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Abstract The common bean (Phaseolus vulgaris L.)
is a major food legume cultivated by smallholder
farmers in the tropics of Latin America and eastern and
southern Africa. Acid soil and high temperature limit
its production. Here we quantify differences in
agronomical, phenological and physiological perfor-
mance of common bean lines in order to identify
promising lines with adaptation to acid soils and high
temperatures in the Amazon region of Colombia. A
field study was conducted using a 6 x 6 Alfa Lattice
design with four replications consisting of 30 geno-
types and one control genotype (Calima) which was
repeated six times in each block (with a total of 36
plots) to cope with the spatial variability within the
experimental site. During the growing period of the
crop, maximum and minimum average temperatures
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were 32 and 23 °C, respectively while the total
precipitation was 933 mm and the soil was acidic
with aluminum toxicity. Differences in agronomical
(grain yield, canopy biomass, number of seeds and
pods per area), phenological (days to flowering and
days to physiological maturity) and physiological
(biomass partitioning, photosynthetic ability and pol-
len viability) attributes among the genotypes tested
were quantified. The results obtained on the relation-
ships between different plant attributes indicated that
adaptation to acid soils and high temperatures is
related to pollen viability, earliness, greater values of
canopy biomass and better mobilization of plant
reserves to the formation of pods and grains. Two
common bean lines (BFS 10 and NCB 280) were
identified as better adapted to the combined conditions
of acidic soil and high temperatures in the Amazon
region of Colombia.

Keywords Acid soil - Assimilate remobilization -
Genotypic variation - Heat - Pod partitioning index -
Grain yield

1 Introduction

Common bean (Phaseolus vulgaris L.) is the most
important food legume cultivated by smallholder
farmers in the tropics of Latin America and eastern
and southern Africa (Butare et al. 2011a; Polania et al.
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2016a, b). Being the main protein source for 400
million people, it provides fiber, carbohydrates and
vitamins, meeting the nutritional needs of the human
diet (Polania et al. 2012; Araujo et al. 2015). It is
produced in developing countries by smallholders,
where abiotic factors such as drought, high tempera-
ture, phosphorus (P) deficiency and aluminum (Al)
toxicity could cause marked yield losses in bean
growing areas, particularly in the tropics (Rangel et al.
2005; Polania et al. 2012; Rao 2014; Polania et al.
20164, b, c; Rao et al. 2016, 2017). In low fertility
acidic soils, Al toxicity limits root growth and
development (Rao et al. 2016).

In South America, especially in the tropics, the soils
that predominate are Oxisols and Ultisols where Al
toxicity is a major production constraint (Rao 2014).
Although the use of amendments such as lime is
practiced to amend the arable layer, the roots are
exposed to the toxic Al in lower soil layers inhibiting
root elongation, limiting the growth of the plant and
affecting the absorption of nutrients thereby impacting
on grain yield (Rangel et al. 2007; Blair et al. 2009;
Butare et al. 2011a; Polania et al. 2016b; Rao et al.
2016). Sensitivity to Al is localized specifically at the
apex of the root (Butare et al. 2011b) especially in the
transition zone, situated at 1-2 mm behind the root tip
(Rangel et al. 2007), generating modifications in the
cell wall and plasma membranes, affecting the
mechanical properties of the cell wall and playing a
prominent role in the inhibition of the root elongation
by Al (Yang et al. 2013).

Smallholder agriculture is often affected by heat
stress and heat sensitivity, and in common bean these
factors are major limiting factors that can reduce
yield, quality, and could lead to restricted geographic
adaptation (Beebe et al. 2011). Yield losses occur
under high night temperatures, which negatively affect
all stages of reproductive development (Hall 2004).
Heat stress during the reproductive phase in legumes
adversely affects pollen viability, fertilization, pod set
and seed development leading to abscission of flowers
and pods and substantial losses in grain yield (Hall
2004). Even in current climates, high temperature is
the climatic factor which is most widely limiting the
common bean yields, and breeding for heat tolerance
could benefit 7.2 million ha of common bean, and
could highly increase the areas suitable for this cul-
ture by some 54% (Beebe et al. 2011). Reports show
that day temperatures > 30 °C  and  night
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temperatures > 20 °C can result in yield reductions
in common bean (Rainey and Griffiths 2005). This
mainly affects the reproductive growth phase by
reducing pollen viability, causing an increase in bud
production and promoting the detachment of flower
buds during pre-flowering, and causing the fall or
decrease of pod number during post-flowering, which
consequently affects the fertility, performance, and
quality of the seed (Porch and Jahn 2001; Beebe et al.
2011, 2013; Rao 2014). High temperatures also affect
physiological processes such as photosynthesis or
the redistribution of assimilates toward the reproduc-
tive organs; they also cause an increase in the rate of
photoinhibition and decrease in the amount of water
found in buds and leaf tissue (Daniel 1997; Rao 2014).
Sugar metabolism also responds to increase in heat
stress by decreasing photosynthesis (Traub et al. 2017)
leading to a lower supply of photosynthates towards
tissue development thereby causing abortion of the
embryo (Traub et al. 2017).

