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Abstract

Heat stress is a major limitation to grain yield in common bean (Phaseolus vulgaris 1..). Tepary bean (Phaseolus acutifolius A. Gray) is better
adapted to heat stress than common bean. Ten tepary bean accessions, four common bean genotypes and four interspecific lines involving
P. vulgaris and P. acutufolins, P. coccinens and P. dumosus were evaluated for tolerance to heat stress conditions induced under greenhouse
conditions and these were compared to plants grown under ambient temperatures. The high temperature treatment was 29 +5 °C during
the day and was >24 °C (up to 27 °C) during the night, while the ambient temperature (AT) treatment was 25 +5 °C during the day and
19£ 2 °C at night. The genotypic differences wete evaluated for morpho-physiological characteristics of shoot and root and also yield
components. The Genotype and Genotype X Temperature interactions were significant for all shoot and root morpho-physiological
characteristics evaluated. Higher temperature (HT) significantly affected leaf photosynthetic efficiency, total chlorophyll content, and
stomatal conductance. The effect was positive or negative, depending on the genotypes. Tepary accessions showed reduced total chlorophyll
content, while common bean genotypes and the interspecific lines were less affected. Tepary accessions also showed reduced stomatal
conductance, but increased leaf photosynthetic efficiency under HT. Common bean genotypes increased stomatal conductance and
decreased leaf photosynthetic efficiency. High temperature dectreased total root length, specific root length and pod biomass compated to
ambient conditions, but there was no marked effect on pollen viability of the tested genotypes. The superior adaptation of tepary germplasm
accessions to high temperature is attributed to their ability to regulate stomatal opening and photosynthetic efficiency, together with a
superior ability to remobilize photosynthates from older leaves to pods during physiological maturity.

Keywords: Abiotic stress; bean crop improvement; chlorophyll content; heat tolerance; photosynthetic efficiency; stomatal conductance.
Abbreviations: AT, ambient temperature; DAS, days after sowing; LA, leaf area; HT, higher temperature; PCA, Principal Component
Analysis; QY, Efficiency of photosystem II; SPAD, Soil Plant Analysis Development.

Introduction

As an ecologically contrasting species, Phaseolus acutifolins A. Gray
(tepary bean) is grown as a traditional crop of desert and

semi-arid regions of Mexico and southwestern USA (Freeman,
1912; Nabhan and Felger, 1978). Tepary bean is cultivated
successfully in places where high temperature and drought are
common, making it a valuable crop for dryland environments.
Compared to common bean, tepary bean possesses many traits

Current climate change estimates predict a rise in global
temperatures between 1.4 °C and 3 °C by 2050 and region-
specific variability in precipitation (IPCC, 2007). These dramatic
climate scenarios over the short-term result in worrying
predictions of crop yield reduction, especially in abiotic stress-
sensitive ctops such as common bean (Porch et al, 2013).

Common bean, Phaseolus vulgaris L., is a key grain legume crop i i ) i
and a vital source of nutrition worldwide. However, abiotic and that enable it to flourish in hot and dry regions. It is more heat

biotic constraints to its production tresult in an average global tolerant at the tissue level and produces more leaves to
vields of 600 kgha'l (Porch et al, 2013). Common bean compensate for reduced leaf size due to heat stress (Lin and
otiginated from the highlands of Central America and the Andes Markhart, 1996). The substanr_ial.ly greater level of heat tolerance
(Gepts and Debouck, 1991). The optimal average daily In tepaty bean, compared with common bean? has bc?n
temperature for reproductive development ranges from 20 °C to attributed to a lower level of sensitivity of the mitochondrial
25 °C. Temperatures > 30 °C during the day or > 20 °C during electron transport metabolism during photosynthesis (Lin and
the night result in yield reduction (Rainey and Griffiths, 2005a). M.arkhart, 1990). Tepary bean also has a more extensive and
Heat sensitivity is a major limiting factor in the production of thinner root system, better stomatal

common bean, causing reduced yields, lower product quality and

restricted geographical adaptation (Rainey and Griffiths, 2005b).
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control and more active para-heliotropism than common bean
(Markhart., 1985; Bielenberg et al., 2003; Butare et al., 2012).
Tepary bean is part of the tertiary gene pool of common bean
and is considered as a potential gene donor of heat-tolerance
traits to common bean through interspecific hybridization
(Mufioz et al., 2004; Blair et al., 2012). It is also considered as a
valuable crop for dryland environments by itself or through
inter-specific breeding (crosses between tepary bean and
common bean, Mejia et al., 1994). An evaluation of tepary bean
genome introgression showed that tepary DNA can be
transferred to the interspecific progeny (Mufioz et al., 2004). But
success is limited to a lower than expected percentage of genome
contribution (Blair et al., 2012). The introgression of heat or
drought tolerance from tepary into common bean might be
feasible through breeding to generate elite lines that could
tolerate up to 4 °C higher than the normal range of temperature
tolerance (Mufoz et al., 2004, 2000).

