Despite the reduced pod size, the overall yield remained stable,
indicating the plant’s ability to adapt morphologically to variable conditions in the controlled greenhouse
environment.

Pod characteristics, including length and diameter, were also significantly affected by the irrigation
regime. While our findings for control and Formulation N/Formulation B generally aligned with Vasi¢'s
(2003) medium-to long-pod categories (Figure SF and 5G), Formulation S consistently resulted in significantly
shorter and thinner pods (Figure SD and SE). This contrasting effect, despite Formulation S promoting more
inflorescences, suggests a potential trade-off or altered assimilation partitioning. Formulation S enhanced the
pod mass on the main stem (Figure SA) but drastically reduced the pod mass on the secondary branches (Figure
5B). This may indicate a strong sink effect of the main stem, which diverts assimilates from the lateral pods.
Such differential biomass partitioning is also observed in crops treated with plant growth regulators, where
growth in one part may occur at the expense of another (Taiz ez a/., 2017). The higher inflorescence count with
Formulation S, coupled with reduced pod size, suggests a "source-sink limitation" (Amanullah ez 4/, 2006).
While more reproductive structures were initiated, insufficient photoassimilates might have limited adequate
filling, especially in secondary branches. While Shanko ez /. (2020) found that green bean pod diameter varied
within a narrow range of 8.19-8.63 mm, our research recorded significantly larger differences. In our study, the
pod diameter was significantly thinner in Formulation S-treated plants, measuring 8.43 mm on the main stem
(Figure 5D) and 8.38 mm on secondary branches (Figure SE). These values were notably smaller than those of
the control group (12.02 mm), Formulation B (10.14 mm), and Formulation N (10.85 mm), indicating that
Formulation S treatment reduces pod thickness. Miladinovi¢ (2021) emphasized the importance of pod shape
and suggested further research on qualitative pod traits using biostimulant formulations.

The differential effects on early yield were particularly noteworthy. Formulations B and N significantly
enhanced early yield (Figure 5C), demonstrating their potential to accelerate productivity and shorten the
harvest window. This could stem from improved nutrient availability (Formulation N) or enhanced root
development and stress tolerance (Formulation B), leading to faster growth and earlier pod set with optimal
filling. High greenhouse temperatures may have favored the resilience of these treatments, facilitating more
efficient nutrient uptake and metabolism. This aligns with studies showing that specific microbial strains and
humic substances in Formulation B improve nutrient-use efficiency and abiotic stress tolerance (Bulgari ez 4/.,
2015; Rouphael and Colla, 2020). These findings highlight the importance of understanding the specific
mechanisms of different biostimulant formulations to optimize their application for targeted outcomes in
green bean cultivation.

The study revealed that while the tested growth regulator formulations maintained overall total pod
mass, they fundamentally altered the plant's strategy for achieving yield under adverse conditions, thus partially
supporting the hypothesis regarding efficacy, but refining the understanding of the mechanism. The most
significant finding was the differential allocation response of the formulations: Formulations B and N
significantly enhanced early yield and root mass, validating their commercial potential for quick harvest, likely
due to enhanced stress resilience and nutrient uptake. Conversely, Formulation S promoted a significantly
higher number of inflorescences and secondary branches, but this reproductive boost led to an unexpected and
critical source-sink limitation, resulting in significantly smaller pods and a redistribution of pod mass to the
main stem. This trade-off suggests that, under high-stress microclimatic conditions, the benefits of growth
stimulation are tightly constrained by the plant’s capacity to assimilate partitioning. Given these contrasting
results, the study's limitation is that it is conducted solely in a greenhouse and highlights the need for future
research focusing on field trials and detailed biochemical and hormonal analyses to fully elucidate the source-
sink dynamics and optimize application rates for targeted quality outcomes.
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Conclusion

This study demonstrates that specific growth regulators exert distinct effects on the morphological traits
and early yield components of green beans under greenhouse conditions. Formulation N and Formulation B
significantly enhanced early productivity, underscoring their potential to accelerate pod formation and support
carlier harvests, which is a key advantage in controlled environments where crop turnover and market timing
are critical. In contrast, Formulation S promoted a marked increase in inflorescence count, stimulated
secondary branching, and boosted pod mass on the main stem, suggesting a strategic redirection of reproductive
biomass toward the central axis of the plant. This pattern may be particularly beneficial for structural stability
and uniform pod development. Additionally, both Formulation B and Formulation S significantly improved
root biomass, contributing to overall plant resilience and resource uptake. These findings highlight the value
of tailored growth regulator application in optimizing specific agronomic outcomes. Further research is needed
to clucidate the underlying physiological mechanisms, refine application strategies across diverse growing
conditions, and assess the long-term impacts on total yield and crop quality.
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