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Abstract

Charcoal rot, a destructive disease of soybean roots, has limited control options, and the
development of resistant cultivars is the most effective, economical, and sustainable strategy.
However, tropical cultivars are generally susceptible, while exotic resistant accessions
are poorly adapted to tropical conditions. This study represents the initial step toward
developing tropical soybean cultivars combining resistance and agronomic performance.
We evaluated the agronomic performance of progenies derived from crosses between
exotic lines partially resistant to Macrophomina phaseolina (PI 594302 and PI 567562A) and
three commercial tropical cultivars with high yield potential (relative maturity groups
(RMGs) 5.5, 6.2, and 6.9). Populations were advanced to the F6 generation and assessed for
yield, plant height, first pod insertion, and agronomic value using a partial diallel design.
Grain yield ranged from 18.5 to 33.2 g·plant−1 across generations. The combining ability
analysis revealed predominance of additive genetic effects, highlighting PI 594302 and
VMAX RR (RMG 6.2) as key parents for plant height, agronomic value, and grain yield
and exhibited the greatest potential for superior progeny across generations. These results
identify promising lines with high agronomic performance and adaptation, which will
undergo resistance confirmation in subsequent studies, supporting the long-term goal
of developing tropical soybean cultivars that combine productivity, sustainability, and
tolerance to charcoal rot.

Keywords: soybean breeding; Macrophomina phaseolina; general combining ability; specific
combining ability; exotic germplasm; genetic resistance

1. Introduction
Soybean (Glycine max (L.) Merr.) is among the most important and widely cultivated

crops worldwide and Brazil is currently the largest soybean producer worldwide, with
approximately 47 million hectares cultivated in the 2024/2025 growing season, yielding
around 169 million tons and an average productivity of 3561 kg/ha [1]. In this context,
soybean diseases, such as charcoal rot caused by the fungus M. phaseolina (Tassi) Goid., pose
a significant challenge to the country, which has extensive areas under soybean cultivation.
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Charcoal rot, caused by Macrophomina phaseolina, is a soil-borne disease of global
relevance that affects more than 500 plant species, including soybean, maize, sorghum,
cotton, and sunflower [2]. The pathogen survives for extended periods in the soil and crop
residues as microsclerotia, which serve as the primary source of inoculum. Infection occurs
mainly under high temperatures (30–35 ◦C) and low soil moisture, conditions that favor
fungal colonization of the root and stem tissues, leading to vascular obstruction, premature
senescence, and grain filling reduction. In soybean, the typical symptoms include root
and lower stem discoloration, microsclerotia formation within vascular tissues, and the
characteristic charcoal-like appearance of the stem cortex. These physiological damages
result in decreased water uptake and accelerated leaf drop, substantially reducing grain
yield under drought-prone tropical environments.

Between 2010 and 2014, soybean diseases in the United States and Canada caused
annual losses ranging from 10.06 to 13.92 million tons, representing 11.7% to 14.2% of total
production [3]. The main causes of these losses were cyst nematode caused by Heterodera
glycines Ichinohe, seedling diseases caused by Rhizoctonia spp., Pythium spp., and Phomopsis
spp., charcoal rot caused by M. phaseolina, and sudden death syndrome caused by Fusarium
virguliforme O’Donnell & T. Aoki. An increase in disease pressure was observed over time,
leading to greater yield losses.

Resistance to M. phaseolina has been a major focus of research due to the considerable
economic losses caused by this disease. Several studies have addressed key aspects of
genetic improvement. Recent studies have provided important insights into the genetic
mechanisms underlying resistance, including the identification of quantitative trait loci
(QTLs) and molecular markers applicable to marker-assisted selection (MAS) [4,5]. Soybean
genotypes have been evaluated for resistance to charcoal rot and agronomic performance,
enabling the identification of promising lines for breeding programs [6], while resistant
germplasms have been characterized through seed inoculation, highlighting the importance
of efficient screening techniques [7].

Furthermore, studies involving ancestral germplasm have expanded the genetic base
available for breeding programs [8]. Genetic diversity analyses have demonstrated the
feasibility of combining resistance to charcoal rot with high yield [9]. The integration of
these approaches demonstrates significant progress in the understanding and development
of genetic resistance in soybean. Each study provides unique insights that, when combined,
offer a comprehensive view of the breeding strategies and management of resistance to
M. phaseolina in soybean.

