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ABSTRACT: Bean (Phaseolus vulgaris) is a globally important legume crop valued for its nutritional content and
adaptability. Establishing a robust root system during early growth is critical for optimal nutrient uptake, shoot
development, and increased resistance to biotic stress. This study evaluated the effects of exogenous indole-3-butyric
acid (IBA) on root and shoot development in two bean cultivars, Onceler-98 and Topcu, during the seedling stage. IBA
was applied at four concentrations: 0 (control), 50, 100, and 150 μM. Morphological parameters measured included
root length (RL), root fresh weight (RFW), root dry weight (RDW), root nodule number (RNN), shoot length (SL),
shoot fresh weight (SFW), and shoot dry weight (SDW). The experiment followed a randomized complete block
design with four replications. Significant (p ≤ 0.05) and highly significant (p ≤ 0.01) differences were observed across
treatments and cultivars. The results indicated that Onceler-98 generally responded more favorably to IBA application,
with optimal growth performance observed at 100 μM. In contrast, Topcu was less responsive to IBA overall, and high
concentrations—particularly 150 μM—tended to suppress nodule formation.
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1 Introduction
Bean (Phaseolus vulgaris L.), belonging to the Fabaceae family is an annual plant of the Phaseolus

genus [1]. It is one of the most widely cultivated legumes worldwide due to its importance as a food and
income source for producers. Bean seeds are high in protein, low in fat, and low in calories. They are also
rich in mineral elements such as iron, calcium, magnesium, manganese, and potassium [2]. Due to their
rich nutritional content, affordability as a protein source, and long shelf life, beans are particularly popular
in developing countries [3]. However, their tolerance to various environmental conditions during growth
directly affects yield.

Auxins are plant hormones that influence the growth, development, and stress tolerance of plants [4].
Indole-3-acetic acid (IAA), one of the most important growth-promoting hormones, activates the ascorbate-
glutathione cycle [5] and enhances plant defense against oxidative stress [6]. Additionally, it plays a crucial
role in root elongation and growth [7]. Another important auxin is indole-3-butyric acid (IBA), which is
converted to IAA, leading to increased nitric oxide production [8]. This elevated nitric oxide effectively
reduces superoxide formation by facilitating peroxynitrite formation [9]. Numerous studies have investigated
the effects of IAA on plant growth and development. However, despite its theoretical efficacy, IAA is
unsuitable for practical applications due to its low stability and rapid degradation [10]. While an IAA solution
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degrades within 2 days, the stability of an IBA solution can exceed 28 days [11]. Nonetheless, the stability of
IBA is affected by environmental factors such as heat and light. Moreover, IBA can be formulated as a more
stable fertilizer when combined with alkylated choline cations [12].

Previous studies have shown that IBA, which is widely used especially in rooting processes, is converted
to IAA through the HOMEBOX PROTEIN 24 (HB24) transcription factor and promotes root hair elongation
in plants [13]. The hair-like structures formed by protrusions of root epidermal cells increase the contact
surface between the root and the soil, thereby enhancing water and nutrient uptake [14]. These structures also
provide a rapid and effective response to environmental stimuli [15]. Consequently, recent studies emphasize
improving the root system to increase yield, resilience, and tolerance to nutrient deficiencies [16,17].

The known enhancement of root formation by the hormone IBA, through the stimulation of IAA, GA3,
and total phenolics [18], suggests that the exogenous application of natural and/or synthetic auxins could be
used to promote adventitious root production [19,20]. Based on their effectiveness in inducing adventitious
roots, auxins including IAA and IBA have been widely reported by researchers to be commercially used for
stimulating root formation in various plant species, such as Cotinus coggygria [21], Lens culinaris M. [22],
Vitis vinifera [23], and Magnolia wufengensis [24]. In this context, IBA has been noted to exhibit higher
efficacy in root induction due to its superior performance and greater stability under light exposure [25].
However, it has also been found that root formation and elongation vary depending on plant species and
cultivars [21]. Considering above mentioned fact this study was conducted to investigate the potential effects
of exogenously applied IBA on root structure, nodule formation, and subsequently, seedling characteristics
in bean plants.

