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Abstract: One of the strategies to combat micronutrient malnutrition is by developing biofortified
common bean lines (Phaseolus vulgaris L.) capable of tolerating different stress conditions. In this
study, the adaptive responses of different biofortified bean lines grown under combined stress of
acidic soil and high-temperatures were evaluated in the Colombian Amazon. A total of 247 common
bean lines from the Mesoamerican gene pool were used to determine the adaptive response in terms
of phenological, physiological, and agronomic behavior under combined stress conditions. The
lines tested were obtained from different single crosses, double crosses, and backcrosses between
different bean materials, of which 146 were obtained from F4 families with high iron (Fe) content in
seed and 99 common bean lines from F5 families. Different bean lines had grain yields (GY) higher
than 1400 kg ha−1 from the F5 (lines: 859, 805, 865, and 657) and F4 (lines: 2853 and 2796) families.
The superior performance of these lines was related to a higher photosynthate partitioning that has
allowed an increase in pod formation (pod partitioning index, PPI) from the canopy biomass (CB)
and grain filling (pod harvest index, PHI; harvest index, HI), resulting in higher values of GY. Values
of GY were correlated with CB (r = 0.36), PPI (r = 0.6), PHI (r = 0.68), and HI (r = 0.8, p < 0.001). This
increase in agronomic performance is due to a greater allocation of energy to the photosynthetic
machinery (ΦII) and its dissipation in the form of heat (ΦNPQ), with increases in the leaf temperature
difference (LTD). Based on the results obtained, six biofortified lines of common bean (lines F5: 859,
805, 865, and 657; lines F4: 2853 and 2796) showed traits of tolerance to combined stress and can serve
as progenitors to increase Fe and Zn concentration in the seeds of lines that tolerate the combined
stress from acidic soil and high temperature in the Colombian Amazon region.

Keywords: energy use; leaf cooling; phenology; photosynthesis; photosynthate partitioning

1. Introduction

The Intergovernmental Panel on Climate Change (IPCC) predicts that the climate of
the coming decades will be more drastic [1]. An increase in global average temperatures
and changes in precipitation patterns are expected [2,3], together with decreased soil water
availability and increased CO2 levels in the atmosphere [4]. These changes and climate
variability will impact agricultural land used for food production [5]. Estimates for the year
2050 indicate that 60 to 100% more food will need to be produced [1], which becomes a
challenge to address global food security in the coming decades, mainly in crops with high
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sensitivity to abiotic stress, such as Phaseolus beans [6,7]. Maintaining crop yields under
stressful conditions is a major challenge to modern agriculture [8]. An urgent need to cope
with the effects of climate change on crop production and crop quality is the identification
of materials that can provide sources of resistance to stress conditions [9]. Describing and
documenting germplasm collections constitutes an added value to the accessions, allowing
genetic resources programs to recognize their potential and the genetic variability they
conserve, as well as reduce the time invested in the breeding process and the number of
genotypes evaluated through pre-breeding [10].

The common bean (Phaseolus vulgaris L.) is possibly the most important edible grain
legume in the world [11]. It contributes a total of 20–36% protein, as well as 15% of daily
calories [12] and has essential amino acids, such as methionine, lysine, and tryptophan, in
addition to iron (Fe), calcium (Ca), and zinc (Zn) [10]. Thus, the nutrient-rich grain of the
common bean is considered a main source of protein in resource-poor populations [13], es-
pecially in developing countries in areas of Latin America, Africa, and parts of Asia [13,14].
However, the high susceptibility of common beans to different stress factors is a major
constraint on grain production [15], especially in the tropics [16]. Because of this, breeding
priorities in the tropics tend to focus on overcoming productivity constraints to reduce the
huge gap between yield potential and yields obtained in farmers’ fields [14]. Improved crop
varieties adapted to recent and more variable environmental conditions are needed to cope
with and mitigate the effects of climate change [17]. Specifically for Colombia, common
bean breeding interventions are needed for rural populations living in poverty, including
the Amazon region [18], where 7% of school-age children are chronically malnourished
with moderate to high risks of Fe deficiency [19].

Advances in plant breeding and phenotyping contributed to elucidating physiological
mechanisms related to the description of developmental stages, dry matter accumulation
dynamics per organ, source-sink relationships, and plant growth simulation models [20,21],
which are of great utility for selecting parents with traits of interest [14] in favor of improv-
ing the response of common beans to stress conditions [13,16]. One of the most important
breeding traits for genetic enhancement is biofortification, which seeks to biologically
increase Fe and Zn concentrations in the grain [22–24]. Results on screening of seeds of
bean germplasm indicated an average concentration (mg kg−1) of Fe and Zn of 55 and 28,
respectively, with extremes of 102 for Fe and 54 for Zn [25]. One of the possible—however
still not identified—causes of these low micronutrient contents may be related to low soil
fertility, which could significantly affect the uptake and distribution of these two elements
(Fe and Zn) within the plant and their accumulation in the grain [26].

In recent years, bean materials with high Fe and Zn concentration in the grain have
been developed using: (i) multiparent advanced generation inter-cross (MAGIC) popula-
tions (37.9–87.6 mg kg−1 for Fe and 18.5–39 mg kg−1 for Zn) [27], and (ii) three Mesoamer-
ican biparental populations from parents with high Fe and Zn accumulation (SMC 40,
SMC 44, and SMC 33) crossed with parental lines (SCR 16 and SCR 9) that combine
resistance to drought, bean common mosaic virus (BCMV) and bean golden yellow mo-
saic virus (BGYMV), and these bred lines accumulated between 49.2–108.3 mg kg−1 and
16.9–43.4 mg kg−1 of Fe and Zn in seed, respectively [20]. Using African multiparental
populations that were obtained from AND 620, HRS 454, Gofta, Nakaja, Simama, and MLB
49-89A as parents, which accumulated between 30–115 mg kg−1 and 10–60 mg kg−1 of Fe
and Zn, respectively [28], more than 2800 bean samples were generated for improving Fe
and Zn concentration in seed [29]. Likewise, Fe and Zn concentration in seed of materi-
als from different biparental populations have been generated using Cerinza × G 10022
(54–100 mg kg−1 for Fe and 23–38 mg kg−1 for Zn) [30], G 21242 × G 21078 (28–95 mg kg−1

for Fe and 17–49 mg kg−1 for Zn) [31], G 14519 × G 4825 (35–97 mg kg−1 for Fe and
17–49 mg kg−1 for Zn) [32], DOR 364 × G 19833 (40–84 mg kg−1 for Fe and 17–42 mg kg−1

for Zn) [33]; and 696 × G 19833 (39–79 mg kg−1 for Fe and 16–29 mg kg−1 for Zn) [34], and
also from different bean lines developed in Brazil through breeding with concentrations
ranging from 55.7–85.4 mg kg−1 for Fe and 29–47.2 mg kg−1 for Zn in seed [35]. However,
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it has been reported that Fe and Zn concentrations in the grain are highly affected by bean
genotypes, environments, and genotype-by-environment interactions [36–38].

