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Abstract

Of the genus Phaseolus, fava beans are of great socio-economic importance to the Brazilian Northeast due to their
nutritional profile and dryland cultivation. Legume cultivation has been threatened by environmental changes and
processes of aridity and desertification around the world, especially in the semi-arid region of Brazil, which has high
rainfall variability with irregular rainfall throughout the year. This research aimed to identify fava bean genotypes that
are tolerant and susceptible to water deficit in seedlings. The trials were carried out at the Plant Biology Laboratory
(LABIV) of the State University of Ceara (UECE), in Fortaleza-CE. Sixteen cultivars were selected and parameters related
to the physiological quality of the seeds were analyzed under conditions of water stress induced by PEG 6000, with
osmotic potentials of 0.0 MPa and -0.3 MPa. A survival curve was used to identify contrasting genotypes. It was observed
that the germination test and germination speed index explained approximately 77% of the variability in the data. The
genotypes BF 306 and BF 313 presented better performance than the other cultivars, showing tolerance to water deficit,
while the genotypes BF 308, BF 302, BF 311, BF 303 and BF 293 obtained the worst values, showing their susceptibility
to drought. The Screening Box method showed that genotype BF 301 was susceptible to water deficit and its survival
was restricted to 25 days, indicating its greater vulnerability to water deficit in relation to other analyzed cultivars.

Keywords: genetic variability, Phaseolus lunatus L., polyethylene glycol, survival curve, drought.

Resumo

Do género Phaseolus, a fava é de grande importancia socioecondmica para o Nordeste brasileiro devido ao seu perfil
nutricional e cultivo em terras secas. O cultivo de leguminosas tem sido ameagado por mudangas ambientais e
processos de aridez e desertificacdo em todo o mundo, especialmente na regido semiarida do Brasil, que apresenta
alta variabilidade pluviométrica com precipitagdes irregulares ao longo do ano. Esta pesquisa teve como objetivo
identificar genotipos de fava que sdo tolerantes e suscetiveis ao déficit hidrico em plantulas. Os ensaios foram
realizados no Laboratério de Biologia Vegetal (LABIV) da Universidade Estadual do Ceara (UECE), em Fortaleza-CE.
Foram selecionadas 16 cultivares e analisados parametros relacionados a qualidade fisiol6gica das sementes, sob
condigdes de estresse hidrico induzido pelo PEG 6000, nos potenciais osmoéticos de 0,0 MPa e -0,3 MPa. Uma curva
de sobrevida foi utilizada para identificar genétipos contrastantes. Observou-se que o teste de germinagdo e o indice
de velocidade de germinacao explicaram aproximadamente 77% da variabilidade nos dados. Os genétipos BF 306 e BF
313 apresentaram melhor desempenho que as demais cultivares, apresentando tolerancia ao déficit hidrico, enquanto
os gendtipos BF 308, BF 302, BF 311, BF 303 e BF 293 obtiveram os piores valores, mostrando sua suscetibilidade a
seca. O método Screening Box mostrou que o genétipo BF 301 era suscetivel ao déficit hidrico e sua sobrevida foi
restrita a 25 dias, indicando maior vulnerabilidade ao déficit hidrico em relagdo as demais cultivares analisadas.

Palavras-chave: variabilidade genética, Phaseolus lunatus L., polietilenoglicol, curva de sobrevida, seca.

1. Introduction

The fava bean is the second species belonging to the
genus Phaseolus that is of socio-economic importance to
the Brazilian Northeast, due to its hardiness, diversity
and adaptability to the environmental conditions of the
semi-arid region (Cavalcante et al., 2024). It is grown
in North and South America, East and West Africa,

Europe and Southeast Asia, making it an important
food crop for the inhabitants of various countries. In
Brazil, the Northeast region accounted for around 99%
of national production in 2021, with the states of Ceara,
Pernambuco and Paraiba being the largest producers
(Lopes et al., 2024).
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Most cultivated fava bean genotypes are of the ‘creole’
type and, thanks to this characteristic, many are selected for
plant breeding programs due to their variability expressed
in the form of a wide diversity of shapes, colors, textures and
sizes of their seeds (Assunc¢ao-Filho et al., 2022). In addition
to these characteristics, it should be noted that fava beans
have an excellent nutritional profile, such as: high protein
content, compared to other legumes; low fat content; amino
acids, minerals, fiber and B vitamins; and can complement
the diet along with other cereals (Adebo, 2023).