The main objectives of this study were to: (i)
determine phenotypic differences in heat stress-induced changes
in shoot and root morpho-physiological characteristics of tepary
bean and common bean and their interspecific lines; and (ii)
identify heat tolerant genotypes that could serve as parents in
breeding programmes that aim to improve heat tolerance in
common bean.

Results

Effect of temperature on shoot and root morpho-
physiological characteristics

Shoot traits

The total shoot biomass at mid-pod filling include: stem, leaf, dead
leaf and the pod biomass. There was no difference of production
of shoot biomass between high temperature (HT) and ambient
temperature (AT) treatments. However, the average was higher
under HT (13.1g/plant) compared to the AT (8.6g/plant) mostly
because of the superior performance of both tepary accessions and
interspecific lines. There were differences between the genotypes
and the interaction between the Genotype x Temperature
condition (P<0.05) in the combined analysis. There were also
differences between genotypes (P<0.01) under AT but not under
HT conditions.

Under HT and AT, the interspecific lines showed the highest
production of shoot biomass, compated to tepaty accessions and
common bean lines. But the shoot biomass production was higher
under HT (Table 2). Under AT, differences (P<0.05) between the
average values of shoot biomass were observed between the
genotypes that showed the highest average: DAB 295 (common
bean) G40022, G40159 (tepary) and ALB 91 and INB 827
(interspecific) and the genotypes: Calima (common bean) and
G40001 (tepary) that produced the lowest average shoot biomass
(Table 2).

Pod biomass and number of pods

There was no difference in pod biomass (g/plant) between HT
and AT, but the average was higher under HT (6.1 g/plant)
compated to AT (4.4 pods/plant) condition. There were only
differences between the genotypes (P< 0.01) in the combined
analysis and under AT conditions (P < 0.01). The tepary
accessions showed a higher pod biomass (7.9 g/plant) than the
common bean (2.7 g/plant) or the interspecific lines (4.9 g/ plant)
under HT (Table 2). A significant difference (P <0.01) was
observed between the G40001 accession versus common bean
and the interspecific lines. Differences were also observed
between common bean versus interspecific lines. Under AT, the
tepaty accessions showed a higher pod biomass (5.7 g/plant),
compated to common bean (1.5 g/plant) and the interspecific
lines (4.1 g/plant) (Table 2). Differences (P <0.01) were
observed between the G40001 versus tepary accessions and the
interspecific lines (P =0.01). A highly significant difference (P
<0.01) was also observed between tepary versus common bean
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and common bean versus the interspecific lines, for the pod
biomass under AT.

For the number of pods, there was no difference between HT
and AT treatments, but the average was higher under HT
conditions (12.3 pods/plant), compated to AT treatment (8.6
pods/plant). There were differences between the genotypes and
Genotype x Temperature interactions (P< 0.01) in the combined
analysis. Also, there were differences (P< 0.01) between
genotypes under HT and AT. Under HT, the interspecific lines
showed the highest number of pods/plant (14.3) followed by
tepaty (12.4) and common bean genotypes (9.4) (Table 2). Under
AT, tepary showed a higher number of pods/plant (10.7)
compated to common bean (4.4) and the interspecific lines (7.3)
(Table 2). There were average differences (P<0.05) in pod
number between the two tepary accessions (G40159 and
G40022) that showed the highest number of pods /plant (17 to
18) and the total group of common beans and the interspecific
lines (Table 2).

Dead leaf biomass

Under AT, there were differences in dead leaf biomass between
the genotypes and the Genotype x Temperature interaction (P<
0.05) in the combined analysis. The average was higher (2.65
g/plant) under HT condition compared to AT (0.19 g/plant).
There were differences in the production of dead leaves at the
mid-pod filling growth stage, between the genotypes (P< 0.05)
but only in the combined analysis. Under HT conditions the
tepary accessions showed the highest production of dead leaves
at mid-pod filling (4.58 g/plant), while the common bean and
interspecific lines showed values lower than 1g/plant (Table 2).
The three tepary bean accessions: G40022, G40001 and G40200
showed a remarkable high average production of dead leaves at
mid-pod filling (15.8, 14.8 and 10.9 g/plant, respectively) (Table
2). The other tepaty, common bean genotypes and the
interspecific lines showed an average production of dead leaves
at mid-pod filling lower than 1g/plant. Differences (P< 0.05)
were observed between all groups of genotypes that were
compared. Under AT all genotypes, showed a production of
dead leaves at mid-pod filling, lower than 1g/plant (Table 2).

