PLANT PROTECTION
@ https://doi.org/10.1590/1678-4499.20250137 Article 8

Assessment of anthracnose resistance and
agromorphological traits in fifth-generation lima bean
populations

Kathully Karolaine Brito Torres! (), Marilha Vieira de Brito! (), Joao Vitor Morais Sousa! (&), Giovana
Bezerra Franca? (®, Marcones Ferreira Costa** (@, Carlos Humberto Aires Matos Filho* @, Veronica
Brito da Silva* ®, Angela Celis de Almeida Lopes* (®, Maruzanete Pereira de Melo® (), Regina Lucia
Ferreira Gomes*
1. Universidade Federal do Piaui ®® — P6s-Graduacao em Agronomia — Centro de Ciéncias Agrarias — Teresina (Pl), Brazil.
2. Universidade Federal do Piaui ®® — Graduagao em Agronomia — Centro de Ciéncias Agrarias — Teresina (PI), Brazil.
3. Universidade Federal do Piaui Rk — Campus Amilcar Ferreira Sobral — Floriano (PI), Brazil.
4. Universidade Federal do Piaui Rk — Departamento de Fitotecnia — Teresina (PI), Brazil.
5. Universidade Federal do Piaui Rk — Departamento de Planejamento e Politica Agricola — Teresina (Pl), Brazil.

Received: July 8,2025 | Accepted: Apr. 27,2026

Section Editor: Fabricio de Avila Rodrigues
*Corresponding author: marconescosta@ufpi.edu.br

How to cite: Torres, K. K. B., Brito, M. V,, Sousa, J. V. M., Franca, G. B., Costa, M. F., Matos Filho, C. H. A, Silva, V. B., Lopes, A. C. A., Melo, M.
P.and Gomes, R. L. F. (2026). Assessment of anthracnose resistance and agromorphological traits in fifth-generation lima bean populations.
Bragantia, 85, €20250137. https://doi.org/10.1590/1678-4499.20250137

ABSTRACT: Lima bean (Phaseolus lunatus L.) is an important socioeconomic legume in northeastern Brazil, particularly among small-
and medium-scale farmers. Despite its nutritional value and role in food security, crop yield is often compromised by diseases such as
anthracnose. This study aimed to evaluate six groups of lima bean populations at the fifth generation (F5), derived from crosses between
genotypes conserved in the P. lunatus Active Germplasm Bank at the Universidade Federal do Piaui, which differed in morphological
traits and levels of anthracnose resistance. Populations were grown under field conditions and evaluated for agromorphological and
phytopathological traits, including yield, seed morphology, and disease resistance. Statistical analyses were performed using restricted
maximum likelihood/best linear unbiased prediction and likelihood ratio test methods with the aid of SELEGEN, R, and Genes software.
Among the populations, significant phenotypic variability was observed. Population P6 was notable for its earliness, a desirable trait that
contributes to disease escape; P2 and P4 showed white seed coats and commercially attractive seeds, whereas P4, P5, and P6 exhibited
superior performance in pod, seed, and anthracnose resistance traits. The presence of BGP-UFPI 832 genotype in the most promising
crosses suggests its potential to transmit favorable alleles. These results indicate that populations P4, P5, and P6 are potential candidates
for breeding programs focused on developing higher-yielding, locally adapted, and anthracnose-resistant cultivars.

Key words: Phaseolus lunatus, Colletotrichum truncatum, genotypic variance, plant breeding, restricted maximum likelihood/best linear

unbiased prediction.

INTRODUCTION

Lima bean (Phaseolus lunatus L.) is an important socioeconomic crop, particularly in northeastern Brazil, where it is
widely cultivated by small- and medium-scale farmers (Lustosa-Silva et al. 2022). In addition to its nutritional value, this
legume supports family subsistence, fosters the local economy, and contributes significantly to food security and agricultural
diversification (Adebo 2023).
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Lima bean yield and seed quality are often severely affected by diseases (Carmo et al. 2015, Cavalcante et al. 2018).
Anthracnose, caused by the fungus Colletotrichum truncatum (Schw.), is considered one of the most damaging diseases to
this crop (Brito et al. 2022, Gomes et al. 2022). It affects all parts of the plant, causing significant yield losses and reduced
commercial seed quality, which directly impacts farmers” income (Carvalho et al. 2015, Soares et al. 2025).