Breeding soybean cultivars that combine high yield potential with resistance to
Macrophomina spp. remains a major challenge. Although resistance to the pathogen
is essential to reduce yield losses and production risks, it is not sufficient on its own, as
resistant genotypes often lack the agronomic performance and adaptation required for
tropical environments. Many exotic sources of resistance provide valuable alleles against
the disease but tend to produce progenies with poor yield, undesirable plant architecture,
or late maturity when introgressed directly into elite backgrounds. Thus, the main diffi-
culty lies in balancing resistance with traits such as grain yield, pod number, seed size,
and adaptation to local production systems. Achieving this equilibrium requires careful
selection strategies, recurrent breeding cycles, and the integration of advanced tools such
as genomic selection and phenotyping platforms, ensuring that resistant lines also meet the
productivity and quality standards demanded by farmers and the market.

By developing soybean varieties naturally resistant to diseases such as charcoal rot,
farmers can minimize the use of chemical treatments, which not only reduces production
costs but also mitigates the environmental impact of agricultural practices. This aligns
with the growing demand for sustainable agricultural practices and provides a pathway
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toward healthier ecosystems, reducing the environmental damage of crop production while
maintaining high yields and economic viability.

The integration of genetic, biochemical, and agronomic knowledge is essential for
the development of cultivars resistant to charcoal rot and other soybean diseases. Thus,
this study aims to evaluate the introgression of exotic soybean genotypes resistant to
M. phaseolina and to characterize their genetic control in commercial tropical soybean
populations. The study results may assist in the development of soybean cultivars resistant
to charcoal rot, significantly contributing to sustainability by reducing reliance on chemical
pesticides and herbicides.

2. Materials and Methods
2.1. Plant Material

The parents used in this study included two exotic genotypes, PI 594302 (relative
maturity group (RMG: 0) and PI 567562A (RMG: 3), both partially resistant to charcoal
rot [10]. These genotypes are not fully adapted to tropical conditions and belong to
the crossing group exotic resistance (ER). Three Brazilian cultivars (BRS 282, VMAX RR,
and BMX APOLO RR), which possess agronomic traits of interest but are susceptible
to this disease, belong to the crossing group adapted tropical (AT). The accessions PI
594302 and PI 567562A, originating from Japan and China, respectively, were provided
by the Embrapa Soybean Germplasm Bank through a Scientific Cooperation Agreement
between institutions.

The conventional cultivar BRS 282 has an average height of 100 cm, a medium cycle
of 130 to 142 days, a determinate growth habit, white flowers, gray pubescence, belongs
to the RMG 6.9, and is resistant to stem canker and the root-knot nematodes Meloidogyne
javanica and Meloidogyne incognita.

The VMAX RR, a transgenic cultivar with glyphosate tolerance, has an approximate
height of 110 cm, a medium cycle of 126 days, an indeterminate growth habit, white flowers,
gray pubescence, belongs to RMG 6.2, and is resistant to lodging, stem canker, frog eye leaf
spot and the cyst nematodes Meloidogyne javanica and Meloidogyne incognita.

The BMX APOLO RR, a transgenic cultivar with glyphosate tolerance, has a medium
height, a medium cycle of 126 days, an indeterminate growth habit, white flowers, gray
pubescence, RMG 5.5, and is resistant to lodging, stem canker, and bacterial pustule.

The parental line cultivars were used as checks for the genotypes evaluated in this
study. Crosses were carried out using a partial diallel design, with crossing group ER
consisting of exotic genotypes with partial resistance, and crossing group AT composed of
Brazilian cultivars.