The above studies contributed to developing and identifying materials that accumu-
late a high concentration of micronutrients, together with adaptations to drought stress
and disease resistance. However, no results are reported on biofortified bean lines that
are adapted to the combined stress conditions of acidic soil and high temperatures. An
evaluation program of different improved bean lines was initiated in 2018 by the University
of Amazonia under the supervision of the CIAT bean breeding program, where initial
consideration was given to evaluate the adaptation of advanced lines of ALB: small red
kidney and black kidney lines that are adapted to drought and aluminum (Al) toxicity;
BFS: small red seeded lines with adaptation to low soil fertility; SAB: cream speckled
red seeded lines of the Andean gene pool with drought resistance; and SMR: red seeded
lines with drought resistance, with high mineral (Fe) content, and adaptation to acid soil
conditions and high temperatures in the western Amazon region of Colombia. This initial
evaluation identified three lines (BFS 10, BFS 143, and ALB 210) with adaptations to the
combined stress conditions of acidic soil and high temperature based on their physiological
attributes and agronomic performance. Likewise, lines such as SEN 46, SEN 48, SEN 70,
SMN 99, SMC 140, SMR 139-1G, GGR 147, SMG 21, and SMG 12 have also been identified
as promising. These lines have shown greater adaptability with grain yields higher than
1800 kg ha−1 and have high mineral contents of Fe and Zn in the grain. Therefore, the ob-
jective of this study was to evaluate the adaptive responses of biofortified bean lines to the
combined stress conditions of acidic soil and high temperature based on their phenological,
physiological, and agronomic attributes for the identification of desirable attributes for
further genetic improvement. We tested the hypothesis that biofortified bean lines with
increased cooling capacity and energy distribution to the photosynthetic machinery have
the ability to increase photosynthate partitioning toward pod formation and grain filling
under the combined stress conditions of acidic soil and high temperature.

2. Materials and Methods
2.1. Experimental Site and Meteorological Conditions

The experiment was conducted under field conditions from June to September 2020
and from November 2020 to January 2021 at the Amazon Research Center CIMAZ Macagual
of the University of Amazonia. The field site is located in the municipality of Florencia,
Caquetá, Colombia, at 1◦37′ North latitude and 75◦36′ West longitude and an altitude
of 250 m above sea level, within a tropical rainforest ecosystem. The average annual
rainfall is 3800 mm, with periods of maximum rainfall in April and November, with an
average temperature of 25.5 ◦C and a relative humidity (RH) of 84% and 1700 h of sunshine
per year. During the cropping season, there was an average total rainfall of 866 mm, an
average humidity of 83.6%, and an average ambient temperature of 36.4 ◦C, with minimum
temperatures ranging from 18.4–26.6 ◦C and maximum temperatures between 25.0–36.9 ◦C
(Figure 1). The area used for the experiment is characterized by an acidic soil (pH 4.6)
with a high Al saturation of over 70% and an exchangeable Al content of 6.3 cmol(+) kg−1.
The soil is considered to have low fertility based on the low availability of P (Bray-II) of
2.58 mg kg−1 and low organic carbon of 1.35%, together with a low total base saturation of
7.1% (cmol(+) kg−1: Ca, 0.38; Mg, 0.1; K, 0.14; Na, 0.1) and a low cation exchange capacity
of 11.3 cmol(+) kg−1. The preparation of the land used for the experiment, as well as the
sowing of seed from common bean lines, was carried out manually, as was the control of
weeds. No fertilization or irrigation was applied to the experiment, nor were pesticides
applied for pest and disease control.
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Figure 1. Distribution of maximum/minimum temperatures (T) and relative humidity (RH) during 
the crop-growing period in two seasons at the Centro de Investigaciones Amazónicas CIMAZ 
Macagual, Universidad de la Amazonia, Colombia. Red and blue lines indicate the average values 
of the maximum and minimum air temperatures, respectively. June to September 2020: Tmax: 27.11 
± 0.27 °C, Tmin: 20.11 ± 0.11 °C, RH: 79.97 ± 0.60%. November 2020 to January 2021: Tmax: 26.39 ± 0.15 
°C, Tmin: 21.18 ± 0.07 °C, RH: 88.74 ± 0.48%. 

2.2. Plant Material and Experimental Design 
A total of 247 common bean lines from the Mesoamerican gene pool were used, as 

follows: 146 bean lines from F4 families with above-average seed Fe and Zn concentration 
(Fe 80.2 ± 0.4 mg kg−1, Zn 28.7 ± 0.3 mg kg−1) and 99 common bean lines from F5 families 
with moderate seed Fe and Zn concentration (Fe 63.5 ± 0.7 mg kg−1, Zn 25.6 ± 0.2 mg kg−1) 
are heterozygous lines with a variety of seed colors ranging from red to black, glossy and 
opaque, which were obtained from single crosses, double crosses, and backcrosses be-
tween different bean lines (the detailed pedigree of lines is presented in Table S1). Two 
advanced lines of Mesoamerican origin of the common bean (P. vulgaris) were used as 
controls: AMADEUS (TIO CANELA 75 × DICTA 105) (small red) and SER 16 (RAB 651 × 
TIO CANELA 75) × (RAB 608 × SEA 15) (small red). These bean materials provide sources 
of resistance to abiotic and biotic stresses as well as increases in micronutrient content and 
additional agronomic traits that increase biomass partitioning and increase market value. 

Figure 1. Distribution of maximum/minimum temperatures (T) and relative humidity (RH) during
the crop-growing period in two seasons at the Centro de Investigaciones Amazónicas CIMAZ
Macagual, Universidad de la Amazonia, Colombia. Red and blue lines indicate the average values
of the maximum and minimum air temperatures, respectively. June to September 2020: Tmax:
27.11 ± 0.27 ◦C, Tmin: 20.11 ± 0.11 ◦C, RH: 79.97 ± 0.60%. November 2020 to January 2021: Tmax:
26.39 ± 0.15 ◦C, Tmin: 21.18 ± 0.07 ◦C, RH: 88.74 ± 0.48%.