Root traits

With respect to root length and biomass, there was no difference
between HT and AT treatments, but the average root length was
higher under the AT (1,645cm/plant), compared to HT (1,318
cm/plant), whereas root biomass was higher under HT (1.02
g/plant) compared to AT (0.78 g/plant). For both traits, there
were differences between genotypes (P < 0.01) in the combined
analysis and also under HT and AT (P< 0.01, data not shown).
Under HT, the tepary accessions showed the lowest average root
length (937 cm/plant) and biomass (0.67 g/plant)) compated to
the common bean (1,762 cm/plant and 1.13g/plant,
respectively) and the interspecific lines (1,828 cm/plant and 1.73
g/plant). Differences (P< 0.05) in root length were observed
between the G40001 accession and common bean lines and also
the interspecific lines, while the root biomass trait showed
differences (P< 0.01) only between this accession and the
interspecific lines. A significant difference (P < 0.05 and P <
0.01) was observed between the tepary accessions, the common
bean and the interspecific lines for root length and biomass,
respectively. The difference between the common bean and the
interspecific lines was only significant (P< 0.05) for root biomass
(data not shown). Under AT, the same trend was observed as
under HT condition, tepary showed the lowest average root
length and biomass (1,196 cm/plant and 0.53 g/plant,
respectively) compated to the common bean (1,935¢cm/plant and
0.89g/plant) and interspecific lines (2,479 cm/plant and 1.28
g/plant). There were differences between all groups of genotypes
compared for root biomass, while differences (P< 0.05) in root
length were observed only



between G40001 accession versus the interspecific lines and
tepary versus common bean and interspecific lines (P< 0.01).
There were differences (P<0.05) in the average diameter of roots
between HT and AT in the combined analysis. But there was no
difference between genotypes in any of the analyses (data not
shown).

High temperature, reduced specific root length (relation between
root length and root biomass of the plant) in all Phaseolus
genotypes evaluated, indicating that roots are thinner under heat
stress. Under HT and AT, the common bean lines showed higher
specific root lengths, while tepary accessions showed
intermediate and the interspecific lines showed the lowest values
(Table 2). Under HT, tepary accessions showed low values for
total root length and an intermediate specific root length (Table
2), indicating that the roots were relatively short and with average
thickness. Common bean showed higher values of total root
length and higher values of specific root length, indicating that
the roots were relatively long and thin, while the interspecific
lines showed intermediate values for both total root length and
specific root length, indicating that these roots were relatively
long and moderately thick. The same trend was observed under
AT conditions.

Days to flowering

The average number of days to flowering (31 days) did not differ
between HT and AT treatments (Table 3). There wete
differences (P < 0.01) between genotypes in the combined
analysis and also under HT and AT. HT induced early flowering
in tepaty, 26 days after sowing (DAS), compared to common
bean, 40 DAS and the interspecific lines, 34 DAS (Table 3).
Differences (P < 0.01) wete observed between the G40001
accession and common bean and also with the interspecific
lines. A highly significant difference (P < 0.01) was observed
between: the tepary accessions, the common bean and
the interspecific lines. The difference between the common bean
and the interspecific lines was significant (P< 0.01). Under AT,
the time to flowering was reduced for the common bean lines,
while in tepary and the interspecific lines, the time to flowering
was little affected (Table 3). A highly significant difference (P <
0.01) was observed between the tepary accessions, the common
bean and the interspecific lines. In relation to the pollen viability,
there was no difference between HT and AT, for the 18
genotypes tested (data not shown).

Leaf area production

There were differences in leaf area (LA) production between
genotypes and the Genotype x Temperature interaction (P <
0.01) in the combined analysis. The average was higher under HT
(721 cm?) compared to AT (429 cm?). There were differences
between genotypes (P < 0.01) under HT and AT. Under HT,
tepaty showed a lower value of LA (327 cm?/plant), compared
to common bean (1,198 cm?/plant) and interspecific lines (1213
cm?/plant, Table 3).