2.2. Experimental Design

The populations obtained from the crosses advanced from the F1 to the F2 generation
in a greenhouse at the Department of Agricultural Production Sciences, Plant Produc-
tion Sector, Faculty of Agricultural and Veterinary Sciences, São Paulo State University
(UNESP/FCAV), located in Jaboticabal, São Paulo, Brazil. In the F2:3, F2:4, and F2:5 gen-
erations, these populations were conducted using the modified pedigree method and
evaluated in the experimental area of the Teaching, Research, and Extension Farm dur-
ing the 2019/20, 2020/21, and 2021/22, respectively. The experimental area is located
in Jaboticabal (21◦15′22′′ S, 48◦18′58′′ W; 605 m altitude) on a Typic Hapludox (clayey
Oxisol) with pH 6.2, organic matter 28 g·dm−3, and base saturation of 58%. Mean annual
rainfall is 1420 mm, and the average temperature is 23.4 ◦C. During the three seasons,
rainfall distribution and temperature remained within normal ranges for the region. Crop
management followed standard soybean production practices, including pest and weed
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control, recommended fertilization (2-25-25 NPK at 300 kg·ha−1), and inoculation with
Bradyrhizobium japonicum.

Field experiments were conducted using Federer’s augmented block design [10].
In the 2019/20 growing season, 128 progenies were evaluated. Each experimental plot
consisted of a single 3 m row per genotype, with 0.5 m spacing between rows and a planting
density of 15 seeds per meter. In 2020/21, 363 progenies were evaluated, and in 2021/22,
307 progenies were assessed. For both seasons, each experimental plot consisted of a single
5 m row per genotype, with 0.5 m row spacing and a planting density of 15 seeds per meter.
Fertilization, crop management, cultural practices, and phytosanitary control were carried
out according to soybean production recommendations [11].

The agronomic characteristics evaluated were grain yield per plant (GY, in grams/plant),
agronomic value (AV), which was assigned based on a visual rating scale ranging
from 1 to 5 where 1 corresponds to plants with poor agronomic traits (low vigor, short or
high height, lodging, thin stem or poor pod set) and 5 corresponds to plants with excellent
agronomic traits (high vigor, upright architecture, and uniform pod distribution), height of
first pod insertion (HPI, in centimeters) and plant height at maturity (PHM, in cm). In the
2019/20 season, 10 individual plants per plot were evaluated; in the 2020/21 and 2021/22
seasons, five plants per plot were analyzed.

At this stage, progeny selection was based exclusively on agronomic performance,
as none of the populations had yet undergone resistance screening. The aim was to dis-
card poorly adapted or low-yielding genotypes before proceeding to disease resistance
validation. This sequential approach ensures that only progenies combining adequate agro-
nomic standards are advanced to resistance testing, maximizing efficiency in subsequent
evaluation phases.

2.3. Statistical Analyses

Each generation was conducted in distinct cropping seasons (2019/20, 2020/21, and
2021/22) under field conditions. To account for potential environmental variation among
years, analyses of variance were performed separately by generation, and homogeneity of
residual variances was tested using Levene’s test prior to combined interpretation. This
procedure allowed environmental effects to be controlled statistically and ensured that
observed differences were primarily genetic. The normality of the residuals was verified
using the Shapiro–Wilk test, and the homogeneity of variances was assessed using Levene’s
test. Subsequently, individual analyses of variance (ANOVA) were performed for each trait
in each year/generation. The coefficient of variation was also estimated. Diallel analysis
for each year/generation was conducted using the model proposed by Griffing [12]. All
statistical analyses were performed using the R program [13].

3. Results
3.1. Diallel Analysis

At the early stages of breeding programs, the evaluation of agronomic performance
is a prerequisite before resistance traits are prioritized. Populations and lines that do
not meet minimum standards of yield potential, plant architecture, and adaptation are
discarded, regardless of their resistance alleles. Only populations or lines with confirmed
agronomic competitiveness are advanced for resistance validation, thereby ensuring that
selected progenies combine productivity, stability, and tolerance. This strategy enhances
the likelihood of developing cultivars capable of withstanding M. phaseolina infection while
maintaining profitability and adoption in tropical production systems. Consistent with this
approach, diallel analysis across generations and traits revealed significant differences at 1%
F Test of both additive and non-additive gene actions for all traits. Nevertheless, General
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Combining Ability (GCA) effects were consistently higher than Specific Combining Ability
(SCA) effects, indicating the predominance of additive genetic factors in the expression of
key traits (Figure 1). This trend was evident for all traits in F2:3 and F2:4, suggesting that
additive effects play a central role in guiding selection for improved performance under
tropical conditions.