Legume cultivation has been threatened by
environmental changes and processes of aridity and
desertification around the world, especially in the semi-
arid region of Brazil, which has high rainfall variability
with irregular rainfall throughout the year (Luna et al.,
2021). In response to these changes, the cultivation of
local and traditional drought-adapted varieties could be
an effective strategy for mitigating this problem related to
agricultural systems, given the climate changes expected
for this century (Martinez-Nieto et al., 2020).

The use of PEG 6000 (polyethylene glycol) has been
reported in many studies in order to investigate the
morphophysiological, biochemical and metabolic responses of
different types of grains after the induction of these genotypes
to drought conditions, as can be seen in the following
studies: common bean (Phaseolus vulgaris L.) (Yasar et al.,
2014); cowpea (Vigna unguiculata L. Walp.) (Carvalho et al.,
2019); lentil (Lens culinaris Medik) (Keshtiban et al., 2015);
soybean (Glycine max (Linn.) Merr.) (Wang et al., 2022);
maize (Zea mays L.) (Sousa et al., 2023) and broad bean
(Phaseolus lunatus L.) (Nascimento et al., 2019).

The Screening Box method was proposed by Singh et al.
(1999) with the aim of identifying genotypes of cowpea
(Vigna unguiculata L. Walp.) that are tolerant and
susceptible to water deficit through a permanent wilting
curve. Adaptations of this methodology are present in the
works of Lima et al. (2018) and Sanogo et al. (2023), both
evaluating cowpea genotypes; Pardo et al. (2015) studying
soybean genotypes; Singh et al. (2017) and Susanto et al.
(2019) researching rice (Oryza sativa L.); Meeks et al.
(2013) when evaluating corn genotypes (Zea mays L.). In
view of the above, the aim of this work was to identify
fava bean genotypes that are tolerant and susceptible to
water deficit in seedlings.

2. Material and Methods

2.1. Acquisition of plant material

We chose 16 fava bean genotypes from different
municipalities in Ceara, obtained through the material
transfer agreement between the Plant Ecophysiology
Laboratory (ECOFISIO/UECE) and Embrapa Genetic
Resources and Biotechnology (CENARGEN). Information on
the collection sites for the genotypes used in this research
is described in Figure 1.

2.2. Water stress induced by PEG 6000 (Polyethylene glycol)

The treatments were arranged in a completely
randomized design (DIC): 16 x 2 (16 genotypes and two

2/11

osmotic potentials: -0.0MPa (control treatment - T1) and
-0.3MPa (water deficit - T2) obtained by wetting with
distilled water and PEG 6000 solution, respectively, in
four replicates of six seeds (Sa et al., 2021). The seeds of
each genotype were moistened with distilled water and
polyethylene glycol 6000 solution at a concentration of
151.402 g/L, in an amount equivalent to 2.5 times the
mass of the paper, and incubated in a BOD germinator
(Lima et al., 2018; Villela et al., 1991).

In order to determine which genotypes were tolerant
and susceptible to water deficit, the germination test (TG)
and the first count (FC) (Brasil, 2009) were determined;
the germination speed index (GSI) (Mangure, 1962),
considering a germinated seed to be one that had a root
protrusion of 2 mm. After the end of the germination
test, the following were also assessed: the length of
the radicle (RL) and aerial part (APL), the length of the
seedling (SL); the fresh mass of the radicle (FMR) and
aerial part (FMAP) and their ratio (FMR/FMAP), fresh
mass of the seedling (FMS); dry mass of the radicle
(DMR), dry mass of the aerial part (DMPA), dry mass
of the seedling (DMS) and the ratio (DMR/DMPA)
(Popinigis, 1985).

2.3. Water stress using the Screening Box method

The trial was conducted in a shaded environment in
the experimental area of the Plant Biology Laboratory
(LABIV) belonging to the Environmental Studies Center
(NEA) of the Science and Technology Center (CCT) of the
State University of Ceard (UECE), located on the Itaperi
Campus (latitude: 3°47°43.6“S; longitude: 38°33'29.7"W)
in Fortaleza-CE; from January to May 2024. Temperature
(°C), atmospheric pressure (hPa) and relative humidity
(%) were collected daily using a ®Learning Resources
Meteorological Center. Brightness was measured using
a ®Top Garden light meter in lumens. The weather data
for the period of the experiment is shown in Figure 2.