2.2. Plant Material and Experimental Design

A total of 247 common bean lines from the Mesoamerican gene pool were used, as
follows: 146 bean lines from F4 families with above-average seed Fe and Zn concentration
(Fe 80.2 ± 0.4 mg kg−1, Zn 28.7 ± 0.3 mg kg−1) and 99 common bean lines from F5 families
with moderate seed Fe and Zn concentration (Fe 63.5 ± 0.7 mg kg−1, Zn 25.6 ± 0.2 mg kg−1)
are heterozygous lines with a variety of seed colors ranging from red to black, glossy and
opaque, which were obtained from single crosses, double crosses, and backcrosses between
different bean lines (the detailed pedigree of lines is presented in Table S1). Two advanced
lines of Mesoamerican origin of the common bean (P. vulgaris) were used as controls:
AMADEUS (TIO CANELA 75 × DICTA 105) (small red) and SER 16 (RAB 651 × TIO
CANELA 75) × (RAB 608 × SEA 15) (small red). These bean materials provide sources of
resistance to abiotic and biotic stresses as well as increases in micronutrient content and
additional agronomic traits that increase biomass partitioning and increase market value.
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A completely randomized block design with three replications was used, each block
consisting of the 247 genotypes and the two controls (repeated in each row and column per
block) to cope with spatial variability within the experimental site. Each experimental unit
(plot) consisted of three rows, each three meters apart. In each row, 25 bean plants were
planted at a distance of 12 cm between plants, for a total of 75 plants per plot.

2.3. Canopy Biomass, Dry Matter Partitioning Indices, Grain Yield, and Yield Components

At the mid-pod filling growth stage (BBCH 79, 55 days after planting), destructive
sampling was carried out in one of the central rows in order to avoid the edge effect. A
0.5 m segment of the row, corresponding to a total of four plants, was taken to determine the
canopy biomass (CB). Likewise, at physiological maturity (BBCH 85, 76 days after planting),
another 0.5 m row segment corresponding to a total of four plants was taken for destructive
sampling to record the dry weight of leaves, stems, pods, and seeds for each plant. The seed
number per area (SNA) and the pod number per area (PNA) were also recorded during
the sampling at physiological maturity. At the time of harvest, destructive sampling was
performed in the central part of each plot. The pods of harvested plants were threshed,
and the kernels were cleaned and dried to determine grain yield. The different indices
described by Beebe et al. [13] were used based on dry matter distribution information at
mid-fill and at harvest. The indices that were calculated were the pod partitioning index
(PPI), the pod harvest index (PHI), and the harvest index (HI).

2.4. Phenological Behavior and Pollen Viability

In each plot, days to flowering (DF) and days to physiological maturity (DPM) were
determined. The DF corresponds to the number of days it takes for each bean line to reach
at least one flower on 50% of the plants planted in the plot, and the DPM relates to the
number of days after planting for the pods to lose their green pigmentation on 50% of
the plants planted in the plot. Pollen viability (PV) as affected by high temperatures was
determined following the methodology of Porch and Jahn [39] and Suzuki et al. [40]. In
brief, flower buds (n = 10) were collected before anthesis, and about 100 pollen grains from
each flower bud per replicate were tested for percentage of PV by determining the ratio of
stained pollen grains to total pollen grains.

2.5. Energy Use Efficiency and Leaf Cooling Capacity under High Temperature Conditions

To measure differences in energy use efficiency among bean lines, the MultispeQ
portable device was used (PhotosynQ Inc., East Lansing, MI, USA) [41] that has the ca-
pacity to measure different variables of the functioning of the photosynthetic apparatus,
fractions of the routes taken by the energy, chlorophyll fluorescence, as well as environmen-
tal variables. For this, the default protocol of Photosynthesis RIDES was used, in which
the measurement starts automatically once the clamp is opened and closed. During the
flowering period (BBCH 65, 44 days after planting), in the central row of each plot, three
plants were taken at random, and from each plant, three fully developed leaves located
between the seventh and ninth leaves from the base of the plant were taken to perform
different measurements. From each selected leaf, three measurements were taken, and these
measurements were made between 07:00 and 09:00 h (solar time). Among the environmen-
tal variables that were measured simultaneously using MultispeQ were photosynthetically
active radiation (PAR), as well as humidity and ambient temperature. Leaf temperature
was also measured, and the leaf temperature difference (LTD) was calculated using the
difference between leaf temperature and ambient temperature. Different photosynthetic at-
tributes were determined through measurements such as linear electron flow (LEF), which
indicates the amount of energy moving through the chloroplast. LEF is mainly related
to photosynthetic activity and was calculated by the equation LEF = (Φ(PAR) − YϕII) × f,
where f is the fraction (f = 0.45) of absorbed radiation that is transferred to the PSII centers
and ϕII corresponds to the effective quantum yield [41]. ATP synthase activity was cal-
culated by measuring the proton conductance of the thylakoid membrane (gH+) and the
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amplitude of the electrochromic band shift signal (ESCt) [42] based on the dark-interval
relaxation kinetic (DIRK) of electrochromic shift [43]. ESCt estimates proton transport in
the transthylakoid membrane in relation to the proton motive force (pmf). Based on the
above measurements, the proton flux was estimated as follows: (νH+ = ECSt × gH+) [44].

The different fractions of energy intake were measured, which are related to the
following: (i) Energy is received by photosystem II (ΦII), and it indicates the state of
the photosynthetic machinery of the plant; (ii) energy is dissipated as heat (ΦNPQ); and
(iii) energy is not dissipated, which represents potential damage to the plant (ΦNO), in
which all fractions should sum to one (1 = ΦII + ΦNPQ + ΦNO [45]). Likewise, the
relative chlorophyll content (RChl) was measured, and the other physiological variables
related to quenching due to non-photochemical dissipation of absorbed light energy (NPQt)
were calculated according to Tietz et al. [46]. In addition, different PSI redox states were
estimated, according to Kanazawa et al. [42]. PSI redox states are determined by the
total active PSI centers (PSIact), the fraction of oxidized (PSIox) and open-state (PSIopen)
PSI centers, as well as the over-reduced PSI (PSIor) corresponding to PSI acceptor side
limitations resulting from the accumulation of electrons in PSI acceptors during steady-state
illumination. Data recorded from the use of MultispeQ (n = 2477) [47] were stored on the
PhotosynQ platform, and no recorded errors during the sampling time were reported.
The database was downloaded, and each of the variables was independently analyzed for
outliers using Pearson’s standardized residuals. This process provides a measure of how
well the model predicts the observation by recording those data that do not present an
adequate fit [48].

