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Abstract: Phaseolus vulgaris L. is a legume of high nutraceutical value, widely cultivated and consumed.
However, common bean production faces challenges such as water stress that severely affects its growth
and yield. This study evaluated the morphological and physiological response of four native P. vulgaris
accessions subjected to different irrigation treatments under greenhouse conditions. A completely ran-
domized design with factorial arrangement was used, evaluating three irrigation frequencies (100%, 50%,
25%) in combination with four accessions (PER1003541, PER1003542, PER1003543, PER1003544). The
results showed that with the 25% irrigation treatment, PER1003544 showed a 54.62% decrease in leaf
area, while PER1003542 and PER1003543 experienced reductions of 56.56% and 59.24%, respectively.
In addition, accession PER1003544 reported a smaller reduction in the number of flowers and pods,
with decreases of 40.21% and 29.9%, in contrast to PER1003543, which showed decreases of 60.66% and
52.63%, respectively. Accessions PER1003541 and PER1003544 also recorded the lowest reductions in dry
biomass, with 31.85% and 35.41%, respectively. Regarding yield, PER1003544 and PER1003541 experienced
reductions of 59.01% and 69.79%, respectively, unlike PER1003543, which showed a 90% decrease. In
relation to stomatal density, PER1003541 recorded a reduction of 28.28%, while PER1003544 had a decrease
of 37.10%, and PER1003543 experienced a reduction of 47.05%; chlorophyll content showed a similar
trend. Finally, PER1003544 maintained a relatively stable stomatal index, with a reduction of 29.01%,
compared to PER1003543, which reduced by 60.99%. In conclusion, accession PER1003544 stands out as a
promising variety for breeding programs focused on water stress tolerance, contributing to food security
and agricultural sustainability in areas affected by limited water availability. However, PER1003541 would
be a suitable additional option, offering farmers flexibility in their crop selection according to the specific
conditions of their environment.

Keywords: Andean legumes; drought; food security; Phaseolus vulgaris; water efficiency

1. Introduction

The common bean (Phaseolus vulgaris L.) is a legume of high nutraceutical value,
widely cultivated and consumed worldwide. Its nutritional composition is remarkable, as it
includes carbohydrates (50–60%), proteins (20–25%), minerals, B-complex vitamins, calories,
and polyphenols, which contribute significantly to the strengthening of the immune system
and a balanced diet [1–3]. In addition to its nutritional benefits, the common bean plays a
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crucial role in agricultural sustainability, fixing between 30 and 251 kg ha−1 of biological
nitrogen through symbiosis with bacteria of the genus Rhizobium, which improves soil
fertility and increases the productivity of associated crops [4–6].

However, common bean production faces numerous challenges, with water stress
being one of the most significant [7]. Water stress, including drought and waterlogging,
severely affects plant growth and yield [8]. Mladenov et al. [9] highlighted that water stress
is one of the main limiting factors for bean production in many regions. To address this
problem, several studies have investigated the response of different bean accessions to
water stress conditions to identify more resistant varieties and improve crop management
practices. Huerta-Lara et al. [10] conducted an investigation in which they evaluated the
impact of water stress under rainfall conditions on four black bean accessions. Their results
indicated that the accessions showed significant variations in their resistance to water
stress, which is crucial for developing more resistant varieties. Similarly, Arruda et al. [11]
investigated four common bean genotypes and found that water deficiency is a critical
factor in reducing grain yield, highlighting the need to develop more tolerant genotypes.

Beans are highly vulnerable to water and heat stress, factors that often coincide during
the most critical phenological stages of the plant. These stages, which include the onset
of flowering, the beginning of pod growth, and bean filling in rainfed areas, are critical
for yield formation. This type of abiotic stress causes a decrease in both yield and yield
quality [12,13]. Recent research has consistently shown that beans are susceptible to abiotic
stress conditions, such as water stress and waterlogging, resulting in significant reductions
in yield and other physiological parameters. Geleta et al. [14] reported a yield decrease
of up to 40.46% under waterlogging conditions and 71.91% under moisture deficit in
five common bean varieties in a controlled environment, also observing more significant
reductions in leaf fresh and dry weight and leaf area under waterlogging conditions, while
shoot and root dry weight were more affected by water deficit. Similarly, Campos et al. [8]
documented yield reductions of 36.81% and 63.56% in cultivars subjected to irrigations of
50% and 30% of crop evapotranspiration, respectively, although they found no significant
differences in 100-seed weight and pod length.

In the Amazon region, the common bean is of considerable economic and social
importance. Local research, such as that of Lápiz-Culqui et al. [15], has evaluated the
physiological and morphological response of five bean accessions subjected to different
levels of water deficit. The results showed that parameters such as leaf area, root length, and
chlorophyll content are significantly affected by water stress, depending on the tolerance
level of each genotype.