The methodologies used in the works by Lima et al.
(2018) and Singh et al. (1999), with adaptations, were
used to assess water deficit using the ‘Screening Box’
technique. A randomized block design (RBL) was used:
16 genotypes and 4 replications. Initially, the seeds were
induced to germinate in accordance with the Rules for
Seed Analysis (Brasil, 2009), before being introduced into
the blocks. Thirty seeds of each genotype were sterilized
by immersion in commercial sodium hypochlorite
(NaClO) (2.5% active ingredient) at 5% for 5 min. They
were then washed with distilled water and distributed in
Petri dishes on two 15 cm sheets of quality filter paper,
moistened with distilled water in an amount equivalent
to 2.5 times the mass of the dry paper. The Petri dishes
were placed in aluminum trays and transferred to a BOD
germinator with a temperature of 25°C and a photoperiod
of 12h (day/night), considering a germinated seed to be
one that had a root protrusion of 2 mm.

The seeds of the genotypes were transplanted into
plastic boxes measuring 56 cm long, 36 cm wide and
26 cm deep; filled with 30.5 kg of substrate made up of
sand sieved through a 5 mm mesh, worm humus and
vermiculite in a 6:3:1 ratio, mixed until homogeneous
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Figure 1. Collection sites for the fava bean genotypes studied.
(Jacinto-Janior et al., 2019). The volume of substrate 900 15000
occupied in the box corresponded to a depth of 15 cm. 80.0 o IO
The spacing was 6 cm between seedlings and 7 cm e J i -
between rows, which contained 6 seedlings of each 50.0 ' ’ \ j t | i (“U'U
genotype, constituting a repetition. The boxes were 40.0 { | I o
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water to saturate 60% of the field capacity, as establishe sl 0
in the Rules for seed analysis (Brasil, 2009). After all Dw»
the genotypes reached the V3 phase of phenological w Average temperature (°C)  mmm Relative humidity (%)
growth, irrigation was stopped, the number of live and - Atmospheric pressure (hPa) —— Luminosity (Im)

dead plants assessed daily, the average number of days
until wilting and a survival curve was drawn up.

2.4. Statistical analysis

The results were submitted to analysis of variance
(ANOVA) and the means were compared using the Tukey
test at 5% probability level, with the aid of the ESTAT
software (ESTAT, 2006). The survival curve was analyzed
using the Log-rank test and the curves were compared
using the Cox-table test at the 5% probability level. Principal
component analysis (PCA) and hierarchical cluster analysis
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Figure 2. Average temperature (°C), relative humidity (%),
atmospheric pressure (hPa) and luminosity (Im) in the shaded
environment of the experimental area of the Plant Biology
Laboratory (LABIV), Fortaleza-CE.

(HCA) were carried out using ®]amovi software (Jamovi,
2022). Clustering was carried out using Ward’s method
based on the Euclidean distances of all the quantitative
descriptors described in the linear correlation matrix
(Islam et al., 2024).
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3. Results

3.1. Water Stress Induced by PEG 6000 (Polyethylene Glycol)

3.1.1. Germination Test, First Count, and Germination
Speed Index

For the variables analyzed—germination test, first count,
and germination speed index—a significant interaction
(p > 0.05) was observed when comparing genotypes with
different osmotic potentials (Figure 3). Figure 3A presents
the results of the germination test, showing that genotypes
BF 299, BF 304, BF 305, BF 306, BF 307, and BF 309 performed
similarly in both treatments, achieving germination
percentages above 90% with no statistically significant
differences among them. In contrast, the worst values were
recorded for genotypes BF 293, BF 301, BF 302, BF 303, BF
308, and BF 311, all of which had percentages below 60%.

Figure 3B illustrates the variation in the first count
germination percentage between the irrigated (0.0 MPa) and
water deficit (-0.3 MPa) treatments. The best-performing
genotype in both conditions was BF 306, which maintained
100% germination; no statistical differences were noted
between the treatments for this genotype. Conversely,
genotypes BF 308, BF 293, and BF 303 reached 0% germination
at-0.3 MPa, and these differences were statistically significant.
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Figure 3C displays the values for the germination speed
index (GSI), indicating that GSI decreased as the osmotic
potential was reduced. While most genotypes exhibited
a reduction in GSI of less than 60% when comparing the
two treatments, cultivars BF 303, BF 308, and BF 293
experienced reductions of 67.75% and 91%.