2.6. Determination of Fe and Zn in Seeds

The seeds of biofortified lines were used to evaluate the adaptive responses in this
study. Before sowing the seeds, the seed Fe and Zn concentrations were determined. Atomic
absorption spectroscopy (AA-7000, Shimadzu Co., Kyoto, Japan) was used to determine the
concentration of seed Fe and Zn using the acid digestion method [49]. In brief, 0.5 g of the
seed sample was digested with 3 mL of nitric acid (HNO3; 65%, P.A., ACS, ISO; PanReac
AppliChem, Barcelona, Spain) in a porcelain crucible, heated for 30 min at 150 ± 5 ◦C until
the formation of brown vapor, and then 2 mL of perchloric acid (HClO4; 70%, P.A., ACS, ISO;
PanReac AppliChem, Barcelona, Spain) at 200 ± 5 ◦C until the solution became translucent
and white vapor formed, indicating complete digestion of the organic matter. Finally, 3 mL
of hydrochloric acid (HCl; 37%, ACS, ISO; PanReac AppliChem, Barcelona, Spain) was
added without heating and allowed to cool to room temperature, and the digested sample
was transferred to a 50 mL volumetric flask. The transfer was performed using qualitative
filter paper (3 hw, 110 mm, 65 g/m2; Boeco Germany, Hamburg, Germany), and the volume
of the solution was brought to 50 mL with deionized water for the determination of seed
Fe and Zn concentration.

2.7. Data Analysis

The data of the different phenological and physiological variables and those related to
biomass partitioning were graphed using scatter diagrams in order to determine the trend
and relationships between the variables, and thus these data are suitable to evaluate differ-
ences in the adaptive responses of common bean lines to the combined stress conditions of
acidic soil and high temperature. Different variables, such as grain yield (GY), such as ΦII,
ΦNPQ, and ΦNO, which are related to energy use, were located on the Y axis; on the X
axis, CB, PPI, PHI, ΦII, LEF, and LTD were located. Likewise, a variation of the variable
(SNA, PNA, SW, ΦNPQ, LTD, and GY) that is related to the intensity of the color change
(from red to violet from highest to lowest value) was included in the dispersion graphs and
a magnitude that is related to the size of the circle (PNA, SW, CB, ΦNO, PSIox, PHI, CB,
and HI). In each of the scatter plots, a line was drawn on each axis, which corresponds to
the mean value of each variable. Likewise, a correlation analysis was carried out using the
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Pearson test to determine the relationship between the variables. The scatter plots were
made using the ggplot2 package (v3.3.3) [50] in R language software, version R.4.2.0. [51].

3. Results
3.1. Phenotypic Differences in Agronomic Performance

We analyzed the agronomic performance of 247 lines, and we found significant pheno-
typic differences among the lines. We observed that about 141 lines reached the harvest
stage, of which only 116 lines presented a range in grain yield (GY) from 110 to 2109 kg ha−1

with a mean value of 593 kg ha−1, and 25 lines presented values below 100 kg ha−1. Lines
of the F5 family (lines: 859, 805, 865, and 657) and F4 family (lines: 2853 and 2796) achieved
grain yields above 1400 kg ha−1. We found that canopy biomass (CB) values ranged from
333 to 3153 kg ha−1, with an average value of 1180 kg ha−1. The lines with the higher
values (>2000 kg ha−1) were three from the F5 family (775, 785, and 827) and seven from
the F4 family (2861, 2863, 3309, 3319, 3597, 3558, 3602, and 3630) (Figure 2a).

In relation to photoassimilate remobilization from vegetative structures to pod for-
mation, pod partitioning index (PPI) values ranged from 5 to 97% (Figure 2b). From the
F5 family, eight lines (885, 887, 755, 859, 795, 667, 849, and 683) and from the F4 family,
four lines (2781, 3730, 2991, and 2796) exhibited PPI values that were higher than 70%
(p < 0.001) (Figure 2b). For the remobilization of photoassimilates from the pod wall to
grain formation, the pod harvest index (PHI) values in nine lines, such as 873, 2853, 665,
861, 3744, 2796, 2781, 789, and 657, were higher than 50% (Figure 2c). The harvest index (HI)
value reached up to 49% (Figure 2d). The lines with higher grain yields, such as 2796, 3730,
859, and 2853, also exhibited higher HI values. For the seed number per area (SNA), about
13 lines stood out for producing more than 300 seeds per m−2 (p < 0.001). The average
weight of 100 seeds was between 10 and 54 g, with lines 657, 653, 2796, and 859 presenting
values higher than 37 g (p > 0.001).

The average seed Fe concentration was 82 ± 2.6 mg kg−1 and 65.6 ± 4.7 mg kg−1

and Zn of 27.5 ± 2.18 mg kg−1 and 26.6 ± 1.4 mg kg−1 for the five lines of F5 (859, 805,
865, 657, and 653) and four lines of F4 (2853, 2796, 2815, and 3730), respectively. Out of
the nine biofortified lines, six lines, including four F5 lines: 859, 805, 865, and 657, with
86.5 ± 0.5 mg kg−1 and 28.5 ± 2.5 mg kg−1 of Fe and Zn, respectively, and two F4 lines:
2853 and 2796, with 61.5 ± 1.9 mg kg−1 and 25.5 ± 1.1 mg kg−1 of Fe and Zn, respectively,
were superior in their seed Fe and Zn concentrations.