Photosynthetic efficiency

The combined analysis showed that temperature had a significant
effect (P < 0.05) on leaf chlorophyll content (SPAD readings),
QY (quantum yield) efficiency of photosystem II, and leaf
stomatal conductance. The SPAD reading was higher in AT
(39.8) compared to HT (30.8). The efficiency of photosystem II
variable showed higher values (0.66) under HT compared to AT
(0.58). There were significant differences (P < 0.01) in both
variables among genotypes and for the Genotype x Temperature
interaction. There was an interaction with leaf stomatal
conductance (P < 0.01). The analysis under HT showed
differences between genotypes for leaf chlorophyll content
SPAD readings and the efficiency of photosystem II, while under
the AT, only SPAD readings and leaf stomatal conductance
showed differences among the genotypes. Under HT condition,
tepary showed a lower average value (26.3) in SPAD readings,
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compared to common bean (34.1) and the interspecific lines
(37.2). Differences (P =< 0.05) were only observed between tepary
and common bean and between tepary and the interspecific lines
(Table 3).Under HT, the SPAD readings in tepary accessions
decteased matkedly: the values wete reduced from 42.3 in AT to
26.3 under HT (Table 3). The average values of SPAD readings
in the common and the interspecific lines were not affected
significantly (Table 3). Highly significant differences (P < 0.01)
between the G40001 accession versus common bean lines,
between tepary accessions versus common bean and between
common bean and interspecific lines (P <0.05) were observed.
Under the HT treatment, there was no difference in average QY
efficiency of photosystem II, between tepary and the
interspecific lines (0.68), while the common bean lines showed a
lower value (0.57). Under AT, the common bean and the
interspecific lines showed the same value (0.60), while tepary
showed a lower value (0.57) (Table 3). With respect to the leaf
stomatal conductance, tepary accessions showed a lower average
(227) compared to common bean (312) and interspecific lines
(323) under HT (Table 3). The tepary accessions and the
interspecific lines, increased the value of the leaf stomatal
conductance, while the common bean decreased it, under AT

(Table 3).

Correlation among shoot and root morpho-physiological
variables

Positive correlations (P<0.01) were observed between shoot
biomass and root biomass of plants under HT (r = 0.70) and AT
(r = 0.68). Positive correlations were observed between shoot
and pod biomass under both HT (r = 0.77) and AT (r = 0.70)
and also between shoot biomass and LA under HT (r = 0.63)
and AT (r = 0.55). Highly significant positive correlations
(P<0.01) were observed between pod biomass and pod number
of plants under HT (r = 0.72) and AT (r = 0.85). Pod biomass
was negatively correlated (P<0.01) with number of days to
flowering under HT (r = -0.65) and AT (r = -0.49). The tepary
accessions that bloomed early had higher pod biomass under
both conditions (Figures 1a, 1b). At HT, positive correlations
were observed between pod biomass and the amount of dead
leaves at the mid-pod filling stage (g/plant) (P<0.01; r = 0.72)
(Figures 2a, 2b), and also with the stem biomass (P<0.05; r =
0.30) and root biomass (P=<0.05; r = 0.342). With respect to
morpho-physiological variables, positive correlations were
observed between pod biomass and SPAD readings (P<0.01; r
=0.37) under AT. For the root traits, positive correlations
(P=0.05) were observed between total root length and stem
biomass of plants under HT (r = 0.33) and AT (P=< 0.01, r =
0.43). Total root length was correlated with stem diameter under
HT (P<0.01;r = 0.47) and AT (r = 0.53), with leaf biomass under
HT (P<0.01; r = 0.40) and AT (P<0.01, r = 0.45) and also with
the amount of dead leaves at mid-pod filling (g/plant) under HT
(P=<0.05; r = 0.32). Total root length was positively correlated
with the number of nodules (data not shown) under HT (P<0.01;
r = 0.54), AT (P =0.01, r = 0.61), and root biomass (P<0.01)
under HT (r = 0.54) and AT (r = 0.61). Under HT, highly
significant positive correlations (P<0.01) were observed between
root biomass and number of pods and number of nodules.
Under AT, the root biomass showed the same correlations,
except with number of pods which was not correlated (Figures
2a, 2b). Under HT, the variables ‘length’ and ‘biomass of the
roots’ were positively correlated with SPAD readings and leaf
stomatal conductance. Total root length was positively correlated
with leaf area (LA) under HT (P < 0.01; r = 0.42) and AT (P <
0.01, r = 0.40), and a correlation between root biomass and LA
was observed under HT (P < 0.01, r =0.74) and AT (P < 0.01, ¢
=0.77).



Multivariate analysis of shoot and root morpho-
physiological variables

Principal component analysis (PCA) was performed to identify
the major components that could explain much of the total
variations observed in the data. The PCA showed that under HT
and AT the first four components represented 89% and the 86%,
respectively, of the total variance (Table 4). Under HT, the first
component accounted for 44% of the vatiance, the second 27%,
the third 9%, and the fourth 8%, while under AT, the first
component accounted for 40% of the variance, the second 29%,
the third11 %, and the fourth 6.0%. The dominance of these four
components in the PCA suggests that they contained the main
vatiables that discriminate the genotypes evaluated under HT
and AT (Table 4). The quantitative traits that separate genotypes
in the first component included LLA and total root biomass under
HT and AT. Under HT, two different root traits: length and
superficial area, separates genotypes, while the number of
nodules separated the genotypes under AT. The traits that
contributed most to the discrimination in the second component
are shoot biomass, pod number, and specific root length under
HT and AT. In the third component, the separation of genotypes
was mainly due to: efficiency of photosystem II, days to
flowering under HT and dead leaf biomass at mid-pod filling
under AT. In the fourth component the main traits were,
biomass and number of nodules under HT, and the efficiency of
photosystem IT and SPAD readings under AT (Table 4)