2 Materials and Methods

2.1 Plant Material and Growth Conditions
This trial was established on March 24, 2022, and terminated on April 28, 2022, at the Mersin University,

Silifke School of Applied Technology and Business greenhouse. In the trial, varieties developed by the
‘Republic of Türkiye Ministry of Agriculture and Forestry Transitional Zone Agricultural Research Institute
(Eskisehir, Türkiye)’ were used.

The experiment was conducted using a randomized complete block design with a factorial arrangement
and four replications. The first factor consisted of two bean cultivars, ‘Onceler-98’ and ‘Topcu’, while the
second factor included four IBA concentrations: 0, 50, 100, and 150 μM. To evaluate adaptability to field
conditions, 5-L pots were filled with field soil, and three bean seeds were sown in each pot.

After emergence, thinning was performed to leave only one plant per pot. Two weeks post-emergence,
the prepared IBA solutions were applied to the respective pots as 200 mL of irrigation water. This application
was repeated four times at three-day intervals. Observations were made on the 8th day after the last
application, when flowering had begun. During the intervals without solution application, the plant’s water
requirements were met with tap water. The concentrations applied to the cultivar Onceler-98 (0, 50, 100, and
150 μM IBA) were designated as O1, O2, O3, and O4, respectively, while the corresponding treatments for
cultivar Topcu were labeled T1, T2, T3, and T4.

At the beginning of flowering, traits related to root and shoot systems were measured, including Shoot
Length (SL), Shoot Fresh Weight (SFW), Shoot Dry Weight (SDW), Root Length (RL), Root Fresh Weight
(RFW), Root Dry Weight (RDW), and Root Number of Nodules (RNN). Root and shoot lengths were
measured directly using a measuring tape. Fresh weight of root and shoots were determined using a scale
with a sensitivity of 0.05 mg. Dry weights were obtained by weighing the samples on the same scale after
drying them in an oven at 60○C for 24 h.
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2.2 Statistical Analysis
Two-way ANOVA variance analysis was conducted using SAS 9.4 [26] software. Additionally, ANOVA

analyses of bean cultivars × treatment interactions and Principal Component Analyses (PCA) were per-
formed using JMP 17.0 software [27] to explore the relationships between root and shoot traits of the bean
cultivars. Significance differences between means were evaluated at p < 0.05. The Tukey multiple comparison
test was used to compare the means. Asterisks indicate the level of significance: **(p ≤ 0.01) denotes highly
significant differences, *(p ≤ 0.05) denotes significant differences, and non-significant differences (p > 0.05)
are indicated by “ns”.

3 Results
The two-way ANOVA revealed that all measured traits in bean seedlings were significantly influenced

by cultivar (C), application (A), and their interaction (C × A). Application had the most consistent and
pronounced effect across all traits, with highly significant differences (p < 0.01) observed for root length (RL),
shoot length (SL), shoot fresh and dry weights (SFW, SDW), and root nodule number (RNN). Cultivar effects
were also significant (p < 0.05 or p < 0.01) for all traits. The interaction between cultivar and application was
significant for all traits, particularly for RNN, RL, SL and RFW, suggesting that the response to treatments
was cultivar-dependent. These findings emphasize that both “cultivar” and “applied treatments” must be
considered to effectively optimize root and shoot development in bean cultivation (Table 1). The variation in
root and shoot structure of the samples is illustrated in Fig. 1.

The effects of different indole-3-butyric acid (IBA) concentrations on root system traits in two bean
cultivars are presented in Fig. 2. Application of IBA significantly influenced root length (RL), root fresh
weight (RFW), root dry weight (RDW), and root nodule number (RNN), with cultivar-specific variations.