Climate change has exacerbated problems related to global water distribution, mainly
affecting crops such as common beans, which depend on irrigation [16]. In this context,
irrigation is fundamental for water security in agriculture, being crucial for a rational use
of water to ensure productivity and reduce water and energy costs [17]. Therefore, it is
essential to identify and conserve genetic resources that provide water stress tolerance
mechanisms. Genetic conservation and the development of breeding programs are key
strategies to ensure common bean sustainability and productivity under limited water
availability.

In this context, the present research aims to evaluate the morphological and physiolog-
ical response of four P. vulgaris accessions subjected to different irrigation treatments under
greenhouse conditions. This study also studied the association between the traits studied
to improve crop productivity and sustainability in contexts of limited water availability.

2. Materials and Methods
2.1. Area of Research

This research was carried out at the EEA-Amazonas of the National Institute for
Agrarian Innovation (INIA) located at Fundo San Juan, longitude 77◦52′21′′ and latitude
06◦13′45′′ in the district of Chachapoyas, Chachapoyas province, Amazonas region, at an
altitude of 2335 m.a.s.l. (Figure 1).
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Figure 1. Geographical location of the experimental area.

2.2. Seed Selection and Substrate Preparation

The seeds of the four accessions (Figure 2) originate from the provinces of Luya and
Chachapoyas in the Amazon region. The seeds were selected based on their distinctiveness,
homogeneity, and agro-morphological stability, which put them in high demand in local
markets [18,19].
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Figure 2. P. vulgaris accessions: PER1003541(A), PER1003542 (B), PER1003543 (C), and PER1003544 (D).

The substrate was prepared using agricultural soil and pine needles in a 2:1 ratio and
then disinfected by solarization. To determine its chemical characteristics, a representative
sample was taken to the Soil and Water Research Laboratory, an accredited laboratory of
the Universidad Nacional Toribio Rodríguez de Mendoza de Amazonas.
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The results showed that the macronutrient levels were 17.54 ppm phosphorus (P),
350.97 ppm potassium (K), 3.20% carbon (C), and 0.28% nitrogen (N). Cation exchange capacity
(CEC) was 10.40 meq/100 g, with exchangeable cation concentrations of 4.35 meq/100 g calcium
(Ca2+), 1. 52 meq/100 g magnesium (Mg2+), 0.64 meq/100 g potassium (K+), 0.26 meq/100 g
sodium (Na+) and 0.08 meq/100 g aluminum plus hydrogen (Al3+ + H+). Soil pH was 4.96,
electrical conductivity (EC) was 0.41 dS/m, and organic matter (OM) content was recorded at
5.52%.

2.3. Experimental Design

A Completely Randomized Design (CRD) was used, with a factorial arrangement
(4 × 3) having as factors the three irrigation treatments (A) and four bean accessions (B),
totaling twelve interactions (Table 1). Each interaction had ten replications for a total of
120 experimental units. Each experimental unit was represented by a bag.

Table 1. Factors and description of interactions.

Irrigation Treatments (A) Accessions (B) Interactions Description of Interactions

A1 = 100%

B1 (PER1003541) A1B1 (100% irrigation/PER1003541)
B2 (PER1003542) A1B2 (100% irrigation/PER1003542)
B3 (PER1003543) A1B3 (100% irrigation/PER1003543)
B4 (PER1003544) A1B4 (100% irrigation/PER1003544)

A2 = 50%

B1 (PER1003541) A2B1 (50% irrigation/PER1003541)
B2 (PER1003542) A2B2 (50% irrigation/PER1003542)
B3 (PER1003543) A2B3 (50% irrigation/PER1003543)
B4 (PER1003544) A2B4 (50% irrigation/PER1003544)

A3 = 25%

B1 (PER1003541) A3B1 (25% irrigation/PER1003541)
B2 (PER1003542) A3B2 (25% irrigation/PER1003542)
B3 (PER1003543) A3B3 (25% irrigation/PER1003543)
B4 (PER1003544) A3B4 (25% irrigation/PER1003544)

2.4. Sowing of P. vulgaris Accessions and Establishment of Irrigation Frequency

Three bean seeds were sown per bag to ensure germination. After approximately
20 days, the seedlings were removed from each bag, leaving one plant per bag, taking into
account the most vigorous and healthy plant. Irrigation was maintained at 100% of field
capacity during this period (1 month) to allow vegetative development.

To determine the field capacity of the substrate, 10 × 5 kg bags were saturated with
spring water using a known volume of water. Water evaporation was controlled by
hermetically covering the top of the bags. After 48 h, the volume of water drained was
measured. The difference between the volume applied and the volume drained made it
possible to calculate the amount of water needed to reach 100%, 50%, and 25% of the field
capacity of the substrate. This irrigation was carried out every seven days when the plants
reached the permanent wilting point [20].