Discussion

Heat stress induced changes in shoot atuributes

High temperature stress increased pod biomass of P. acutifolis, P.
vnlgaris and interspecific lines, but most notably for the tepary
accessions, especially the heat tolerant line G40001, confirming
the heat stress tolerance of this species (Rainey and Griffiths,
2005; Chaves, 2015). This is an unexpected result but this
superior performance under heat stress conditions is due to the
improved genetic adaptation of both tepary accessions and
interspecific lines that were used for evaluation in this study.
Regarding the common bean lines, A774 and BAT 477 were
reported as elite lines for tolerance to abiotic stress based on
having a higher number of seeds per plant (Ojeda, 2015). As far
as interspecific lines are concerned, the increase of pod biomass
under HT stress may be explained by the genetic contribution
of P. acutifolins in the pedigree of the lines evaluated. Under HT
condition, only tepary bean accessions increased dead leaf
biomass (accelerated senescence) at mid-pod filling. Positive
correlations were observed between this variable and the pod
biomass production (Table 2). This correlation was especially
important for G40022, G40001 and G40200 accessions, and it
was attributed to a greater plant efficiency and remobilization of
photosynthates to seed production (Beebe et al., 2009, Polania et
al,, 2016; Rao et al., 2016). Dry matter partitioning to pods in
snap beans has been observed to be efficient for the heat-tolerant
cultivar Haisbushi compared to the heat-sensitive cultivar
Kentucky Wonder. The photosynthates from the vegetative parts
were mobilized to pods for cv. Haisbushi but not for cv.
Kentucky Wonder (Omae et al., 2007). Number of pods/plants
decreased under HT condition for tepary bean G40022 and
G40277 accessions, which is in agreement with the results of
Rainey and Griffiths (2005). However, unlike the results reported
by these authors under 35°C day/32 °C night conditions, the
G40005 and G40278 accessions studied here showed increased
number of pods/plants under stress conditions. This difference
is possibly due to the HT conditions used in our study (29 °C £
5 day/ >23 °C night (up to 27 °C). Several authors suggest that
the effect of night HT is more critical than day HT. This was
confirmed under controlled conditions with night time
temperatures of 27 °C (Porch and Jahn, 2001; Rainey y Griffiths,
20052; Omae et al,, 2012). Temperatures above 30 °C during the

day or above 20 °C during the night result in yield reduction
(Rainey and Griffiths, 2005). In our conditions, the HT treatment
was 29 £ 5 °C during the day and more than 24 °C (up to 27 °C)
during the night. We therefore consider that the bean genotypes
evaluated in our study were growing under HT stress conditions.
Since P. acutifolins is better adapted to higher night temperatures,
it performs better under HT during the night than the lower
night temperatures in the ambient temperature conditions.

Leaf area increased considerably in common bean and
interspecific lines but not in tepary accessions, under HT
condition. One accessions (G40022) had the lowest LA and also
the highest pod biomass (Table 3). This suggests a greater
translocation of photosynthates to the pods to the detriment of
leaf growth occurred with HT. A significant negative correlation,
between pod biomass and days to flowering indicated that
earliness contributed to better performance under HT and AT.
The tepary bean accessions that flowered eatlier had higher pod
biomass under both conditions. The HT decreased the number
of days to flowering in tepary, while in common bean HT seemed
to increase it.

The period of flowering was extended in the heat-sensitive
genotypes, which may be a plant survival mechanism. Also, the
early flowering of tepary beans was associated with tolerance to
high temperatures.

Heat stress induced changes in root attributes

Yield differences in beans are partly determined by variability in
the root system. Larger and deeper root systems are associated
with greater tolerance to drought, due to increased soil water
extraction. A greater capacity to develop roots that go deep into
the soil can provide a better adaptation to conditions of water
stress (White and Castillo, 1992; Polania et al., 2009, 2016). Thete
is a direct correlation between tolerance of drought and heat
stresses, since during heat stress water availability can be a
limitation caused by high temperature. In the present study, high
temperature decreased total root length and specific root length
in tepary accessions, common bean and interspecific lines.
Although in tepary bean accessions, the total root length
decreased considerably, compared to the other genotypes under
HT conditions. Tepary beans produced more pod biomass and
pods per plant, especially for the G40001 accession, suggesting
that their tolerance to heat stress is due to a greater efficiency of
their root system to utilize available resources. Chaves (2015) also
reported a high yield for G40001 under high temperature stress
conditions.

