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Abstract

Abiotic constraints, such as drought and heat driven by climate change, negatively
impact the production of the common bean (Phaseolus vulgaris L.), an essential grain
legume worldwide. The ability to tolerate drought and heat stress in common bean
can be improved by introducing genetic variation from related species, such as tepary
bean (Phaseolus acutifolius A. Gray), which has recently gained attention because of
its adaptation to drought and heat stresses and potential use as a genetic resource
and alternative crop. To better understand the phenotypic response of tepary bean
to drought and heat stress in multiple environments and trials and to select highly

and Environmental Sciences; California Dry
Bean Advisory Board; Alliance Bioversity

adapted tepary beans, we conducted two field experiments. In Experiment 1, we
and Centro Internacional de Agricultura compared the adaptation to drought stress of tepary bean (n = 10), common bean
Tropical (CIAT) (n = 10), and Lima bean (Phaseolus lunatus L.; n = 9) by assessing the reduction
in grain yield under terminal drought compared to well-irrigated conditions in two
California locations with arid summer conditions. Of the three species, tepary bean
showed the statistically strongest adaptation to terminal drought, followed by Lima
bean and common bean. In Experiment 2, we evaluated a set of 22 tepary beans

from contrasting origins for drought and heat stresses across multi-environment trials

Abbreviations: ALV, Alvarado, Colombia; ANOVA, analysis of variance; BLUE, best linear unbiased estimator; BLUP, best linear unbiased predictor;
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drought stress; FA1, factor analytic order 1; FA2, factor analytic order 2; GH, growth habit; G X E, Genotype X Environment; Ht, heat stress; Irr,
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USDA, United States Department of Agriculture; WRPIS, USDA-National Plant Germplasm System-Western Regional Plant Introduction Station; WSREC,
University of California West Side Research and Extension Center.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited and is not used for commercial purposes.
© 2024 The Author(s). Crop Science published by Wiley Periodicals LLC on behalf of Crop Science Society of America.

Crop Science. 2024,64:3399-3416. wileyonlinelibrary.com/journal/csc2 3399


https://orcid.org/0000-0001-6452-4979
https://orcid.org/0000-0003-3709-9131
https://orcid.org/0000-0003-1815-8028
https://orcid.org/0000-0002-9928-5282
https://orcid.org/0000-0002-3742-9930
https://orcid.org/0000-0002-1336-3199
https://orcid.org/0000-0002-1056-4665
mailto:plgepts@ucdavis.edu
http://creativecommons.org/licenses/by-nc/4.0/
https://wileyonlinelibrary.com/journal/csc2
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcsc2.21354&domain=pdf&date_stamp=2024-09-29

o

BARRERA ET AL.

(METs) in California, Nebraska, and Colombia, with common bean as a control. We
found a considerable variation in the tepary bean phenotypic response to these MET
conditions, as a result of a strong genotype X environment interaction. Also, we iden-
tified tepary bean accessions adapted to drought, heat, and well-irrigated conditions
across multiple climate zones. Understanding the performance of tepary bean across
multiple environments and identifying tepary beans with broad and target-specific

adaptation will maximize the potential use of the species.

Plain Language Summary

The effect of global warming on agricultural productivity can be potentially mitigated
by the choice of crops that are more drought and heat tolerant. Currently, the common
bean (Phaseolus vulgaris) is the most widely consumed grain legume, as a dry grain
or a snap bean, despite its drought and heat susceptibility. We examined whether
alternative domesticated relatives, the tepary bean (P. acutifolius) and the Lima bean
(P. lunatus), would be more tolerant to drought by comparing them in side-by-side
field trials in two locations of California’s Central Valley under irrigated conditions,
simulating terminal drought conditions. Results show that tepary bean and, to a lesser
extent, Lima bean are more tolerant of this type of drought conditions than common
bean. A further, in-depth study of tepary bean confirmed the superiority of tepary
bean. Nevertheless, it also showed intraspecific diversity for drought tolerance and

1 | INTRODUCTION

It has become abundantly clear that humanity is faced with a
rapid change in the global climate (IPCC, 2023). This change
is anthropogenic as it results in the sharply increased emission
of greenhouse gases, mainly carbon dioxide (CO,), methane
(CH,), and nitrous oxides (N,O), mainly since the Industrial
Revolution in the 19th century. Consequently, global surface
temperature has increased by 1.1°C since the 19th century.
Global greenhouse gas emissions have continued to grow
from 2010 to 2019, arising from various processes such as fos-
sil fuel energy use, land use and land-use changes, lifestyles,
and production and consumption patterns (IPCC, 2023). The
goal of limiting global warming to 1.5 or 2.0°C seems increas-
ingly unattainable. In addition, observed changes in extreme
weather events such as heatwaves, excessive precipitations,
and droughts are becoming increasingly frequent and con-
trast with the relative climate stability that characterized the
Holocene since the origins of agriculture (Bettinger et al.,
2009; Richerson et al., 2001).