Figure 1. Mean squares for general combining ability of exotic resistant donor parents (GCA-ER),
general combining ability of adapted tropical lines (GCA-AT), and specific combining ability (SCA)
across F2:3, F2:4, and F2:5 generations for grain yield (GY), agronomic value (AV, based on a visual
rating scale ranging from 1 (plants with poor agronomic traits) to 5 (plants with excellent agronomic
traits)), first pod insertion height (HPI), and plant height at maturity (PHM). Differences were
significant at p < 0.01 according to the F-test.

The diallel analysis revealed clear differences in the relative importance of additive
and non-additive genetic effects across generations and traits (Figure 1). For GY, the
contribution of exotic resistant donor parents (GCA-ER) was predominant in F2:3 and
F2:4, suggesting strong additive effects from exotic germplasm. However, in F2:5, the
importance of GCA-ER decreased substantially, while the contributions of adapted tropical
lines (GCA-AT) and SCA increased.

For AV, while GCA-ER effects were relevant in F2:3, GCA-AT and SCA dominated in
F2:4 and F2:5, highlighting the increasing role of non-additive interactions in shaping this
trait (Figure 1).

In HPI, GCA-AT was the main contributor in F2:3, suggesting that adapted tropical
lines drive early trait expression (Figure 1). In contrast, GCA-ER showed higher influence
in F2:4 and F2:5, emphasizing the potential of exotic donors to broaden genetic variability
for this trait across generations.



Sustainability 2025, 17, 9932 6 of 14

For PHM in F2:3, GCA-AT was highly significant, reflecting an additive effect
(Figure 1). Although mean squares decreased in later generations, SCA remained rele-
vant in F2:5, suggesting that height at maturity is strongly modulated by specific parental
interactions rather than purely additive effects.

Overall, the results demonstrate that additive effects play a key role in the early
stages of selection, especially for grain yield and HPI, while non-additive effects become
increasingly important for agronomic value and plant height in advanced generations.

3.2. Genotypes/General Combining Ability (GCA)

The GCA effects revealed significant variability among exotic resistant donor parents
and adapted tropical lines across generations (F2:3, F2:4, and F2:5) for GY, AV, HPI, and
PHM (Figure 2).

 

Figure 2. GCA effects for grain yield, agronomic values, first pod insertion and plant height at
maturity across generations (F2:3, F2:4, and F2:5) for soybean populations obtained by crossing
among adapted tropical (AT) and exotic resistance (ER) parents. Differences were significant at
p < 0.01 according to the F-test.

For GY, VMAX RR (AT) consistently exhibited positive GCA effects across generations,
confirming its role as a donor of favorable alleles for yield (Figure 2). PI 567562A (ER) and
BRS 282 (AT) also contributed positively in F2:5, while BMX APOLO RR (AT) and PI 594302
(ER) presented negative effects, with the latter showing strong unfavorable contributions
in early generations.

Regarding AV, VMAX RR (AT) demonstrated consistently positive GCA effects across
all generations (Figure 2). PI 594302 (ER) showed positive contributions in F2:3 and F2:4,
while BMX APOLO RR (AT) was inconsistent among generations. Conversely, PI 567562A
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(ER) and BRS 282 (AT) consistently displayed negative values in F2:3 and F2:4, reinforcing
their unfavorable influence on agronomic value.

For HPI, VMAX RR (AT) and PI 594302 (ER) demonstrated consistently positive GCA
effects across all generations, highlighting their potential to increase pod insertion height
(Figure 2). In contrast, PI 567562A (ER) and BRS 282 (AT) showed negative contributions in
all generations, whereas BMX APOLO RR (AT) fluctuated between positive, neutral and
negative effects.

In PHM, VMAX RR (AT) and PI 594302 (ER) demonstrated consistently positive GCA
effects across all generations, highlighting their potential to increase plant height (Figure 2).
PI 567562A (ER) exhibited strong negative GCA effects across generations, suggesting its
potential for reducing plant height and mitigating lodging risk. On the other hand, PI
594302 (ER), and BMX APOLO RR (AT) contributed positively in all generations, while
BRS 282 (AT) showed positive contributions in all generations.