Plant breeding has emerged as a key strategy for developing resistant cultivars that combine high-yield potential, disease
resistance, and desirable agronomic traits (Martinez-Castillo et al. 2023). Parameters such as yield, seed weight, number
of pods per plant, and disease resistance have been widely used in legume breeding programs, enabling the selection of
promising genotypes based on their agromorphological traits (Carvalho et al. 2022).

To support these efforts, germplasm banks play a crucial role by conserving and evaluating promising genetic resources
for lima bean breeding (Almeida et al. 2025). The P. lunatus Active Germplasm Bank at the Universidade Federal do Piaui
maintains populations derived from crosses between genotypes previously identified as resistant to C. truncatum (Brito,
Torres et al. 2025).

The advancement of these generations is essential for identifying superior genotypes that combine resistance to
anthracnose with desirable agronomic characteristics, such as high yield and good adaptability to local conditions (Santos
Siqueira Gomes et al. 2023). To date, no breeding program has been specifically aimed at developing lima bean cultivars
combining anthracnose resistance with superior phenotypic traits (Brito, Diniz et al. 2025).

The selection of genotypes with resistance to diseases, such as anthracnose, combined with strong agronomic performance,
represents an important strategy for improving crop management. This approach contributes to more sustainable and
economically viable agriculture, while also strengthening food security and the competitiveness of the production chain
(Martinez-Nieto et al. 2020, Sousa et al. 2023).

In this context, this study was based on the hypothesis that F5 populations of P. lunatus exhibit sufficient genetic
variability to enable the identification of superior genotypes combining anthracnose resistance and high agronomic
performance. Thus, this study aimed to evaluate six fifth-generation (F5) lima bean populations and identify those with
desirable agronomic traits, with the goal of selecting promising materials to develop high-yielding, locally adapted cultivars

with robust agronomic performance.

MATERIALS AND METHODS
Plant material

The genetic material used in this study was obtained from hybridizations between accessions of P. lunatus, maintained
in the Active Germplasm Bank of the Universidade Federal do Piaui. The parental lines used in the crosses (BGP-UFPI 220,
BGP-UFPI 251, BGP-UFPI 798, BGP-UFPI 832, and BGP-UFPI 1000) exhibited contrasting characteristics in anthracnose
reaction (resistant versus susceptible), growth habit (determinate versus indeterminate), and seed size (small versus medium)
(Table 1).

Table 1. List of lima bean genotypes from the Active Germplasm Bank of the Universidade Federal do Piaui, used as parents in the crosses
for the development of F5 lima bean populations.

Genotypes Anthracnose reaction Growth habit Seed size
BGP-UFPI 220 Resistant Indeterminate Small
BGP-UFPI 251 Resistant Indeterminate Small
BGP-UFPI798 Susceptible Indeterminate Medium
BGP-UFPI 832 Resistant Indeterminate Small

BGP-UFPI11000 Susceptible Determinate Small
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Artificial hybridization was conducted without emasculation, following the methodology described by Sousa et al.
(2022). Hybridization was confirmed by assessing morphological traits, such as growth habit and leaflet shape, according
to the P. lunatus descriptor catalog from Bioversity International (IPGRI 2001). These genetically controlled traits, which
differ among parental lines, permitted the identification of hybrid plants through the combination of parental features.

The populations were advanced from the F1 to the F5 generation using the bulk method, with the F5 generation used
for agromorphological characterization and anthracnose resistance evaluation. The analyzed populations were:

* Population 1 (P1): BGP-UFPI 1000 x BGP-UFPI 251;
+  Population 2 (P2): BGP-UFPI 798 x BGP-UFPI 220;
Population 3 (P3): BGP-UFPI 1000 x BGP-UFPI 251;
Population 4 (P4): BGP-UFPI 1002 x BGP-UFPI 220;
+ Population 5 (P5): BGP-UFPI 798 x BGP-UFPI 832;
+  Population 6 (P6): BGP-UFPI 1000 x BGP-UFPI 220.

Populations P1 and P3, originating from the same parental cross, are described as independent progeny groups.
Nevertheless, the evaluation of these populations is justified by genetic and phenotypic factors. Lima bean (P, lunatus L.)
exhibits a mixed reproductive system (Penha et al. 2017), which favors the maintenance and generation of genetic variability
even among descendants from identical crosses, potentially resulting in differentiation across generations. Additionally,
evident phenotypic differences were observed between P1 and P3, especially regarding seed coat color, indicating underlying
genetic divergence. Therefore, the management and evaluation of these populations allowed for better exploration of existing
variability and a more precise comparison of their agronomic and phytopathological responses.