The current episode of rapid climate change is reduc-
ing food and water security. Among the various agricultural
adaptation tactics to these conditions is adopting improved
cultivars and alternative crops, the two approaches being long-
term mainstays of crop improvement and being not mutually

the merit of breeding to achieve further drought tolerance improvement.

exclusive (Aratjo et al., 2015; Dwivedi et al., 2023; IPCC,
2023; Pathak et al., 2018). Global warming and drought stress,
two of the most critical constraints caused by climate change,
negatively impact the production of the common bean (Phase-
olus vulgaris L.) (Beebe et al., 2013), the main Phaseolus
domesticated species and one of the most widely consumed
legumes (Parker & Gepts, 2021; Parker et al., 2023). Pro-
longed environmental temperatures that surpass 20°C at night
and 30°C during the day disrupt the physiology of the com-
mon bean plant, leading to a significant yield reduction
(Shonnard & Gepts, 1994; Suérez et al., 2020). Similarly,
drought stress affects around 70% of the global regions where
the common bean is produced (Beebe, 2012). By 2050, the
suitable areas to grow common bean will be reduced by 50%
due to the dramatic increase in global warming and drought
stress (Beebe et al., 2011).

Although there have been efforts to improve the common
bean’s ability to tolerate high temperatures, these efforts have
mainly been focused on selecting genetic variability within
the same species under high temperatures in lowland tropical
areas (Rosas et al., 2000; Suarez et al., 2020) and select-
ing lines during seasonal heat stress in temperate climates
(Shonnard & Gepts, 1994). Similarly, the improvement of the
common bean’s ability to tolerate drought stress has primar-
ily focused on the selection of variability within the races
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Durango and Mesoamerica under semi-arid conditions in
North and Central America, as well as low seasonal precipita-
tion in the tropics (Beebe et al., 2013). However, these efforts
have still been insufficient to overcome the coming climate-
change-induced drought and heat stresses in common bean
and other crops (Parker et al., 2023; Yuan et al., 2023; Zabel
etal., 2021).

We posit here that the feasibility of choosing alternative
crops to mitigate the deleterious effects of global climate
change is facilitated when a phylogenetically closely related,
heat- and drought-tolerant crop can be chosen whether to
improve individual cultivars of the target crop or to intro-
duce a complementary, alternative crop. We seek to illustrate
this approach in the genus Phaseolus by comparing the heat
and drought tolerance of common bean (P. vulgaris L.) with
those of tepary bean (P. acutifolius; Federici et al., 1990;
Mwale et al., 2020; Pratt & Nabhan, 1988; Schinkel &
Gepts, 1988, 1989) and Lima bean (P. lunatus L; Garcia
et al., 2021; Martinez-Castillo et al., 2023). This is the first
study to our knowledge that compares the productivity of
three domesticated Phaseolus species under well-watered and
drought-stressed conditions.

The tepary bean species in the tertiary gene pool of the
common bean has recently gained special attention due to
its drought and heat tolerance. Because of its inherent adap-
tation to desert climates (Debouck et al., 2023; Nabhan &
Felger, 1978), the tepary bean has unique traits that con-
fer high drought and heat tolerance (Porch et al., 2022).
Some tepary beans tolerate very high temperatures in the
greenhouse (Rainey & Griffiths, 2005) and field evaluations
(Burbano-Erazo et al., 2021). Similarly, the tepary bean has
shown high levels of drought stress tolerance under controlled
conditions (Markhart, 1985) and field evaluations (Rao et al.,
2013). Therefore, the tepary bean is considered a vital genetic
resource to improve the common bean’s ability to tolerate
warmer and drier climates (Barrera et al., 2022; Beebe et al.,
2013; Burbano-Erazo et al., 2021; Cruz et al., 2023; Moghad-
dam et al., 2021; Mufioz et al., 2004). Tepary bean is also
considered an attractive alternative crop that could mitigate
climate change stresses (Moghaddam et al., 2021). How-
ever, the low production and consumption of tepary beans
worldwide have delayed breeding efforts to develop improved
cultivars with tolerance to biotic and abiotic stresses until
recently (e.g., Bornowski et al., 2023; Porch et al., 2022,
2023). Lima bean belongs to the quaternary gene pool of
common bean as it cannot be crossed to the latter species
(Parker & Gepts, 2021). Nevertheless, it is a species of
interest because of its broad adaptation to tropical regions,
including humid areas in the rainy tropics (e.g., the Yucatin
Peninsula and Central Africa) and arid subtropical areas (in
Brazil and Colombia) (Baudoin & Mergeai, 2001; Delgado &
Gama-Lopez, 2015).

Core Ideas

* Tepary bean is better adapted to heat and termi-
nal drought stresses than Lima bean and common
bean.

* The environment (location) influences the yield
response of tepary beans more than the stress
condition.

e Improved tepary beans performed better across
multiple environments than tepary landraces or
wild accessions.

* Tepary bean with broad adaptation is an essen-
tial source to improve common bean or as an
alternative grain legume.