2.5. Installation of the Greenhouse Experiment

The experiment was installed on 29 September 2023. One hundred twenty bean plants
were sown in 20 × 35 polyethylene bags in 5 kg of substrate, composed of agricultural
soil and pine needles in a 2:1 proportion, in a greenhouse covered with anti-aphid mesh
and a roof with an anti-UV film. Sowing was manual. The first seedlings germinated ten
days after sowing, reaching 100% germination after 18 days; this was influenced by seed
dormancy.

2.6. Evaluation of Morphological and Physiological Characteristics
2.6.1. Morphological Characteristics

Plant height: Plant height was measured from the base of the stem to the highest point
of the plant. For each interaction, measurements were made on five plants using a tape
measure. Data were collected at the end of the growing season.
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Flower cluster/plant: These variables were evaluated at the flowering stage by count-
ing the number of flower clusters generated on each of the five plants.

Pods/plant: The number of pods per plant was determined at the end of the crop
cycle. The number of pods developed on each of the five selected plants per interaction
was counted.

Seeds/pod: The number of seeds per pod was assessed at harvest time. Five pods
were randomly selected from each of the five plants per interaction, and the number of
seeds in each pod was counted.

Root length: Root length was measured at the end of the experiment. The plants were
carefully dug up, and the roots were washed to remove any soil residue. Using a tape
measure, the length of the main root was measured from the base of the stem to the furthest
tip. These measurements were made on five plants per interaction.

Foliar area: Five plants were evaluated weekly for each interaction from the beginning
of the experiment. Two leaves from each third (middle, apical, and basal) were selected
and digitized in JPG format. Subsequently, the dimension was calculated using ImageJ
v.1.48 software, and this value was multiplied by the total number of leaves to determine
the total leaf area.

Fresh and dry biomass (foliage and root): Initially, whole plants were weighed to
determine fresh biomass. The samples were then dried in an oven at 70 ◦C until a constant
weight was reached, from which the dry biomass was determined.

Yield/plant: Yield was quantified by the total weight of seeds collected throughout the
production cycle in each experimental unit. For this purpose, five plants were evaluated
for each interaction.

2.6.2. Physiological Characteristics

Chlorophyll content (SPAD): Five plants were evaluated every two weeks for each
treatment; evaluations were performed in the early morning hours (9–10 a.m.) using a
chlorophyllometer (SPAD-502, Konica Minolta, Tokyo, Japan).

Stomata index: Observations were made during the flowering period of the accessions
with the support of a stereoscope; the number of epidermal cells and the number of stomata
were observed.

Stomatic density (mm2): A leaf was taken and placed under the stereoscope, and the
number of stomata was counted in an area equivalent to the diameter of the observed field.

To determine the stomatal index and density, a uniform layer of glaze was applied to the
lower surface of the leaf. After a few minutes, the enamel was carefully removed and fixed
on a slide for subsequent examination under a microscope (Leica MC170 HD, Leica, Wetzlar,
Germany) equipped with a digital camera. In each field of view, with an area of 4.5 mm2

(40× magnification), the number of stomata (NE) and epidermal cells (EC) were counted. The
stomatal index (SI) was calculated using the formula of Xu et al. [21]: SI = [(NE/(EC + NE)] *
100, and stomatal density was expressed in stomata per mm2.

2.7. Data Analysis

The first step was calculating descriptive statistics for each variable according to the
treatments. Subsequently, the normal distribution of the data was contrasted using the
Shapiro–Wilk test. Data that did not follow a normal distribution were tested using the
Kruskal–Wallis test with the subsequent Dunn’s test. All tests were performed with 95%
confidence in the statistical program InfoStat professional version 2018. In addition, since
the data did not show a normal distribution, a Spearman correlation analysis was applied
to evaluate the relationship between morphological and physiological variables using the
R programming language (version 4.3.3).
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3. Results
3.1. Morphological Characteristics

Table 2 presents the morphological characteristics of four P. vulgaris accessions under
different irrigation treatments. The results show significant differences between accessions
and irrigation treatments.

Table 2. Descriptive statistics of morphological characteristics of four P. vulgaris accessions (mean ±
standard deviation).