3.1.2. Radicle Length (RL), Aerial Part Length (APL), and
Seedling Length (SL)

Most of the morphological variables associated with
radicle, aerial part, and seedling length showed a significant
interaction (p > 0.05) when comparing genotypes across
treatments (Figure 4). In Figure 4A, genotype BF 299 exhibited
the worst performance, with a 65% reduction in radicle length
relative to the irrigated treatment. In contrast, cultivars BF
307, BF 305, BF 312, BF 293, and BF 310 displayed reductions
ranging between 30% and 40%, while genotypes BF 306, BF
301, BF 309, BF 313, BF 300, and BF 303 showed an increase
in root length under water deficit conditions (exceeding
40% relative to the irrigated treatment).

Figure 4B presents shoot length (SL) data, revealing that
all genotypes—except BF 303, which maintained shoot
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Figure 3. Germination test — GT (%) (3A), first count - FC (%) (3B)
and germination speed index - GSI (3C) in fava bean genotypes
irrigated (0.0 MPa) and under water deficit (-0.3 MPa). Averages
followed by the same uppercase letter in the same genotype
and lowercase letter in the same osmotic potential do not differ
according to Tukey’s test at the 5% probability level.

411

Figure 4. Length of radicle (4A), aerial part (4B) and seedling (4C)
of fava bean genotypes under irrigation (0.0 MPa) and under water
deficit induced by PEG 6000 (-0.3 MPa). Averages followed by the
same uppercase letter in the same genotype and lowercase letter
in the same osmotic potential do not differ according to Tukey’s
test at the 5% probability level.
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length similar to the irrigated treatment—exhibited reduced
shoot growth under PEG-induced stress. This outcome is
consistent with the findings of Nascimento et al. (2019),
who reported that water deficit affects biological processes
such as growth, elongation, and cell wall synthesis.

Figure 4C indicates that seedling length was generally
reduced for most genotypes when exposed to PEG. However,
genotypes BF 306, BF 309, BF 301, BF 311, BF 300, BF 303,
and BF 313 did not show significant differences between
treatments, suggesting that they maintained seedling
growth values close to those of the irrigated treatment.
Notably, BF 306 and BF 313 exhibited the longest seedling
lengths under the PEG treatment.

3.1.3. Fresh Mass of the Radicle, Aerial Part, and Seedling;
FMR/FMAP Ratio

Figure 5 presents the relative data for the fresh mass
of the radicle (Figure 5A), aerial part (Figure 5B), seedling
(Figure 5C), and the ratio between the fresh mass of the
radicle and the aerial part (Figure 5D).

Genotypes BF 306 and BF 313 achieved the best
values for fresh radicle mass, whereas genotype BF 308
registered the worst performance in the PEG treatment.
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Figure 5. Fresh mass of the radicle (5A), the aerial part (5B), the
seedling (5C) and the ratio between the fresh mass of the radicle
and the aerial part (5D) of fava bean genotypes under irrigation
(0.0 MPa) and under water deficit induced by PEG 6000 (-0.3 MPa).
Averages followed by the same uppercase and lowercase letter
do not differ between treatments (0.0 MPa and -0.3 MPa) and
genotypes, respectively, at the 5% probability level using Tukey’s test.
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With respect to the fresh mass of the aerial part (FMAP),
PEG reduced biomass assimilation for most genotypes;
however, genotypes BF 300, BF 301, and BF 303 did not
exhibit significant differences between treatments.

Regarding seedling fresh mass (Figure 5C), most
genotypes were negatively affected by the presence of
PEG. Despite this, cultivars BF 313, BF 293, BF 300, BF 311,
BF 309, BF 301, and BF 308 maintained water and mineral
salt uptake through their roots at levels similar to those
observed under irrigation. In contrast, genotype BF 303
experienced a significant 94% reduction in seedling fresh
mass, underscoring its sensitivity to PEG.

Figure 5D shows that genotype BF 300 exhibited a higher
ratio between the fresh mass of the radicle and the aerial
part under PEG treatment, indicating that the tolerant
genotype assimilated nutrients and increased radicle mass
by a factor of fifteen relative to the irrigated condition.