Improved understanding of the genetic, physiolog-
ical, and morphological mechanisms of beans in
response to environmental changes contributes to
the development of bean genotypes that are adapted
to both heat and acidic soil conditions. This increased
knowledge is needed to design breeding strategies for
the development of stress-adapted cultivars to
improve food and nutrition security in the face of
climate change in bean growing regions (Beebe et al.
2011; Butare et al. 201 1a; Rao 2014) while facilitating
the geographical expansion of the crop. One of the key
adaptation mechanisms to improve performance under
both drought and high temperature conditions is the
development of a vigorous root system to obtain water
and nutrients (Beebe et al. 2013), since in many acidic
soils in the tropics, variability in rainfall distribution
and longer dry periods are considered to be increas-
ingly important yield-limiting factors for the devel-
opment of crops, particularly during the early stages of
the growing period (Yang et al. 2013; Rao et al. 2017).

In the Department of Caqueta (Colombia) of the
Amazon region, many of the lowlands are currently
used for extensive livestock farming, while family
agriculture tends to be located on hillsides in condi-
tions that present challenges for their development and
economic sustainability, such as high acidity of the
soil and high temperatures. These are the areas where
bean cultivation can be fundamental for improving
food and nutrition security for local communities, if
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genotypes adapted to these conditions could be
identified. Thus the two main objectives of the present
study were to: (i) identify advanced lines of the
common bean with adaptations to acidic soils and high
temperatures; and (ii) identify the physiological
mechanisms contributing to improved adaptation
based on the agronomical, phenological, and physio-
logical performance of 31 bean lines that were
evaluated under high temperature and acidic soils of
the Colombian Amazon.

2 Material and methods

2.1 Experimental site and meteorological
conditions

The field evaluation was conducted between the
months of January and April 2016, at the Macagual
Research Center of the University of the Amazon,
Colombia (1°37'N and 75°36'W). Located in the moist
climate of the tropical rainforest ecosystem, it exhibits
an average annual precipitation of 3800 mm, 1700 h
of sunshine year™', an average temperature of
25.5 °C, and a relative humidity of 84%. During the
growing period of the crop, maximum and minimum
average temperatures were 32 °C and 23 °C, respec-
tively (Fig. 1). Total precipitation during crop growth
was 933 mm (Fig. 1). Soil samples were collected at
20 cm soil depth and the samples were pooled and
analyzed to quantify physicochemical characteristics.
It is a clay loam soil with bulk density values that
ranged between 1 and 1.3 g cm ™, pH values that
ranged from pH 4.1 to 5.2, with a mean organic carbon
content of 1.35%, available P content (Bray- II) of
2.58 mg kg~ !, saturation of total bases of 7.1% (Ca:
038 meq 100 g=', Mg: 0.1 meq100¢g~!, K:
0.14 meq 100 g~', Na: 0.1 meq 100 g™, total bases:
0.8 meq 100 g "), a cation exchange capacity of 11.3
cmol(—) kg™, and an exchangeable Al content of 6.3
cmol(+) kgfl with 73.4% of Al saturation.

2.2 Plant material and experimental design

A total of 31 genotypes of bean from the Mesoamer-
ican and Andean gene pools were used: 17 advanced
lines of the common bean (Phaseolus vulgaris) (A
774, A 801, MAM 38, VAX 1, BFS 10, BFS 35, BFS
81, BFS 142, BFS 143, EMP 507, EMP 509, NCB 280,

SAB 618, SAB 659, SAB 686, SAP 1-15, SER 118),
two interspecific lines resulting from a combination of
three species Phaseolus acutifolius, Phaseolus vul-
garis, and Phaseolus coccineus (SEF 10, SEF 60), six
interspecific lines resulting from a combination of two
species Phaseolus vulgaris and Phaseolus coccineus
(ALB 60, ALB 91, ALB 191, ALB 210, ALB 213,
ALB 214), four commercial Andean varieties (CAL
143, CALIMA, ICA QUIMBAYA, RADICAL), one
advanced biofortified line (SMR 139), and one
germplasm accession (G 21212). These lines consti-
tute potential parental material, due to their resistance
to environmental factors and diseases, improved grain
quality (micronutrient content), and production com-
ponents. The BFS lines (small red) have enhanced
adaptation to low soil fertility. NCB (small black) and
SER (small red) lines have enhanced adaptation to
drought. The ALB (small red kidney, black kidney)
lines have enhanced adaptation to drought and Al
toxicity. SEF (red) lines have enhanced adaptation to
drought and heat. CAL (red mottled), CALIMA (red
mottled of cream), and ICA QUIMBAYA (red) are
resistant commercial varieties to Al toxicity. VAX-1
(cream mottled) is sensitive to Al toxicity. SAB (red
mottled, speckled brown) lines of the Andean gene
pool are resistant to drought. SMR (red) lines are
resistant to drought, with a high mineral (Fe) content
in seed with cream or cream mottled seed color. MAM
(cream mottled or purple) is part of the Durango race
of the Mesoamerican gene pool. G 21212 (opaque
black) is an accession of Mesoamerican germplasm,
and is tolerant to low phosphorus levels in soil.
RADICAL (bright solid red) is a commercial variety
of the Andean Nueva Granada gene pool (Table 1).