Agromorphological assessment

Six F5 lima bean populations (Table 2) were evaluated under field conditions at the Department of Crop Science,
Center for Agricultural Sciences, Universidade Federal de Piaui, located in Teresina, Piaui, Brazil (05°02’45”S, 42°46’57”W;
74.4ma.s.l.). According to Koppen’s climate classification, the region has a tropical climate, with a mean annual temperature
of 27.5°C, maximum of 32.7°C, and minimum of 21.9°C, relative air humidity of 74%, average monthly precipitation of
25.4 mm, and atmospheric pressure of 100.2 kPa (Bastos and Andrade Junior 2024).

Table 2. Pedigree of F5 progenies of lima bean preselected for anthracnose resistance.

Population Female parent Male parent Number of progenies
P1 BGP-UFPI 1000 BGP-UFPI 251 10
P2 BGP-UFPI798 BGP-UFPI 220 2
P3 BGP-UFPI 1000 BGP-UFPI 251 1
P4 BGP-UFPI 1002 BGP-UFPI 220 1
P5 BGP-UFPI798 BGP-UFPI 832 1
P6 BGP-UFPI11000 BGP-UFPI 220 1

The experiment was conducted in an area with a history of lima bean cultivation and occurrence of anthracnose. A
randomized complete block design was used, consisting of six populations and five replications under field conditions.
Each population was grown in a plot containing five rows with 16 plants each, totaling 80 plants per population, and the
analyses were performed using plot means. The plots measured 10.5 m x 5 m, except for P6, which measured 9.1 m x 5 m
due to the limited number of seeds, with five rows containing 11 plants each. To minimize possible effects of this difference
on experimental variability and ensure comparability among populations, the data were subjected to statistical adjustment,
considering plot size in the analysis and using adjusted means. Thus, the experiment totaled 455 experimental units.

Each plot consisted of five rows, spaced 1 m apart, with 0.7 m between planting holes. Each hole received two lima bean

seeds and three maize seeds. Maize served as a support for plants with an indeterminate growth habit.
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A spacing of 2 m was maintained between plots to facilitate movement and prevent interference among populations.
Seeds were treated with fungicides to control soil-borne pathogens. Basal fertilization was performed according to the soil
analysis, following the recommendations of Lopes et al. (2010), with 1 L of manure applied per planting hole. Weed control
was performed manually, and irrigation was applied using a sprinkler system.

The following agromorphological traits were evaluated based on the International Plant Genetic Resources Institute
(IPGRI2001) descriptors for P. lunatus: days to flowering (number of days from sowing to the appearance of the first flowers);
days to pod initiation (number of days from sowing to the appearance of the first pods); days to pod maturation (period
from emergence to the stage when 50% of the pods were mature); pod width (measured in millimeters using 10 mature
pods randomly selected); pod length (measured in millimeters using 10 mature pods randomly selected); pod thickness
(measured in millimeters using 10 mature pods randomly selected); number of locules per pod (total number of locules
present in each pod within the plot), number of seeds per pod (determined from 10 mature pods randomly selected); seed
width (measured in millimeters using 10 dry seeds randomly selected); seed length (measured in millimeters using 10 dry
seeds randomly selected); seed thickness (measured in millimeters using 10 dry seeds randomly selected); and 100-seed
weight (weight of 100 randomly sampled seeds, expressed in grams); grain yield (amount of grains produced in a given
area (kg-ha); and seed coat color. The number days to anthracnose symptom appearance (number of days from sowing to
the onset of anthracnose symptoms) was also evaluated.

Statistical analysis was performed using Model 81 of the SELEGEN software (Resende, 2016), which is appropriate for
a randomized complete block design. The following statistical model was used (Eq. 1):

y=Xu+Zg+Wp+e (1)

where: y: the vector of observed data; u: the overall mean effect (fixed); g: the vector of genotypic effects (random); p:
the vector of plot effects; e: the vector of residual errors (random); The uppercase letters represent the incidence matrices
corresponding to each effect.