Factors Plant Height (cm) Flowers/Plant Pods/Plant Seeds/Pod Root Length (cm) Foliar Area (cm2)

Irrigation
treatments (A) H = 46.43; p < 0.0001 H = 34.50; p < 0.0001 H = 21.06; p < 0.001 H = 20.73; p < 0.0001 H = 34.43; p < 0.0001 H = 44.47; p < 0.0001

100% (A1) 52.62 ± 6.65 a 15.55 ± 2.78 a 16.00 ± 3.06 a 4.95 ± 1.05 a 69.99 ± 11.73 a 227.80 ± 25.14 a
50% (A2) 32.67 ± 5.81 b 11.45 ± 2.09 b 13.30 ± 3.33 b 4.15 ± 1.14 a 54.09 ± 11.65 b 136.69 ± 34.90 b
25% (A3) 25.33 ± 3.69 c 9.40 ± 1.67 c 10.10 ± 3.14 c 3.00 ± 1.08 b 39.76 ± 7.00 c 98.18 ± 14.45 c
Accessions (B) H = 11.30; p = 0.0102 H = 21.50; p = 0.0001 H = 35.43; p < 0.001 H = 30.02; p < 0.0001 H = 23.08; p < 0.001 H = 13.25; p = 0.0041
PER1003541 (B1) 37.50 ± 12.15 ab 12.67 ± 2.85 ab 14.53 ± 2.50 ab 4.53 ± 0.92 ab 58.69 ± 13.87 ab 160.16 ± 58.57 ab
PER1003542 (B2) 33.93 ± 11.04 b 11.00 ± 2.48 bc 12.73 ± 2.58 b 4.00 ± 0.85 b 48.89 ± 10.28 bc 143.15 ± 55.79 bc
PER1003543 (B3) 31.04 ± 10.92 b 9.67 ± 2.09 c 8.47 ± 2.59 c 2.47 ± 0.99 c 42.65 ± 11.56 c 124.02 ± 52.55 c
PER1003544 (B4) 45.03 ± 13.70 a 15.20 ± 3.36 a 16.80 ± 2.54 a 5.13 ± 0.92 a 68.22 ± 15.95 a 189.58 ± 60.52 a
Interaction H = 58.52; p < 0.0001 H = 56.83; p < 0.001 H = 57.68; p < 0.001 H = 52.01; p < 0.0001 H = 58.39; p < 0.001 H = 58.61; p < 0.0001
A1B1 53.48 ± 0.07 ab 16.40 ± 0.55 ab 17.40 ± 0.55 ab 5.40 ± 0.55 ab 73.35 ± 0.58 ab 235.65 ± 0.06 ab
A1B2 48.61 ± 0.14 a–c 14.20 ± 0.45 ab 15.80 ± 0.45 a–c 5.00 a-c 62.32 ± 0.21 a–d 218.37 ± 0.37 a–c
A1B3 45.65 ± 0.17 a–d 12.20 ± 0.45 bc 11.40 ± 0.55 d–g 3.40 ± 0.55 d–f 57.26 ± 0.40 b–f 195.06 ± 0.45 a–d
A1B4 62.74 ± 0.14 a 19.40 ± 0.55 a 19.40 ± 0.55 a 6.00 a 87.02 ± 036 a 262.13 ± 0.25 a
A2B1 33.39 ± 0.16 b–f 11.60 ± 0.55 b–d 14.60 ± 0.55 a–d 4.60 ± 0.55 a–d 61.73 ± 0.61 a–e 145.41 ± 0.44 b–f
A2B2 29.58 ± 0.21 d–h 10.20 ± 0.45 c–e 12.60 ± 0.55 c–f 4.00 b–e 45.73 ± 0.23 d–h 116.21 ± 0.50 d–h
A2B3 26.26 ± 0.43 e–h 9.40 ± 0.55 de 8.60 ± 0.55 fg 2.60 ± 0.55 ef 40.55 ± 0.38 f-h 97.50 ± 0.48 f–h
A2B4 41.43 ± 0.28 a–e 14.60 ± 0.55 ab 17.40 ± 0.55 ab 5.44 ± 0.55 ab 68.34 ± 0.57 a–c 187.65 ± 0.35 a–e
A3B1 25.63 ± 0.21 f–h 10.00 c-e 11.60 ± 0.55 c–g 3.60 ± 0.55 c–e 40.98 ± 0.13 e–h 99.42 ± 0.42 e–h
A3B2 23.59 ± 0.05 gh 8.60 ± 0.55 e 9.80 ± 0.45.00 e–g 3.00 ef 38.61 ± 0.27 gh 94.86 ± 0.55 gh
A3B3 21.20 ± 0.58 h 7.40 ± 0.55 e 5.40 ± 0.55 g 1.40 ± 0.55 f 30.15 ± 0.31 h 79.50 ± 0.54 h
A3B4 30.93 ± 0.04 c–g 11.60 ± 0.55 b–d 13.60 ± 0.55 b–e 4.00 b–e 49.29 ± 0.46 c–g 118.95 ± 0.42 c–g

Different letters vertically indicate significant differences according to the Kruskal–Wallis test (p ≤ 0.05).