Heat stress induced changes in photosynthetic efficiency
The SPAD readings and photosynthetic efficiency were affected
by the high temperature treatment in all genotypes evaluated.
Tepary bean accessions had considerably reduced SPAD
readings, while common bean lines and interspecific lines were
relatively less affected. P. acutifolins also had reduced stomatal
conductance under HT, while common bean increased it. These
results agree with those of Djanaguiraman et al. (2011) and
Chaves (2015) who showed that HT stress decreased chlorophyll
content and leaf stomatal conductance in soybean and common
bean, respectively. The photosynthetic efficiency increased in
tepary with HT, while common beans tended to decrease it.
The superior adaptation of tepary can be ascribed in part to its
ability to regulate stomatal opening and increase photosynthetic
efficiency.

Multivariate analysis under heat stress

The PCA analysis of all traits evaluated showed that four
components represented 88.8% of the total variance under HT
conditions. Different traits that were evaluated here appeared to
explain the variance in the PCA under HT, but not under AT.
The traits in the first component were related to root traits

Table 1. Description of the germplasm investigated in the study: P. acutifolius accessions, P. vulgaris genotypes and interspecific lines of P.

valgaris with P. acutifolins, P. coccinens and P. dumosus.
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Genotypes Origin Type of germplasm Seed
color

P. acutifolius A. Gray germplasm accessions
G40001 Veracruz (Mexico) Landrace White
G40005 La paz (El salvador) Landrace White
G40022 Arizona (United States) Landrace Yellow
G40068 Atizona (United States) Landrace Yellow
G40084 Durango (Mexico) Landrace Cream brown
G40110 Campeche (Mexico) Landrace Black. cream
G40159 Sonora (Mexico) Landrace White
G40200 Guanacaste (Costa Rica) Landrace Cream. brown
G40277 Sonora (Mexico) Landrace White
G40278 Sonora (Mexico) Landrace White

P. vulgaris L. lines
A 774 Brazil Inbred line Cream
BAT 477 Colombia Inbred line Cream
DAB 295 Colombia Inbred line Red
Calima Colombia Inbred line Red

Interspecific lines
INB 827 (Pvx Pa) Colombia Line Red
SEF 60 (Pvx Pax Pc) Colombia Line Red
ALB 91 (Pvx (Pvx Po)Fy Colombia Line Red
SCM 140 (Pvx Pax Pd) Colombia Line Purple

Pa = Phaseolus acutifolius. Pv = P. vulgaris. Pc = P. coccineus L., Pd = P. dumosus
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Fig 1. Relationship between pod biomass (g/plant) and days to flowering in P. acutifolius, P. vulgatis. species and the interspecific lines
under a) High temperature and b) Ambient temperature conditions. The genotypes that bloomed early and had higher pod biomass were
identified in the upper, left hand quadrant for both conditions.
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Fig 2. Relationship between pod biomass (g/plant) and dead leaves (g/plant) in P. acutifolins, P. vulgaris species and the interspecific lines under
a) High temperature and b) Ambient temperature conditions. The genotypes that had higher pod biomass and show also higher amount of
dead leaves were identified in the upper, right hand quadrant for both conditions.
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Table 2. Comparison of the effects of high temperature (HT) with ambient temperature (AT) treatment on mean values of total shoot
biomass, dead leaf weight at mid grain filling, pod biomass, pod number and specific root length per plant in lines tested.
Shoot biomass

Dead leaves

(g/plant) (g/plant)
Genotype HT AT HT AT
Tepary bean
G40001 18.1 35d 14.83ab = 0.14
G40005 11.1 10.3 abc 033 ¢ 0.09
G40022 14.7 12.4 ab 15.80 a 0.21
G40068 8.8 6.7 bed = 0.76abc = 0.15
G40084 13.1 10.7 abc 0.38 ¢ 0.36
G40110 10.4 59cd 0.29 ¢ 0.32
G40159 8.9 12.7 ab 0.85abc  0.25
G40200 13.8 11.0 abc 10.90abc | 0.11
G40277 14.4 82abcd = 0.80 abc  0.19
G40278 10.1 53cd 0.87 abc | 0.08
Mean 12.4 8.3 4.58 0.19
Common bean
A774 21.7 5.7 cd 0.0c 0.33
BAT477 17.3 5.9 cd 0.68 abc  0.09
DAB295 6.4 13.7a 0.0c 0.10
Calima 6.2 24d 0.0 c 0.0
Mean 12.9 6.9 0.17 0.13
Interspecific lines
INB827 12.8 12.5 ab 0.27 ¢ 0.17
SEF60 13.4 8.5 abed 0.19 ¢ 0.24
SMC140 17.9 133 a 0.48¢ 0.10
ALB91 16.9 6.7 bed 0.25¢ 0.27
Mean 15.2 10.1 0.30 0.20

*Means between a yield component and treatment not followed by the same letters are significantly different at