An Alpha Lattice design was used, consisting of
6 x 6 complete superblocks with rows and columns
with four replicates (blocks), and each block com-
prised of 30 genotypes and one check (Calima)
replicated six times per block (for a total of 36 plots)
so as to cope with spatial variability within the
experimental site. Each experimental unit consisted of
3 rows with 2 m row length with a row to row distance
of 0.6 m and plant to plant spacing of 15 cm
(equivalent to 11 plants m™>).
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Fig. 1 Rainfall distribution and maximum/minimum temperatures during the cultivation period at the Macagual Research Center in

Colombia during the months of January to April 2016

2.3 Phenological characteristics and pollen
viability

Phenological traits such as days to flowering and days
to physiological maturity were determined. The num-
ber of days to flowering (DF) was determined for each
genotype, this being the number of days after sowing
when 50% of plants had developed at least one flower.
Likewise, the number of days to physiological matu-
rity (DPM) was determined for each genotype, this
being the number of days after sowing when 50% of
plants had at least one pod that was losing its green
pigmentation.

To determine adaptation to high temperatures for
the different lines of bean, viability of pollen (VP) was
evaluated following the methodology of Porch and
Jahn (2001) and Suzuki et al. (2001). Flower buds
were collected one day before anthesis and stored in
plastic jars with a solution of 1:3 glacial acetic acid-
96% alcohol at 4 °C. The grains of pollen were
removed from the anthers, adding one drop of 1%
acetocarmine. In order to determine the viability of
each flower bud, 100 grams of pollen were analyzed
per repetition. The pollen grains that were dyed red
were considered viable (fertile pollen), while grains
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without dye indicated pollen that was infertile or
unviable. After the tally, the percentage of viability
was calculated as a proportion of dyed grains to total
grains.

2.4 Photosynthetic measurements

The net rate of photosynthesis (A) was determined
using the infrared gas analyzer CIRAS-3 Portable Pho-
tosynthesis System (PP Systems Inc. Amesbury, MA,
USA). Environmental conditions in the leaf cuvette
were of a vapor pressure deficit (VPD) between a
range of 1.0 to 1.5 kPa and a temperature of 25 °C.
Measurements were taken between 08:00 and 11:00 h
at room temperature, at a partial pressure of 400 pmol
mol~! of CO,, and under artificial radiation provided
by the LED light source in the leaf cuvette (PP
Systems Inc. Amesbury, MA, USA). Photosynthesis
response curves to light intensity (A/PAR) were
generated by increasing PAR in ten steps from 0 to
2000 pmol m2s L Initially, the leaves were
exposed to a partial pressure of 50 pmol mol ™' of
CO, for 5 min to allow the stomata to open. Next, A/
PAR curves were recorded at a partial pressure of 400
pumol mol 'of CO,. In order to determine the



Theor. Exp. Plant Physiol. (2018) 30:303-320 307

Table 1 Common bean genotypes used in the study of tolerance to acidic soils and high temperatures at the Macagual Investigation
Center in Colombia during the months of January and April 2016

Genotype Commercial class Genepool Growth habit Classification

A 774 Cream Mesoamerican B Inbred line

A 801 Cream striped Mesoamerican IIA Inbred line

ALB 191 Black Mesoamerican IIA P. vulgaris x P. coccineus interspecific line

ALB 210 Red Mesoamerican IIraA P. vulgaris x P. coccineus interspecific line

ALB 213 Red Mesoamerican IIB P. vulgaris x P. coccineus interspecific line

ALB 60 Red Mesoamerican IIB P. vulgaris x P. coccineus interspecific line

ALB 91 Red Mesoamerican A P. vulgaris x P. coccineus interspecific line

ALB214 Red Mesoamerican JI:N P. vulgaris x P. coccineus interspecific line

BFS 10 Red Mesoamerican IraA Inbred line

BFS 142 Red Mesoamerican IIB Inbred line

BFS 143 Red Mesoamerican 1B Inbred line

BFS 35 Red Mesoamerican A Inbred line

BFS 81 Red Mesoamerican IIB Inbred line

CAL 143 Red mottled Andean I Commercial variety

CALIMA Red mottled Andean I Commercial variety

EMP 507 Cream striped Mesoamerican 1A Inbred line

EMP 509 Cream striped Mesoamerican IIA Inbred line

G21212 Black Mesoamerican 11 B Landrace

ICA QUIMBAYA Red Andean I Commercial variety

MAM 38 Pink speckled Mesoamerican I B Inbred line

NCB280 Black Mesoamerican IIB Inbred line

RADICAL Red Andean 1 Commercial variety

SAB 618 Red mottled Andean I Inbred line

SAB 659 Red mottled Andean I Inbred line

SAB 686 Cream mottled Andean 1 Inbred line

SAP 1-15 Red mottled Andean 1 Inbred line

SEF 10 Red Mesoamerican IIA P. vulgaris x P. coccineus x P. acutifolius
interspecific line

SEF 60 Red Mesoamerican IIA P. vulgaris x P. coccineus x P. acutifolius
interspecific line

SER 118 Red Mesoamerican IIA Inbred line

SMR 139 Red Mesoamerican 1B Inbred line Biofortified

VAX 1 Cream striped Mesoamerican I B Inbred line

photosynthetic performance of different genotypes of
common bean as affected by the microclimatic
conditions in which they were grown, the above data
collected were adjusted to the hyperbolic Michaelis—
Menten model to determine different parameters
derived from the A/PAR curves as light-saturated A
(Amax), light compensation point (LCP), dark respira-
tion rates (Ry), and light saturation point (LSP). The
quantum yield of photosynthesis (OPAR) was

determined from the slope of the initial linear portion
of the A/PAR curve.