VMAX RR emerged as a promising adapted tropical line, consistently demonstrating a
positive impact on GCA for grain yield and agronomic value. Additionally, VMAX RR had
a stable and positive effect on GCA for plant height at maturity, reinforcing its potential for
use in breeding programs aimed at improving soybean productivity. It also contributed
to higher GCA for pod insertion, which is advantageous for minimizing harvest losses,
although this advantage can be reduced in taller plants.

PI 594302 shows a more pronounced impact on GCA for grain yield in the F2:3 and
F2:4 generations, suggesting its potential for long-term improvement through continuous
selection and breeding strategies. Its GCA for agronomic value was positive but moderate.
This genotype positively influenced the GCA for height of the first pod insertion and GCA
for plant height at maturity.

PI 567562A showed inconsistent variation in grain yield, although there was some
evidence of a gradual increase in F2:5. The agronomic value remained consistently low.
This genotype consistently showed low height for the first pod insertion, which may
reduce harvest losses but might require further improvement to reach the ideal range
of 10 to 15 cm. PI 567562A showed a negative impact on plant height at maturity across
generations, indicating its limited usefulness for increasing height in later growth stages.

BMX APOLO RR shows generally low GCA for grain yield, particularly in F2:5,
suggesting that it may not be suitable for increasing production when compared with
VMAX RR. Its impact on GCA for agronomic value is minimal, with variable effects across
generations. It had a variable effect on the GCA for the height of the first pod insertion and
a decreasing trend in GCA for plant height at maturity.

BRS 282 shows GCA for grain yield fluctuates between negative and positive values,
although it shows some potential in F2:5, demonstrating some potential for improving grain
yield in later generations. The GCA for agronomic value is negative, indicating a limited
contribution to the overall improvement of agronomic traits. The GCA for the height of the
first pod insertion for BRS 282 is low, which could be advantageous for harvesting. GCA
for plant height at maturity shows substantially negative values, suggesting that it may not
be ideal for increasing plant height at this stage.

3.3. Populations/Specific Combining Ability (SCA)

The PI 594302 × VMAX RR population stands out for its consistent SCA values for
grain yield, with positive and increasing estimates across generations, suggesting strong
potential for yield improvement (Figure 3). SCA for AV remained stable, with a slight trend
of improvement across generations, indicating a moderate enhancement of agronomic
traits. The SCA for first pod insertion height is moderately positive in the later generations
(F2:4, F2:5), suggesting stability in traits related to harvest efficiency. For plant height
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at maturity, SCA values are negative in the first two generations (F2:3, F2:4), but show
improvement in F2:5, although still indicating a trend toward reduced plant stature. The PI
567562 A × VMAX RR was opposite of PI 594302 × VMAX RR with negative estimates
across generations showing a worse performance.

Figure 3. Specific combining ability (SCA) effects for grain yield, agronomic values, first pod insertion
and plant height at maturity across generations (F2:3, F2:4, and F2:5) for soybean populations.

The PI 567562 A × BRS 282 population demonstrates strong potential for improving
productivity, with consistent and positive effects on grain yield across the three analyzed
generations, indicating a favorable path for yield enhancement (Figure 3). The SCA for
agronomic value (AV) is stable, with a slight trend of improvement over generations, sug-
gesting moderate enhancement of agronomic traits. Regarding the first pod insertion height,
the SCA is positive in the later generations, especially in F2:4 and F2:5, indicating good
potential for reducing harvest losses. Plant height at maturity shows a moderately positive
contribution, suggesting that this population may increase in stature over generations. On
the other hand, the PI 594302 × BRS 282 population exhibits consistently low and negative
SCA values for grain yield, agronomic value and plant height, suggesting that it is not a
suitable option for improving productivity.

The PI 567562 A × BMX APOLO RR population shows variable performance across
generations (Figure 3). For grain yield, the SCA was negative in F2:4 and positive in F2:5,
suggesting a slight improvement in yield in subsequent generations (Figure 3). Agronomic
value (AV) remained stable and negative across generations, suggesting low potential for
the improvement of agronomic traits. The SCA for first pod insertion height is negatively
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impacted in the later generations, which may lead to harvest losses and highlights the need
to improve this trait. For plant height at maturity, the SCA is consistently negative across
generations, suggesting limited potential for increasing plant height. The PI 594302 × BMX
APOLO RR population shows relatively stable performance for grain yield but with worse
performance than PI 567562 A × BMX APOLO RR.