We hypothesized that the original arid or hot environments
in which tepary and Lima beans originated would confer
adaptation across a broad swath of climates, especially in
comparison with common bean. To test this hypothesis, we
first conducted a terminal-drought evaluation of genotypes
of common beans, tepary beans, and Lima beans in two
locations in California with different climates, namely the
University of California, Davis (UC Davis), and the Univer-
sity of California, Agricultural and Natural Resources, West
Side Research and Extension Center (WSREC) during the
summer of 2016 (Experiment 1: Figure 1, Table 1). We define
terminal drought as drought stress affecting plants in the lat-
ter part of the growth cycle, especially from flowering (R6
stage) to physiological maturity (R9; Fernandez et al., 1983),
either because plants are growing solely under residual soil
moisture or because irrigation is limited or eliminated dur-
ing that period. This type of drought stress is most likely
to affect tepary and Lima beans in their respective natu-
ral habitats. This evaluation aimed to compare the terminal
drought responses of the three Phaseolus species and identify
potential inter- and intraspecific genetic variation for drought
tolerance.

Then, we evaluated 22 tepary genotypes at six locations
in Colombia and the United States (Experiment 2: Figures |
and 2, Table 2) in a multi-environment trial study (MET).
This MET study aimed to broaden the understanding of
the tepary bean performance across multiple temperate and
tropical environments and stress conditions. These condi-
tions involved drought stress and well-watered treatments in
climates ranging from humid tropical (Colombia) to arid,
hot environments (California’s inland valleys and Nebraska’s
Panhandle). We concluded this study by identifying tepary
beans that were broadly adapted across multiple locations as
well as drought and heat stress conditions.
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FIGURE 1

Geographic and climate distribution of field site locations. Climate symbols are from Beck et al. (2018); Rubel and Kottek (2010):

Af, tropical, humid; Bsk, arid, steppe, colder winter; Bwh, arid, desert, hot; Csa, temperate, dry and hot summer. DREC, Desert Research and
Extension Center; UCD, University of California, Davis; UNL, University of Nebraska Lincoln; WSREC, West Side Research and Extension Center.

2 | MATERIALS AND METHODS

2.1 | Drought evaluation of three
domesticated Phaseolus species (Experiment 1)

To compare the drought stress response among key domesti-
cated Phaseolus species, 10 genotypes of each of the common
bean and tepary bean and nine genotypes of the Lima bean
(Table S1) were evaluated under well-irrigated and termi-
nal drought conditions during the summer of 2016 in two
locations in California (Table 1). These 29 genotypes are
representative of the genetic diversity in these three species,
as they include representatives of the two domestications in
common and Lima beans (e.g., Garcia et al., 2021; Kwak &
Gepts, 2009) and their breeding status (landraces vs. improved
varieties). Field trials were conducted at the University of
California, Agricultural and Natural Resources WSREC (Bsk
climate, i.e., arid, cold steppe type climate, according to
the Koppen—Geiger classification: Beck et al., 2018; Peel
et al.,, 2007; Rubel & Kottek, 2010), and the University of

California, Davis, Plant Science Field Facility (UC Davis)
(Csa climate: temperate with hot, dry summer), which dif-
fer in altitude, soil type, and average weather data such as
precipitation, temperature, and relative humidity (Table 1).
The plant material was obtained from the seed inventory of
the Bean Breeding Program, Department of Plant Sciences,
University of California, Davis. Drought/irrigated field trials
in both locations were planted side by side in a row-column
randomized design with three replications. Individual plots
consisted of two 3 m-rows (50 seeds/row), spaced 0.76 m
apart. The drought stress was terminal, with irrigation reduced
by 50% at WSREC and 75% at UC Davis between flow-
ering and harvesting compared with the well-irrigated trial.
Trials were agronomically maintained using standard com-
mon bean commercial procedures (Long et al., 2010). To
control for spatial variability in each trial, best linear unbi-
ased estimators (BLUESs) and best linear unbiased predictors
(BLUPs) of yield (kg/ha) were fitted using the SPATs package
(Rodriguez—Alvarez et al., 2018) in the Mr. Bean App (Apari-
cio et al., 2019) (Figures 3 and 4). Genetic correlations of the
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from drought and well-irrigated trials planted at the University of California, Davis (UCD) and West Side Research and Extension Center (WSREC).
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Best linear unbiased predictors (BLUPs) of yield (kg/ha). Tepary beans (blue), Lima beans (red), and common bean (green). Data

from well-irrigated trial versus drought conditions. Data from trials planted at the University of California, Davis (UCD) and West Side Research and
Extension Center (WSREC). R, Pearson’s correlation coefficient *** p < 0.0001.

locations were obtained using the statistical program Echid-
naMMS (Gilmour, 2020). The analysis of variance (ANOVA)
was conducted using the Ime4 package (Bates et al., 2015)
in R (R Core Team, 2023). The model, which was fitted
with the Imer function (Bates et al., 2015), included species,
genotype, locations, and irrigation/drought treatment as fixed
effects. Analysis of variance (ANOVA) calculations utilized
the Kenward and Roger (1997) method for determining the
denominator degrees of freedom to enhance the accuracy of
F-tests and t-tests for fixed effects. Mean comparisons were
performed with the emmeans function using the Tukey test to
compare the estimated marginal means (Bates et al., 2015).