2.5 Biomass, grain yield, yield components
and indices of partitioning of dry matter

To evaluate performance, destructive sampling was
conducted in the central part of each plot, the pods of
the harvested plants were threshed, and the grains were
cleaned and dried to determine grain yield (kg ha™").

@ Springer
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The weight (g) of 100 seeds was quantified with a
random homogenized sample. During mid-pod filling,
a destructive sample was collected on a 0.5 m row
segment (equivalent to an area of 0.3 m?) per plot. A
total of three plants were sampled to determine total
canopy biomass (CB). At harvest time, another
destructive sampling was conducted (0.5 m row seg-
ment, three plants), and the dry weight of leaves, stems,
pods and seeds were recorded. The seed number per
area (SNA) and pod number per area (PNA) were
recorded. The following indices were determined
(Beebe et al. 2013): pod partitioning index (PPI), pod
biomass dry weight at harvest/total canopy biomass
dry weight at mid-pod filling x 100; pod harvest index
(PHI), seed biomass dry weight at harvest/pod biomass
dry weight at harvest x 100; and harvest index (HI),
seed biomass dry weight at harvest/total canopy
biomass dry weight at mid-pod filling x 100. Accord-
ing to Polania et al. (2016b), HI and PPI are calculated
using the CB value at mid-pod filling because,
supposedly, this is the time that reflects the genotype’s
maximum shoot vigor.

2.6 Data analysis

Fisher’s LSD test (p < 0.05) was used to conduct a
variance analysis using the determined variables.
Pearson’s correlation coefficient and Spearman’s rank
correlation coefficient were calculated in order to
determine significant relationships between variables.
The genotypes that responded best to acidic soil
conditions were determined using a scatterplot. Vari-
ables that affect grain production (pollen viability,
total canopy biomass, pod partitioning index, and seed
number per area) were plotted on the X axis. As the
dependent or response variable, grain yield was
plotted on the Y axis. Four quadrants were produced
by plotting the corresponding averages on each axis.
Genotypes in Quadrant 1 (top right box) responded
best to the conditions evaluated in the study. Geno-
types in Quadrant 3 (bottom left box) responded
poorly to the conditions evaluated in the study. All
analyses were performed using the statistical software
InfoStat (Di Rienzo et al. 2017).
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3 Results

3.1 Genotypic differences in agronomic
performance (yield and yield components)

Both soil and climatic conditions impacted the agro-
nomic performance of bean lines tested. Low soil pH
and Al toxicity impacted plant growth and develop-
ment and higher temperatures, particularly during the
night, impacted reproductive development of most of
the genotypes. Grain yield (GY) for the 31 genotypes
ranged between 359 and 1832 kg ha™', with an
average value of 849 kg ha™' (Table 2). Five lines
(SEF 10, NCB 280, BFS 143, ALB 213, SAB 686)
showed the greater values of GY under acidic soils and
high temperatures (Table 2), while the line SMR 139
was very sensitive with the lowest GY value. Total
canopy biomass (CB) was between 900 and
4822 kg ha™', with an average value of 2423 kg ha™"'.
Four lines (ALB 191, ALB 91, EMP 509 and BFS 81)
presented the greater values of CB under the condi-
tions evaluated in this study (Table 2). It was found
that some lines with higher values of GY did not show
greater values of CB (BFS 10 and NCB 280), while
lines such as ALB 191 and ALB 91 were contrasting
with greater values of CB but lower values of GY
(Fig. 2).

A negative relationship was observed between CB
and GY (Fig. 2). The values of seed number per area
(SNA) oscillated between 220 and 790 seeds, and the
lines ALB 213, BFS 10, BFS 143, and NCB 28
presented greater values of SNA than the other
genotypes under acidic soil and high temperatures
conditions. These lines also presented higher values of
pod number per area (PNA) (Table 2). Additionally,
these genotypes exhibited a positive relationship
between GY and SNA (Fig. 3). The line SAB 659
showed the highest value for the 100 seeds weight
under high temperatures and acid soils, followed by
ICA QUIMBAYA, SAB 686, CALIMA, and SAP
1-15. Genotypes ALB 191 and SMR 139 produced the
fewest pods (Table 2). The negative relationship
between CB and GY, allowed to identify lines with
poor adaptation to acidic soils and high temperature
conditions, despite having greater values of CB.
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Table 2 continued

Genotype
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%)

25

774
359
519
849

8.0
32

98.2

480.9
221.9

34.6 75.2

1200
3147
3381

85.6

70
71

44
45

SER 118

24.5

453

67.4

9.2

68.2

SMR 139
VAX 1

20.6

75.5
91.8

369.9

449.5

73.1

91.7

85.