Pod biomass Number of Specific
(g/plant) pods/plants root length /
plant (cm/plant)*
HT AT HT AT HT AT
11.7 | 23def  17.4ab 4.0 def 697.5 5,999.1
6.5 5.0 dc 10.4 be 9.5 bede 1,313.8 1,473.7
10.9 94a 14.5 abc 174 a 1,486.3 1,762.9
64 | 54bcd 9.0 be 9.7 bed 625.2 3,491.1
91  56bed  17.0ab 10.4 bed 1,560.3 1,556.5
35 | 2.6def 9.0 be 4.4 cdef 1,494.3 3,202.4
6.0 8.5ab 10.0bc 18.02a 2,576.1 1,662.4
94 | 88ab 11.7 be 10.4 bed 1,146.7 167.7
85 59bcd 124 abc 13.4 ab 1,042.7 2,440.5
7.0 | 38cde = 13.4abc 10.7 be 1,674.4 3,398.3
7.9 5.7 12.4 10.7 1,479.7 2,666.4
4.6 0.6 ef 18.0 ab 5.7 cdef 1,032.5 2,632.1
4.0 0.2 f 16.7 ab 3.4ef 905.3 2,675.5
20 | 44 20c¢ 6.5cdef 2,906.8 1,077.9
0.4 0.7 ef 30c¢ 2.0f 2,564.3 4,525.7
2.7 15 9.4 4.4 1,852.2 2,727.8
4.00 4.6cd 10.0 be 10.4 bed 1,121.7 1,711.1
6.74 | 4.8cd 9.0 be 6.0 cdef 1,415.1 1,969.8
350  0.6ef 25.0a 2.7f 850.7 2,239.1
560 = 63abc | 13.0abc | 10.0 bed 951.1 1,966.4
4.9 4.1 1473 7.3 1,084.6 1,971.6

P= 0.05 according to

Duncan's multiple rang test. *Specific root length=toot length /root biomass.

(length and surface area), the second ones to physiological
variables (efficiency of photosystem and days to flowering) and
the third ones to biomass and number of nodules. This indicates
that these variables and others that were identified from the
univariate analysis (pod biomass, dead leaves at mid grain filling
and leaf area) could be used in bean breeding programmes as
selection criteria to screen bean genotypes for tolerance to heat
stress.

The mean agronomic data obtained from interspecific lines is
mixed. For shoot biomass, dead leaves and pod biomass they
showed a better response than common bean in high
temperature conditions, indicating positive inheritance from
other species (P. acutifolius, P. coccinens and P. dumosus). However,
for other traits (number of pods, specific root length and root
length) the performance was worse than that of common bean.
This indicates that more breeding is required to introgress genes
into common bean for yield improvement under heat stress
conditions.

Material and methods

Plant materials

A total of 18 genotypes were tested: ten accessions of tepary bean
(Phaseolus acutifolins A. Gray), four genotypes of common bean
(Phaseolus vulgaris 1..) and four interspecific lines from crosses of
P. vnlgaris with P. acutifolins, P. coccinens and P. domosus (Table 1).
The common bean genotypes were developed to improve
adaptation to different stresses: The A774 genotype was
developed for improved adaptation to low soil fertility, BAT 477
was developed for improved adaptation to low soil phosphorus
availability and drought, while DAB 295 was developed to
tolerate drought and Calima was included as a commercial check.
Four interspecific lines were included. SEF 60 was obtained from
the cross (ALB74 x INB 841) F1 x RCB593; ALB74 was obtained
from the cross SER 16 x (SER 16 x G35346-3Q)) F; with genes
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from P. coccinens (Butare et al., 2012). INB841 was detived from
the cross (INB108 x INB605) (Mejia et al., 1994). INB 827 was
obtained from the cross (INB 108 x INB 105) with genes from
P. acutifolins Mejia et al., 1994). SMC140 was obtained from the
cross (INB 841 x SMC6) F; x (SXB 405 x MIB 780) F; where
the INB 841 and the MIB 780 are interspecific lines of P. vu/garis
x P. acutifolins and P. vulgaris x P. dumosus, respectively. ALB 91, an
interspecific line obtained from the cross SER 16 x (SER 16 x
G35346B) Fi with genes from P. coccinens (Butare et al., 2012)
(Table 1). The tepary bean germplasm accessions, and the
common bean genotypes and the interspecific lines were
obtained from the Genetic resources Unit and the Bean
Programme of CIAT, respectively.

