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Abstract: Traits related to heat stress in bean species (Phaseolus spp.) have been insulfficiently explored
to date, yet studies of these traits are needed given that heat stress is predicted to become more
frequent and severe in many parts of the world because of climate change. In order to detect agro-
morphological and physiological traits related to heat stress and selection for resistance to heat stress, a
total of 196 bean genotypes including eight genotypes of tepary bean (P. acutifolius L.), five genotypes
of scarlet runner bean (P. coccineus A. Gray), two genotypes of year bean (P. dumosus Macfady),
five genotypes of lima bean (P. [unatus L.), and 176 genotypes of common bean (P. vulgaris L.) were
evaluated in 2019 and 2020 under moderate (field) and extreme heat stress (greenhouse) conditions.
Although most genotypes of P. acutifolius, P. lunatus, and P. coccineus were found to be more resistant
to heat stress than most genotypes of common bean, some genotypes of common bean were shown
to perform as well as P. acutifolius, P. lunatus, and P. coccineus. Biomass among agronomical traits had
the highest significant direct effects on the resistance to heat stress score. The maximum quantum
efficiency of PSII and SPAD values among physiological traits showed significant direct effects on the
resistance to heat stress score. Biomass, leaflet size, the SPAD value and maximum quantum efficiency
of PSII can be considered as heat stress-related traits, and, P. acutifolius, P. lunatus, P. coccineus,
and some genotypes of P. vulgaris can be considered for exploitation in a heat stress tolerance
breeding program.

Keywords: Phaseolus spp.; heat stress; SPAD value; maximum quantum efficiency of PSII; biomass;
physiological traits

1. Introduction

Although the bean genus (Phaseolus spp.) consists of 81 species, only five species
including tepary bean (P. acutifolius A. Gray), runner bean (P. coccineus L.), lima bean
(P. lunatus L.), year bean (P. dumosus Macfady), and common bean (P. vuigaris L.) have been
domesticated since pre-Colombian times for their dry or fresh beans and green pods [1-3].
Among the domesticated species, the common bean was reported to be dominant based
on sowing area and production quantity in the world [4]. Beans are the most widely
consumed grain legume in the world, providing an essential source of dietary fiber, starch,
protein, and minerals such as potassium, thiamine, vitamin B6, and folic acid for human
nutrition [5-7]. According to the Food and Agriculture Organization Statistical Database
(FAOSTAT), the production quantities for dry and fresh beans in 2020 were 27.6 and
23.3 million tons in the world, respectively [8]. This crop is highly consumed because
of its high protein content which is a substitute for animal protein difficult to access by
low-income households [9-11]. In developing countries, which are generally characterized
by limited inputs and resources, bean production faces biotic and abiotic stresses such as
diseases, pests, drought, low soil fertility, and heat stress. In developed countries, however,
these stresses are removed through the use of expensive inputs such as pesticides, fertilizers,
and irrigation [9]. Unfortunately, the use of such inputs seriously affects profitability and
sometimes has negative effects on the environment. Abiotic and biotic constraints are
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therefore a serious limiting factor affecting bean production worldwide and constitute a
major risk to food insecurity.

Among the abiotic constraints likely to impact plant production in general and beans in
particular, heat stress is revealed as a serious factor that should provoke concern [10,12-14].
It affects a range of processes, including physiological, growth, developmental, yield, and
quality. Our review highlights the need for more information on the interactive effects
of these stresses, particularly when they occur in combination [15]. Heat stress occurs
when organisms are exposed to temperatures above their normal optimum for a prolonged
period. This disrupts cellular homeostasis and can lead to delayed growth, development, or
even death. Plants are particularly vulnerable to heat stress as they are sessile and exposed
to high temperatures for extended periods [16,17].

At 3542 °C, heat stress reduces photosynthesis below enzyme kinetics expectations by
disrupting the complex biochemical reactions in photosynthesis, including the functioning
of chloroplasts and enzymes. The mechanism is unclear but is believed to involve damage
to the photosynthetic apparatus, changes in membrane fluidity, and alterations in enzyme
activity [18]. At high temperatures above 45 °C, photosynthesis is severely impaired, and
irreversible damage occurs to the plant’s cellular machinery. However, some plants are
more tolerant of high temperatures than others, and these species have evolved various
adaptive mechanisms to cope with heat stress [19]. These include the production of
heat-shock proteins, which protect cellular components from damage caused by high
temperatures, and changes in membrane lipid composition, which help maintain membrane
fluidity and stability at high temperatures [20-23]. In addition to photosynthesis, heat
stress can also affect other biochemical processes in plants, including respiration, protein
synthesis, and lipid metabolism. These effects can lead to changes in the plant’s metabolism,
growth, and development, and can ultimately impact the plant’s ability to survive and
reproduce under high-temperature conditions. [22,24,25].

Bean production constraints and predicted future temperature increases due to climate
change are discouraging for producers [10,11,20,26,27]. Studies show global temperatures
have risen by 0.8 °C since the 1880s, with an estimated increase of 0.15 to 0.20 °C per
decade, which will limit bean production in most countries [26]. Additionally, for every
1 °C increase in atmospheric temperature, crop species experience yield losses of around
9% [28].