3.1.4. Dry Mass of the Radicle, Aerial Part, and Seedling;
DMR/DMAP Ratio
Figure 6 displays the data related to dry mass for the

radicle (Figure 6A), aerial part (Figure 6B), and seedling
(Figure 6C). In the PEG treatment, most cultivars showed

0.0450 A
0.0400 }
0.0350
0.0300 &
0.0250

Ab
Abc

Acd

o]
=

%3z

0.0200 ® 32
-8
3 -
0.0150 g
0.0100 3
|I | I ﬂ 1 i
0.0000

BF BF BF BF BF BF BF BF BF BF BF BF BF BF BF BF
g 306 302 310 299 312 313 293 305 304 308 300 307 309 311 303 301

Afgh

Agh

0.0500 f|

0.0400 1|

Adel

0.0600 12 B
0.0300 t
0.0200 H:

=
=
2 -
< 3 -]
‘?.Eh
:
. o
& E,E e
H Z |2 1° ﬁlsz?f‘

BF BF BF BF BF BF BF BF BF BF BF BF BF BF BF BF
g 302 310 306 299 312 304 313 308 293 307 305 311 300 309 301 303

0.0100 ¥

0.0000

0.0450 1
0.0400 3 g
00350
0.0300 } £
0.0250 $-
0.0200 ¥
0.0150 #
00100 }
0.0050 H
0.0000

Aab

Bed
Bodel

B Adefgh

»\‘m-

S Rictn

# Acfgh

TTRREEEER

BF BF BF BF BF BF BF BF BF BF BF BF BF BF BF BF
g 306 302 310 299 312 313 293 305 304 308 300 309 307 311 303 301

Figure 6. Dry mass of the radicle (6A), the aerial part (6B), the
seedling (6C), in grams (g) of fava genotypes under irrigated
conditions (0.0 MPa) and under PEG 6000-induced water deficit
(-0,3 MPa). Means followed by the same uppercase and lowercase
letters do not differ from each other regarding the treatments
(0.0 MPa and -0.3 MPa) and genotypes, respectively, at the 5%
probability level according to the Tukey test.
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anincrease in radicle dry mass. Notably, genotype BF 306 50 i
achieved the highest radicle dry mass with a 73% increase I =
under water deficit, suggesting its tolerance to water ’
stress, whereas genotype BF 293 exhibited the greatest L
reduction (36%) and is thus considered more susceptible. 200 ¥ 2

With regard to the dry mass of the aerial part (Figure 6B), 1.50 2
most genotypes experienced a reduction at an osmotic 1.00
potential of -0.3 MPa compared to the irrigated treatment; 650 | | a{ 4 4
however, genotype BF 313 demonstrated the highest dry - I I | I || il | |
mass in the PEG treatment, while BF 303 consistently " BF BF BF BF BF BF BF BF BF BF BF BF BF BF BF BF
Showed the lowest Va]ues 11‘1 both condltlons 303 299 306 311 305 312 313 293 307 310 300 301 304 302 308 309

For the dry mass of the seedling (Figure 6C), genotypes Figure 7. The relationship between the dry mass of the radicle
BF 306 and BF 301 presented the highest and lowest values,  and the aerial part (DMR/DMAP) is demonstrated.
respectively, under the PEG treatment, further indicating
their relative tolerance and susceptibility. Finally, Figure 7

shows that the ratio between the dry mass of the radicle - A

and the aerial part (OMR/DMAP) increased significantly |5 2 7 2 a abab ab ab ab

for genotype BF 306—by a factor of seven compared to § f i ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ | b

the irrigated treatment—while genotype BF 301 recorded §§ 20 ‘ I | I

the lowest value under PEG treatment, confirming its ZE!
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3.2. Water Stress Induced Through the Screening Box Method B
Figure 8 presents the results from water stress induced ~ 500 — 303 — 307 — 311 B

by the Screening Box method. In Figure 8A, using the Genenns 300 — 304 — 308 — 312

Screening Box technique, genotype BF 301 displayed the ' S e

highest sensitivity to water deficit, with an average wilting 190 T

time of 25.5 days. § o ‘ H H :

Figure 8B demonstrates the survival probability of the £ [

fava genotypes, showing a decline in survival percentage E 050

as water stress progresses. The survival curve for genotype E

BF 301 was significantly different from the others, as g

confirmed by p-values (p > 0.001) from the Log-rank, i

Gehan, Tarone-Ware, and Peto-Peto tests (see Table 1). o 2 5 o 50

ays

3.2.1. Principal Component Analysis (PCA) of PEG-Induced

Water Stress and Screening Box Figure 8. Average days until wilting of fava genotypes (8A) under

] ) irrigated conditions (0.0 MPa) and under water deficit induced
The combined effects of water stress induced by PEG by PEG 6000 (-0.3 MPa) and Survival Curve with probability of

6000 on seed physiological quality—evidenced by the  survival (8B).