These populations exhibit varied characteristics, with some showing a trend toward
improved grain yield, while others face challenges in enhancing productivity. The PI
594302 × VMAX RR, PI 594302 × BRS 282 and PI 567562 A × BMX APOLO RR populations
demonstrate greater consistency in agronomic traits, whereas the other ones show more
unstable performance and face challenges in terms of grain yield improvement.

Across the F2:3, F2:4, and F2:5 generations, grain yield exhibited significant variabil-
ity among the crosses (Figure 4). The highest values were consistently observed in the
PI 594302 × VMAX RR and PI 567562A × VMAX RR populations, surpassing 30 g plant−1

in F2:3 and F2:4. However, a reduction was detected in F2:5, suggesting the influence
of segregating loci and potential non-additive genetic effects. In contrast, the cross
PI 567562A × BRS 282 showed the lowest yield values in F2:3, reinforcing the existence of
contrasting combining abilities among parental lines but with good performance in F2:5.

Figure 4. Grain yield means, agronomic values, first pod insertion and plant height at maturity across
generations (F2:3, F2:4, and F2:5) for soybean populations.

Agronomic value scores declined markedly in F2:4 across all populations, followed
by a recovery in F2:5 (Figure 4). This trend indicates environmental influence and
selection pressure during intermediate generations. PI 594302 × VMAX RR and PI
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567562A × BRS 282 again displayed superior performance, highlighting their potential as
donors of desirable agronomic traits in advanced breeding cycles.

The first pod insertion height increased progressively from F2:3 to F2:5 (Figure 4).
Crosses involving PI 594302, particularly with VMAX RR and BMX APOLO RR, reached
the highest values in F2:5 (>15 cm). This result is favorable for mechanized harvesting,
since higher pod insertion reduces grain losses. Conversely, PI 567562A × BMX APOLO
RR presented the lowest insertion heights, suggesting limited suitability for environments
requiring mechanical harvest.

Plant height at maturity demonstrated a consistent upward trajectory across gen-
erations (Figure 4). PI 594302 × BMX APOLO RR, PI 567562A × VMAX RR and PI
594302 × VMAX RR showed the greatest increases, reaching nearly 70 cm in F2:5, while
crosses with BRS 282 had intermediate heights. The linear trend suggests additive genetic
control, reinforced by the stability across environments and generations.

4. Discussion
The introgression of exotic germplasm into elite tropical cultivars represents a cen-

tral challenge in soybean breeding, achieving equilibrium between introducing resistance
alleles from non-adapted sources and maintaining high agronomic performance in trop-
ical environments [14]. This study addressed this challenge at its initial stage, assessing
the agronomic performance and combining ability of segregating generations derived
from crosses between exotic partially resistant parents and elite tropical cultivars. The
results provide a framework for understanding how additive and non-additive gene ac-
tions influence the success of early selection when exotic germplasm is incorporated into
adapted backgrounds.

The diallel analysis revealed a predominance of additive genetic effects across genera-
tions, demonstrating that traits such as grain yield, agronomic value, and plant height are
largely predictable from parental performance [15]. This finding reinforces that additive
variance, which responds efficiently to selection, is a key component for achieving simulta-
neous progress in productivity and adaptation [16]. The exotic group (ER), particularly PI
594302, contributed favorable alleles for yield and architecture in early generations, while
the adapted tropical group (AT) provided environmental stability and adaptation [17].
The consistent superiority of crosses involving PI 594302 × VMAX RR exemplifies this
complementarity, confirming that favorable additive effects from resistant exotic donors
can be expressed without compromising agronomic potential.