3.2. Phenotypic Differences in Phenology and Pollen Viability

During the time of adaptation of the promising lines from the F4 and F5 families, days
to flowering ranged from 33 to 44 days after planting (DAP), where the F5 lines reached
flowering at 35 DAP and two days later the F4 lines reached flowering, and this delay in
flowering of two days resulted in an average difference in GY of around 115 kg ha−1. Lines
such as 795, 841, and 745 (F5) flowered earlier in response to combined stress conditions.
Several lines (715, 3596, 663, 803, 3637, 3741, 849, 3649, 823, 3599, 843, 801, 897, 2824, 3634,
813, 2980, 837, 713, 3315, 3561, 29,17, 679, 891, 755, 2820, and 833) reached the physiological
maturity stage earlier. When comparing the average number of days to physiological
maturity between the different F4 and F5 lines, we observed that there was no difference
between the two groups (71 DAP). However, lines with higher GY values were found to
reach maturity slightly later. Pollen viability (PV) ranged from 37% to 95% with an average
value of 82.1%, with no difference between the F4 and F5 lines. About 144 lines showed
PV values above 70%. However, four lines (859, 2853, 3730, and 2796) showed values
below 70%.
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3.3. Phenotypic Differences in Energy Use, Leaf Cooling, and Linear Electron Flow

Analysis of differences in the performance of the photosynthetic apparatus showed
that parameters such as LTD, LEF, ECSt, vH+, and RChl were significantly different among
lines (p < 0.001). All lines tested were able to adjust their leaf temperature values below
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ambient temperature (AT) values, which allowed leaf cooling. For example, lines such as
3632 and 835 presented more negative LTD values (−7 of AT; in this study we use “negative”
for values, not in the sense of meaning), indicating a marked leaf cooling compared to
a high AT value. On the other hand, some lines, such as 3596 and 793, presented lower
negative LTD values, and their energy use efficiency related to photosynthetic processes
was also low (Figure 3a). However, in the case of linear electron flow (LEF) and vH+
parameters, line 3596 presented the highest values (Figure 3b), as well as line 2962 presented
the highest values of ECSt and PSIox. Line 815 showed the highest values of PSIor and
PSIox. Chlorophyll fluorescence-derived parameters were significantly influenced by high
temperatures and soil acidity (p < 0.001). For example, higher values of GY were associated
with higher values of PSII quantum yield (ΦII), a situation that occurred with some lines
such as 859, 2853, 805, and 2815. In addition, these lines exhibited a lower value of ΦNPQ
(Figure 3a). However, the effect of stress was demonstrated in most of the bean lines due
to the increase of ΦNPQ and higher allocation to ΦNO, showing a lower distribution of
energy to photochemical processes (ΦII), which had a negative effect on GY, as evidenced
in most of the lines that exhibited GY values below 1000 kg ha−1 (p < 0.001, Figure 3a).
Results on the relationship between GY and LEF showed that line 865 (GY = 1453 kg ha−1)
had a higher electron transport rate combined with a higher proportion of open PSI centers
(LEF = 228) (Figure 3b). An opposite relationship was observed with lines 859 and 2853,
which showed GY values above 1800 kg ha−1 with average values of LEF (132 and 171,
respectively) (Figure 3b).
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Figure 3. The relationship between grain yield (GY) and two different variables related to the
functioning of the photosynthetic apparatus in biofortified common bean lines grown under the
combined stress conditions of acidic soil and high temperature. (a) Grain yield and quantum yield of
photosystem II (ΦII) as a function of the non-photochemical extinction gradient ΦNPQ (change in
the color gradient of blue to red indicating higher to lower value) and the magnitude of unregulated
processes ΦNO (circle size), parameters affecting the response variable (second); (b) grain yield and
linear electron flow (LEF) as a function of the leaf temperature difference (LTD) gradient (change in
color gradient from blue to red indicating higher to lower value) and magnitude of PSI Oxidized
Centers (PSIox) (circle size), parameters affecting the response variable. The dotted lines on the axes
correspond to the means of the dependent and independent variables.

Results on energy use showed that the bean lines were used on average at 49% and 22%
for photosynthetic processes (ΦII) and dissipation of energy in the form of heat (ΦNPQ),
respectively, and the rest for unregulated processes (~27% ΦNO). When we analyzed
the effect of high temperatures on the photosynthetic apparatus, we found very specific
responses, such as those presented by lines 859, 2815, and 805. These three lines presented
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ΦII values higher than 50%, which positively influenced agronomic variables such as
PHI and GY. These differences were closely related to LTD, showing values of −3.8, −3.4,
and −4.0 ◦C for 859, 2815, and 805, respectively (Figure 4a). Even though lines 713, 861,
863, 2866, and 3561 eliminated the negative effect of high air temperature on thylakoid
membrane function, these lines were not as efficient in mobilizing photoassimilates for grain
formation (900 kg ha−1) (Figure 4a). When the behavior of the photosynthetic apparatus
of the bean lines that presented higher values of GY was observed in detail, differences
were found that were mainly related to the ability to dissipate heat. For example, line
859 presented an LTD value 3 ◦C lower (less negative) than that presented by genotype
2853. The latter had a significantly higher GY value due to its greater ability to mobilize
photoassimilates for grain development. This is probably related to the higher efficiency of
PSII (Figure 4a), together with less energy dissipation as heat (Figure 4a). On the contrary,
lines 865 and 657 showed lower values of ΦNO with higher (more negative) values of LTD
(Figure 4c).
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was associated with higher oxidized PSI reaction centers (PSIox) and lower proton flux in 
the thylakoid membrane (vH+) (Figure 5b). Line 657 showed the highest value of unregu-
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Figure 4. Relationship between leaf temperature difference (LTD) and energy use in photosynthesis
as a function of grain yield (GY), pod harvest index (PHI), and canopy biomass (CB) of biofortified
common bean lines grown under the combined stress conditions of acidic soil and high temperature.
(a) Quantum yield of photosystem II (ΦII) and leaf temperature difference (LTD) as a function of GY
(change in the color gradient from blue to red indicating higher to lower value) and PPI (circle size);
(b) quantum yield of regulated non-photochemical energy loss in PSII (ΦNPQ) and leaf temperature
difference (LTD) as a function of GY (change in the color gradient from blue to red indicating higher
to lower value) and CB (circle size); (c) quantum yield of regulated non-photochemical energy loss in
PSII (ΦNO) and leaf temperature difference (LTD) as a function of GY (change in the color gradient
from blue to red indicating higher to lower value) and CB (circle size). The dotted lines on the axes
correspond to the means of the dependent and independent variables.
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Observations made on the magnitude of energy moving through the chloroplast
when exposed to light in bean lines revealed that the lines that presented higher energy
allocation to photosynthetic processes (859, 805, and 2015) (Figure 5a) presented lower
energy dissipation in the form of heat (ΦNPQ) (Figure 5b). This photosynthetic response
was associated with higher oxidized PSI reaction centers (PSIox) and lower proton flux
in the thylakoid membrane (vH+) (Figure 5b). Line 657 showed the highest value of
unregulated energy dissipation (ΦNO) (Figure 5c), together with greater values of proton
conductance of the thylakoid membrane (gH+), active (PSIact) and open (PSIopen) reaction
centers of PSI, chlorophyll content (RChl), and proton flux (vH+). These superior values
of photosynthetic performance contributed to improved pod filling (PPI) and grain filling
(PHI) through photosynthate mobilization. Nine lines were found with higher values
of GY and lower values of LEF. These lines also exhibited greater ability to mobilize
photosynthates, which resulted in superior agronomic performance.
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Figure 5. Relationship between different energy pathways and linear electron flux (LEF) as a function
of the magnitude of the harvest index (HI) (circle size) and the gradient of grain yield (GY) (change
in color gradient from blue to red indicating a higher to lower value) of biofortified common bean
lines grown under the combined stress conditions of acidic soil and high temperature. (a) Quantum
yield of photosystem II (ΦII) and LEF; (b) quantum yield of regulated non-photochemical energy
loss in PSII (ΦNPQ) and LEF; (c) quantum yield of regulated non-photochemical energy loss in
PSII (ΦNO) and LEF. The dotted lines on the axes correspond to the means of the dependent and
independent variables.
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3.4. Correlations between Physiological and Agronomic Traits