2.2 | Evaluation of tepary beans to drought
and heat stress throughout multi-environment
trials (MET) study (Experiment 2)

2.2.1 | Drought stress trials

To determine the drought tolerance of tepary beans across dif-
ferent environments, we evaluated 22 tepary bean genotypes
(Table 2) in three drought-stressed and well-irrigated trials in
three locations in 2017 and 2018. These 22 lines were chosen
to represent germplasm accessions or landraces (G entries)
and improved cultivars (Tropical Agriculture Research Sta-
tion [TARS]-Tep entries) (Table 2) and were selected from a
wide range of annual mean temperature and annual rainfall

(Figure 2). For the purpose of comparison, four P. vulgaris
breeding lines were also added (DOR, SEN, and SEF lines)

(Table 2). Field trials were conducted in a humid tropical envi-
ronment at the International Center for Tropical Agriculture
(now called Alliance Bioversity and CIAT), Palmira, Colom-
bia (DrPAL; Af climate); a semi-arid temperate environment
at the University of California, Davis, CA (DrUCD); and a
semi-arid temperate climate at the University of Nebraska,
Panhandle Research and Extension Center, Scottsbluff, NE
(DrUNL; Bsk climate) (Table 1). Trials were planted dur-
ing the summer seasons in the two temperate locations and
during the low precipitation season in the tropical location.
Environmental conditions such as altitude, soil type, and
weather data such as precipitation, temperature, and rela-
tive humidity differed across the three locations (Table 1).
Drought stress in Palmira was intermittent and moderate, with
water supply reduced by 28% compared to the well-irrigated
trial. Drought stress in Davis was terminal and severe, with
water supply to the crop reduced by ~75% compared to the
well-irrigated trial. Drought stress in Scottsbluff was termi-
nal and severe, with water supply reduced by 74% compared
to the well-irrigated trial (Table 1). Drought and well-irrigated
trials were planted side-by-side in a randomized complete
block design with three replicates in Palmira, Colombia
(PAL), five in Davis, CA (UC Davis), and two in Scotts-
bluff, NE. Individual plots in Davis consisted of two rows (50
seeds/row), 3 m long and 0.76 m apart; in Palmira, the tri-
als were planted in four-row, 3-m-long plots, spaced 0.6 m
apart; in Scottsbluff, trials were planted in two-row, 3.65 m-
long plots, spaced 0.6 m apart. Trials were agronomically
maintained using local, standard common bean commercial
procedures.
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2.2.2 | High heat trials

To evaluate the heat tolerance of tepary beans across different
environments, we evaluated the same 22 drought-tolerance-
tested tepary bean genotypes (Table 2) under heat stress in
three distinct locations in 2017 and 2018 (Table 1). It has been
reported that minimum temperatures (i.e., night temperatures)
above 20°C and maximum temperatures (i.e., day tempera-
tures) above 30°C negatively impact the yield production in
the common bean (Porch, 2006; Porch & Jahn, 2001). Thus,
locations above the 20/30°C night/day threshold were selected
to conduct the heat stress trials. Field trials were planted in two
hot and humid tropical locations in Alvarado (HtALV; Depart-
ment of Tolima, Colombia; Af climate) and Caribia (HtCAR,;
Department of Magdalena, Colombia; Af climate), and one
desert climate at the Desert Research and Extension Cen-
ter, University of California, Holtville, CA (HtDREC; Bwh
climate) (Table 1). Reduction of water supplied (by rainfall
and irrigation, Table 1) provided an additional environment
in Holtville that combined heat and drought stress. High heat
trials were planted at low altitudes in tropical locations and
during the summer season in the desert. Environmental con-
ditions such as altitude, soil type, and weather data such
as precipitation, temperature, and relative humidity differed
across the three locations (Table 1). Field trials were planted
in a randomized complete block experimental design, with
three replicates in all three locations. Plots in Alvarado con-
sisted of two rows (50 seeds/row), 3 m long, and 0.6 m apart;
in Caribia, the plots consisted of 4 rows (50 seeds/row), 3 m
long, and 0.6 m apart; in Holtville, California, plots included
2 rows (50 seeds/row), 3 m long, and 0.76 m apart. Trials
were agronomically maintained using standard common bean
commercial procedures.

2.3 | MET data analysis

The genotype X environment (G X E) interaction was modeled
using a linear mixed model known as factor analytic struc-
ture of order 2 (FA2) in ASREML-R 4 (Butler et al., 2017).
The variance matrix for the residuals was assumed to be block
diagonal so that R = EB;:1 R; where R; = var (ej) = o-? is
the variance for the residuals for the jth trial, and ¢ is the
number of trials. The FA MET was modeled as:

Yijkt = p +trial; + gen(trial);; + e; ;4

where y; ;, is the observation of the jth genotype in the ith
environment (trial), y is the intercept, trial; is the effect for
the ith environment, and ¢, is the plot error effect corre-
sponding to y;;,. For the FA2 MET, the genotype and G X
E factors were combined into a single compound model fac-
tor of genotype nested within the environment: gen(trial);;.

cropscience NS

This formulation then allowed us to specify the pattern of
genotypic variances within environments and also the corre-
lation structure for the effects of a common genotype across
environments (Isik et al., 2017).

gen (trial);; = ugy;; = Ay; f1; + Ao fo; + 65

where 4;; is the loading for the environment i on the first
factor; f;; is the genetic effect (score) of genotype j on the
first factor; A,;, is the loading for the environment i on fac-
tor 2; f5; is the score of genotype j on factor 2, and 4;; is the
deviation of the observed genetic effect of genotype j in envi-
ronment i from its predicted value based on the multiplicative
factor model fit (Isik et al., 2017). A dendrogram showing the
relationships among the testing environments in Experiment
2 (Figure 5a), genetic correlation plots (Figure 5b,c,d), and
biplots (Figure 6a,b) were generated with ASReml-R (Butler
etal., 2017) using the FA2 statistical analysis.