For plant architecture traits such as first pod insertion and plant height, heritability
was higher than for yield components, with greater contribution from the adapted parents
(GCA-AT) [14]. However, the positive shift in GCA-ER observed in some generations
suggests that exotic donors can enhance specific traits when recombination is effective [15].
This generational shift reflects the dynamic process of balancing genetic variability and
selection pressure: as selection advances, genetic variance decreases, and stable recombi-
nants emerge that integrate both productivity and adaptation. Positive specific combining
ability (SCA) effects, particularly in PI 594302 × VMAX RR, indicate complementary gene
interactions that can generate transgressive segregants—individuals surpassing their par-
ents in agronomic performance due to novel allele combinations. These results emphasize
the relevance of recombination and continued selection to capture and fix favorable allele
combinations before genetic variance narrows in advanced generations.

Although resistance to M. phaseolina was not directly evaluated in this stage, both
PI 594302 and PI 567562A are well-documented sources of partial resistance based on
previous greenhouse and QTL studies [15,18,19]. The superior agronomic performance of
their progenies therefore likely reflects successful introgression of alleles potentially linked
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to resistance mechanisms, such as lignin deposition and antioxidative defense pathways.
This finding is crucial because, in many breeding programs, introducing exotic resistance
sources often leads to a loss of agronomic adaptation. Here, however, the data indicate
that resistance-associated alleles can be introgressed without yield penalties, a significant
advance for tropical soybean improvement.

Moreover, to ensure sustainable agriculture and prolong the effectiveness of resistance
to charcoal rot in production systems in tropical regions, integrated management practices
are essential. Crop rotation under no-till systems has been shown to reduce the incidence
of root rots, including M. phaseolina, while also increasing soybean grain yield [20]. Studies
with biocontrol agents, such as Trichoderma koningiopsis, have demonstrated lower severity
of charcoal rot in soybean under both greenhouse and field conditions, promoting superior
plant growth compared to the infected control [21]. The integration of these cultural and
biological practices with resistant cultivars enables more resilient production systems, less
dependent on fungicides, with reduced environmental impact and lower production costs.

Overall, the results highlight that integrating exotic and adapted germplasm can
effectively broaden the genetic base of tropical soybean while maintaining competitive
agronomic performance. The predominance of additive effects supports the use of recurrent
selection and careful parental choice to achieve cumulative genetic gain. The identification
of promising combinations such as PI 594302 × VMAX RR provides a strong foundation
for developing tropical cultivars that integrate alleles from resistant exotic donors with
the high yield and adaptation of elite local backgrounds. Thus, this study establishes the
agronomic groundwork for subsequent resistance screening and long-term selection aimed
at generating cultivars that combine genetic resilience with superior agronomic efficiency
under tropical conditions.

From a sustainability perspective, the complementary roles of exotic and adapted
germplasm become evident. Exotic donors, particularly PI 594302, expand the genetic base,
introduce novel alleles potentially linked to M. phaseolina resistance, and increase genetic
variability for key agronomic traits. In contrast, adapted tropical cultivars such as VMAX
RR provide the stability and phenotypic consistency required for local environments. The
results of this study demonstrate that these parental groups can be successfully combined,
confirming the agronomic feasibility of integrating resistance sources into elite tropical
backgrounds without yield penalties. The confirmation of resistance will be conducted
in subsequent stages, as part of a long-term strategy to develop high-performing tropical
cultivars with improved resilience.

The diallel analysis revealed that additive effects predominated for most traits, partic-
ularly grain yield, agronomic value, and plant height, indicating that these traits are largely
predictable from parental performance and amenable to recurrent selection. This genetic
structure suggests that continuous selection and recombination can efficiently accumulate
favorable alleles in advanced lines. The exotic group (ER) contributed to increasing genetic
variability and enhancing yield potential, while the tropical group (AT) conferred adaptabil-
ity and stability. The consistent superiority of the PI 594302 × VMAX RR cross highlights
this complementarity and indicates that favorable additive loci from exotic donors can
be expressed in tropical backgrounds without disrupting overall adaptation as suggested
by the predominance of general combining ability observed in other studies of soybean
breeding under stress-prone environments [22,23].