Deviance analysis was performed using the likelihood ratio test, according to Resende and Duarte (2007). Significance
was determined at probability levels of 1 and 5% based on the x? test. Genetic parameters were estimated using the restricted
maximum likelihood (REML) method, and genotypic means were predicted using the best linear unbiased prediction (BLUP)
procedure. The assumptions of the linear mixed model were evaluated through residual analysis, including the assessment
of normality and homogeneity of variances, and no violations affecting model adequacy were detected.

The following parameters were estimated: genotypic variance (agz), variance among plots (ojlm), residual variance (0?),
individual phenotypic variance (ojf), broad-sense heritability (hgz), adjusted heritability (h? ;> plot effect determination
coeflicient (c?), genotypic coeflicient of variation (CVg%), environmental coefficient of variation (CV %), and overall
experimental mean (u).

Genetic gains were estimated using the BLUP values for each population. Genotypic values were obtained by summing
the predicted genotypic effects and overall mean. Genetic gain was calculated as the average genetic effect of the selected
populations. The new average genotype was derived by adding the genetic gain to the overall mean.

Phytopathological assessment

Phytopathological evaluation was conducted in six F5 lima bean populations, cultivated in 5-L plastic pots under
screenhouse conditions favorable for C. truncatum development, which ensured greater accuracy in treatment comparisons.
The experimental design was completely randomized, with four replications per progeny, each replication consisting of
an independent experimental unit represented by a single plant grown in a polyethylene pot and individually subjected to
the inoculation process. For each population, multiple progenies were evaluated, totaling a set of independent plants. The
progenies evaluated within the same plant were used to estimate the mean response of that experimental unit.

The evaluation was conducted at the progeny level, as this approach is particularly relevant in advanced generations
such as F5, considering the objective was to identify superior progenies with greater stability of response to the pathogen.
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For the inoculation procedure, C. truncatum isolate CT4 was used. This isolate was obtained from the Laboratory of the
Interuniversity Network for the Development of the Sugar-Energy Sector, located at the Center for Agricultural Sciences of
the Universidade Federal do Piaui, Teresina, Piaui, Brazil. The fungus was cultured on bean-dextrose-agar (BDA) medium,
previously sterilized and poured into 10-cm diameter Petri dishes. A sample of the C. truncatum isolate was transferred to
the medium, and the plates were incubated at 28 + 1°C under a 12-hour photoperiod for 15 days.

For inoculum preparation, fungal spores were scraped from the culture surface and suspended in sterile distilled water.
The suspension was filtered and adjusted to a concentration of 10° conidia mL" using a Neubauer chamber. Inoculation
of the plants was carried out 40 days after sowing, in the afternoon, using a manual sprayer. The suspension was applied
to both the upper and lower surfaces of the leaves. For the control treatment, sterile distilled water was used instead of
the conidia suspension. Control plants were kept at a distance from the inoculated plants to prevent contamination. After
inoculation, the plants were covered with plastic bags (100 x 70 cm) to maintain a humid chamber for 24 hours, creating
favorable conditions for fungal colonization. Following this period, the plastic bags were removed.

Anthracnose severity was assessed five and seven days after inoculation (DAI) (Fig. 1). Only these two periods were
considered because some leaves from certain accessions detached completely from the plants after seven days. For severity
assessment, ten trifoliate leaves were selected from the middle third of each plant, digitized, and analyzed using ASSESS
2.0 software, which calculated the percentage of leaf area affected. The mean scores assigned to each population were used
to group them according to the classification criteria of Carmo et al. (2015):

Immune (IM), with a score of 0;

Highly resistant (HR), with scores ranging from 0.1 to 1.4;

Moderately resistant (MR), from 1.5 to 2.4;

Moderately susceptible (MS), from 2.5 to 3;

Highly susceptible (HS), with scores >3.

Figure 1. Anthracnose severity in lima beans, according to the percentage of the plant affected: 0 = no symptoms; 1 =1-10%; 2 = 11-25%;
3=26-50%; 4 =51-75%; 5 =76-100%.

Bragantia, Campinas, 85, 20250137, 2026 5


https://creativecommons.org/licenses/by/4.0/deed.en

K. K.B. Torres et al.

Plants that died due to the pathogen were classified as HS to infection.

Severity data were transformed using the square root transformation V(x+1) to meet the assumptions of normality and
homoscedasticity. Analysis of variance was performed, followed by the Scott-Knott’s grouping test at a 5% significance level.
All analyses were conducted using R software (R Core Team 2018) and Genes software (Cruz 2013).