To cope with these constraints, effective measures must be taken now, and among these
measures we advocate the development of new varieties of beans resistant to heat stress
and with high nutritive and productive potential [10]. According to the Intergovernmental
Panel on Climate Change (IPCC) report, the heat stress effect differs from region-to-region
in the world, and the effect of heat stress will be felt in the near future [29]. Different
countries and regions will require different measures and breeding approaches to develop
heat-resistant/tolerant beans. Traits related to heat tolerance are crucial for selecting new
beans under heat stress conditions. As global warming continues, about two-thirds of bean
production areas are expected to be affected in the next 30 years. Developing heat-tolerant
varieties could then increase the areas suitable for bean production by up to 54%. [14,24].
However, most studies are carried out under laboratory conditions and do not consider
the variability of the environment, which is an important factor in the process of plant
selection [14,21]. At the same time, direct and indirect associations between yield and
agro-morphological traits in beans were studied several times especially in the common
bean [30-33] using path analysis [34]. The path coefficient is a useful multivariate analysis in
detecting not only the direct contribution of yield criteria on seed yield, but also the indirect
contribution of other traits. However, the elucidation of direct and indirect relationships
between resistance to heat stress and agro-morphological traits and physiological traits, as
well, is an original topic to study [35]. Due to all of these reasons, this study was conducted
under both greenhouse and field conditions. The aims of this study were therefore (i) to
determine the agro-morphological, and physiological traits in relation to heat stress, (ii) to
elucidate the direct and indirect effects of these agro-morphological and physiological traits
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on resistance to heat stress using path analysis, and (iii) to compare Phaseolus species and
genotypes using the agglomerative hierarchical clustering analysis under moderate (field)
and extreme heat stress (greenhouse) conditions.

2. Materials and Methods
2.1. Plant Materials

In 2019, a total of 170 genotypes of common bean (P. vulgaris L.) were sown, while
in 2020, 196 genotypes of Phaseolus were sown, comprising of eight genotypes of tepary
bean (P. acutifolius L.), five genotypes of scarlet runner bean (P. coccineus A. Gray), two
genotypes of year bean (P. dumosus Macfady), five genotypes of lima bean (P. lunatus
L.), and 176 genotypes of common bean (P. vulgaris L.). Plant materials were mainly
obtained from the Biodiversity and Genetic Resources of the Aegean Agricultural Research
Institute (Turkiye), introduced plants from the National Plant Germplasm System (NPGS)
of the United States Department of Agriculture (USDA), and advanced breeding lines
(Table S1). Additional Phaseolus species in the second year were used to compare genotypes
for resistance to heat stresses. The assessment of different numbers of Phaseolus beans
depends on the available bean species and genotypes as studied by Blair, Soler [36] and
Buitrago-Bitar, Cortés [37].

2.2. Study Sites and Experimental Designs

The experiments were carried out in April 2019 and May 2020, which corresponds
to a period of two years, at the campus of Akdeniz University, Antalya, Turkey (30°38' E,
36°53' N, 51 m above sea level). Four experiments were conducted between May and
September of 2019 and 2020, respectively. The selection of these dates was based on the
summer season when the plants were exposed to the highest peaks in annual temperature.

The experimental design used was a randomized complete block design (RCBD) with
three replications in both the greenhouse and rainfed field. The spacing between plants in a
row and between rows in a plot was 20 cm and 100 cm, respectively. In the greenhouse, each
plot consisted of three plants, while in the field, each plot consisted of a row of 6 plants. To
minimize side effects, three plants in the middle of the plot were evaluated to collect data in
the field experiments. The seeds of P. acutifolius, P. coccineus, P. dumosus, and P. lunatus were
pre-germinated in the laboratory and then sown in the field and the greenhouse. Regular
watering was carried out to reduce the effects of drought stress, using a drip irrigation
system with a flow rate of 2 L per hour and 20 cm emitter spacing for each plant row. No
chemical treatment was applied during the study, and weeds were removed manually on a
regular basis.

The temperatures and relative humidity of the greenhouse and field were recorded
daily using the computer-assisted device MITHRA Clima Pro, manufactured by Nutricon-
trol, Spain. The growing conditions for the plants in the greenhouse were 85.87% mean
relative humidity and 12 h natural photoperiod.

2.3. Screening for Resistance to Heat Stress

For the screening of bean genotypes, we adapted the visual scale from the 1 to 9 scale
proposed by Canci and Toker [38] for the screening of chickpea resistance against heat and
drought stresses. Scores associated with this scale were assigned to genotypes according
to the following modalities: 1 = very highly resistant (free from high temperature effects,
very good plant vigor, early flowering and 100% pod set); 2 = highly resistant (good plant
vigor, early flowering and 90-99% pod set); 3 = resistant (good plant vigor, early flowering
and 75-89% pod set); 4 = moderately resistant (moderate plant vigor, early flowering and
60-74% pod set); 5 = tolerant (lack of plant vigor, medium flowering, poor plant flowering
and 45-59% pod set); 6 = moderately susceptible (lack of plant vigor, medium flowering
and 30-44% pod set), 7 = susceptible (lack of plant vigor, late flowering and 15-29% pod set);
8 = highly susceptible (lack of plant vigor, late flowering and 1-14% pod set); and 9 = very
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highly susceptible (no flowering, no pod set and 100% plant death). Genotypes were
assessed after the susceptible genotypes had scores of 7 or more than 7 on the visual scale.

2.4. Phenological Traits

Throughout the duration of the study, the bean genotypes were evaluated for phe-
nological traits including days to flowering (DF) and days to pod setting (DP). DF was
recorded as the time from germination to flowering, whereas DP was recorded as the time
from germination to first pod formation.

2.5. Morphological Traits

Plant height (PH) was measured as cm from ground to the top of the plant. The
number of stems per plant (NS) was counted as the number of main stems per plant. The
length of the middle leaflet in the third leaf (LL) from the top of the plant was measured as
leaflet length in mm, whereas the width of the middle leaflet in the third leaf (LW) from
the top of the plant was recorded as width in mm. The same leaflet was evaluated for the
length and width of the leaflet. Plant growth habit (GH) was detected as a determinate
or indeterminate growth habit for each genotype. All of these parameters were evaluated
according to the characteristics contained in the common bean descriptor proposed by the
International Board for Plant Genetic Resources IBPGR [39].

2.6. Agronomical Traits

Plant yield (PY) and plant biomass (PB) per plant were calculated as g for seed
weight with the pods of each plant and total dry weight of a plant based on a single
plant, respectively.