For plant architecture traits, such as first pod insertion and plant height, the combi-
nation of additive and specific combining ability effects suggests the presence of comple-
mentary gene interactions between exotic and adapted parents. This interaction pattern
is particularly relevant in the context of transgressive segregation, in which novel allele
combinations produce progenies that surpass parental performance for yield and archi-
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tecture. Such effects are essential for maintaining selection progress in later generations,
where non-additive variance can still be exploited to identify superior recombinants. The
observed improvement in first pod insertion, coupled with moderate plant height in popu-
lations such as PI 594302 × VMAX RR and PI 594302 × BMX APOLO RR, enhances harvest
efficiency and mechanical adaptability, key sustainability traits for large-scale soybean
production. This finding aligns with reports that exotic × adapted crosses can introduce
genetic variability for plant architecture, which can be exploited in breeding programs
targeting sustainability through reduced harvest losses [24,25].

Although resistance to M. phaseolina was not directly assessed in this stage, the exotic
parents used (PI 594302 and PI 567562A) are established sources of partial resistance accord-
ing to previous genetic and QTL studies. Therefore, the superior agronomic performance of
progenies derived from these crosses provides indirect evidence of successful introgression
of resistance-associated alleles. This outcome is notable because exotic germplasm often
introduces linkage drag or late maturity, yet the populations in this study maintained ac-
ceptable yield and plant architecture, demonstrating that resistance introgression can occur
without compromising agronomic quality. Agronomic value constitutes a strategic tool for
the development of sustainable agriculture, as it enables the identification of genotypes
exhibiting integrated traits such as vigor, appropriate plant architecture, consistent devel-
opment, health, and resistance to biotic and abiotic stresses. Consequently, these genotypes
use available resources more efficiently, show reduced vulnerability to diseases and adverse
environmental conditions, and maintain stable productivity even under conditions typical
of tropical regions [26].

The evaluation of multiple generations (F2:3, F2:4, and F2:5) also provided valuable
insight into the dynamics of selection and genetic stability. The decrease in variability across
generations, accompanied by consistent performance in selected populations, confirms
the effectiveness of early-generation selection for additive traits. However, since these
generations were evaluated in different years, environmental variation likely contributed to
part of the observed differences. As commonly recognized in soybean breeding programs,
advancing inbred generations across successive seasons is unavoidable, but interpretations
of generational trends should remain cautious until multi-year replicated data are available.
Similar results have been reported in soybean breeding programs that use exotic germplasm,
where intermediate generations often express instability before stabilization occurs in
advanced lines [27].

Taken together, these findings reinforce that the strategic combination of exotic and
adapted germplasm can broaden the genetic base and enhance sustainability-related traits
without sacrificing productivity. The predominance of additive effects supports the use of
recurrent selection and well-planned parental choice to promote cumulative genetic gain.
The identification of stable and high-yielding combinations such as PI 594302 × VMAX
RR provides a solid foundation for future selection and subsequent validation of charcoal
rot resistance.

This study therefore represents an essential first step toward developing tropical
soybean cultivars that combine disease tolerance, superior agronomic performance, and
sustainability within modern breeding frameworks. The present study focused solely on
agronomic performance, with resistance to M. phaseolina yet to be phenotypically validated
in subsequent experiments. Additionally, as the experiments were conducted over three
seasons without replicated multi-environment trials, residual environmental variability
may have influenced certain trait expressions. Future studies will integrate resistance
screening under controlled inoculation and multi-site evaluation to confirm genetic stability
and resilience.
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5. Conclusions
The incorporation of exotic germplasm effectively broadened the genetic base of

tropical soybean and introduced allelic diversity potentially linked to resistance against
M. phaseolina, while maintaining agronomic adaptation. The exotic donors PI 594302
and PI 567562A, previously identified as partially resistant to charcoal rot, significantly
improved key agronomic traits when crossed with Brazilian cultivars, confirming their
suitability for genetic introgression under tropical conditions. The consistent superiority
of PI 594302 × VMAX RR across generations underscores the feasibility of combining
exotic resistance sources with elite tropical backgrounds without compromising yield
potential. Additive genetic effects predominated, indicating that recurrent selection and
precise parental choice are effective strategies for advancing these populations. The im-
provement in first pod insertion contributes to mechanization efficiency and aligns with
sustainability goals by reducing harvest losses and production costs. Overall, this study
represents an initial stage focused on agronomic evaluation, establishing a solid foundation
for subsequent validation of charcoal rot resistance and the development of high-yielding,
resilient tropical soybean cultivars.
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