Table 1. Cox-Table Test and tests applied to the survival curves of fava genotypes.

Genotypes Hr (Univariable) Tests of the Survival Curves
BF 293 - Tests X2 Df p value
BF 299 1.28 (0.32-5.17, p=0.725) Log-rank 63.9 15 <0.001
BF 300 2.44 (0.59-10.15, p=0.219) Gehan 57.2 15 <0.001
BF 301 46.42 (7.43-289.88, p<0.001) Tarone-Ware 283 15 <0.001
BF 302 0.40 (0.09-1.74, p=0.222) Peto-Peto 261 15 <0.001
BF 303 0.76 (0.19-3.13, p=0.708)
BF 304 0.63 (0.15-2.65, p=0.529)
BF 305 2.65 (0.63-11.03, p=0.182)
BF 306 0.78 (0.19-3.12, p=0.723)
BF 307 0.98 (0.24-3.97, p=0.981)
BF 308 0.33 (0.08-1.42, p=0.136)
BF 309 1.61 (0.40-6.52, p=0.501)
BF 310 0.92 (0.23-3.69, p=0.901)
BF 311 1.21 (0.30-4.85, p=0.792)
BF 312 0.35 (0.07-1.74, p=0.200)
BF 313 1.23(0.31-4.96, p=0.771)
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Table 2. Principal Component Analysis (PCA), eigenvalues and percentage of variance of the parameters related to the germination

test induced by PEG and screening box.

Treatment Principal component Eigenvalue Variance (%)
PEG 6000 and Screening Box Component 1 (FC) 6.5353 43.60

Component 2 (GT) 2.7676 18.40
Component 3 (GSI) 2.2032 14.70
Component 4 (LR) 13377 8,90
Other components >1.0 14.40

germination test, seedling length, fresh and dry mass— ,

as well as the prolonged absence of irrigation causing ' 7

genotype death (via the Screening Box method) allowed 5 . BF::;O I7

BF 307 ) /

for the classification of genotypes through principal
component analysis. Components 1, 2, and 3 explained
76.78% of the total variance in the data (Table 2).

In Figure 9, the analysis showed that the genotypes
BF 306 and BF 313 (Group I) are distinct, presenting the
highest values in CP1 (first count) and CP2 (germination
test) and therefore considered tolerant to water deficit. In
contrast, the susceptible genotypes (Group II) are divided
into two subgroups: Subgroup I, composed of BF 308,
BF 302, BF 311, BF 303 and BF 293, presented the worst
values in all analyzed parameters, while Subgroup Il (less
included the genotypes BF 309, BF 299, BF 307, BF 305,
BF 304, BF 310, BF 300 and BF 301-with the exception
of BF 312 which, although not positioned above the x
axis, presented better germination and GSI values than
those of Subgroup L.

Figure 10 displays the Hierarchical Cluster Analysis
based on the principal components from Figure 9, wherein
Group I (Tolerant) is clearly distinguished from Group
Il (Susceptible), the latter being further divided into
Subgroups I and Il in descending order of susceptibility.

4. Discussion

4.1. Water Stress Induced by PEG 6000 (Polyethylene Glycol)

The results obtained in this study align with those of
Sa et al. (2021), who, while researching the ‘Branquinha’
fava bean genotype, found germination percentages of
93% at an osmotic potential of -0.3 MPa and 99% for
the control (0.0 MPa), with no statistically significant
difference. Similarly, Moliehi and Mateboho (2017) reported
germination percentages of 96.67%, 96.67%, and 95.83% for
the ‘Small White’, ‘Mkuzi’, and ‘Nodak’ varieties of common
bean (Phaseolus vulgaris L.), respectively, when grown
in PEG solutions with an osmotic potential of -1.0 MPa.