3 | RESULTS

3.1 | Drought evaluations of Phaseolus
species (Experiment 1)

To evaluate the inter- and intraspecific variation for termi-
nal drought response in Phaseolus species, we planted several
genotypes of common bean (n = 10), Lima bean (n = 9), and
tepary bean (n = 10) in two locations in California (WSREC
and UC Davis) during the summer of 2016 (Experiment 1;
Table 1). The drought stress imposed in these two trials
reduced average, experiment-wide grain yield by a statisti-
cally significant ~50%, indicative of a desired intermediate
stress (Experiment 1: Tables | and 2; Table S2). When com-
paring species, grain yield was reduced by terminal drought
stress in comparison to the well-irrigated treatment by 34%,
58%, and 92% in tepary bean, Lima bean, and common bean,
respectively, at UCD, while the reduction at WSREC was
40%, 42%, and 96%, respectively (Figure 3). When examining
the three-way combinations (Species | Irrigation Treatment
| Location) (Table S2), the combinations with the high-
est grain yield included P. acutifolius under well-irrigated
conditions and then drought stress, at WSREC and then at
UC Davis.

An ANOVA of grain yield showed that the main factors
(irrigation treatment, species, genotype across species, and
location) showed statistically significant differences at the
p = 0.001 level (Table 3). Among the two-way interactions
tested, only the irrigation treatment X genotype (p = 0.05)
and genotype X location (p = 0.001) showed statistically sig-
nificant differences. Consistent with this observation, genetic
correlations of yield (kg/ha) among drought and well-irrigated
trials were above 70%, indicating that the phenotypic response
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TABLE 3
(Phaseolus vulgaris, P. lunatus, and P. acutifolius) (Experiment 1).

Sum square Mean square

Irrigation treatment 83,507,985 83,507,985
Species 4,953,467 2,476,734
Genotype 23,360,887 898,496
Location 9,607,654 9,607,654
Treatment X species 413,959 206,980
Treatment X genotype 10,228,797 393,415
Treatment X location 194,195 194,195
Species X location 801,068 400,534
Genotype X location 27,050,653 1,040,410
Genotype X block 6,913,145 238,384
Treatment X species X location 628,858 314,429
Treatment X genotype X location 11,664,716 448,643

*p < 0.01. **#p < 0.001. ns, not significant.

of the three Phaseolus species was similar in both locations
(Figure S1). Among three-way interactions, the Irrigation
Treatment X Genotype X Location interaction was statisti-
cally significant (p = 0.01) but not the Treatment X Species X
Location (Table 3).The overall yield was higher in both water
treatments (drought and well-irrigated) at WSREC than at UC
Davis (Figure S1), which is explained by the high yield of
tepary beans at WSREC (Figure 3). On the other hand, the
common bean entries did not tolerate drought stress when
they were planted in dry climates since their yield at UCD
was only 96 kg/ha and 33 kg/ha at WSREC (Figure 3). The
intraspecific variation analysis showed that eight of 10 tepary
genotypes ranked in the top 30% with positive best linear
unbiased predictor (BLUP) values in both locations (WSREC
and UCD) and under both water treatments (Figure 3). The
improved tepary genotypes (TARS-Tep 22 and TARS-Tep 23;
Porch et al., 2013; Porch et al., 2022) had the best genotypic
values in both locations and both water treatments (Figure 4).
Conversely, the performance of most common bean genotypes
was inferior, with negative BLUP values in both locations and
both water treatments. Only UCD9364, 1.88-63, and ‘Mat-
terhorn’ had positive BLUPs in the well-irrigated treatment
(Figure 4).

3.2 | MET study of tepary beans
(Experiment 2)

To evaluate tepary beans’ drought and heat tolerance across
different environments, we conducted a MET study. To cap-
ture G X E interactions, the whole yield (kg/ha) data set
was modeled using an extended factor analytic of second-

Analysis of variance of grain yield variation across two irrigation treatments, two locations, and 29 Phaseolus species genotypes