Table 1: Two-way ANOVA analysis of root and shoot trait responses in bean seedlings

Mean square

SOV df RL RFW RDW SL SFW SDW RNN
Cultivars (C) 1 17.0017* 3.4656** 0.0620** 15.0417* 5.6551** 0.0368* 287.0417**

Application (A) 3 20.3517** 2.3872** 0.0235** 57.0139** 4.4229** 0.0933** 85.8194**
C × A 3 18.8850** 1.7987** 0.0017* 22.1806* 1.3505* 0.0805** 241.3750**

Note: p ≥ 0.05, indicating no significant difference; *p < 0.05, indicating significant difference at 0.05 level;
**p < 0.01, indicating significant difference at 0.01 level; df: degrees of freedom, SOV: source of Variance, RL: root
length, RFW: root fresh weight, RDW: root dry weight, SL: shoot length, SFW: shoot fresh weight, SDW: shoot dry
weight, RNN: root nodules number.
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Figure 1: Effects of different IBA doses on cultivars Onceler-98 and Topcu on root and shoot morphology

Figure 2: Effects of IBA concentrations on root morphology and nodulation in “Onceler-98” and “Topcu” bean
cultivars. The lowercase letters show the distribution of averages due to the Tukey test to groups

In ‘Onceler-98’, the highest RL (53.50 cm) was recorded at 150 μM IBA (O4), closely followed by the
control (0 μM, O1) at 53.07 cm. The lowest RL (49.17 cm) occurred at 50 μM IBA (O2). RFW peaked at 3.48 g
under 100 μM IBA (O3), representing a 200% increase over the control (1.16 g). Similarly, RDW was highest
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at 100 μM (0.42 g), compared to the lowest value of 0.25 g in the control, reflecting a 68% increase. RNN
was greatest in the control (30.00 nodules) but declined to 20.00 at 100 μM and 28.00 at 150 μM, indicating
a 33.3% reduction at the intermediate concentration.

In ‘Topcu’, RL was highest (53.50 cm) at 100 μM IBA (T3), significantly greater than at 0 μM (T1:
50.17 cm) and 50 μM (T2: 46.17 cm), but statistically similar to 150 μM (T4: 53.50 cm). RFW reached a maxi-
mum (2.47 g) at 50 μM IBA, significantly higher than the control (1.77 g) and 150 μM (1.74 g). RDW peaked at
100 μM (0.33 g), whereas the lowest value (0.19 g) was observed in the control. Topcu exhibited the highest
RNN at 100 μM (19.33 nodules) and the lowest at 150 μM (8 nodules), indicating a 43.5% decline in nodulation
under higher auxin levels.

Comparing cultivars, ‘Onceler-98’ consistently exhibited stronger responses to IBA in terms of biomass
accumulation: RFW increased by up to 200% in Onceler-98 vs. 63.2% in Topcu, and RDW increased by 50%
vs. 32.1%, respectively. Root elongation was moderate, with a 3.3% increase in Onceler-98 and 5.0% in Topcu
at 150 μM. However, nodulation was adversely affected in both cultivars, with more pronounced suppression
in Topcu.

These results suggest that while IBA enhances root growth traits, it may concurrently reduce nodulation,
particularly at intermediate to high concentrations. Onceler-98 appeared more responsive to IBA in pro-
moting root development, whereas Topcu was more sensitive to its inhibitory effects on nodulation. Overall,
indole-3-butyric acid (IBA) significantly affects root morphological traits and nodulation in bean cultivars,
with responses varying by genotype and concentration. This suggests a trade-off between root development
and symbiotic nitrogen fixation under auxin treatment, highlighting the importance of optimizing hormone
concentrations according to cultivar-specific responses.

The effects of different indole-3-butyric acid (IBA) concentrations on shoot system traits in two bean
cultivars are illustrated in Fig. 3. IBA application significantly influenced shoot length (SL), shoot fresh
weight (SFW), and shoot dry weight (SDW), with variations depending on cultivar and concentration. The
highest SL and SFW values were observed in the control group (25.17 cm and 7.67 g, respectively), followed
by the 100 μM IBA treatment (23.25 cm and 6.85 g). The lowest values for both traits occurred at 150 μM
IBA (17.92 cm for SL and 5.63 g for SFW), indicating a concentration-dependent decline. In contrast, SDW
remained relatively stable across 0, 50, and 100 μM IBA (1.28, 1.31, and 1.34 g, respectively), with a significant
decrease only at 150 μM (1.07 g).