RESULTS AND DISCUSSION
Agromorphological assessment

Deviance analysis (Table 3) indicated significant population effects for the following traits: pod width, pod length, pod
thickness, number of locules per pod, number of seeds per pod, 100-seed weight, grain yield, seed width, seed length, seed
thickness, days to flowering, days to pod formation, days to pod maturity, and days to anthracnose symptom appearance.

Table 3. Deviance analysis for the evaluated traits in lima bean populations at the F5 generation*.

Effect Deviance LRT ()®
Days to flowering 161.64+ 23.54
Days to pod initiation 152.44+ 3517
Days to pod maturity 159.87¢ 23.35
Days to anthracnose symptom appearance 135.08* 20.57
Pod width 542.71* 4557
Pod length 1554.89+ 4512
Pod thickness 1045.08* 84.92
Number of locules per pod -44.12* 68.23
Number of seeds per pod -26.42+ 7311
Seed width 180.56* 4393
Seed length 463.21* 43.29
Seed thickness -163.29* 4778
Weight of 100 seeds 157.87* 22.66
Grainyield 349.60" 24.08

*Significant according to the x? test with 1 degree of freedom (1% = 6.63; 5% = 3.84); LRT: likelihood ratio test.

These results indicated the presence of genetic variability among the evaluated populations and confirmed that the
proposed model fits the data. This variability is essential for the success of breeding programs, as it enables the selection
of superior genotypes based on agronomically desirable traits (Assun¢ao-Filho et al. 2022, Jesus Pires et al. 2022). For the
traits days to flowering, pod formation, pod maturity, onset of anthracnose symptoms, seed length, and 100-seed weight,
genetic variance (ng) exceeded residual variance ( 082) (Table 4).

The predominance of genetic variance over residual variance suggests that environmental influences on these traits
were limited, supporting the conclusion that the differences observed among the populations are mainly attributed to
their distinct genetic constitutions (Damas et al. 2023). This pattern indicates that genetic effects contributed substantially
to the phenotypic variation observed under the tested conditions. This scenario is highly desirable in lima bean breeding
programs, as it improves the selection efficiency and predictability of genetic gains.

Heritability expresses the proportion of genetic variance relative to the total phenotypic variance of a trait and is
influenced by environmental effects on trait expression. In this study, estimated heritability coefficients (h?) ranged from
0.91 for the number of days to anthracnose symptom appearance to 0 for pod thickness. The number of days to flowering,
pod formation, pod maturity, and onset of anthracnose symptoms revealed high heritability values (Table 4), indicating a
predominance of genetic variance in determining these traits. These results suggested a high potential for the successful

selection and advancement of superior lines.

(c)_®
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Table 4. Estimates of genetic parameters for the traits evaluated in lima bean populations in the F5 generation, via REML/BLUP methodology.

Genetic Traits

parameters DF DPI DPM DAS PW PL PT NLP NSP SW SL ST W100S GY
02g 10619 11418 146.54 195.72 0.19 19.46 0.01 0.01 0.00 0.39 1.70 0.09 49.69 659791
02parC 719 0.30 5.58 2.64 0.20 11.02 0.00 0.00 0.00 013 0.37 0.01 13.31 3446712
Gze h2.36 38.83 46.21 15.19 2.04 60.37 11.88 0.30 0.32 0.60 1.3 0.19 48.39 3729798
02, 165756 153.31 198.34 213.57 317 90.86 1190 0.31 0.33 113 3.60 0.29 111.40 78363.02
W, OShs Ome om oste o2se oz 00 OF OF OF O ome aans oo

. . . : . : 0.00 0.02 0.01 0.09 011 : . :

hzaj 0.66 0.74 0.76 0.92 0.30 0.2438 0.00 0.02 0.00 0.39 0.52 0.33 0.50 0.15
c2 0.04 0.00 0.02 0.01 0.06 012 0.00 0.00 0.00 012 0.10 0.01 011 012

CV % 1540 1392 1321 2021 6.85 765 171 343 200 783 1162 6.20 18.93 19.05
CV % 1153 815 7.85 6.10 457 716 1403 627 668 554 6.46 315 21.09 48.59

Cv /Cv, 133 170 1.68 331 149 1.06 012 054 029 141 179 1.96 0.89 0.39
u 6690 7672 9163 6921 1399 5761 777 280 271 805 1122 504 3723 426.29

REML: restricted maximum likelihood; BLUP: best linear unbiased prediction; DF: days to flowering; DPI: days to pod initiation; DPM: days to pod maturity; DAS:
days to anthracnose symptom appearance; PW: pod width; PL: pod length; PT: pod thickness; NLP: number of locules per pod; NSP: number of seeds per pod;
SW: seed width; SL: seed length; ST: seed thickness; W100S: weight of 100 seeds; GY: grain yield.