73
73

47

26.5

6.5

5.1

< 0.001

235 7

2423

49

Mean

< 0.001 <0.001

< 0.001

0.01

0.01

< 0.001 0.01 0.1875 0.01

< 0.001

p value

3.2 Phenological differences (days to flowering
and days to physiological maturity)
among genotypes

Days to flowering (DF) values ranged between 41
and 59 days after sowing. The lines A 801, ALB
214, ALB 60, EMP 507, EMP 509, SMR 139 and
VAX 1 showed the shorter time to flowering under
acidic soil and high temperature than the other lines
evaluated. While the lines CALIMA, CAL 143, ICA
QUIMBAYA, RADICAL, SAB 618, SAB 686, SAB
659 and SAP 1-15 showed the values of DF under
the conditions evaluated. Regarding days to physi-
ological maturity (DPM) the lines BFS 10, NBC
280, SEF 60, A 801, SEF 10 and BFS 35 showed
lower values of DPM while the lines CAL 143, SAB
686, ALB 191 and EMP 509 needed more number of
days to reach maturity. An analysis of the relation-
ship between DPM and GY showed that genotypes
with a greater GY displayed lower values of DPM
(Fig. 4).

3.3 Genotypic differences in physiological
attributes (biomass partitioning,
photosynthetic characteristics and viability
of pollen)

Light response curves are indicative of the impact of
light on the 31 genotypes tested, as there were
significant differences (p < 0.05) in photosynthetic
characteristics among genotypes tested. In this aspect,
the line SAP 1-15 exhibited the best level of
physiological adaptation under the conditions of this
study, based on its photosynthetic capacity (A,,.,), its
lowest light compensation point (LCP), its highest
light saturation point (LSP), and lowest dark respira-
tion rate (R,) (Table 3, Fig. 5).

The pod partitioning index (PPI) exhibited a
distribution between 3 and 70%; the line SAB 659
being the most efficient at mobilizing its CB towards
pod formation (Table 2, Fig. 6). Other lines such as
BFS 10, BES 143, ALB 213 and NCB 280 also showed
greater values of PPI (Fig. 6). The pod harvest index
(PHI) values ranged between 56 and 81%. All the lines
except ALB 191 mobilized more than 60% of their pod
biomass towards seed formation (Table 2, Fig. 7). The
HI values oscillated between 0.6 and 16%. The lines
SAB 686, SAB 659, SAB 618, ICA QUIMBAYA,
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RADICAL, and SAP 1-15 mobilized over 10% of
their CB toward seed formation (Table 2).

An average value of viability of pollen of 85.7%
was observed for the 31 bean lines tested (Table 2).
The SEF lines showed 95% viability of pollen under
high temperature and acidic soil conditions. A total of
22 lines showed values greater than 80% for viability
of pollen. Genotypes such as SMR 139, SAB 618, and
ICA QUIMBAYA showed values of viability of
pollen below 75%, the line SMR 139 showed the
lowest value of 68.2% (Table 2).

3.4 Correlation analysis

Viability of pollen was negatively correlated with the
100 seed weight (SW) (Table 4). Total value of CB
was negatively correlated with PPI, HI and SW
(Table 4). GY was positively correlated with PPI,
PHI, HI < SW and SNA (Table 4).

4 Discussion

4.1 Identifying high performing lines that are
adapted to acidic soil

Canopy biomass (CB) may indicate a higher growth
rate for a genotype, due to greater CO, fixation,
nutrient assimilation, and efficient use of water
(Polania et al. 2016a), where greater accumulation of
assimilates will be reflected in a higher growth rate of
the crop (Bringham 2001; Polania et al. 2016a). For
the genotypes tested, it was found that those (BFS 10
and NCB 280) that exhibited adaptation to acidic soils
and high temperatures (Assefa et al. 2013; Polania
et al. 2016b) also exhibited lower values of CB,
probably due to the water deficit caused by the dry
period at the beginning of the crop’s development
(Fig. 2). This effect causes not only reduced root
elongation due to Al toxicity but also a decrease in leaf
water potential, thereby inducing the closure of
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Fig. 4 Relationship between grain yield (GY) and days to
physiological maturity (DPM). Genotypes with greater values of
GY and DPM under acidic soil and high temperature conditions
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are shown in the upper right quadrant. Two very early maturing
and high yielding genotypes are shown in the upper left hand
quadrant
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Table 3 Photosynthetic variables derived from net rates of
photosynthesis (A) in response to light curves [A;.« (Lmol
(COy) m2 s1): rate of photosynthetic carbon assimilation

saturation point; LCP (umol (photons) m™2 sfl): light com-
pensation point; ®PAR (mol (CO,) mol -1 (photons)):
quantum yield of photosynthesis]; and Rd (pmol (CO,)

(per area and mass); LSP (umol (photons) m 257, light m~2s7Y): dark respiration]