Regarding plant height, accession PER1003544 (B4) reached the greatest height (45.03 cm),
significantly exceeding the other accessions, especially under full irrigation (A1), where it
reached 62.74 cm. However, reducing irrigation to 25% (A3) resulted in a remarkable 50.71%
decrease in B4 height, showing some sensitivity to drought water stress. Despite this reduction,
B4 remained the accession with the greatest height under the most severe stress conditions.

The number of flowers per plant also decreased significantly with reduced irrigation
in all accessions. Accession B4 showed the highest number of flowers (15.20 flowers/plant),
maintaining higher flower production even under 50% (A2) and 25% (A3) irrigation condi-
tions, with reductions of 24.74% and 40.21%, respectively, compared to full irrigation. This
contrasts with accession PER1003543 (B3), which showed the lowest number of flowers
under all irrigation treatments. However, flower reduction with 25% irrigation treatment
was around 60% for all accessions.

The number of pods per plant was significantly higher in B4 at 100% irrigation
(19.40 pods/plant) and decreased by 10.31% and 29.9% under 50% and 25% irrigation,
respectively. B3, in comparison, showed a more drastic decrease of 52.63% when irrigation
was reduced to 25%, highlighting the superiority of B4 under stress conditions.

Accession 4 had the highest number of seeds per pod, followed closely by accession
1. Under 25% irrigation conditions, accessions 1 and 4 showed the least reduction, with
33.33%. Accession 3 experienced the greatest reduction, with 58.82%.

Regarding root length, B4 presented the longest roots (87.02 cm), suggesting a better
adaptation to water stress. Although reducing irrigation to 25% decreased root length by
43.36%, B4 maintained significantly longer roots than other accessions. On the other hand,
B2 experienced the least reduction, 38.05%, under 25% irrigation conditions.

Finally, leaf area, a critical indicator of photosynthetic capacity, significantly decreased
with decreasing irrigation in all accessions. B4, with a leaf area of 189.58 cm2 under full
irrigation, suffered a reduction of 54.62% when irrigation was reduced to 25%, in contrast
to B3, which reduced 59.24%.
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Figure 3 shows the fresh biomass produced by the different P. vulgaris accessions under
the different irrigation treatments. It was observed that the 100% irrigation treatment generated
the highest values of fresh biomass in all accessions, with a progressive decrease as irrigation
was reduced. Accessions PER1003541 (B1) and PER1003544 (B4) maintained higher relative
fresh biomass under severe water stress conditions (25% irrigation), showing reductions of
31.42% and 35.4%, respectively, compared to their yield under full irrigation, while other
accessions, such as PER1003543 (B3), experienced a much steeper decrease with 66.97%.
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Figure 4 shows the dry biomass for each combination of accession and irrigation
treatment. As with fresh biomass, dry biomass was significantly higher under fully irrigated
conditions, decreasing as water availability decreased. Accessions B1 and B4 stood out for
their ability to maintain relatively high dry biomass even with reduced irrigation, showing
decreases of 31.85% and 35.41%, respectively, under the 25% irrigation treatment, in contrast
to accession B3, which showed a much steeper reduction of 66.73%.

Figure 5 presents the yield per plant of the accessions under different irrigation levels.
The analysis reveals that reduced irrigation significantly affected yield in all accessions,
although the magnitude of this decrease varied significantly. Accessions B4 and B1 showed
greater resilience, with reductions of 59.01% and 69.79%, respectively, when irrigation was
reduced to 25%. In contrast, other accessions, such as B3, experienced more than 90%
reductions, underlining a lower tolerance to drought water stress.
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3.2. Physiological Characteristics

Table 3 details the physiological characteristics of the accessions under different irriga-
tion regimes. Chlorophyll content was significantly higher in accessions B1 and B4, reaching
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43.71 and 51.90 SPAD, respectively, suggesting higher photosynthetic efficiency. Despite
the reduction of irrigation to 25%, chlorophyll content in B1 decreased by 28.28% and in
B4 by 37.10%, remaining above other accessions such as B3, which showed a reduction of
47.05%.

Table 3. Descriptive statistics of physiological characteristics of P. vulgaris accessions (mean ± standard
deviation).

Factors Chlorophyll Content (SPAD) Stomatic Index Stomatic Density (mm2)