2.7. Physiological Traits

The fluorescence induction parameters of chlorophyll (Fo, Fm) were recorded in the
dark phase without detaching the leaves from the plants. These parameters were recorded
during the growth stage of the plant using a portable battery-powered fluorometer FluorPen
FP 100 series, manufacture by Photon Systems Instruments (PSI) in the Czech Republic.
For each sampled plant, the fully opened third leaf was fully wrapped for 20 min with
aluminum foil. After this time, the aluminum foils were carefully removed (avoiding
exposition of the leaf to light) by attaching clips constituting the support of the fluorometer.
The clips were fixed onto the leaf so that the recording was carried out on the upper (adaxial)
surface of the leaf. To maximize the effects of heat stress, the parameters were measured
between 1 and 3 pm when temperatures were the highest. With these parameters, the ratio
of the maximum quantum efficiency of photosystem II (PSII) was calculated according to
the formula:

Fv = Fm — Fo and Fv/Fm = (Fm — Fo)/Fm 1)

where Fv is the variation of the fluorescence, Fm the maximum fluorescence, FO the initial
fluorescence, and Fv/Fm is the ratio of the maximum quantum efficiency of PSII. These
parameters were measured using the modified method of [40].

To detect chlorophyll content (CC) of the leaves, the SPAD value was also determined
using a chlorophyll measuring device (SPAD-502 Plus, manufacture by Konica Minolta,
Tokyo, Japan). Measurements were taken during the growth stage on the 3rd fully open
leaf from the top of the sampled plants. The measurements were taken between 1 pm and
3 pm to have the maximum response of plant chlorophyll to heat. During the measurement,
the selected leaf was inserted into the spike of the SPAD-502 Plus so that the detector was
in contact with the upper face of the leaf (adaxial).

2.8. Data Analyses

All statistical tests were performed using the R version 3.6.1 statistical software with
the specific packages. Descriptive statistics for phenological, agro-morphological, and
physiological traits were calculated, and Kruskal-Wallis tests and Mann-Whitney U tests
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were performed to determine the magnitude of variation for all measured traits between
genotypes and trials, respectively. Agglomerative hierarchical cluster (AHC) analysis with
Ward’s method was performed in the R statistical software and APE package Version: 5.6-2
to group bean genotypes according to their heat stress resistance level. Path analysis [34]
was used to show direct and indirect relationships between heat stress resistance and
the studied traits [41]. Principal component analysis based on the differences observed
between the moderate heat stress and extreme heat stress conditions quantitative traits
was performed using FactoMineR which is an R package dedicated to multivariate data
analysis [42].

A generalized linear model with the restricted maximum likelihood (REML) was used
for data analyses following the formula:

Yij = B0 + B1X1i + 2X2j + B3 * X3ij + bi + €ij

where Yijj is the response variable (traits of Phaseolus genotypes). 30 is the intercept term.
1, 32, and B3 are the fixed effects associated with the explanatory variables X1i, X2j, and
X3ij, respectively. X1i represents the effect of the ith genotype. X2j represents the effect
of the jth heat stress condition (field or greenhouse). X3ij represents the interaction effect
between genotype i and heat stress condition j. bi is the random effect associated with
the ith genotype, assumed to follow a normal distribution with mean 0 and variance ob?.
eij is the residual error term assumed to follow a normal distribution with mean 0 and
variance 0.

At the end of the statistical analysis of each experiment, the homogeneity of error
variances for both sites was tested (Bartlett) and the combined analysis of the data was
conducted. The least significant difference (LSD, p < 0.05) was used to compare the mean
of phenological, agro-morphological, and physiological data for all bean genotypes in
each experiment.

3. Results
3.1. Climatic Parameters

Throughout the study period, maximum and minimum daily temperatures were
higher in the greenhouse than in the field. Maximum temperatures in the greenhouse were
noted as 43.4 °C in April, 47 °C in May, 52.2 °C in June, and 55 °C in July, while they were
recorded in the rainfed field as 24.6 °C, 33.4 °C, 39.7 °C, and 40.3 °C in April, May, June,
and July, respectively (Figure 1). The average daily temperature in the greenhouse and
the field increased steadily from planting date to harvest. Temperatures in the flowering
period started at 47 °C in the greenhouse and 37.2 °C in the field. The average daily relative
humidity (RH) was very variable in the field, while it showed some consistency despite
slight variations observed during the high temperature period in the greenhouse (Figure 1).
According to maximum temperatures, the trials carried out in the field and greenhouse will
be referred as to moderate heat stress and extreme heat stress conditions, respectively.

3.2. Soil Properties

Soil properties both in greenhouse and rainfed field trials were detailed before [35-37].
Nitrogen (N) and organic matter in both soils were detected to be at low levels. CaCO3
and pH were measured as 26.8% and 7.62, respectively. Iron (Fe) and zinc (Zn) contents
in both soils were found to be deficient because of the high pH of the soil. Remaining
recorded macro and micro plant nutrition elements were considered to be balanced for
bean production.
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Figure 1. Weekly mean, maximum and minimum temperatures (°C) from sowing time to harvest under
moderate heat stress (field) and extreme heat stress (greenhouse) conditions during 2019 and 2020.

3.3. Phenological Traits

The general phenological traits of the genotypes were determined and summarized
in Figure 2. In 2019 days to flowering (DF) was recorded between 34 and 81 days under
moderate heat stress (field) conditions and between 29 and 69 days under extreme heat
stress (greenhouse) conditions, while in 2020 it was found between 21 and 54 days under
moderate heat stress (field) conditions and between 29 and 41 days under extreme heat
stress (greenhouse) conditions. In 2019, days to pods setting (DP) was recorded between
40 and 77 days under moderate heat stress (field) conditions, whereas it was recorded
between 38 and 57 days under extreme heat stress (greenhouse) conditions. In 2020, on the
other hand, DP was recorded between 44 and 59 days under moderate heat stress (field)
conditions, whereas it was recorded between 33 and 58 days under extreme heat stress
(greenhouse) conditions. A significant difference of the mean DF was not observed under
moderate heat stress (field) conditions (47.7 days) and extreme heat stress (greenhouse)
conditions (48 days) in 2019 trials, while they show a significant difference in 2020 trials
(48.6 days in field and 34.7 days in greenhouse) (p < 0.05). The DP was significantly different
between moderate heat stress (field) and extreme heat stress (greenhouse) in 2019 (51.5 days
in field and 46 days in greenhouse) and 2020 (54.7 days in field and 40.5 days in greenhouse)
trials (p < 0.05).
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Figure 2. Variation for phenological traits including days to flowering (A) and days to pods setting
(B) in Phaseolus genotypes under moderate heat stress (field) and extreme heat stress (greenhouse)
conditions during 219 and 2020. Bars indicate means + standard errors.