Genotype A ax LCP LSP Dpgyy Ry

A 774 20.78 £+ 0.87 22.16 £ 12.21 401.52 + 28.53 0.0018 £ 0.0002 0.86 + 0.52
A 801 2147 £ 044 27.94 £+ 5.96 388.19 £+ 13.75 0.0019 £ 0.0001 1.19 + 0.28
ALB 191 18.81 £ 0.31 25.16 £+ 4.92 354.44 + 11.52 0.0021 £ 0.0001 1.02 + 0.22
ALB 210 17.99 + 0.82 4546 + 12.04 380.81 £ 32.52 0.0021 £ 0.0003 1.77 £ 0.55
ALB 213 18.32 £ 0.18 31.51 £ 2.71 349.77 +£ 7.13 0.0022 £ 0.0001 1.32 £ 0.13
ALB 214 19.35 £ 0.33 23.88 £ 5.14 362.52 + 11.94 0.0021 £ 0.0001 0.97 + 0.23
ALB 60 15.46 £ 0.33 48.59 £ 5.53 339.26 + 15.47 0.0024 £+ 0.0002 1.91 £ 0.26
ALB 91 20.26 £ 0.53 24.98 + 7.68 350.59 + 18.64 0.0021 £ 0.0002 1.11 £+ 0.38
BES 10 17.73 £ 0.32 4783 £ 4.83 343.48 + 12.54 0.0023 £ 0.0001 2.13 £ 0.25
BFS 142 16.81 £+ 0.44 39.44 + 7.32 357.68 + 19.26 0.0022 £+ 0.0002 1.51 £ 0.32
BFS 143 15.92 £+ 0.57 31.12 £ 10.24 324.49 + 26.29 0.0024 £+ 0.0003 1.22 £+ 0.46
BFS 35 19.23 £ 045 18.87 £ 6.07 345.26 + 14.06 0.0021 £ 0.0001 0.79 £ 0.27
BFS 81 19.31 £ 0.32 1545 £ 5.18 324.07 £ 11.55 0.0023 £ 0.0001 0.68 £ 0.25
CAL 143 15.42 £ 0.79 31.69 £+ 14.49 354.34 £+ 38.04 0.0022 £+ 0.0004 1.08 £+ 0.57
CALIMA 19.99 £+ 0.24 23.16 £ 3.53 370.32 £+ 8.42 0.0020 £ 0.0001 0.95 + 0.16
EMP 507 17.62 £ 0.38 28.61 £+ 6.22 327.69 £+ 15.27 0.0023 £+ 0.0002 1.21 + 0.33
EMP 509 14.28 £+ 0.52 16.94 £+ 10.63 255.43 £+ 28.21 0.0029 £+ 0.0004 0.72 + 0.51
G 21212 21.44 £+ 049 29.72 £ 6.15 416.04 + 15.52 0.0018 £ 0.0001 1.17 £ 0.27
ICA QUIMBAYA 24.04 £+ 0.49 30.69 £ 5.61 406.96 + 13.35 0.0018 £ 0.0001 142 £ 0.29
MAM 38 16.77 £ 043 48.61 + 6.85 371.77 + 18.28 0.0021 £ 0.0002 1.84 £+ 0.31
NCB 280 20.52 £+ 0.93 19.78 £ 13.76 367.93 £+ 32.57 0.0020 £ 0.0003 0.82 + 0.63
SAB 618 18.98 £+ 0.61 17.44 £ 9.51 348.84 + 22.48 0.0021 £ 0.0002 0.72 + 042
SAB 659 19.89 £ 0.51 45.75 £ 6.79 379.35 +£ 18.16 0.0021 £ 0.0002 1.98 + 0.34
SAB 686 16.28 £+ 0.82 23.44 + 13.88 466.88 + 34.81 0.0016 £+ 0.0002 0.61 + 0.39
SAP 1-15 26.58 + 0.65 9.76 + 7.22 476.09 + 14.88 0.0015 £ 0.0001 0.39 + 0.32
SEF 10 18.48 £+ 0.48 53.51 £+ 6.88 363.15 £+ 18.96 0.0022 £ 0.0002 2.35 £ 0.36
SEF 60 19.44 £+ 047 21.77 £ 7.24 352.81 + 16.69 0.0021 £ 0.0002 091 £ 0.33
SER 118 1547 £+ 0.85 41.55 + 15.19 359.87 £+ 43.16 0.0022 £ 0.0004 1.47 £+ 0.63
SMR 139 19.72 £ 0.59 41.84 £+ 8.04 400.55 + 20.77 0.0019 £ 0.0002 1.66 + 0.37
VAX 1 15.71 £ 0.52 24.35 £ 9.44 316.95 + 23.29 0.0024 £+ 0.0003 0.93 + 041
Mean 18.73 £ 0.52 30.36 + 8.04 365.23 £+ 20.19 0.0021 £ 0.0002 1.22 + 0.35
p-value < 0.001 < 0.001 < 0.001 < 0.001 < 0.001

stomata and reducing the rate of photosynthesis, and
accumulation of dry matter (Blum 2005, 2009; Rao
2014; Polania et al. 2016c) (Fig. 2). However, two
lines (ALB 91 and ALB 191) were found to be
inefficient in remobilizing photosynthates toward the
reproductive organs of the plant (Beebe et al. 2014)
(Fig. 2). These lines showed higher values of CB but

lower values of PPI and PHI. The negative relationship
between CB and GY (Fig. 2) showed that several lines
were not adapted to acidic soil and high temperature
conditions. These lines presented good values of
canopy biomass production but no pod and seed
formation, reflecting the negative effect of acidic soil
and high temperature on reproductive development
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Table 4 Correlation coefficients (r) between % viability of pollen, canopy biomass, grain yield, and other plant attributes of 31
genotypes of bean grown under conditions of heat and acidic soil and high temperatures

Variables % Viability of pollen Canopy biomass (CB, kg ha™") Grain yield (kg ha™")
% Viability of pollen 1 — 0.04 0.18
Canopy biomass (CP, kg ha™") — 0.04 1 —0.34
Pod harvest index (PHI, %) 0.19 — 0.15 0.68%**
Pod partitioning index (PPI, %) —-0.22 — 0.82%%% 0.55%%*
Harvest index (HI, %) - 035 — 0.74%%* 0.38*
100 seed weight (SW, g) — 0.41* — 0.38* 0.4*
Grain yield (kg ha™") 0.18 —0.34 1