Irrigation treatments (A) H = 28.64; p < 0.001 H = 13.73; p = 0.0010 H = 27.50; p < 0.0001
100% (A1) 50.66 ± 8.73 a 40.89 ± 11.50 a 9.86 ± 2.51 a
50% (A2) 39.26 ± 9.09 b 31.17 ± 11.84 b 7.05 ± 1.91 b
25% (A3) 31.55 ± 7.66 c 24.15 ± 10.87 c 5.03 ± 2.09 c
Accessions (B) H = 27.74; p < 0.0001 H = 44.40; p < 0.0001 H = 29.56; p < 0.0001
PER1003541 (B1) 43.71 ± 6.36 a 38.76 ± 8.54 a 8.23 ± 2.35 ab
PER1003542 (B2) 36.02 ± 8.62 b 26.03 ± 6.76 b 6.42 ± 1.83 bc
PER1003543 (B3) 30.33 ± 7.95 b 17.44 ± 6.69 b 4.47 ± 1.86 c
PER1003544 (B4) 51.90 ± 9.96 a 46.04 ± 6.57 a 10.13 ± 2.23 a
Interaction H = 58.28; p < 0.001 H = 58.61; p < 0.0001 H = 58.23; p < 0.0001
A1B1 51.89 ± 0.67 a–c 49.69 ± 0.21 ab 11.20 ± 0.39 ab
A1B2 47.46 ± 0.60 a–d 34.63 ± 0.07 b–f 8.74 ± 0.06 a–d
A1B3 39.94 ± 0.11 b–f 25.79 ± 0.19 d–h 6.53 ± 0.02 c–f
A1B4 63.37 ± 0.97 a 53.46 ± 0.21 a 12.97 ± 0.01 a
A2B1 42.02 ± 0.80 a–e 36.83 ± 0.07 a–e 7.75 ± 0.03 b–e
A2B2 32.64 ± 0.74 e–h 24.65 ± 0.45 e–h 6.06 ± 0.01 d–g
A2B3 29.91 ± 0.09 f–h 16.48 ± 0.10 gh 4.71 ± 0.33 fg
A2B4 52.46 ± 0.54 ab 46.71 ± 0.09 a–c 9.66 ± 0.18 a–c
A3B1 37.21 ± 0.61 d–h 29.77 ± 0.29 c–g 5.74 ± 0.23 e–g
A3B2 27.96 ± 0.51 gh 18.82 ± 0.12 f–h 4.46 ± 0.14 fg
A3B3 21.15 ± 0.22 h 10.06 ± 0.07 h 2.16 ± 0.04 g
A3B4 39.86 ± 0.03 c–g 37.95 ± 0.04 a–d 7.77 ± 0.14 b–e

Different letters vertically indicate significant differences according to the Kruskal–Wallis test (p ≤ 0.05).

The stomatal index, an indicator of the plant’s ability to regulate its water balance, was
also higher in B4 (46.04). Although under 25% irrigation conditions, this value decreased by
29.01%, A4 maintained its advantage over accessions such as B3, which showed a reduction
of 60.99% with the same irrigation treatment.

Stomatic density followed a similar pattern, with B4 registering the highest density
(10.13 mm2). Reducing irrigation to 25% caused a 40.09% decrease in the stomatal density
of B4, although this value continued to be higher than that of other accessions, such as B3,
which experienced a 66.92% decrease.

3.3. Correlation of Morphological and Physiological Variables

Figure 6 presents a Spearman correlation analysis between several morphological and
physiological characteristics in P. vulgaris under different irrigation treatments. Among the
most outstanding observations, a strong positive correlation between root length and leaf
area (r = 0.95) and plant height (r = 0.91) can be noted. Likewise, a strong association was
observed between yield and root length (r = 0.9), fresh biomass (r = 0.9), and dry biomass
(r = 0.9). Chlorophyll content also significantly correlated with dry biomass (r = 0.94). In
addition, a significant positive correlation was identified between stomatal density and
stomatal index (r = 0.94). A correlation was also observed between plant height and dry
biomass (r = 0.92) and yield (r = 0.86).
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4. Discussion

Plant height is a key indicator of overall health and vigor; our results showed highly
significant correlations of this variable with dry biomass and yield, which is consistent
with other research indicating that plant height is an indicator that can be used to predict
advanced traits such as biomass and yield of a crop [22]. Accession B4 (PER1003544),
which reached its greatest height with full irrigation, experienced a significant reduction of
50.71% when 25% irrigation was applied. Although this decrease is considerable, it is less
pronounced than other accessions, suggesting that B4, despite the water deficit, maintains
relatively robust growth even under adverse conditions. This capacity could be linked
to a more extensive and efficient root system, which allows it to access and use available
water resources more effectively [23]. Several authors agree that the correlation between
plant growth and water availability is clear, as cell enlargement is more sensitive to water
deficits than cell division, which inhibits growth due to reduced cell wall extensibility and
turgor [24,25].

The reduction in the number of flowers per plant under limited irrigation highlights
the sensitivity of reproductive processes to water availability. Despite this, accession
B4 (PER1003544) showed the highest flower production at all irrigation levels, suggesting
the presence of drought tolerance mechanisms that favor reproductive success even under
water stress conditions [26]. This finding is consistent with previous studies indicating
that certain bean varieties can maintain reproductive output despite decreased water
availability [27,28], possibly due to increased water use efficiency and osmotic adjustment,
key factors to ensure survival and reproductive success in dry environments [29].