3.4. Morphological Traits

Some morphological traits including the number of stems (NS) per plant, plant height
(PH), leaflet length (LL), and width (LW) were recorded under moderate heat stress (field)
and extreme heat stress (greenhouse) conditions on the bean genotypes (Figure 3). Except
for the mean of leaflets length, the morphological traits measured have presented a signif-
icant difference between moderate heat stress (field) conditions and extreme heat stress
(greenhouse) conditions.
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Figure 3. Variation for morphological traits including number of stems per plant (A), plant height
(cm) (B), leaflet length (mm) (C) and leaflet width (mm) (D) in Phaseolus genotypes under moderate
heat stress (field) and extreme heat stress (greenhouse) conditions during 2019 and 2020. Bars indicate
means + standard errors.
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During the 2019 trials, the mean number of stems per plant was 6.5 stems under
moderate heat stress (field) conditions and 5 stems under extreme heat stress (greenhouse)
conditions, it was recorded under moderate heat stress (field) conditions and under extreme
heat stress (greenhouse) conditions as 8.8 stems and 2.7 stems in 2020, respectively.

The mean plant height was 96.8 cm under moderate heat stress (field) conditions
and 82 cm under extreme heat stress (greenhouse) conditions in 2019, whereas it was
found as 143.5 cm and 66.6 cm under moderate heat stress (field) and extreme heat stress
(greenhouse) conditions in 2020.

The mean leaflet length was 80.8 mm under moderate heat stress (field) conditions and
60.3 mm under extreme heat stress (greenhouse) conditions in 2019, while it was detected
as 65.6 mm under moderate heat stress (field) conditions and 62.8 mm under extreme
heat stress (greenhouse) conditions in 2020. The mean leaflet width was 57.7 mm under
moderate heat stress (field) conditions and 44.6 mm under extreme heat stress (greenhouse)
conditions, whereas during the 2020 trials, it was 50 mm under moderate heat stress (field)
conditions and 44 mm under extreme heat stress (greenhouse) conditions (Figure 3).

3.5. Agronomical Traits

Plant yield and plant biomass of the bean genotypes significantly varied from moderate
heat stress (field) to extreme heat stress (greenhouse) conditions during the 2019 and 2020
trials (p < 0.05) (Figure 4). The mean of plant biomass was also higher in moderate heat
stress (field) conditions than that of extreme heat stress (greenhouse) conditions (55 g
in the field and 18 g in the greenhouse) in 2019 and (191 g in the field and 8.7 g in the
greenhouse) in 2020 trials. The means of plant yield were higher in moderate heat stress
(field) conditions than that of extreme heat stress (greenhouse) conditions in 2019 (30.8 g in
the field and 1.7 g in the greenhouse) and 2020 (94 g in the field and 3 g in the greenhouse)
in Figure 4.
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3
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8.7 16 3.0
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Figure 4. Variation for agronomical traits including plant biomass (g) (A) and plant yield (g) (B) in
Phaseolus genotypes under extreme heat stress (greenhouse) and moderate heat stress conditions
(field) during 2019 and 2020. Bars indicate means =+ standard errors.

3.6. Physiological Traits

The means of maximum quantum efficiency of PSII (Fv/Fm) and the SPAD value
showed a significant difference between moderate heat stress (field) and extreme heat stress
(greenhouse) conditions (p < 0.05). The means of maximum quantum efficiency of PSII were
higher in extreme heat stress (greenhouse) conditions (0.640 Fv/Fm) than that of moderate
heat stress (field) conditions (0.600 Fv/Fm) in 2019. In 2020, maximum quantum efficiency



Agriculture 2023, 13, 953

9 of 20

Maximum quantum efficiency of PSII

(Fv/Fm)

0.9
0.8
0.7
0.6
0.5
04
0.3
0.2
0.1

0.640

2018

of PSII was recorded in moderate heat stress (field) and extreme heat stress (greenhouse)
conditions as 0.730 and 720 Fv/Fm, respectively (Figure 5).
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Figure 5. Variation for physiological traits including Maximum quantum efficiency of PSII (A) and
chlorophyll content (SPAD) (B) in Phaseolus genotypes under moderate heat stress (field) and extreme
heat stress (greenhouse) conditions during 2019 and 2020. Bars indicate means + standard errors.

In both years, the measured parameters also showed a statistically significant differ-
ence among the genotypes (p < 0.05). The mean of the SPAD value showed a significant
difference between heat stress (field) and extreme heat stress (greenhouse) conditions
(p <0.05). The mean SPAD value was higher in moderate heat stress (field) conditions
(36.9 SPAD) than that of extreme heat stress (greenhouse) conditions (38.9 SPAD) in 2019.
In 2020, it was 37.9 and 29.3 SPAD under moderate heat stress (field) and extreme heat
stress (greenhouse) conditions, respectively (Figure 5).

3.7. Screening for Resistance to Heat Stress

According to Figure 6, the means of the values obtained from the visual scales for
resistance to heat stress were below 4 in the moderate heat stress (field) and below 6 in the
extreme heat stress (greenhouse) conditions in 2019. In 2020, these means were recorded as
7 on the value scale in both moderate heat stress (field) and extreme heat stress (greenhouse)
conditions. It was observed that the means of the visual scale for resistance to heat stress
were higher under extreme heat stress (greenhouse) conditions compared to moderate heat
stress (field) conditions. In both 2019 and 2020 trials, a significant variation in the screening
score for resistance to heat stress was observed among genotypes under both moderate
heat stress (field) and extreme heat stress (greenhouse) conditions (p < 0.05).