Based on the correlation analysis, days to flowering (DF) values were found to be neg-
atively associated with different biomass partitioning indices (PPI, PHI, and HI) (Table 1).
GY was found to be correlated with CB (r = 0.36, p < 0.001), PPI (r = 0.6, p < 0.001), PHI
(r = 0.68, p < 0.001), and HI (r = 0.8, p < 0.001). GY was also related to photosynthetic
performance by showing a positive association with LEF (r = 0.11, p < 0.05) and PSIact
(r = 0.13, p < 0.05) and a negative association with ECSt (−0.16, p < 0.01) (Table 1). The
value of AT was positively related to HI (r = 0.15) and PHI (r = 0.19) and negatively related
to DF (r = −0.27), while DPM was positively related to LTD (Table 1). On the other hand,
in the relationship between dry matter partitioning indices and the functional aspects of
photosynthetic apparatus, we found that leaf cooling (negative values of LTD) positively
influenced pod filling (PPI) (r = 0.15) and negatively influenced PSII quantum yield (ΦII)
(r = 0.11). With regard to PSII quantum yield (ΦII), we found that it was negatively related
to PHI (r = −0.16) and HI (r = −0.16). In addition, a negative effect of ΦII was found on the
proton flux of the thylakoid membrane (vH+ = −0.87) (Table 1). At the level of energy use
within the chloroplast, LEF was found to favor biomass partitioning (PPI, PHI, and HI) and
energy dissipation in the form of heat (NPQt, r = 0.67; ΦNPQ, r = 0.78). However, the redox
states of PSI affected PHI positively (PSIact, r = 0.13) and negatively (PSIox, r = −0.03)
(Table 1). As for seed Fe content, positive correlations were observed with CB, DF, and
VH+, while negative correlations were observed with some indices related to biomass
partitioning (GY, PPI, and HI), environmental conditions (AT and PAR), and also those
related to the function of the photosynthetic apparatus (gH+ and LEF) and chlorophyll
content in the leaf. In the case of seed Zn, the content was positively correlated with PSIact
and T, contrary to the negative correlation with gH+.

Table 1. Correlation coefficients (p < 0.05) between different phenological, physiological, and agro-
nomic variables of biofortified common bean lines grown under the combined stress conditions of
acidic soil and high temperature.

Variables GY HI PHI DF DPM LTD ΦII LEF Seed Fe Seed Zn

Grain yield (GY) 0.8 *** 0.68 *** 0.11 * −0.17 *

Canopy biomass (CB) 0.36 *** −0.23 *** 0.13 *

Pod partitioning index (PPI) 0.6 *** 0.73 *** 0.42 *** −0.15 * 0.15 * 0.18 *

Pod harvest index (PHI) 0.68 *** 0.75 *** −0.25 *** −0.16 0.2 ** −0.17 *

Harvest index (HI) 0.8 *** 0.75 *** −0.18 * −0.16 0.19 ** −0.14 *

Days to flowering (DF) −0.25 *** −0.19 ** 0.21 *

Days to physiological
maturity (DPM) 0.2 ** −0.13

Ambient humidity (AH) 0.68 *** 0.21 *** −0.31 ***

Ambient temperature (AT) 0.15 * 0.19 ** −0.27 *** −0.55 *** −0.23 *** 0.46 *** −0.39 *

Amplitude of the
electrochromic band shift
signal (ECSt mAU)

−0.16 ** −0.21 **

Activity of ATP
synthase (gH+) −0.28 *** 0.24 *** −0.38 * −0.29 *

Leaf angle (LA) 0.27 *** 0.19 * 0.11 * −0.15 *

Leaf temperature
difference (LTD) 0.2 ** −0.11 *

Linear electron flow (LEF) 0.11 * 0.19 ** 0.2 ** −0.19 ** −0.78 *** −0.18 *

Photosynthetically active
radiation (PAR) 0.19 ** 0.19 ** −0.15 * −0.9 *** 0.96 *** −0.14 *

Energy dissipated as heat
total (NPQt) −0.13 * −0.76 *** 0.67 ***

Fractions of energy received
by photosystem II (ΦII) −0.16 * −0.16 * −0.11 * −0.78 ***
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Table 1. Cont.

Variables GY HI PHI DF DPM LTD ΦII LEF Seed Fe Seed Zn

Fractions of energy not
dissipated (ΦNO) 0.01 * 0.16 * 0.35 *** −0.41 ***

Fractions of energy
dissipated as heat (ΦNPQ) −0.93 *** 0.78 ***

Total active PSI
centers (PSIact) 0.13 * 0.17 * 0.13 * 0.14 *

Over-reduced PSI (PSIor) 0.14 *

Fraction of an oxidized PSI
center (PSIox) −0.03 *

Relative chlorophyll
content (RChl)

0.2 ** 0.22 *** −0.22 *** −0.16 ** 0.25 *** −0.21 *

Leaf thickness (T) −0.1 −0.15 * 0.17 ** 0.16 *

Proton flux (vH+) 0.15 * 0.16 −0.18 * −0.87 *** 0.92 *** 0.17 *

Mean values were used in the correlation analysis, and *, **, and *** represent levels of significance at 0.05, 0.01,
and 0.001, respectively.

4. Discussion
4.1. Differences in Crop Development and Photosynthate Remobilization Affect
Agronomic Performance

High-throughput phenotyping methods in crops such as common beans can facilitate
the exploration of genetic resources by estimating phenotypic traits of importance and
identifying accessions of interest for breeding programs [52,53]. This study provides data
on phenotypic traits in selected common bean lines developed through breeding using intra-
and interspecific crosses. The performance of lines is evaluated based on phenological,
physiological, and agronomic responses under the combined stress conditions of acidic soil
and high temperatures under field conditions.