The number of pods per plant was significantly influenced by irrigation treatments
in all accessions evaluated. Particularly, accession 4 (PER1003544) presented a 10.31%
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decrease in pod number when 50% irrigation was applied. This behavior is congruent with
the findings of Guerrero-Domínguez et al. [30], who reported an 11.11% reduction in the
number of pods per plant in the black bean variety Triunfo 70 under a similar irrigation
regime. The consistency among these studies reinforces the notion of Sosiawan et al. [31],
who point out that, during the pod formation phase, water stress affects not only pod
quantity but also pod filling, which could have direct implications on seed weight and
quality. This suggests that irrigation strategies should be optimized to ensure adequate
pod formation and development, especially in accessions that, like PER1003544, show a
relative tolerance to water deficit.

Like the number of pods, the number of seeds per pod is a crucial factor that directly
impacts final yield, and both are closely interrelated. For this reason, the number of seeds
per pod is commonly used as a selection criterion in the genetic improvement processes of
P. vulgaris [32]. In this study, it was observed that under conditions of reduced irrigation to
25%, accessions 1 (PER1003541) and 4 (PER1003544) showed a more moderate decrease in
the number of seeds per pod, with a reduction of 33.33%. This relative resistance to drought
water stress highlights the ability of these accessions to maintain a more stable yield even
under adverse conditions, in contrast to accession 3 (PER1003543), which experienced the
greatest decrease in the number of seeds per pod (58.82%). These results agree with the
findings of Rai et al. [33], who reported reductions of up to 30% in the number of seeds
per pod in the dry bean variety cv. Othello under arid field conditions and 25% irrigation.
This suggests that, although water stress inevitably affects seed formation, some accessions
possess mechanisms to mitigate this impact.

The greater root length observed in accession PER1003544 (B4) under all irrigation
conditions, especially under 25% irrigation, suggests a superior water exploration and
absorption capacity compared to the other accessions. This characteristic is essential to face
drought conditions since it allows the plant to access deeper water sources, which can be
crucial in water deficit situations [34]. In addition, the extensive root length in B4 could
be related to greater water use efficiency, as longer and deeper roots not only allow water
absorption in deeper soil layers but may also facilitate nutrient uptake, which contributes
to more sustained and robust growth under drought water stress conditions [35].

It is important to highlight the correlations between root length and leaf area, as
greater leaf area is generally associated with higher photosynthetic potential, which could
contribute to maintaining biomass production even under limited irrigation conditions [36].
Therefore, accession B4 shows a structural adaptation through a more developed root
system and maintains a functional balance between water uptake and maintenance of
photosynthetic activity, strengthening its resistance to water stress.

Leaf Area

The highest values of leaf area were reached with full irrigation doses. However, it is
interesting to note that B4(PER1003544), even under reduced irrigation conditions, shows a
leaf area (187.65 ± 0.35 cm2) comparable to full irrigation treatments, which underlines the
adaptability of accession 4 under water stress conditions. This behavior is consistent with
research suggesting that certain bean varieties can adapt their morphology to optimize
water use while maintaining sufficient leaf area for photosynthesis and growth [37]. The
ability of some accessions, such as accession 4, to maintain considerable leaf area under
reduced irrigation suggests their potential for cultivation in water-scarce regions. Selection
of accessions with favorable and adaptable morphological characteristics could improve
the resilience of agricultural systems in the face of climate change and water scarcity.
Furthermore, these findings can guide irrigation management strategies, optimizing water
use without significantly compromising plant growth and development [38].

The results reflect how water availability directly influences fresh biomass produc-
tion in the different P. vulgaris accessions. In particular, accessions PER1003541 (B1) and
PER1003544 (B4) showed a remarkable ability to maintain relatively high biomass levels
even under severe water stress conditions. This behavior suggests the presence of intrinsic
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adaptations that allow them to optimize water and nutrient use, directly impacting fresh
biomass production [39]. Such adaptations could include morphological modifications,
such as increased efficiency in the root system, or physiological responses that facilitate the
conservation and efficient use of available water and nutrients [23,29]. Previous research,
such as that of Teshome et al. [40], also showed that there are bean varieties that can pro-
duce optimal fresh biomass levels under reduced irrigation conditions and be candidates
for areas affected by water scarcity or for programs aimed at conserving water sources.
Identifying accessions such as B1 and B4 opens opportunities for developing more resilient
cultivars that can sustain satisfactory yields under adverse conditions, thus contributing to
food security.