Pereira et al. (2020) note that susceptible genotypes
exhibit lower germination percentages when the osmotic
potential is reduced due to the increased duration of phase
III of the seed soaking process. This phase, characterized
by intense water absorption and rapid growth of the
main root (especially in “dry” seeds), is further hindered
by the physical properties of polyethylene glycol, which,
due to its high molecular weight and viscosity, diminishes
water absorption and reduces oxygen diffusion during
germination (Machado et al., 2016).
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Figure 9. Principal Component Analysis (PCA) of the PEG treatment
(-0.3 MPa) and Screening Box in different fava genotypes.
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Figure 10. Hierarchical clustering analysis (HCA) of fava genotypes
under water deficit with PEG (-0.3 MPa) and Screening Box.

Germination percentage is a critical parameter for
selecting commercial genotypes. As noted by Mambrin et al.
(2015), the Ministry of Agriculture, Livestock and Supply
(MAPA) mandates a minimum germination percentage
of 80% for the commercialization of common bean seeds
(Phaseolus vulgaris L.). This criterion enables the selection of
creole varieties with high germination percentages for plant
genetic improvement. In this context, the first count of the
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germination test is especially important because it reflects
the vigor and physiological quality of the seeds. Sa et al.
(2021) observed that the broad bean genotypes ‘Branquinha’
and ‘Cara Larga’, considered tolerant to water and salt
deficits, respectively, exhibited a reduction of up to 50% in
the first count at an osmotic potential of -0.3 MPa. These
findings corroborate the results obtained for genotypes
BF 309, 310, and 312, which differed statistically from one
another. In addition, Moraes et al. (2005) documented a
reduction in both the germination percentage and the
number of normal seedlings in common beans treated
with PEG at an osmotic potential of -0.2 MPa.

Nascimento et al. (2019) further emphasize that
susceptible fava bean genotypes may exhibit up to a 60%
reduction in the estimated germination percentage at
the first count when subjected to osmotic potentials of
0.05 MPa—a concentration value 40 times lower than that
used in the present research. They highlight that seed
germination and vigor are influenced by both extrinsic
and intrinsic factors, such as seed storage conditions,
genotype characteristics, and the intensity and duration
of the applied stress.

The impact of PEG on water absorption is well documented.
According to Kaydan and Yagmur (2008), the reduced water
absorption—resulting from the ingress of ions or solutes into
the seeds—leads to lower germination percentages. In a similar
vein, Gomes et al. (2015) indicate that water restriction can
decelerate the germination process by affecting cell elongation
and division, as well as the assimilation and accumulation of
reserves, ultimately diminishing productivity and dispersal
across different regions and climates.

Torres-Herndndez et al. (2022) supported these findings
by demonstrating a 66% reduction in the germination speed
index (GSI) in Phaseolus vulgaris L. genotypes at PEG 6000
concentrations of 9%, with reductions reaching up to 97%
when the concentration increased to 15%. Aradjo et al.
(2018), while examining the effects of water deficit on
sulphur beans (Phaseolus vulgaris L.) using sodium chloride
(NaCl) at an osmotic potential of -0.3 MPa, observed a
54% reduction in GSI for a cultivar considered resistant to
water deficit. In more severe cases, Sa et al. (2021) noted
that the inability of fava bean seeds to adequately soak
water can trigger germination inhibition or dormancy.

Regarding root development, Queiroz et al. (1998)
reported that osmotic potentials greater than -0.2 MPa
can significantly inhibit radicle elongation, while Kaydan
and Yagmur (2008) found that cultivars with longer
radicles tend to be more drought tolerant. Lima et al.
(2018) observed a radicle length variation from 22.5 cm
in the ‘CNCX 251-76e’ cowpea genotype to 2.86 cm in
‘BRS Tumucumagque’, which were classified as tolerant
and sensitive, respectively. Priya and Franklin (2021)
further supported these observations in common bean
genotypes, with tolerant genotypes exhibiting radicle
lengths of 16.3 cm versus 5.0 cm for susceptible ones,
findings that align with those for BF 306 (15.03 cm) and
BF 308 (3.28 cm) in this research.

Torres-Hernandez et al. (2022) attribute the reduction
in both radicle and aerial part length to osmotic stress,
which lowers cell turgidity by inducing water outflow from
the plant cells to balance the osmotic potential difference
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between tissues and the external environment. Moraes et al.
(2005) similarly explain that reduced seedling length is
related to decreased cell turgidity and diminished protein
synthesis. Kiister et al. (2020) also reported a reduction in
fresh radicle mass (FRM) across several agricultural species
(maize, beans, sunflower, and peas) under water stress,
noting that water deficit inhibits lateral root growth and
thereby affects the accumulation of fresh radicle biomass.