In the heat stress (field) conditions of the 2019 trials, nine genotypes were found to be
between 1-3 score, while in the extreme heat stress (greenhouse) conditions (Figure 6 B and C),
13 Phaseolus genotypes were identified as being between 1-3 score. Overall, Figure 6
showed that there were nine resistant Phaseolus genotypes, including G191 (P. lunatus),
G183 (P. acutifolius), G123 (P. vulgaris), G13 (P. vulgaris), G50 (P. vulgaris), G59 (P. vulgaris),
G192 (P. lunatus), G96 (P. vulgaris), and G181 (P. coccineus), with scores ranging from 1 to 3.
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Figure 6. Variation for resistance to heat stress (A) and number of plants for resistance to heat stress
in Phaseolus genotypes according to 1-9 visual scale under moderate heat stress (field) and extreme
heat stress (greenhouse) conditions during 2019 (B) and 2020 (C). Bars indicate means =+ standard
errors. Three-dimensional bars indicate the number of plants in 2019 and 2020.
3.8. Direct and Indirect Relationships of Measured Traits with Heat Resistance
Path coefficients of the direct and indirect effects of the measured parameters on
heat resistance obtained in moderate heat stress (field) conditions are given in Table 1.
Leaflet length (p = 0.230 *), the number of stems per plant (p = —0.185 *), and leaflet
width (p = —0.138 *) among morphological traits had significantly the highest negative
direct effects on resistance heat stress in bean genotypes. Among physiological traits,
the SPAD value (p = —0.073 *) and maximum quantum efficiency of PSII (p = —0.083 *)
had significantly the highest negative direct effects on resistance to heat stress. Among
agronomical traits, biomass (p = —0.058 *) had significantly the highest negative direct
effect on heat resistance of bean genotypes under moderate heat stress (field) conditions
(Table 1).
Table 1. Path coefficients of the direct and indirect effects of traits on resistance to heat stress in
Phaseolus genotypes under moderate heat stress (field) conditions.
Traits * DF DP PH NS LL Lw CC Fv/Fm PB PY
DF 0058  0474* 0040 —0006* —0018  —0.026  —0019  0.008 0023  —0.006
Dp 0.491 * 0.073 0.119 % -0.073 0.016 0.053 —0.025 —0.024 0.051 0.017
PH —0.049 0.140 * 0.014 0.279 * 0.422 * —0.133 * 0.103 * 0.065 0.285 * 0.010
NS —0.005 —0.061 0.199 * —0.185* —0.108 * 0.235* —0.033 0.024 —0.095 * 0.054
LL —0.022 0.019 0.430 * —0.155 * 0.230 * —0.241 % —0.005 0.280 * 0.191 % 0.000
Lw —0.023 0.046 —0.098 * 0.244 * -0.175* —0.138 * 0.085 * 0.051 0.081 * 0.034
CcC —0.015 —0.019 0.065 * —0.029 —0.003 0.073 * —0.073 * —0.003 —0.020 —0.004
Fv/Fm 0.007 —0.019 0.044 0.023 0.188 * 0.047 —0.003 —0.083 * —0.042 —0.008
PB 0.021 0.045 0.215* —0.101 * 0.141 * 0.083 * —0.024 —0.047 —0.058 * 0.018
16 —0.005 0.012 0.006 0.048 0.000 0.029 —0.004 —0.007 0.015 —0.010

DF: Days to flowering, DP: Days to pod setting, PH: Plant height, NS: Number of stems, LL: Leaflet length, LW:
Leaflet width, PB: Plant biomass, PY: Plant yield, CC: SPAD value, and Fv/Fm: Maximum quantum efficiency of
PSII, *: The value of the direct or indirect effect shows a significant difference (p < 0.05) between the two traits.
Bold data represent the direct effect of traits on resistance to heat stress, while the other data indicate the indirect
effects over the bold traits.

Path coefficients of the direct and indirect effects of the measured parameters on the
resistance to heat stress score obtained in extreme heat stress (greenhouse) conditions
were given in Table 2. Among morphological traits, plant height (p = —0.271 *), leaflet
length (p = —0.208 *), and the number of stems per plant (p = —0.207 *) had significantly the
highest negative direct effect on resistance heat stress score in bean genotypes, while the
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SPAD value (p = —0.145 *) had the highest direct and negative effects among physiological
traits. Among agronomical traits, biomass (p = —0.146 *) had the highest negative direct
effects on the resistance to heat stress score. Via biomass, the SPAD value (p = 0.210 *) had
the highest Indirect influence on the resistance to heat stress score (Table 2).

Table 2. Path coefficients of the direct and indirect effects of traits on resistance to heat stress in

Phaseolus genotypes under extreme heat stress (greenhouse) conditions.

Traits * DF DP PH NS LL Lw CC Fv/Fm PB PY
DF 0.014 0.165 * 0.013 —-0.089*  —0.055* 0.036 0.119* —0.064 0.039 0.023
Dr 0.164 * —0.057 0.008 —0.056 —0.033 0.003 0.143 * 0.081 * —0.024 —0.009
PH 0.013 0.009 —0.271*% 0.104 * —0.014 0.026 0.113* 0.151 % 0.129 * 0.002
NS —0.092 —0.058 0.106 * —0.207 * 0.031 —0.008 0.057 0.066 0.198 * 0.007
LL —0.214 % —0.128 —0.052 0.116 —0.208 * 0.864 * —0.087 0.195 * —0.034 —0.017
Lw 0.140 0.013 0.098 —0.032 0.863 * 0.015 0.227 * —0.102 0.106 —0.012
CcC 0.129 * 0.157 * 0.121 % 0.061 —0.024 0.064 * —0.140* —0.101* 0.210 * 0.015

Fv/Fm —0.062 0.079 * 0.144 * 0.062 0.049 * —0.025 —0.090 * —0.040 0.010 —0.025
PB 0.042 —0.026 0.137 * 0.208 * —0.009 0.029 0.207 * 0.011 —0.146 * —0.002
PY 0.021 —0.008 0.002 0.006 —0.004 —0.003 0.012 —0.023 —0.002 —0.018

DF: Days to flowering, DP: Days to pod setting, PH: Plant height, NS: Number of stems, LL: Leaflet length, LW:
Leaflet width, PB: Plant biomass, PY: Plant yield, CC: SPAD value, and Fv/Fm: Maximum quantum efficiency of
PSII, *: The value of the direct or indirect effect shows a significant difference (p < 0.05) between the two traits.
Bold data represent the direct effect of traits on resistance to heat stress, while the other data indicate the indirect
effects over the bold traits.