Seed number per area (SNA) 0.35 —0.16 0.72%%3
Pod number per area (PNA) 0.35 —0.16 0.72%#%*
Days to maturity —0.24 0.19 —0.03
Days to flowering 0.07 0.06 0.33
Amax 0.18 0.1 0.08
LCP 0.03 - 02 0.005
LSp 0.07 —0.13 —0.03
DPAR — 0.02 0.03 0.02
Rd 0.06 —0.18 — 0.01

Mean values were used in the correlation analysis and *, **, and *** represent probability levels of significance of 0.05, 0.01, and
0.001, respectively
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and photosynthate remobilization. In other crops, such
as cereals, it has been reported that HI becomes
limited, which causes that genetic gains in yield may
depend on whether there is an increase in CB
(Bingham 2001; Polania et al. 2017). However, it
should be taken into account that CB values are
underestimated because these are taken at the time
when the plant’s greatest vigor is seen and that an
additional increase in dry matter can occur from mid-
pod fill to physiological maturity, depending on the
presence or not of rain (Polania et al. 2016¢, 2017).
The effect of heat was evident in the majority of
the genotypes, affecting grain filling. The genotype
BFS 10, was outstanding in the capacity of assimilate
mobilization to pod and seed formation as reflected by
its greater values of SNA and PNA (Omae et al. 2006)
which, in turn, is correlated with a higher grain yield
(Fig. 3).

4.2 The importance of earliness for escaping stress
induced by high temperatures

The number of days to flowering (DF) were high in
some genotypes because of poor adaptation to these
conditions (Polania et al. 2016b). Under abiotic stress
conditions the plants tend to show phenological
plasticity by adjusting the days to physiological
maturity (DPM) as an escape mechanism (Porch and
Jahn 2001; Suzuki et al. 2001). This was evident for
some genotypes (BFS 10, NCB 280, SEF 10, SEF 60,
and BFS 35), that showed a negative correlation
between GY and DPM under acidic soil and high
temperature conditions (Table 4). Likewise, recent
studies also showed that some early maturing common
bean genotypes are very efficient in mobilizing
photosynthates from vegetative structures to develop-
ing grain thereby resulting in greater grain yield per
day (Rao et al. 2013; Beebe et al. 2014). With respect
to the negative relationship between GY and DPM,
these studies also suggested that a rapid accumulation
of CB combined with greater values of water use
efficiency due to greater mobilization of photosyn-
thates to grain make these early maturing genotypes
resistant to drought stress (Polania et al. 2016b).
According to Assefa et al. (2015, 2017), DPM values
generally decrease under conditions of stress, reducing
the growth cycle of the crop and increasing yield per
day. The lines BFS 10 and NCB 280 showed earliness,
with the highest GY values (Fig. 4). In this light, the
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adaptation of DPM to environmental factors is con-
sidered as an important trait for improving the
resistance of the common bean to both stresses of
acidic soil and high temperature (Assefa et al. 2015).

4.3 The role of net photosynthesis
and photosynthate remobilization
in improving adaptation to stress

High radiation levels allow genotypes to perform at
their maximum photosynthetic capacity. According to
Bingham (2001), when the supply of water and
nutrients is adequate, CB accumulation is determined
by both the amount of solar radiation intercepted by
the canopy and the efficiency of its conversion into dry
matter. Furthermore, a 33% increase in leaf photo-
synthesis can translate into an 18% increase in
biomass and only a 5% increase in grain yield, or a
— 6% change in grain yield in the absence of
additional nitrogen (Long et al. 2006; Traub et al.
2017). Different studies (Polania et al. 2016a; Rao
etal. 2013, 2017) have reported that CB accumulation
has a certain sensitivity to stress over time, which can
reduce transpiration and photosynthesis. We found
evidence for this observation in the present study since
most of the lines showed higher degree of sensitivity to
stress conditions. When CB values were correlated
with A, values, two lines ALB 191 and ALB 91
showed very high positive association (Fig. 5). The
response of line SAP 1-15 in its CB production
(Fig. 5) was outstanding, possibly because of its
ability to alter its biomass partitioning in favor of root
growth to acquire more water and nutrients (Polania
et al. 2017), which could be an exceptional physio-
logical response to adapt to Al toxicity and acidic soil
conditions (Table 3).

It has been indicated that the efficient remobiliza-
tion of photosynthates or greater dry matter partition-
ing with respect to grain yield could be an important
physiological mechanism for tolerating high temper-
atures (Assefa et al. 2015). Likewise, indices such as
PHI, PPI, and HI are important to analyze changes in
dry matter partitioning into pods and grains (Assefa
et al. 2017), since they are crucial to the varietal
development of the selected genotypes that are
resistant to stress (Beebe et al. 2013; Polania et al.
2016a; Assefa et al. 2013, 2017). When PPI values
were plotted against GY values, lines such as BFS 10,
BFS 143, ALB 213, and NCB 280 exhibited a positive
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Fig. 8 Relationship between grain yield (GY) and viability of pollen (VP). Genotypes with the greater values of GY and VP under
acidic soil and high temperature conditions are shown in the upper right quadrant

relationship (Table 3), indicating their improved
capacity to partition greater quantities of biomass into
the formation of pods from vegetative plant organs
such as leaves and stems thereby resulting in greater
values of HI and PPI (Omae et al. 2006, 2012; Rao
etal. 2017) (Fig. 6). However, genotypes with a higher
values of PPI did not always resulted in higher values
of GY due to poor grain filling. In this regard, other
researchers also suggested that under field conditions,
this observed decrease in GY is due to a decrease in
formation of pods and grains, which itself is caused by
high temperatures, among other factors (Porch and
Jahn 2001; Omae et al. 2006, 2007, 2012). We found
similar response for the lines SAB 659, SAB 618, and
SAB 686 (Fig. 6).