Gomes et al. (2000) observed a reduction in the
biomass of the aerial part in common beans (Phaseolus
vulgaris L.) under both irrigated and rainfed conditions.
Gomes-Filho et al. (2019) explained that this behavior is
due to reduced turgor potential, which compromises the
physiological and biochemical processes responsible for cell
expansion, resulting in lower wet biomass. Ferreira et al.
(2017) reported a complete (100%) reduction in seedling
fresh mass in the cowpea cultivar ‘BRS Tumucumaque’ at
osmotic potentials above -0.2 MPa, indicating that PEG-
induced inhibition of water uptake can severely affect
seedling growth. Conversely, Oliveira et al. (2017) observed
an increase in both fresh and dry seedling mass in cotton
cultivars subjected to water deficit with PEG 6000 up to an
osmotic potential of -0.6 MPa, attributing this response to
tolerance mechanisms that help maintain seedling vigor.

Similar responses were observed by Custédio et al.
(2009) in common bean genotypes exposed to various
water stress inducers (Mannitol, CaCl,, and MgCl,), and
by Carneiro et al. (2011) in sunflower seeds, where an
increase in the dry mass of the radicle and aerial part was
noted at osmotic potentials up to -0.4 MPa—beyond which
a significant reduction was observed. Nascimento et al.
(2019) suggest that the reduction in dry matter of the
aerial part is due to decreased production of GGPDH
and, consequently, NADPH, which impairs the activity of
antioxidant enzymes involved in the Calvin cycle, thereby
damaging cell membrane structures and reducing dry
matter assimilation in the shoot.

Comparable results were reported by Caetano-
Madeira et al. (2023) in eucalyptus genotypes, where the
genotype ‘SuzT’ demonstrated higher values of total dry
matter, leaf, and stem compared to ‘SuzS’ under identical
conditions. On the other hand, Moraes and Menezes (2003)
found that in soybean genotypes, PEG completely inhibited
seedling dry mass accumulation at an osmotic potential of
-0.3 MPa. Coelho (2010) presented findings akin to those
of this study in common bean genotypes using calcium
chloride (CaCl,) as the osmotic agent, observing an increase
in this relationship at -0.3 MPa and noting that the Ca*
ion modulates cellular processes through the activation
of calmodulins, which are integral to plant responses to
various environmental stresses.

4.2. Water Stress Induced Through the Screening Box Method

Lima et al. (2018), using the ‘Screening Box’ technique to
analyze cowpea genotypes, observed that most genotypes
susceptible to water deficit were completely dead 24 days
after the imposition of stress. This finding is consistent
with the present study, wherein Cox-Table analysis (p >
0.001) indicated that the BF 301 genotype exhibits the
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highest susceptibility to water deficit due to its lower
probability of survival under the applied stress conditions.

Similar outcomes were reported by Sa et al. (2021)
during their investigation of bean genotypes under PEG-
induced water stress, where the cultivars ‘Branquinha’ and
‘Cara Larga’ were identified as tolerant and susceptible,
respectively. Moreover, Islam et al. (2024) successfully
classified mung bean (Vigna radiata L. Wilczek) genotypes
as either tolerant or susceptible by subjecting them to
water stress at various osmotic potentials (0.0, 0.7, -1.0,
-2.0,and -4.0 bar) and evaluating parameters such as the
germination test, seedling length, fresh and dry mass, and
multivariate statistical analyses.

The authors concluded that varieties BMX-08010-2,
BMX-08009-7, BMX-01015, BARI Mung-8, BARI Mung-2,
and BU Mung-2 achieved better germination rates and
exhibited superior seedling growth compared to cultivars
BARI Mung-1, BARI Mung-3, BU Mung-4, and BMX-05001.
Thus, the results of this research provide valuable selection
criteria for evaluating drought-tolerant and susceptible fava
bean genotypes that can be employed in future breeding
programs for both research and commercialization.

5. Conclusions

The water stress induced by PEG 6000 significantly
affected all analyzed variables, reducing values in most
genotypes. BF 306 and BF 313 showed superior performance,
demonstrating tolerance to water deficit. Conversely, BF
308, BF 302, BF 311, BF 303, and BF 293 had the lowest
values, highlighting their susceptibility. The Screening Box
method discovered BF 301’s susceptibility to water deficit
and its survival was restricted to 25 days, which indicates
its greater vulnerability to water deficit than other cultivars.
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