3.9. Principal Component Analysis

Principal component analysis-Biplot (PCA-Biplot) was performed to obtain more
reliable information on how to identify groups of genotypes with desirable traits associated
with heat sensitivity on the one hand and helps to differentiate significant relationships
between traits in other hand. Seven PCs out of a total twelve had eigenvalue >1 and
contributed to 98.31% of the total variability. We realized that from component 1 to
component 7 the percentage of contribution to variability was: 44.63%, 68.68%, 81.16%,
90.69%, 94.94%, 97.11%, and 98.31%, respectively. These variabilities were positively and
negatively affected by the different traits used. The main traits causing variability in the
different components were: biomass yield for PC1 (0.7), plant height for PC2 (—0.84), plant
biomass PC3 (0.57), plant yield for PC4 (—0.59), days to pods set for PC5 (—0.578), days to
flowering for PC6 (0.4), days to pods set for PC7 (—0.64), the SPAD value for PC8 (0.811),
fv/fm for PC9 (0.93), leaves’ widths for PC10 (0.78), the number of stems for PC11 (0.89)
and heat resistance for PC12 (0.91). This biplot demonstrated that most of the variation was
accounted for by nine main traits: Maximum quantum efficiency of PSII (Fluo), biomass
yield (PB), the number of stems per plant (SN), days to pods setting (DP), days to flowering
(DEF), leaflet length (LL), leaflet width (LW), resistance to heat stress score (HR), and the
SPAD value (CC) (Figure 7).

3.10. Agglomerative Hierarchical Clustering

The agglomerative hierarchical clustering (AHC) dendrogram was constructed using
Euclidean distance as the measure of dissimilarity between each genotype. This approach
considers each group as distinct from the others before deciding which groupings should
be joined. The clustering was performed using Ward’s method, which aims to minimize
the sum of squared differences within each cluster.

The resulting dendrogram was used to classify the genotypes into eight groups. The
first group contained two genotypes (G188 and G184), while the second group contained
36 genotypes. The third group contained eight genotypes, the fourth group contained
13 genotypes, the fifth group contained 55 genotypes, the sixth group contained 12 geno-
types, the seventh group contained four genotypes (G181, G191, G190, and G193), and the
eighth group contained 66 genotypes.
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Overall, the AHC dendrogram and the resulting genotype classifications were deter-
mined using a combination of Euclidean distance, Ward’s method, and the agglomerative

hierarchical clustering approach. (Figures 8 and S1).

PCA - Biplot

5 - 0
Dim1 (33.9%)

Figure 7. PCA-biplot of the contribution of the quantitative traits recorded on Phaseolus species
in the moderate and extreme heat stress growth conditions. The first two components explained
52% of the observed variation. The black, green, and yellow ellipses represent different groups of
genotypes with similar trait variation. The arrows are the vector of the eigenvalue which represents
the contribution of each trait. Arrow length and direction indicate trait magnitude and direction of

contribution, respectively. Longer arrows indicate greater trait contribution.

Figure 8. Circular agglomerative hierarchical clustering (CAHC) of Phaseolus genotypes under
moderate heat stress (field) and extreme heat stress (greenhouse) conditions and during 2019 and
2020. The numbers from 1 to 8 associated with a specific color represent the 8 groups of genotypes

showing little or no significant variation according to the given traits.
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4. Discussion

Phaseolus genotypes were exposed to excessive heat stress throughout their develop-
ment cycle in both greenhouse and field conditions. The heat stress increased gradually
as the plants grew, with the maximum temperature being reached during flowering and
pod filling. The stages of flowering and pod filling were particularly sensitive to heat
stress, resulting in a low rate of flowering and fruiting under extreme heat stress conditions
in the greenhouse. However, many genotypes that were unable to produce flowers and
pods in the greenhouse were able to produce well-filled pods under field conditions. The
daily maximum temperature in the greenhouse was 43.9 °C, while in moderate heat stress
conditions in the field, it was 29.2 °C. This is higher than the optimum growth temperature
for common beans, which is between 20 and 25 °C according to previous research [20-23].
The heat stress led to a significant reduction in yield under extreme heat stress conditions
in the greenhouse, compared to moderate heat stress conditions in the field.

According to the results of their works on faba bean (Vicia faba L.), Bishop, Potts [43]
reported some explanation of the reduction of yield as a result of the long exposure of
the plants to the heat stress. They stated that flowers were the most affected part of the
plant under heat stress conditions, due to reduced pollen viability and germinability in
many crop plants [44-49]. Many researchers demonstrated that although the male and
female reproductive organs of the common bean were the most sensitive to heat stress, the
male organs suffered more damage [20,50]. Heat stress can have negative effects on male
reproductive organs in plants, leading to a reduction in pollen maturation, germination, and
pollen tube formation. This, in turn, can result in a failure of pollination and subsequent
non-fertilization of eggs. In addition to environmental factors, the specific genetic makeup
of plants also plays a role in determining their ability to withstand heat stress. Quantitative
phenological traits, such as days to flowering, days to pod filling, and maturity time can
be used to assess the impact of heat stress on plant growth and development (Figure 2).
These traits can be influenced by both the plant genotype and environmental conditions.
Plants that exhibit early expression of these traits may have a greater tolerance to heat
stress, as they are able to escape from stress by reducing their duration of exposure to high
temperatures. The effects of heat stress on plant reproductive organs and growth can be
complex and multifaceted and depend on a variety of genetic and environmental factors.
Understanding these factors is important for developing strategies to mitigate the negative
effects of heat stress on crop production and yield [51-53]. Days to flowering and days
to pod filling were longer in moderate heat stress (field) compared to extreme heat stress
(greenhouse) in both years (Figure 2). Despite high temperatures in the greenhouse, the low
fruiting rate suggests that earliness was due to a low density of flowering and fructification.
Previous studies suggest that high temperatures can initiate certain developmental stages
and promote early growth in plants [31,54]. Three heat stress resistance mechanisms have
been identified: earliness, avoidance through protective morphological traits, and tolerance
through accumulation of heat-related solutes [55]. Early flowering Phaseolus genotypes
have an advantage in escaping heat stress as their critical stages occur before the high
temperature period in Figure 2 [56].