Traits such as pod width and length, seed width, length, and thickness, 100-seed weight, and grain yield exhibited
intermediate heritability values (Table 4). Conversely, the number of locules per pod showed low heritability, while pod
thickness and the number of seeds per pod displayed very low heritability estimates (Table 4).

The low heritability observed for some traits indicated a higher environmental influence on their expression, making
it difficult to distinguish between genetic and environmental effects (Langat et al. 2019). In such cases, implementing
additional selection cycles is recommended to accumulate genetic gains over successive generations. The genotypic coefficient
of variation (CV %) expresses the magnitude of genetic variance relative to the trait mean, indicating the potential for
response to selection. High CV values are desirable in breeding programs as they reflect greater genetic variability (Asfaw
etal. 2017). In this study, the CV values ranged from 1.71 for pod thickness to 20.21% for the number of days to the onset
of anthracnose symptoms (Table 4).

The environmental coefficient of variation (CV %) is widely used to assess the precision of agronomic experiments
(Storck et al. 2010). Since there are no specific reference values for lima bean, the classification proposed by Gomes (2009)
was adopted: low (CV, < 10%), medium (10% < CV, < 20%), high (20% < CV, < 30%), and very high (CV, > 30%).

In this study, the CV values ranged from 3.15 for seed thickness to 48.59% for grain yield. CV, was considered high for
100-seed weight and grain yield, medium for the number of days to flowering and pod thickness (Table 4), and low for the
remaining traits. These results indicated favorable experimental conditions for selection, except for traits that were more
strongly influenced by environmental factors.

The high heritability estimates suggest a favorable outlook for selection success, further supported by the CV /CV, ratios
that were close to or higher than 1 for most traits. This ratio is commonly used as an indicator of the predominance of
genetic over environmental variance in trait determination and reflects better conditions for selecting superior genotypes
(Santos et al. 2022). All evaluated traits, except pod thickness, number of locules per pod, number of seeds per pod, and
grain yield, had CV /CV, ratios > 1, indicating higher selective efficiency (Table 4).

In plant breeding programs, it is essential to adopt methodologies that enable accurate estimation of genotypic values,
particularly for species with mixed reproductive systems such as lima beans. In this context, the REML/BLUP approach
has proven effective in predicting additive genetic effects and guiding the selection of superior genotypes (Capistrano et al.
2021, Carvalho et al. 2022, Gongalves Jr. et al. 2025).

Based on the individual genotypic values predicted by BLUP, the expected genetic gains were estimated, and new

predicted means were obtained for each evaluated trait, considering additive effects only. These estimates enabled the

. .
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ranking of populations according to their genetic performance (Table 5), providing objective support for selecting promising

genotypes. For days to flowering, pod formation, pod maturity, and, days to anthracnose symptom appearance, population
P6 exhibited the shortest developmental cycle, followed by P1 and P3 (Table 5).

Table 5. Ranking, selection gains, and new averages for the traits evaluated in lima bean populations in the F5 generation, using SELEGEN model 81.