Statistical
No. of DF DenDF  Fvalue Pr(>F) significance
1 84.7 360.2 3.00E-32 ook
2 83.8 10.7 7.37E-05 TR
26 84.5 39 1.25E-06 ok
1 114.6 414 2.93E-09 TS
2 83.8 0.9 4.13E-01 Ns
26 84.2 1.7 3.70E-02 <
1 115.1 0.8 3.62E-01 Ns
2 1134 1.7 1.82E-01 Ns
26 114.3 4.5 1.08E-08 sk
29 84.8 1.0 4.44E-01 Ns
2 113.4 1.4 2.62E-01 Ns
26 114.7 1.9 9.43E-03 i

order (XFA2), which is a prudent approach that captures the
complexity of multiple covariances among a large set of envi-
ronments (Smith et al., 2001). The effects of drought stress,
as well as the effects of heat stress under irrigation on tepary
bean yield, were assessed in several locations in Colombia
and the United States (Table 1: Experiment 2). The yield
(kg/ha) results showed that trials conducted in Scottsbluff,
NE, regardless of their water regime, were different from
all the other trials (Figure 5a). Trials conducted under heat
stress in Caribia, Colombia, and Holtville, CA, were grouped,
as well as trials conducted in Davis (UCD), Alvarado, and
Palmira (PAL; Figure 5a). These close cluster associations
were grouped according to the location, indicating that the
environment influences the yield response of tepary beans
more than the stress condition.

Since a cluster association does not necessarily repre-
sent a genetic correlation, we determined genetic correlations
between stress conditions. We found that heat stress trials and
drought stress trials were positively correlated (Figure 5c,d).
The only trials that were not correlated were well-irrigated
trials conducted in Scottsbluff, NE, and Palmira, Colombia
(genetic correlation value = 0.1; Figure 5b).

Among trials at different locations, the highest correlations
were found between well-irrigated trials (genetic correlation
value = 0.76; Figure 5b) and drought trials (genetic corre-
lation value = 0.83; Figure 5c) in Palmira, Colombia, and
Davis, CA, respectively. Genetic correlations among heat
stress trials were similar, with Holtville, CA, and Caribia,
Colombia, the two locations with the highest genetic cor-
relation (genetic correlation value = 0.65; Figure 5d). The
highest genetic correlation was observed, not surprisingly, for
the heat stress versus heat and drought stress at the same
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FIGURE 5 Cluster association, genetic correlation, and heritability of yield (kg/ha). Data evaluated on the tepary bean response to drought

heat and well-irrigated conditions across multiple trials (ALV, Alvarado, Colombia; CAR, Caribia, Colombia; Dr, drought trials; DREC, Desert
Research and Extension Center = Holtville, CA; Ht, heat trials; Ht-Dr, drought + heat trials; Irr, well-irrigated trials; PAL, CIAT, Palmira, Colombia;
UCD, University of California, Davis, CA; UNL, University of Nebraska Lincoln Scottsbluff, NE) (a) Clustering of trials according to yield. (b)
Genetic correlation among well-irrigated trials. (c) Genetic correlation among drought-stress trials (d) Genetic correlation among heat-stress

trials.

location at the DREC in Holtville, CA (genetic correla-
tion = 0.99; Figure 5d).

When the genetic variances for each environment were sep-
arated, a factor loading showed that the genetic response of
tepary bean is driven more by the location than the stress con-
dition, that is, heat or drought (Figure 6a). Also, environments
with high genetic variances, such as Davis (UCD) and Palmira

(PAL), explained most of the variance (~84%) present in the
MET experiment (Figure 6a). Additionally, we observed envi-
ronments with low genetic variances, such as Scottsbluff, NE
(UNL), and Holtville, CA (DREC) (Figures 6a,b and 7).
Also, three tepary beans (TARS-Tep 22, G40068, and
G40173A) performed better under drought stress than under
heat stress conditions across environments (Figures 6b
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FIGURE 6 Biplots from the factor analytic model were used to determine the genotype X environment effects. The yields (kg/ha) of tepary

bean (red boxes) and common bean (green boxes) were used to create the biplots. Data from heat, drought, and well-irrigated conditions across

multiple environment trials (ALV, Alvarado, Colombia; CAR, Caribia, Colombia; Dr, drought trials; DREC, Desert Research and Extension Center

= Holtville, CA; FA 1 and FA2, factor analytic ordere 1 and order 2, respectively; Ht, heat trials; Ht-Dr, drought + heat trials; Irr, well-irrigated

trials; PAL, CIAT, Palmira, Colombia; UNL, University of Nebraska Lincoln Scottsbluff, NE). Genetic variances (vg) of each trial are represented by

the color of the dots. The best linear unbiased estimators (BLUEs) of each trial are represented by the size of the dots. (a) Factor loadings determined

based on trial effect. (b) Factor loadings determined based on trial effect and genotype effect (red labels).
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FIGURE 7 Linear regression of yield (kg/ha) evaluated under

heat and drought stresses in tepary genotypes. Heat and drought data set
were combined from multiple environment trials. Circles indicate the
grouping of the tepary genotypes (explained in the main text) according
to their yield under both stresses.

and 7). A previous study reported that shoot traits such as
canopy biomass, harvest index, and photosynthetic mobi-
lization evaluated as pod harvest index (PHI) explained
most of the adaptation to drought stress in G40068 (Rao
et al., 2013).

In contrast, tepary beans, such as TARS-Tep 23, G40019,
G40119, G40141, and G40148, performed better under heat
stress trials than drought trials, indicating a G X E interaction
associated with the evaluation under multiple environments
and stress conditions (Figure 6b). We also found numerous
tepary beans, such as G40284, G40168, G40287, and G40111,
with low performance under both drought and heat stresses
across locations (Figure 6b), indicating that there is varia-
tion in the tepary bean, and not all tepary bean genotypes
tolerate heat and drought. The common bean lines planted in
this experiment had the lowest yield across environments and
stress conditions, confirming the vulnerability of common
beans to drought and heat stresses (Figure 6b).