The expression of quantitative morphological traits of each genotype varies under
moderate and extreme heat stress conditions. This could imply that the effects of heat
stress on the growth and development of common beans are dependent on genotype, and
this information could be useful for breeding programs aimed at developing heat-tolerant
varieties. The grouping of common beans into determinate and indeterminate growth geno-
types could be helpful for understanding the growth habits of these plants. Determinate
genotypes have a limited growth period and produce a set number of pods, while inde-
terminate genotypes continue to grow and produce pods throughout the growing season.
This information could also be useful for breeding programs aimed at developing plants
with specific growth habits or yield characteristics [39]. The plant’s growth habit is a key
property that influences its tolerance to heat stress, allowing it to adjust growth in response
to low or high temperatures. In extreme heat stress conditions, some genotypes with a deter-
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minate growth habit produced mature pods, while climbing genotypes experienced flower
degeneration. Growth habits include indeterminate with erect/prostrate/semi-climbing
main stem, moderate indeterminate climbing, and indeterminate with main semi-climbing
stem [39,57,58].

There are two types of Phaseolus beans based on their size and the number of knots:
the dwarf type and the climbing type. Dwarf genotypes typically have between three and
ten knots on the main stem, with the stem always ending in a group of flowers. Once the
flowers are formed, growth stops. On the other hand, climbing types have 11 to 35 knots on
the main stem, and their stems grow in a climbing style, which can be either accelerated or
moderate depending on the case. These morphological differences between the two types of
common bean can have significant implications for their cultivation, as well as for their use
in cooking and nutrition [57]. On the other hand, other genotypes that are of indeterminate
type are not climbers and tend to spread on the ground [59,60]. Whether in one or the
other type, their size is strongly influenced by the interaction of genetic and environmental
factors [60]. However, these morphological characteristics may rather be the result of an
established natural adaptation resulting from genotype by environment interactions. In
this regard, Cortés and Blair [61] indicated that candidate genes such as DREB, ASR, and
ERECTA had associated with drought tolerance. It is possible that genotypes that exhibit
certain traits under extreme heat stress conditions have inherited genes responsible for
those traits through selective pressures. This is known as adaptation, where certain traits
become more prevalent in a population due to environmental pressures. However, it is
important to note that the acquisition of traits can also occur through genetic mutations,
recombination, and other mechanisms. It is also worth noting that while domestication
centers may be characterized by arid regions, not all wild species from these regions may
necessarily exhibit the same traits. Additionally, there could be other factors at play, such
as human selection for certain traits during the domestication process [61,62].

Yield losses due to heat stress were higher in extreme heat stress (greenhouse) con-
ditions than that of moderate heat stress (field) conditions and up to 100% in several
genotypes (Figures 4 and 6). Since the effects of heat stress have become different from
region-to-region in the world [29], Phaseolus beans that are resistant for extreme temperature
conditions will be needed as in this study. In this sense, average and extreme maximum
temperatures have not only increased in the southern part of Anatolia in the last years, but
rainfall was also recorded as irregular and insufficient [63]. The south part of Anatolia is
predicted to be one of the most heat-affected regions by climate change. Yield reduction
due to the heat stress effects was also similar to that which was explained by Nemeskéri,
Remenyik [64], who showed that a decrease in yield is the result of the alteration of the
reproductive organs, which are particularly affected by heat stress [20,26,65-67]. The role
of genes in the tolerance of bean species to heat stress is complex and can vary depending
on the specific species and trait being examined. Shonnard and Gepts [68] found that in
the case of the common bean, heat stress resulted in quantitative inheritance, meaning that
the inheritance of the trait was due to continuous variation in flower bud abortion and
reduced pod fill. They found that significant additive effects were present, suggesting that
selection for heat tolerance in common beans could be possible for these two traits. On the
other hand, in snap bean, a high rate of abscission in the reproductive organs in response
to heat stress was found to be controlled by major genes. This means that the inheritance of
this trait is determined by a small number of genes with significant effects, rather than by
continuous variation in multiple genes [65]. Our study has found that extreme heat stress
in the greenhouse led to both flower shedding and pod abortion, which resulted in the
lowest yield compared to moderate heat stress in the field. This observation is supported by
the data presented in Figures 4 and 6. It is important to note the impact of environmental
conditions on plant growth and development, and how extreme stress can significantly
affect crop yield. Further research may be needed to investigate ways to mitigate the
negative effects of heat stress on plant growth and yield in greenhouse conditions.
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Temperature is one of the most important environmental factors affecting plant growth
and development. The effects of temperature on plant growth and development can be
both direct and indirect. Direct effects of temperature include the stimulation of enzy-
matic activity and hormone production, which are essential for plant growth and develop-
ment. Indirect effects of temperature include changes in the humidity around the plants,
which can affect the water balance of the plant and its ability to carry out photosynthesis.
These direct and indirect effects of temperature can ultimately affect the phenological,
agro-morphological, and physiological traits of plants [54,69]. Plants thrive in a specific
temperature range, and anything outside of this range can be harmful to their growth and
survival. Temperatures above 45 °C can damage plant cells and lead to plant death, but
some temperatures can also benefit plants [69]. For instance, low temperatures can stimu-
late seed germination by inducing physiological changes. Coping with high temperatures
and environmental stress depends on both genetic and environmental factors. Certain
plant genotypes may adapt better and complete their life cycle faster in response to stress,
while others may be more vulnerable and prone to damage [31].