When considering the interaction between cultivar and IBA treatment, SL ranged from 16.17 cm to
28.17 cm, with the maximum observed in Onceler-98 under control conditions (O1) and the minimum in
Topcu at 150 μM IBA (T4). SFW values varied between 4.72 g and 7.79 g, with the highest value recorded
in Topcu control (T1). Treatments O1, O2, and O3 in Onceler-98 were statistically similar to T1, while T4
exhibited the lowest SFW. Regarding SDW, the highest value was obtained in O2 (1.42 g), followed closely
by T3 (1.41 g), whereas the lowest was recorded in T4 (0.91 g). Except for T2, the other treatments clustered
within a statistically indistinct intermediate group.

These results demonstrate that IBA affects shoot traits in a concentration- and genotype-dependent
manner, consistent with the root trait findings. Moderate IBA levels (50–100 μM) tended to enhance SDW,
particularly in Onceler-98, which showed a 16.4% increase at 50 μM. However, at 150 μM, both cultivars
exhibited marked reductions in shoot growth, with Topcu being more sensitive (−39.4% in SFW and −31.6%
in SDW). This suggests a physiological trade-off at higher IBA concentrations. Overall, the data highlight the
importance of optimizing IBA levels to promote shoot and root development without negatively impacting
key growth parameters and underscore the need for cultivar-specific hormonal management strategies.
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Figure 3: Different IBA concentrations effect on Shoot system traits. The lowercase letters show the distribution of
averages due to the Tukey test to groups

The results of the correlation analysis (Fig. 4) revealed several notable relationship among the measured
traits. A moderate positive correlation was found between SL and NC (r = 0.5754), as well as between SL
and SFW (r = 0.5874). Strong positive correlations were observed between SFW and SDW (r = 0.7064) and
between RFW and RDW (r = 0.7369). In contrast, weak positive correlations were identified between SFW
and NC (r = 0.4143) and between SL and SDW (r = 0.4718).

Figure 4: The correlation matrix heatmap shows the values of the Pearson correlation coefficient for all studied
parameters, the positive values are in red, negative are in blue. The coefficient ranges from −1 (perfect negative linear
relationship) to 1 (perfect positive linear relationship), while the value 0 indicates that there is no relationship between
studied variables. *p < 0.05, indicating significant difference at 0.05 level; **p < 0.01, indicating significant difference at
0.01 level
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The correlation matrix reveals several key relationships between root and shoot traits. A strong positive
correlation between root fresh weight (RFW) and root dry weight (RDW) indicates that greater root biomass
corresponds to increased dry matter accumulation. Similarly, RDW shows a strong positive correlation
with shoot length (SL), suggesting coordinated growth between root development and shoot elongation.
Shoot fresh weight (SFW) and shoot dry weight (SDW) are also highly correlated, reflecting the expected
association between total shoot biomass and its dry component.

In contrast, correlations between root and shoot biomass traits tend to be weak or negative, implying
that increases in root biomass do not necessarily correspond to proportional increases in shoot biomass, and
vice versa. Notably, the number of nodules (RNN) exhibits weak correlations with all other traits, suggesting
that nodulation is regulated independently of root and shoot morphological parameters.

Overall, these results indicate that biomass traits within the same organ are closely linked, while
nodulation involves distinct regulatory mechanisms. This highlights the importance of considering separate
physiological pathways when aiming to optimize both plant growth and symbiotic nitrogen fixation.

The Biplot and Principal Component Analysis (PCA) presented in Fig. 5A,B account for 64.5% of the
total phenotypic variation observed. Fig. 5A highlights substantial variation between the shoot and root
system parameters. In Fig. 5B, a very strong positive correlation is evident between shoot length and the
number of root nodules, as well as between root dry weight and root fresh weight, and between shoot fresh
weight and shoot dry weight. Additionally, root length exhibits positive relationship with both root and
shoot fresh and dry weights. Moreover, shoot length, number of root nodules, shoot fresh weight, shoot
dry weight, and root length collectively display positive associations, indicating coordinated development
among these traits. Conversely, root dry and fresh weights show either negative correlation or no significant
correlation with most other traits, except for root length and shoot dry weight. These results emphasize a
particularly strong relationship between root length and overall shoot system development, suggesting that
root elongation may play a pivotal role in supporting aboveground growth in bean cultivars.