Like fresh biomass, dry biomass was also reduced in treatments with lower irrigation
rates. However, it is propitious to note that accession 4 (PER1003544), with 50% reduced
irrigation, had a dry biomass comparable to the fully irrigated treatments, indicating the
ability of accession 4 to maintain a robust yield under water stress conditions. This is
consistent with research results that have reported the resilience of certain bean varieties to
reduced water supply while maintaining adequate dry biomass production [41]. The ability
of these accessions to maintain dry biomass under limited irrigation conditions suggests
efficient adaptation to water stress, possibly through mechanisms such as stomatal closure
or increased water use efficiency [42].

Although reduced irrigation negatively impacted yield in all P. vulgaris accessions,
accessions 1 (PER1003541) and 4 (PER1003544) stood out for their ability to maintain
considerable yield even under water stress conditions with only 50% irrigation. This
finding is consistent with previous research showing that certain bean varieties can sustain
acceptable yield levels under moderate water stress [38,43].

This ability to maintain yield under suboptimal conditions suggests the presence of
physiological and biochemical mechanisms that allow more efficient use of water at the cel-
lular level, an osmotic adjustment that helps maintain cell turgor, or even a reconfiguration
of growth patterns that favor the allocation of resources toward seed and fruit production
rather than vegetative growth [44]. In addition, the maintenance of yield under water stress
conditions in these accessions could be related to a higher efficiency in photosynthesis and
a better capacity to maintain stomatal aperture under conditions of low water availability,
which optimizes carbon assimilation [45].

Evidence suggests that adequate irrigation is critical for chlorophyll synthesis, a key
component for photosynthesis and, ultimately, for plant productivity. Several studies
have shown that water stress can significantly reduce plant photosynthetic capacity by
decreasing chlorophyll content [15,46,47]. In this context, accessions PER1003544(B4) and
PER1003541(B1) stood out for their higher chlorophyll content, indicating higher photosyn-
thetic efficiency, even under limited irrigation. The lower reduction in chlorophyll content
observed in these accessions under 25% irrigation conditions suggests the existence of
adaptive mechanisms that allow them to maintain their photosynthetic activity [48,49]. On
the other hand, accession PER1003543 (B3) recorded the greatest decrease in chlorophyll
content under reduced irrigation, which correlates with its lower dry biomass production
and final yield, thus highlighting the importance of chlorophyll content as an indicator of
tolerance to water stress.

The variation in stomatal index observed among the accessions studied reflects the
genetic diversity in the water regulation capacity of P. vulgaris. Accession PER1003544 (B4),
which maintained a significantly elevated stomatal index even under reduced irrigation
conditions, shows a remarkable ability to adapt to water stress. The lower decrease in
this index in B4, compared to other accessions such as B3, suggests a potential adaptive
advantage in terms of water use efficiency and gas exchange [50]. On the other hand,
PER1003543 (B3) presented the lowest stomatal index, which could restrict the ability of
plants to regulate their temperature and absorb CO2, negatively affecting their growth [51].

The reduction in stomatal density observed in all accessions under limited irrigation
conditions is consistent with the general tendency of plants to minimize water loss during
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periods of water stress. This adjustment in stomatal density and the variation among
accessions underscores the genetic diversity present in P. vulgaris regarding adaptation to
water stress [41,52]. It is particularly notable that accession B4, despite the significant 40.09%
reduction in stomatal density under 25% irrigation, maintained higher values compared to
other accessions. This could suggest that B4 possesses an optimal balance between water
use efficiency and gas exchange capacity, allowing it to maintain higher photosynthetic
activity under stress conditions.

On the other hand, the greater decrease in stomatal density observed in B3 could
indicate a different strategy aimed at greater water conservation, although at the possible
cost of a lower photosynthetic capacity. This diversity in stomatal responses suggests that
accessions may employ different strategies to cope with water stress, which is crucial for
breeding programs seeking to develop more resilient cultivars [48,53]. Previous studies
have highlighted the importance of stomatal traits as key indicators of drought resistance
in legume crops [43,54].

5. Conclusions

Accession PER1003544 (B4) showed superior adaptability to water stress, maintaining
height, flower number, and yield under reduced irrigation, compared to other accessions
such as PER1003543 (B3). B4 also showed higher chlorophyll content, stomatal index, and
stomatal density, highlighting its adaptability. These results are fundamental to improving
and managing the cultivation of P. vulgaris in regions with variable water availability and
provide valuable information for breeding programs and agronomic strategies aimed at
increasing crop resistance and productivity under water scarcity conditions, thus increasing
food security and production stability under climate variability scenarios.

Future research could focus on identifying the physiological and molecular mecha-
nisms that confer to B4 its adaptability to reduced irrigation conditions. It would also be
valuable to study the interaction of this accession with factors such as temperature and
salinity to develop more resilient breeding strategies. Finally, comparative genomic studies
between accessions that show tolerance to water stress and those that do not would allow
the identification of genetic markers associated with resilience, thus ensuring a higher
success rate in P. vulgaris breeding programs.
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