Due to more heat stress pressure in the greenhouse when compared to the rainfed
field, yield was zero for almost all genotypes, except for genotypes G191, G183, G123,
G13, G50, G59, G192, G96, and G181 with scores between 1.0 and 3.0. These results are in
agreement with those of da Silva, dos Reis [66]. P. acutifolius was more resistant to heat
stress among bean genotypes despite late flowering. For some species, such as tepary bean,
this can be explained by the fact that its origination from the arid regions between Mexico
and the United States would have undergone several selective pressures during which
it developed the mechanisms of adaptation to abiotic stresses such as drought and heat
stress [37,70]. This characteristic of tepary bean in comparison to the common bean could
be exploited to enrich the sources of hereditary trait variation in the improvement of the
bean against abiotic stresses in general and heat stress specifically. Genotypes of P. lunatus
and P. coccineus had escape ability because of early flowering (Figures 2 and 3). Sudrez,
Polania [71] identified that some genotypes of P. acutifolius, P. vulgaris, and lines derived
from inter- and intra-specific crosses between P. vulgaris X P. acutifolius and P. vulgaris x
P. acutifolius x P. coccineus had better adaptation to high temperature. This could prove
that the accessions of P. acutifolius used in this study would have the heat stress tolerance
genes since the tolerance of P. acutifolius could be associated with its highly adapted plant
architecture in drought prone environments [72], accompanying heat stress. As in the other
studies, some bean genotypes that were tolerant to heat stress were reported [65,73-76] and
these genotypes have been improved using intra- and inter-specific crosses of the common
bean, with other Phaseolus species including P. acutifolius, P. coccineus, and P. dumosus [71].

Path analysis has been suggested to show direct and indirect relationships between
agro-morphological traits of plants or yield components [30-33] and stress tolerance [41,77].
According to the available literature, this is the first study using the detection of direct
and indirect associations between resistance to heat stress and agro-morphological traits or
physiological traits using path analysis in Phaseolus species and genotypes [35]. Porch [21]
showed that the 100-seed weight, the number of pods per plant, and the harvest index
were agronomical factors that could better influence the yield when the plant is subjected
to heat stress. In this study, biomass had the highest effect on the heat resistance score
under heat stress conditions (Tables 1 and 2). Petkova, Denev [78] showed that heat stress
causes a loss of water in the cells and causes a narrowing of the leaves, as in this study.
These morphological traits are consistent with results reported by Rana, Sharma [79] in
the expression of genetic diversity in common beans. The SPAD values and maximum
quantum efficiency of PSII are physiological parameters that are strongly influenced by heat
stress and are important for classifying plant resistance to heat stress [24]. According to
path analyses, the SPAD values and maximum quantum efficiency of PSII as physiological
traits had the highest significant effect on heat stress resistance scores (Tables 1 and 2).
Maximum quantum efficiency of PSII has already been correlated with stresses in many
plant species [80,81] and were suggested as a considerable selection criterion under heat



Agriculture 2023, 13, 953

16 of 20

stress conditions [46,82]. As for physiological traits, the SPAD value and maximum quan-
tum efficiency of PSII can be considered as selection criteria for resistance to heat stress in
bean-breeding programs.

Principal component analysis of quantitative morphological traits revealed the main
traits that most affected genotypes’ variability between the most stressed (greenhouse)
and the least stressed (field). This is easy to understand because, due to heat stress in
the greenhouse, yields were zero for almost all genotypes. These results are in agreement
with those of Porch [21], da Silva, dos Reis [66] which showed that the 100-seed weight,
the number of pods per plant, and the harvest index were agronomic factors that could
better influence the yield when the plant is subjected to heat stress. P. coccineus species with
intermediate genotypes performed better in the field.

Correspondence between the morphological and agronomical traits and between
the genotypes led to the grouping of genotypes in four main clusters. In keeping with
our goal of identifying genotypes with heat stress tolerance traits, genotypes that had a
better expression of the different components of performance in a stressed environment
attracted the most attention. However, in field conditions, heat stress often coincides with
drought and exacerbates the effects of drought stress, making it difficult to establish a true
boundary between the two in terms of tolerance and allocation of biomass and yield [19,21].
Heat stress, usually occurring at the same time as drought stress, contributes to increased
drought damage [83]. In addition, the responses of plants to heat stress and drought are
the same as for other abiotic stresses. Lopez-Herndndez and Cortés [28] in their studies
isolated nine genes that they felt were associated with biological processes associated with
tolerance to high temperatures in common beans among which two transcription factors
in Pv08 and the YTH protein domains in Pv06 were involved in plant development, and
the response to abiotic stresses such as drought and heat. To get rid of the drought effects
on beans, plants were regularly irrigated in this study. Heat-related traits in this study
are considered to be introgressed from resistant donor Phaseolus beans into desirable bean
cultivars (Cortés and Lopez-Hernandez [84]). Like faba bean [85], the selected resistant bean
genotypes had direct growing potential under extreme heat stress conditions especially in
the Mediterranean region of Turkey as the second crop.

5. Conclusions

Heat stress significantly affected all quantitative agro-morphological traits in bean
plants, resulting in high-yield losses. However, some Phaseolus genotypes showed heat
resistance and continued to produce pods and seeds even in extreme temperatures. P.
acutifolius, P. coccineus, and P. lunatus genotypes were found to be superior to heat stress,
while some genotypes flowered earlier or later than usual. Traits such as biomass, plant
height, and the heat resistance visual scale favored better resistance to heat stress. Biomass,
leaflet length, and width had the highest significant direct effects on resistance to heat
stress, while the SPAD value and maximum quantum efficiency of PSII had a significant
direct effect on heat stress resistance. This variability and suggested traits can be useful in
plant breeding programs for improving heat stress resistance.
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the Phaseolus beans leaves (A and B), pods (C), and Whole plant (D). Table S1: Phaseolus bean geno-
types used for heat tolerance under moderate (field) and extreme (greenhouse) heat stress conditions.
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