Figure 5: Principal component analysis (PCA) of root/shoot systems traits. (A): Distribution due to C ×A interaction;
(B): Correlation-based representation of the examined features

Principal Component Analysis (PCA) identified root length as a primary factor influencing shoot
system development, exhibiting strong positive correlations with both root traits and above-ground biomass
components. In contrast, nodulation appeared to be largely independent of biomass-related parameters,
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suggesting that its regulation operates through distinct physiological pathways. These findings highlight
the differential control mechanisms underlying root architecture and symbiotic nitrogen fixation, empha-
sizing the importance of tailored strategies when aiming to optimize both growth and nodulation in
bean cultivation.

4 Discussion
Indole-3-butyric acid (IBA), a widely recognized plant growth regulator, has been extensively utilized

in agriculture to manage plant growth and development, particularly for stimulating adventitious root
formation in plant cuttings [28]. Shi et al. [29] demonstrated that, akin to IBA, indole-3-acetic acid (IAA) also
modulates root architecture and enhances drought tolerance in plants. Li et al. [30] reported that exposure to
5 μM CdCl2 significantly inhibited root development, including adventitious roots. However, the addition of
10 μM IBA mitigated cadmium toxicity, enhancing root system resilience. Similarly, IBA improved drought
and CdCl2 tolerance in bean seedlings by promoting root development.

In alignment with our findings, Jemaa et al. [31] observed that salt stress reduced root growth in
Arabidopsis thaliana by 38%–68%, but the presence of auxins like IBA and IAA mitigated this reduction to as
low as 20%. Ludwig-Müller et al. [32] further emphasized that adventitious root development in Arabidopsis
is concentration-dependent with respect to auxins such as IBA and IAA. Parallel results were reported by
Síposová et al. [33] in rice, where increasing IBA concentrations initially enhanced root length, fresh weight,
and dry weight. However, at higher concentrations, IBA exerted inhibitory effects on root growth. Similarly,
Khadr et al. [34] found that root length increased with IBA concentrations up to 100 μM, but significantly
declined at 150 μM, confirming the biphasic nature of IBA’s effect on root development.

While 50 μM IBA generally produced the highest root fresh weight (RFW) across cultivars, further
increases in concentration resulted in a decline in RFW. This response may reflect a physiological shift in
the plant’s allocation of resources to root system development or, alternatively, the onset of auxin-induced
toxicity at higher doses. For the ‘Onceler-98’ cultivar, the peak RFW was observed at 100 μM IBA, with the
lowest value recorded in the control group. In contrast, the ‘Topcu’ cultivar exhibited the highest RFW at
50 μM IBA, followed by a concentration-dependent decline. Li et al. [30] reported that cadmium exposure
reduced RFW in beans, but the inclusion of IBA in cadmium treatments mitigated this effect, enhancing root
biomass. Similarly, Khadr et al. [34] studied carrot taproot responses to varying IBA concentrations (0, 50,
100, and 150 μM) and observed increases in xylem vessel number and area, although higher concentrations
were associated with reduced expression of lignin biosynthesis genes. In maize, high IBA concentrations
(10−7 M) reduced root length but increased root diameter, while lower concentrations (10−9 to 10−12 M)
stimulated both traits [33]. Khadr et al. [34] also found that RFW increased between 0 and 100 μM IBA but
declined significantly beyond that, a trend consistent with our findings. These results underscore the dose-
dependent nature of IBA’s effects on root biomass and highlight the importance of optimizing concentration
levels to maximize beneficial outcomes while avoiding phytotoxicity.