DF DPI
Order Population Gain Average Population Gain Average
r P6 0.00 66.90 P6 0.00 76.72
2° P1 3.34 69.25 P3 2.44 79.17
3 P3 4.66 71.56 P1 454 81.27
& P4 751 74.42 P4 793 84.65
5 P2 11.44 78.35 P5 12.56 89.29
6° P5 14.64 81.64 P2 12.81 89.53
DPM DAS
Order = = = =
Population Gain Average Population Gain Average
r P6 0.00 91.63 P6 0.00 69.21
2° P4 3.24 94.87 P1 23.39 72.60
3 P1 5.03 96.62 P2 6.11 75.33
& P3 798 99.62 P3 10.61 79.83
5 P2 13.79 105.43 P5 15.05 84.26
6° P5 14.96 106.60 P4 22.43 91.65
PW PL
Order = = = =
Population Gain Average Population Gain Average
iy P5 154 15.54 P2 5.01 62.63
2° P2 114 15.14 P1 3.96 61.57
3 P1 0.65 14.65 P5 3.30 60.92
& P4 0.37 14.37 P6 2.21 59.83
5° P3 0.15 1415 P3 140 59.02
6° P6 0.00 13.99 P6 0.00 5761
PT NLP
Order = = = =
Population Gain Average Population Gain Average
r P1 0.03 781 P3 0.14 2.94
2° P5 0.02 780 P6 0.07 2.87
3 P6 0.02 779 P4 0.04 2.84
Vi P4 0.01 779 P1 0.02 2.82
5 P3 0.01 779 P2 0.01 2.81
6° P2 0.00 777 P5 0.00 2.80
NSP SW
Order - = - =
Population Gain Average Population Gain Average
r P3 0.05 277 P2 0.59 8.65
2° P4 0.03 2.74 P5 0.59 8.64
3 P6 0.01 273 P1 0.53 8.58
& P1 0.01 272 P3 0.34 8.39
5 P2 0.00 2.72 P6 017 8.22
6° P5 0.00 271 P4 0.00 8.05
SL ST
Order . . - .
Population Gain Average Population Gain Average
r 8.65 P5 1.09 12.32 P4 0.59
2° 8.64 P2 1.07 12.30 P1 0.30
3 8.58 P1 0.96 12.19 P2 0.17
& 8.39 P6 0.65 11.88 P5 0.10
5 8.22 P3 0.46 11.68 P3 0.05
6° 8.05 P4 0.00 11.22 P6 0.00
Continue...|
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Table 5. Continuation.

Order W100S GY
Population Gain Average Population Gain Average
r P2 10.88 4812 P3 21.92 448.22
2 P1 6.13 43.37 P4 16.35 442.65
3 P5 4.41 41.64 P1 11.67 43797
&r P3 3.2 40.48 P6 8.29 434,59
5 P6 1.49 38.73 P2 4.45 430.75
6° P4 0.00 3723 P5 0.00 426.29

DF: days to flowering; DPI: days to pod initiation; DPM: days to pod maturity; DAS: days to anthracnose symptom appearance; PW: pod width; PL: pod length;
PT: pod thickness; NLP: number of locules per pod; NSP: number of seeds per pod; SW: seed width; SL: seed length; ST: seed thickness; W100S: weight of 100
seeds; GY: grain yield.

Earliness is a desirable trait, particularly in regions affected by climatic stress, limited water availability, and short cropping
seasons. Under such conditions, early genotypes can avoid adverse environmental factors, increasing the likelihood of
successful cultivation (Buratto et al. 2007). For lima beans, adopting early genotypes represents a sustainable and profitable
strategy, enabling faster and more efficient harvests (Lustosa-Silva et al. 2023).

Moreover, earliness reduces the duration of plant exposure to the anthracnose pathogen. Thus, using early genotypes
can serve as an effective control strategy aligning with the principle of disease escape, by avoiding pathogen contact during
environmental conditions favorable for its development (Amorim et al. 2018).

Early genotypes tend to be less susceptible to pests and diseases and reduce production costs, making them promising
candidates for breeding programs (De Melo et al. 2023). Populations P1, P2, and P5 demonstrated consistent performance
for pod and seed traits. However, populations P3, P4, and P6 achieved the highest results for the number of locules and
seeds per pod (Table 5). The highest grain yields were obtained with P3, P4, and P1.

Populations P1 and P2 predominantly exhibited white seed coats, an attribute highly valued by consumers (Soares et
al. 2022). This color is considered the most desirable commercial standard, particularly in northeastern Brazil, where there
is a preference for large, light-colored (particularly white) seeds (Lustosa-Silva et al. 2023). Market acceptance is directly
influenced by this trait, making it a relevant criterion for breeding programs.

Traits related to pods, such as the number of locules and seeds per pod, correlate positively with grain yield and are
essential for selecting superior genotypes. In addition to yield, improvements in these traits are desirable, as they facilitate
manual harvesting, a practice still common in many production regions (Sousa et al. 2020). For example, pods with more
seeds make the harvesting process more efficient and economically viable.

Seed coat color was also evaluated because of its commercial relevance. Seed colors strongly influence consumer
preferences and, consequently, marketability. In this study, 64% of the progenies within the population exhibited white seed
coats, followed by orange (16%), pink (7.3%), and reddish-purple (6.3%). The predominance of white seed coats reinforces
the commercial suitability of the analyzed populations.