Production of CB is the result of the accumulated net photosynthesis of the crop,
which is sometimes significantly related to grain yield [15,54]. We found that as many
as 11 lines showed a greater capacity to produce CB at the mid-pod filling growth stage
compared to the other lines. This trait suggests a higher net CO2 fixation capacity and
greater access to and use of water and nutrients under stress conditions [15,55]. However,
the GY values observed in these lines were low, probably due to a greater sensitivity to
high temperatures. This condition has a greater impact on productive development since it
limits the translocation of assimilates for the formation of pods and grains [56,57]. On the
other hand, nine lines consistently presented higher GY values (859, 2853, 805, 2796, 865,
657, 2815, 3730, and 653), with lower CB production, and this suggests a yield advantage
of these lines due to their superior capacity for remobilization of photosynthates from
vegetative structures to reproductive organs (pods and grains) [58,59].

At the level of photosynthate remobilization, four lines (859, 2796, 2815, and 3730)
were characterized by their higher capacity (>70%) to redistribute assimilates stored in
vegetative structures for pod formation (PPI) and three lines (2853, 2796, and 657) in their
ability to mobilize assimilates from pod walls to grain (>55%). However, we found that the
critical point of these lines in general was in the translocation of assimilates from vegetative
structures to grains (HI). On the one hand, these assimilate partitioning traits (PPI and
PHI) have been previously highlighted as adaptive physiological responses of the common
bean [60] and should be considered for heritable effects toward genetic enhancement
and varietal development [11]. On the other hand, it should be noted that a reduced
efficiency in one of the assimilate translocation steps could result in the sensitivity of
other indices to stress conditions, in this case combined heat stress with soil acidity [55].
Furthermore, previous studies have observed that interspecific lines tend to be limited in
the last translocation step (PHI), describing this phenomenon as “lazy pod syndrome” as
some bean lines fail to complete this critical last step of grain filling [13,15,61–63].

The combined stress conditions of soil acidity and high temperature significantly
affected PNA and SNA in general. Three lines (2815, 755, and 2856) presented more
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than 100 pods per area and around 400 seeds per area; however, these were penalized by
abortions of pods and grains in the last stage of grain filling, which directly negatively
affected their final values of GY by almost 50%. Interestingly, three lines (859, 2815, and
2853) with higher GY values showed pod penalization, reaching PNA values of 65, 57, and
114 pods, respectively, with a seed number of more than 350 m−2. These lines yielded
more not because of their small seed size but because of their superior sink strength to be
able to form a greater number of grains under stress conditions, with better mobilization
of assimilates towards grain formation and filling (seven to eight grains per pod), which
compensates for the loss due to abortion of both pods and grains, and this may be attributed
to greater sink strength, an important trait for improved adaptation of new lines [64].
Overall, values of GY contributed to the identification of nine significantly different lines
(859, 2853, 805, 2796, 865, 657, 2815, 3730, and 653) in terms of their stress response. This
means that the effect of environmental conditions on the evaluated lines was negative;
similarly, the stress response of these lines may reflect very different evolutionary strategies
that can be reflected in increases or decreases in assimilate partitioning [14,59], as well as a
possible segregation between progenies that may have separated the genes again, which
may cause transgressive segregation, supporting the behavior of most of the lines of the F4
and F5 families evaluated [60].

4.2. Combined Stress Affects Phenology and Pollen Viability

High temperatures have been shown to impact phenology and grain yield in the
Western Amazon region of Colombia. In this study, we observed that about 172 lines
reached flowering and physiological maturity. Among the lines that obtained the higher
GY values, we found that they entered both growth stages without accelerating their
phenological cycles. This indicates that GY was not influenced by high temperatures
in these two phenological stages. Although earliness has been shown to enhance heat
tolerance of grain legumes such as common bean through avoidance mechanisms [65],
these lines were not able to adjust their phenological cycle for grain production [59,66].
This was mainly attributed to the impact of high temperatures on biomass partitioning
for pod and grain formation, as revealed by HI and PHI values [13,67]. Likewise, pollen
viability (PV) values evidenced that high temperature was not a factor that negatively
affected the beginning of the reproductive phase to the point of pollen denaturation and
floral abortions [39,68]. It has been reported that bean materials with early flowering
(fewer days to flowering) may be suitable for more production cycles per year and, in some
cases, compensate for some traits related to pod number and yield as part of adaptation to
some stresses that are increasingly influenced by climate change [69]. This is considered
an important domestication trait for avoiding stress and increasing productivity under
conditions of environmental stress [70]. However, we found that sink strength in some
lines was limited toward translocation of assimilates from the pod wall to the grain (PHI),
which may have been influenced by delayed (not early) reproductive development (in our
case, flowering) [11,14,59], as evidenced by the negative correlation we observed between
DF and PHI.

4.3. Capacity of Photosynthetic Apparatus for Coping with Soil Acidity and High Temperature

At the physiological level, high temperature is a challenge mainly for the proper func-
tioning of the photosynthetic apparatus, as it affects enzyme kinetics as well as membrane
dynamics and organization [71]. Therefore, it is essential for the plant to adapt mecha-
nisms and/or adopt strategies in favor of protecting its photosynthetic apparatus while
maximizing light utilization under high temperature conditions [72]. When we look at the
ability to regulate leaf temperature, we find that in general, all lines manage to adjust the
temperature below the ambient temperature (negative values of LTD). This mechanism is
possibly triggered by the higher loss of water at the leaf surface, allowing the leaf surface
to be cooler, managing to maintain an optimal metabolism [73], and, as mentioned by
Shanker et al. [74], a decrease in the vapor pressure deficit within the leaf. It is possible
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that heat-stressed plants are trying to minimize the irreversible damage that can be caused
by the combined stress. For example, we found that the lines that presented better CB
production and GY also showed high LTD values around −7 ◦C (more negative), while
lines such as 859, 805, and 657 with higher yields showed a lower LTD value around −3 ◦C
(less negative). This difference of almost 4 ◦C is likely related to high water use and low
transpiration efficiency [75]. We hypothesize that this is also connected to lower costs in
terms of water movement through the plant.

Under stress conditions, we found low relationships between LTD and the quantum
yields of PSII ΦNPQ and ΦNO. We assume that the level of stress observed was not severe,
which could be the reason for the relatively low relationships observed between LTD
and fluorescence parameters. Furthermore, most of the lines that exhibited assimilate
translocation limitations showed high ΦNO and low ΦNPQ values, reflecting the inability
of these lines to protect themselves against damage from excess illumination, and possibly
under more chronic stress, this will lead to photodamage [76,77].