The capacity to mobilize photosynthates from the
podwall to the seed has been evaluated using PHI as a
measure (Polania et al. 2016¢). When the mean values
of PHI were plotted against GY values, five lines BFS
10, NCB 280, BF 143, ALB 213, and SAB 686 showed
a combination of greater values of PHI and GY
(Fig. 7), confirming the importance of the contribution
of the mobilization of photosynthates from the pod
wall to the grain (Rao et al. 2013; Beebe et al. 2014;

Assefa et al. 2015; Polania et al. 2016¢, 2017). Assefa
et al. (2017) indicated that greater partitioning of
biomass towards reproductive growth is an adaptive
response of stress resistant genotypes. Similar obser-
vations were made by Polania et al. (2016b), where
under stress PHI and GY values showed a highly
significant correlation. Four lines (ALB 191, EMP
509, SMR 139) exhibited a phenomenon known as
“lazy pod syndrome” due to their limited performance
in mobilizing the photosynthates from podwall to seed
(Beebe et al. 2009, 2013; Assefa et al. 2017; Polania
et al. 2016a) (Fig. 7). Regarding the two SAB lines
(SAB 686 and SAB 618) although they did not stand
out, it is worth noting that these lines could be further
improved in their GY values under stress by improv-
ing their PHI values (Polania et al. 2016b). These
results agree with previous studies where it was
suggested that PHI (Assefa et al. 2017) could serve as a
criterion to improve bean resistance to stress by its
simple measurement and significant correlation with
GY (Assefa et al. 2013; Rao et al. 2013; Beebe et al.
2014; Polania et al. 2016a, 2017; Rao et al. 2017).

In general, the indices of photosynthate remobi-
lization (HI, PHI, and PPI) were positively and
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significantly correlated under conditions of acidic soil
and high temperature, indicating their usefulness for
improving stress resistance in common bean. This is
because of the simplicity of measuring them, their
significant correlation with GY, and their high heri-
tability (Assefa et al. 2013, 2017; Rao et al.
2013,2017; Assefa et al. 2017). The poor performance
observed with some lines was due to the presence of
the angular leaf spot disease together with higher
values of relative humidity, precipitation and temper-
ature during the experimental period. The yield losses
due to this disease can be 40-80% under humid
conditions that favor the development of the fungus
(Ledn 2009).

4.4 Tdentification of lines that combine desirable
attributes for tolerance to acidic soil and high
temperature

Studies on viability of pollen under tropical moist
climactic conditions allow for the identification of
genotypes that are adapted to stress induced by high
temperatures (Suzuki et al. 2001). Two lines (SEF 10
and SEF 60) exhibited very high values of viability of
pollen but their grain yield was not that high (Fig. 8),
possibly due to the abscission of flowers and detach-
ment of fertilized ovules caused by high temperatures
or due to their poor adaptation to acidic soils (Porch
and Jahn 2001).

Once a high viability of pollen and good grain yield
are achieved at high temperatures, other mechanisms
that are directly correlated with production become
important, including biomass production, partitioning
of assimilates, and formation of pods and grains per
area (Suzuki et al. 2001; Hernandez et al. 2007; Omae
et al. 2007). The impact of high average nocturnal
temperatures on pollen viability is due to damage in
the structure of the endoplasmic membrane that
impedes the function of the anther’s tapetum layer
(Suzuki et al. 2001; Omae et al. 2012). This provokes
degeneration and infertility in the pollen grain,
limiting the number of grains per pod and, hence, its
weight (Suzuki et al. 2001).

Our results on the correlation analyses and the
relationships between different plant attributes tested
indicate that adaptation to acidic soil and high
temperature conditions is related to viability of pollen,
earliness, greater plant growth, and better mobilization
of plant reserves toward pod and grain formation. Two
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genotypes, BFS 10 and NCB 280 were outstanding in
combining the desitable characteristics under com-
bined stress conditions of acidic soil and high
temperature.

5 Conclusions

Based on an evaluation of the agronomical, pheno-
logical, and physiological performance, lines such as
BFS 10, BFS 143, NBC 280, and ALB 213 demon-
strated greater level of adaptation to acidic soil and
high temperature with a desirable combination of plant
attributes such as CB, GY, A,,.«, PPI, PHI, SNA and
PNA. A few promising lines identified from this study
could serve as parents in bean breeding programs
designed to further improve the adaptation of the
common bean to stress conditions induced by a
combination of acidic soil and high temperature in
the humid regions of the tropics. Also the lines
identified could contribute to improve food and
nutritional security in the humid tropical regions of
Colombia.
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