Both cultivars exhibited their highest root dry weight (RDW) values at the 100 μM IBA concentration,
suggesting this dosage optimally promotes root biomass accumulation. An overall increase in RDW was
observed with increasing IBA concentrations in both genotypes. The ‘Onceler-98’ cultivar consistently
demonstrated higher RDW values than ‘Topcu’, particularly at 100 μM, where it achieved the most substantial
increase relative to the control. Although ‘Topcu’ recorded lower average RDW values, it also responded
positively to IBA, reaching its peak RDW at the same concentration as ‘Onceler-98’. These findings suggest
a genotype-specific sensitivity to IBA, with both cultivars benefiting from moderate concentrations in terms
of root dry biomass. Khadr et al. [34] reported that incremental increases in IBA concentrations (0, 50, and
100 μM) led to improvements in root length, which typically correlates with enhanced root fresh weight
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(RFW) and RDW. Similarly, Orhan et al. [35] found that RDW in Pistacia vera seedlings varied with IBA
dosage, peaking at intermediate concentrations before declining at higher levels, further supporting the
concentration-dependent nature of IBA efficacy.

Regarding nodulation, the highest number of nodules was recorded in the ‘Onceler-98’ cultivar. Notably,
while IBA treatment initially reduced nodule number compared to the control, a partial recovery at higher
concentrations was observed in ‘Onceler-98’, suggesting a non-linear response potentially influenced by
hormonal balance and root development status. In contrast, the ‘Topcu’ cultivar showed a consistent and
marked decline in nodulation, particularly at 150 μM IBA, indicating greater sensitivity to auxin-induced
inhibition of symbiotic interactions. These observations point to possible genetic and physiological differ-
ences between the cultivars in terms of hormone sensitivity and nodule formation. The genotype-specific
responses also highlight the necessity for extended field trials spanning multiple years and involving diverse
genotypes and seed origins under replicated conditions to better understand the complex interplay between
IBA concentration, root development, and nodulation. This will be essential for developing cultivar-specific
management practices aimed at optimizing both vegetative growth and nitrogen fixation.

As shown in Fig. 3, the bean cultivar ‘Onceler-98’ generally outperformed ‘Topcu’ in shoot system
traits. Indole-3-butyric acid (IBA) application initially enhanced shoot length (SL), shoot fresh weight
(SFW), and shoot dry weight (SDW), but these improvements plateaued or declined at higher concentra-
tions, particularly at 150 μM IBA. The highest SL values for both cultivars were observed in the control
(0 μM IBA), with an increase noted up to the 100 μM concentration, followed by a decrease at 150 μM,
indicating a threshold beyond which IBA may exert inhibitory effects. While ‘Onceler-98’ displayed generally
superior shoot performance, some traits at intermediate concentrations (50 and 100 μM IBA) were higher
in the ‘Topcu’ cultivar. Specifically, ‘Topcu’ responded more favorably in SL at these concentrations, despite
‘Onceler-98’ having a stronger baseline performance under control conditions. This suggests differential
sensitivity and optimal concentration ranges for each cultivar in terms of shoot development.

In contrast to these findings, Khadr et al. [34] observed a consistent increase in both shoot and total
plant length in carrot plants across rising IBA concentrations (0–150 μM), highlighting the potential species-
specific nature of auxin responses. The discrepancies between the current results and those of Khadr et al.
may be attributed to genetic differences, as well as environmental and methodological factors such as light
intensity and duration, potting media composition, irrigation regime, and potential additives in the IBA
formulation. Similarly, Zalt [36] reported that increasing concentrations of IBA, alongside other auxins
like naphthaleneacetic acid (NAA) and indole-3-acetic acid (IAA), enhanced root and shoot development
in blueberry cultivars under in vitro conditions. These results collectively underscore the importance of
considering both species- and genotype-specific responses when applying exogenous auxins and optimizing
concentration ranges for desired growth outcomes.