In our study, the bean lines responded to environmental conditions by activating
regulatory mechanisms to balance photosystem performance in order to protect the pho-
tosynthetic apparatus. For example, a decrease in ΦII was associated with an increase in
ΦNO and NPQt under the combined stress, as was an increase in ΦNPQ associated with a
lower ΦNO allocation. It appears that the lines tend to favor light-dependent dissipative
processes (ΦNPQ) at the expense of fluorescence-related mechanisms to actually mitigate
reactive oxygen species (ROS) propagation [78]. This should be attributed to the increased
LEF that was reported to be necessary for the activation of NPQ processes [79] and was
accompanied by a decrease in ECSt, which is related to the amplitude of the light-driven
pmf (proton motive force) [42]. Both high LEF and low ECSt cause, to some extent, an
imbalance between proton availability and use for ATP synthesis, resulting in acidification
of the thylakoid lumen and generating an effect on the photoprotective processes of ΦNPQ
and NPQt [80]. Furthermore, the remarkable increase in NPQt under combined stress
indicates the separation of light-harvesting complexes from reaction centers, a mechanism
that has been reported as an adaptive response to reduce stress-induced damage [81,82].

On the other hand, in lines with higher GY, a different mechanism was observed; in
this case, we found decreases in ECSt and LEF, accompanied by high gH+, which could
derive mainly from the decrease in intracellular CO2 concentration, leading to a decrease
in ATP synthase and thus in the plant’s ability to utilize the reducing power of NADPH
and ATP as the products of LEF [42,79,80,82]. This mechanism could be an adjustment of
PSII operational efficiency so that ATP and NADPH production coincide with the decrease
in CO2 assimilation [83], as well as the related ATP-NADPH metabolic consumption by the
Calvin cycle and other anabolic pathways within the chloroplast [80]. This adaptation of
these lines could also be attributed in part to the reduction of leaf area (in the vegetative
phase), which contributes to reaching the balance between water, nutrient, and light energy
supply and their consumption, as well as the improvement of PSII quantum yield (ΦII)
and the reduction of unregulated processes (ΦNO) [82].

4.4. Differences in Physiological Response between Common Bean Lines Reflect Possible
Mechanisms in the Translocation of Assimilates That Favor Better Yields

The specific adaptation level of a bean line depends on its physiological responses and
degree of susceptibility to a given stress condition. In this study, we observed that the group
of lines is characterized by lower biomass production but high grain yield [84]. When we
looked at the correlation analyses on the multiple traits evaluated, we found a positive
relationship between GY and the other plant traits such as CB, PPI, PHI, and HI. This clearly
indicates the importance of these indices in identifying materials with adaptations to acid
soil conditions and heat stress [75]. However, the potential of these lines curiously lies in
physiological traits. Specifically in the adaptive response in the adjustment of a lower LEF,
in the adjustment capacity of ATP synthase (ECSt), most of PSII active centers, in order to



Agronomy 2024, 14, 154 16 of 20

present no impact on PSII quantum efficiency (ΦII), without a concomitant reduction in
carbon supply and assimilation rates [77].

The identification of these mechanisms is important because: (1) photosynthesis is
the process that contributes most to CB production; (2) an adequate mechanism in energy
dissipation is related to a better translocation of assimilates (PHI and HI for pod and
grain formation); and (3) variations in electron transport due to heat stress can also be
reflected in the yield obtained [74,85–88]. Based on the results of this study, we found that
nine biofortified common bean lines (F5: 859, 805, 865, 657, and 653; F4: 2853, 2796, 2815,
and 3730) have traits with potential for adaptation to the combined stress of acid soils
and high temperatures. As mentioned, these biofortified lines presented a mean seed Fe
concentration of 82 ± 2.6 mg kg−1 and 65.6 ± 4.7 mg kg−1 and Zn of 27.5 ± 2.18 mg kg−1

and 26.6 ± 1.4 mg kg−1 for the five lines of F5 (859, 805, 865, 657, and 653) and four
lines of F4 (2853, 2796, 2815, and 3730), respectively. Out of the nine biofortified lines,
six lines, including four F5 lines: 859, 805, 865, and 657, with 86.5 ± 0.5 mg kg−1 and
28.5 ± 2.5 mg kg−1 of Fe and Zn, respectively, and two F4 lines: 2853 and 2796, with
61.5 ± 1.9 mg kg−1 and 25.5 ± 1.1 mg kg−1 of Fe and Zn, respectively, were superior in
their seed Fe and Zn concentrations. In this sense, it has been reported that Fe and Zn
concentrations in shoot tissue are directly related to photosynthetic efficiency [89]. In
this study, we found that Fe and Zn concentrations in seed used for planting correlate
negatively with some functions of the photosynthetic apparatus, such as those related to
ATP synthase function (gH+) and linear electron flow (LEF). This shows the need to further
investigate the relationship of photosynthetic traits with seed Fe and Zn concentrations
in biofortified bean lines grown in different environments under stress conditions [90].
Further research is also needed to evaluate the stability and segregation of desirable traits,
including seed Fe and Zn concentrations, under field conditions. Similarly, it is necessary to
evaluate the parental lines from which they are derived under the conditions of this study
to determine the percentage of heritability of adaptive responses to these conditions as
well as the influence of genetic factors on photosynthesis for exploiting the photosynthetic
differences of these materials through bean breeding programs.

5. Conclusions

Superior agronomic performance of different biofortified common bean lines is at-
tributed to a combination of traits related to the following: (i) higher photosynthate parti-
tioning capacity for pod formation and grain filling; (ii) physiologically efficient energy
allocation to the photosynthetic machinery (ΦII); and (iii) dissipation of excess energy in
the form of heat (ΦNPQ) coupled with increased thermoregulation (LTD). We identified
six biofortified bean lines (F5: 859, 805, 865, and 657; F4: 2853 and 2796) with yields higher
than 1400 kg ha−1 under combined stress conditions of acidic soil and high temperature.
These bean lines increased canopy biomass (CB) as well as the dry matter allocation ability
to increase partitioning into pods, which translated into higher values of grain yield (GY).
These are considered desirable plant traits for the genetic enhancement of abiotic stress
tolerance in biofortified common bean lines.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy14010154/s1. Table S1. List of common bean genotypes
used in the study.
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