Regarding the seed coat pattern, 82.3% of the seeds exhibited a uniform color, whereas 17.7% displayed a bicolor pattern.
The most frequent bicolor patterns were light brown (10.3%), reddish-purple (4.0%), and dark brown (3.4%.) Regarding
secondary seed coat color, 83.6% of the populations lacked this trait, and among the 16.4% that had it, colors included dark
red, reddish-purple, black, and dark brown. These data highlight the phenotypic diversity among the evaluated populations
and underscore the importance of visual seed characterization as a complementary criterion for selecting genotypes with
greater commercial appeal.

Phytopathological assessment

In the phytopathological evaluation of the F5 generation, 15 of the 16 selected lima bean progenies developed foliar
vein lesions approximately 1 cm in size, three days after inoculation with the fungus. At five DAI, most progenies exhibited
reddish lesions on the petioles and veins. The only exception was the progeny derived from the BGP-UFPI 832 parent,
which exhibited less severe symptoms.
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At five DAI, 15 progenies were classified as MR and only one as HR. Statistical analysis identified two distinct groups
(Table 6): group A, consisting of all MR progenies, and group B, comprising only the HR progeny.

Table 6. Rating scale for lima bean (F5 generation) populations inoculated with Colletotrichum truncatum, assessed at five and seven DAI*.

Population 5 DAI Reaction Population 7 DAI Reaction
P2.01 2.37a MR P1.07 3.00a MS
P1.07 2.37a MR P1.08 2.67a MR
P1.08 2.37a MR P1.02 2.67a MR
P1.04 2.00a MR P1.04 2.67a MR
P1.05 2.00a MR P1.05 2.67b MR
P3.01 2.00a MR P1.01 2.67b MR
P4.01 2.00a MR P1.09 2.33b MR
P1.03 176 a MR P1.03 200b MR
P1.09 176 a MR P2.02 200b MR
P1.10 176 a MR P3.01 200b MR
P1.01 176 a MR P2.01 2.00b MR
P1.06 176 a MR P6.01 2.00b MR
P2.02 176 a MR P1.06 200b MR
P6.01 176 a MR P4.01 200b MR
P1.02 176 a MR P1.10 167b MR
P5.01 100b HR P5.01 133b HR

*Mean values followed by the same letters do not differ statistically according to the Skott-Knott’s test (p < 0.05); MR: moderately resistant; MS: moderately
susceptible; HR: highly resistant. The presented means correspond to back-transformed values; DAI: days after inoculation.

At seven DAI, symptom progression was observed in the leaves, although severe leaf abscission did not occur. Remarkably,
progeny with BGP-UFPI 832 as the male parent continued to exhibit low symptom severity, suggesting a possible genetic
resistance mechanism. At this stage, the overall classification of progenies remained stable: of the 15 initially classified as
MR, only one was reclassified as MS.

These results suggested the presence of anthracnose resistance in some F5 progenies, particularly those with BGP-
UFPI 832 as a parent, as indicated by the reduced progression of symptoms over time. The formation of two statistically
distinct groups reflects the genetic variability among progenies in response to the pathogen, a feature highly desirable for
breeding programs.

Furthermore, the consistency of classification between the five and seven DAI assessments demonstrates the reliability
of the data, reinforcing the potential of both MR and HR progenies for future use in developing cultivars adapted and
resistant to anthracnose.

CONCLUSION

Based on the analyses, significant phenotypic variability was observed among the F5-generation lima bean populations,
demonstrating their potential for use in genetic improvement programs for this species. Population P6 was notable for its
early developmental cycle, an agronomically desirable trait associated with disease escape such as anthracnose, and enhanced
sustainability under adverse conditions.

Populations P2 and P4 excelled in seed size and white seed coat traits, features preferred by the consumer market,
favoring acceptance and commercialization. Additionally, populations P4, P5, and P6 exhibited superior performance in pod
and seed traits, as well as anthracnose resistance. Particularly interesting was the progeny derived from the BGP-UFPI 832
parent, which exhibited low symptom severity, suggesting the presence of favorable alleles for resistance to C. truncatum.

Thus, populations P4, P5, and P6 can be considered for ongoing breeding efforts, either through recurrent selection
or the development of superior cultivars, as they combine desirable traits such as earliness, yield, commercial quality, and
anthracnose resistance.
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