To determine the yield response of tepary genotypes only
among drought and heat trials, we estimated a linear regres-
sion in a data set that combined data for 15 genotypes that had
been tested under both drought and heat stress. We found a
significant (p-value = 0.0014) positive correlation (R = 0.75)
between drought and heat stress trials, indicating that some
tepary beans tolerate both stress conditions (Figure 7). It
also showed that a possible indirect selection between heat
and stress conditions could be conducted. We also identi-
fied four groups of tepary genotypes: a drought and heat
susceptible group (G40111, G40168, and G40284; Figure 7:
red group); an intermediate drought and heat tolerant group

cropscience NEB

(G40001, G40019, G40036, G40084, G40119, and G40200;
Figure 7: blue group); a group that had higher drought toler-
ance than heat tolerance (G40068, G40173A, and TARS-Tep
22; Figure 7: black group); and two exceptional tepary geno-
types that were highly tolerant to both drought and heat
stresses (TARS-Tep 23 and TARS-Tep 32; Figure 7: green
group). The tolerance to drought was higher than the tolerance
to heat stress in all tested tepary genotypes but the susceptible
group (Figure 7).

To identify the genotypes with better overall performance,
we estimated the BLUPs of yield (kg/ha) by combining the
whole data set. We found that 16 out of 22 tepary bean geno-
types had positive (values > 0) BLUP values, indicating the
high level of tolerance to drought and heat stress across mul-
tiple environments in tepary beans (Figure 8). We also found
that the improved tepary beans (TARS-Tep 22, TARS-Tep 23,
and TARS-Tep 32) had the highest overall performance, fol-
lowed by landraces and wild tepary genotypes (Figure 8). This
result highlights the importance of breeding tepary beans and
the rapid progress that can be made. Also, as expected, the
overall performance of common beans was negative (BLUP
values < 0) (Figure 8), confirming that common bean has a
lower genetic response compared with tepary bean when it
comes to drought and heat constraints.

4 | DISCUSSION

4.1 | Drought evaluations of Phaseolus
species show that tepary beans performed
better under drought stress than Lima and
common beans (Experiment 1)

The terminal drought stresses imposed on the three Phaseo-
lus species (Tables 1 and 2) reduced grain yield by some 50%.
In our experience, this intermediate yield reduction is strong
enough to identify genetic variation in drought stress toler-
ance between and within species. Both lighter and stronger
stresses than the ones observed here generally prevent this
identification because they limit phenotypic variation.

In these trials, we found that, compared with common bean
and Lima bean, tepary bean has the highest tolerance to ter-
minal drought stress, confirming the ability of the tepary bean
to use water efficiently and thrive under severe drought condi-
tions (Markhart, 1985). A previous study also reported tepary
beans with higher tolerance levels to drought stress than com-
mon bean (Rao et al., 2013). However, this is the first study
that compares the drought tolerance of common beans, tepary
beans, and Lima beans in multiple environments. We also
found that the tepary beans tested in this study had the high-
est yield of all three species evaluated, consistent with the high
inherent productivity of the species, especially under heat and
drought stresses (Figures 3 and 4; Nabhan & Felger, 1978;
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FIGURE 8 The performance of tepary beans (improved in black, Landraces in blue, Wild in red) and common bean controls (green) was

evaluated across multiple environment trials. Performance was estimated as best linear unbiased predictors (BLUPs) of yield (kg/ha).

Pratt & Nabhan, 1988). Tepary and Lima beans also showed
more intraspecific phenotypic diversity associated with ter-
minal drought tolerance in tepary bean and Lima bean than in
common bean (Figures 3 and 4), which suggests that there
is more potential to maximize genetic diversity and select
tepary and Lima genotypes under drought conditions. Reports
indicate that genetic diversity among domesticated and wild
tepary beans is limited (Blair et al., 2012; Gujaria-Verma
et al., 2016; Schinkel & Gepts, 1988, 1989). However, these
studies have based their reports only on molecular diversity
studies.

Although the performance of common bean on the whole
as a species was inferior to that of tepary and Lima beans, this
assessment was not uniform across the common bean geno-
types tested. A positive response of UCD9364 was expected
since this line was bred at the University of California, Davis.
Thus, this line is already adapted to the California climate and
irrigated agronomic conditions. In contrast, L88-63 was the
result of a genetic experiment to study the inheritance of ter-
minal drought stress tolerance in the lowland tropics (Frahm
et al., 2004). The cultivar ‘Matterhorn’ was bred at Michigan
State University and has broad adaptation in the U.S. (Kelly
et al.,, 1999). Lima beans had an intermediate performance
under both water treatments and both locations (Figure 4).
Lima bean was also the Phaseolus species that had more vari-
ation between both sites (Figure 4), indicating a strong G X E
interaction in this species.