A comparable trend to shoot length (SL) was observed in shoot fresh weight (SFW), where increasing
IBA concentrations led to an initial rise followed by a decline at 150 μM. The cultivar ‘Onceler-98’ consistently
outperformed ‘Topcu’ in SFW, recording higher values across most concentrations. Notably, at 150 μM IBA,
the decline in SFW was more pronounced in ‘Topcu’ (4.72 g) than in ‘Onceler-98’ (6.53 g), suggesting
greater sensitivity to high auxin levels in the former. The increase in SFW is likely linked to enhanced
photosynthetic activity, facilitated by expanded shoot biomass and green surface area. This aligns with
the notion that IBA application, when kept below phytotoxic thresholds, can stimulate vegetative growth
and biomass accumulation, ultimately contributing to higher yield potential. However, beyond the optimal
range, IBA appears to exert inhibitory effects, possibly due to hormonal imbalance or toxicity. Interestingly,
while root fresh weight (RFW) declined with increasing IBA concentrations beyond 100 μM, SFW showed
a contrasting pattern, particularly in ‘Onceler-98’, where a substantial increase was still recorded. This
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divergence underscores the complexity of hormonal regulation, where above-ground and below-ground
tissues may respond differently to the same auxin treatments. Supporting this, Xu et al. [37] demonstrated
that the combined application of IBA and indole-3-acetyl aspartate (IBAA) improved early plant growth
more effectively than either compound alone. Similarly, studies by Wiesman et al. [38], Li et al. [30], Ludwig-
Müller [39], Xi et al. [40], and Sosnowski et al. [41] found that IBA positively influenced both shoot and root
system development in bean plants, reinforcing the relevance of auxins in modulating growth dynamics.

Shoot dry weight (SDW) exhibited similar responses across treatments, with both cultivars showing
improved SDW up to a certain concentration, followed by declines at higher IBA levels. ‘Onceler-98’
again displayed superior resilience, maintaining higher SDW values even at 150 μM IBA. This suggests a
more robust physiological tolerance to elevated auxin levels compared to ‘Topcu’. Peak SDW in ‘Onceler-
98’ occurred at 50 μM, whereas ‘Topcu’ reached its maximum at 100 μM IBA. Under salinity stress, the
application of IBA has also been shown to mitigate sodium ion accumulation and promote shoot and root
growth, as demonstrated in Vicia faba [42], further supporting IBA’s role in stress amelioration and growth
stimulation. In general, shoot and root fresh weights are strongly correlated with their corresponding dry
weights, which justifies the widespread practice of using one as a proxy for the other. However, as observed
in this study and noted in the literature, root length does not always parallel fresh or dry root weight. This
decoupling suggests that while root elongation may increase, it does not necessarily correspond to biomass
accumulation, likely due to changes in tissue density or root architecture.

5 Conclusion
This study reveals substantial phenotypic variation between bean cultivars in terms of root and shoot

development, as well as nodulation responses to exogenous indole-3-butyric acid (IBA) application. Among
the tested concentrations, 100 μM IBA was found to consistently promote root growth traits,including
root length, fresh weight, and dry weight, particularly in the ‘Onceler-98’ cultivar. This cultivar exhibited
a notable capacity to tolerate higher auxin levels, maintaining robust shoot biomass and demonstrating
a pronounced increase in root development. Conversely, the ‘Topcu’ cultivar exhibited a more moderate
response to IBA, with high concentrations (especially 150 μM) leading to suppressed nodulation and a decline
in shoot parameters. Notably, nodulation in ‘Onceler-98’ followed a biphasic pattern, with peak nodule
numbers observed in both the absence of IBA and at high concentration, while intermediate levels were less
conducive to nodulation. Furthermore, elevated IBA concentrations (150 μM) were associated with reduced
shoot biomass and length in both cultivars, suggesting a trade-off where auxin-driven root stimulation
may occur at the expense of shoot development. These results underscore a complex, genotype-dependent
interaction between IBA-mediated root growth, nodulation dynamics, and shoot system sensitivity. Overall,
this research highlights the importance of tailoring hormone treatments to specific cultivar responses.
A nuanced understanding of auxin’s dual role in promoting root development while potentially suppressing
above-ground growth and symbiotic efficiency can guide the strategic use of growth regulators in legume
production. Such targeted interventions could improve plant health, enhance yield potential, and increase
resilience under variable environmental conditions.
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