A combination of both molecular and phenotypic studies
across multiple environments is needed to better determine the
genetic basis of productivity and drought tolerance of tepary
beans. Quantitative Trait Loci and Genome-Wide Association
analyses will help in understanding the inheritance of stress
tolerance in tepary bean in comparison to Lima bean and com-
mon bean (Asfaw et al., 2017; Berny Mier y Teran, Konzen,

Medina, et al., 2019; Berny Mier y Teran, Konzen, Palkovic,
etal.,2019; Blairetal., 2012; Garciaet al., 2021; Nabateregga
etal., 2019; Polania et al., 2016). What is evident in this study
is that improved tepary beans have a better performance to
drought stress than landraces, emphasizing the usefulness and
need to continue breeding tepary beans (Mwale et al., 2020,
2022; Porch et al., 2022).

4.2 | Evaluation of tepary beans to drought
and heat stress through MET reveals that the
environment influences the tepary beans
response more than the stress condition itself
(Experiment 2)

In this study, we conducted field experiments to test a diverse
sample of tepary bean, which included wild populations, lan-
draces, and improved lines, under a wide range of temperate
and tropical environments with different climate and stress
conditions. We found that some tepary beans have a broad
adaptation to temperate and tropical climate zones. For exam-
ple, we confirmed that TARS-Tep 23 (Porch et al., 2022)
shows strong heat and drought tolerances extending across a
broad range of climates (Figure 7: green ellipse). The tepary
bean’s ability to adapt to different climate zones could be an
important characteristic to introduce into common bean due
to the narrow climate adaptation of the latter (Beebe, 2012).
Similarly, some tepary beans were widely adapted to distinct
heat (Figure 7: blue ellipse, below the regression line) and
drought stress (Figure 7: black ellipse) conditions.

However, we also observed that the testing location or
environment was more important in affecting the response
of tepary beans than the stress conditions themselves. These
results, along with the high correlation among conditions
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cropscience NEB

(heat, drought, and well-irrigated trials), indicate that includ-
ing additional environments in a selection program is more
important than including multiple stress conditions in the
same environment. The existence of a strong G X E interac-
tion effect is consistent with the presence among tepary bean
accessions of a narrow adaptation, that is, that limited adap-
tation across environments and stress conditions (Figures 6b
and 7). Although previous studies had already reported on
the tolerance of tepary beans to drought (Mohamed et al.,
2005; Rao et al., 2013) and heat stressors (Suarez et al.,
2020), these studies were mainly focused on the physiolog-
ical response of tepary genotypes, and the environment effect
was not considered.

Taken together, the results indicate that tepary bean selec-
tion for yield under heat and drought constraints could be
conducted either in tropical (Colombia) or temperate (Califor-
nia) climates, expecting an interchangeable positive response.
Howeyver, low correlations between trials conducted in Scotts-
bluff, NE, and those conducted in other locations and low
genetic variances of Scottsbluff trials (Figure 6a) suggest that
Scottsbluff, NE, was not optimal for selecting tepary beans.
This surprising observation could be attributed to one or more
causes, including the lack of adaptation of the assayed tepary
lines to the Nebraska Panhandle climatic and soil conditions
and the specific cultivation practices used in this experiment,
which may have been unsuitable for tepary beans.

This study also showed that improved tepary genotypes,
such as TARS-Tep 22, TARS-Tep 23, and TARS-Tep 32,
performed better for yield than landrace and wild tepary
genotypes (Figures 7 and 8), which is consistent with the eval-
uation of the three Phaseolus species, previously described
(Figure 4). These results once again strengthen the impor-
tance of breeding tepary beans to either improve common
beans through interspecific introgressions or use them as an
alternative crop to overcome the impact of climate change,
including extended drought seasons, warmer weather, and
water scarcity. Although interspecific gene transfer from
tepary to common bean has been hampered by strong repro-
ductive isolation (Mejia-Jiménez et al., 1994; Mufioz et al.,
2004; Souter et al., 2017; Waines et al., 1988), recent progress
in crossability studies of this interspecific cross has led to
the identification of three interspecific VAP lines that facil-
itate the crossability between common and tepary beans by
avoiding the embryo rescue process in the initial cross (Bar-
rera et al., 2022; Cruz et al., 2023). In turn, this increased
crossability may hopefully increase the size and widen the
chromosome locations of introgressed fragments from either
species in reciprocal crosses, compared to the current situation
in which introgressed fragments are very small and limited to
distal chromosome locations (Lobaton et al., 2018).

S | CONCLUSION

We confirmed that tepary beans on average have a greater
adaptation to terminal drought than Lima and common beans
and a broad adaptation to different heat stress conditions. Nev-
ertheless, we also report within-species variation for tolerance
to drought and heat with the tepary bean species across mul-
tiple temperate and tropical arid environments. We found an
important G X E interaction, which should be considered in a
tepary bean selection program. The tepary genotypes that per-
form better across locations and trials can be included in an
interspecific crossing program between tepary and common
beans, a breeding effort to introduce tolerance to drought and
heat stresses and other traits of agronomic importance, such as
disease and pest resistances, into the common bean. Alterna-
tively, tepary beans can be developed as a more drought- and
heat-resilient grain legume crop in the face of global climate
heating.
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