Experimental conditions

The experiments were conducted at the International Center for
Tropical Agriculture (CIAT) in Palmira, Colombia, located at
latitude 3° 29' N, longitude 76° 21' W and 965 altitude above sea
level. Two experiments were conducted simultaneously to
evaluate the tolerance of the various bean genotypes to high
temperature. Both experiments were conducted using a split-plot
design with three replications. Experiment 1 was carried out with
high temperature treatment (HT) in a greenhouse and
Experiment 2 was realized at ambient temperature (AT),
outdoors in the field under rainout shelter. Seeds were sown in
transparent plastic cylinders (120 cm long, 7.5 cm diameter) with
a Mollisol soil from Palmira, Colombia (Polania et al., 2009). Soil
cylinders were carefully packed with a 2:1 soil: sand mixture
having a final bulk density of 1.4 g/cm3 The seeds were
germinated in paper towels and uniform seedlings were selected
for transplanting to transparent plastic cylinders, each of which
was inserted into PVC sleeve tubes. The plants of both
experiments were inoculated at 10 days after sowing with
Rhbizobinm tropici (strain CIAT 899). To induce high temperature



Table 3. Effect of high temperature (HT) compared to ambient temperature (AT) treatment on SPAD chlorophyll meter reading,
photosynthetic efficiency, stomatal conductance, leaf area and days to flowering of 18 Phaseolus genotypes.

SPAD chlorophyll Photosynthetic ~ Stomatal conductance

Leaf area (cm?)

Days to flowering

meter reading efficiency (QY (mmol.m2.s-1)
(Fv/FM))

HT AT HT AT HT AT HT AT HT AT
Tepary bean
G40001 30.5 abc* 45.0 ab 0.66ab = 0.57 @ 176.2 248.0 bede 451.7 de 108.3 ef 27efgh 28d
G40005 31.7 abc 39.5 abcd 0.70 a 0.56 | 239.2 443 .4 abc 467.7 de 539.0 bede 30defg 27d
G40022 274 abcd | 40.1 abcd 0.72 a 0.60  170.1 324.3 abcde 108.0 e 208.7 def 21 h 26d
G40068 16.4 dc 283 ¢ 0.58ab = 0.60 | 276.8 263.8 bede 104.3 ¢ 84.3 f 24 gh 27d
G40084 32.7 abc 41.4 abcd 0.70 a 0.58  329.0 397.7 abcd 367.3 de 401.7 cdef 27efgh 30bcd
G40110 31.5 abc 41.7 abcd 0.71 a 0.50 | 300.8 83.3 ed 760.7 cde 294.0 def 33 cdef 29cd
G40159 13.4d 47.3 ab 0.68ab  0.58 @ 191.6 272.5 bede 96.5 € 332.3 cdef 24 gh 27d
G40200 18.4 bed 482 a 0.70 a 0.59 | 192.8 224.9 cde 384.0 de 156.3 def 26 fgh 32bcd
G40277 244 abcd | 43.1 abc 0.68ab = 0.61 184.4 163.7 ¢ 369.7 de 140.0 ef 23 gh 26d
G40278 371a 482 a 0.70 a 0.49 | 205.6 320.7 abcd 164.3 ¢ 140.3ef 29 defg 26d
Mean 26.3 42.3 0.68 0.57  226.6 284.2 327.4 240.5 26 28
Common bean
A774 35.7 ab 33.4 cde 0.51bc 057 @ 409.3 1474 ¢ 1,876.0 a 521.7 bedef 36 abcd 34abcd
BATA477 37.6a 31.8 cde 0.69 a 0.59 | 316.7 197.4 de 1,483.0 ab 596.3 bed 40abc 38 ab
CALIMA 36.2a 31.2 de 0.71 a 0.61 3425 1192 ¢ 775.0 cde 200.5 def 41 ab 37 abc
DAB295 27.0abcd | 36.6 bede 0.36 ¢ 0.64 | 225.5 449.0 ab 660.0 de 1354.5 a 4252 32 bed
Mean 34.1 33.2 0.57 0.60 = 323.5 228.3 1198.5 668.3 40 35
Interspecific
lines
INB827 33.7 abc 43.0 abc 0.66ab  0.61  362.5 243.9 bede 905.3 b 996.5 bed 31 defg 31 bed
SEF60 38.8a 41.0 abced 0.68 ab 0.6 294.8 253.8 bede 996.0 bed 413.0 cdef 34 bede 29 cd
SMC140 36.82a 32.4 cde 0.71 a 0.58 325.5 342.4 abcde 1,535.7 ab 586.3 bed 40 abc 40 a
ALB91 39.7 a 39.8 abcd 0.65ab = 0.61 | 265.9 491.5a 1,416.0abc 742.0 be 31 defg 30 bed
Mean 37.2 39.1 0.68 0.60  312.1 332.9 1213.25 684.5 34 33

*Means between a yield component and treatment not followed by the same letters are significantly different at P< 0.05 according to

Duncan's multiple

conditions and simulate the changes in temperature between day
and night, conditions in the greenhouse were modified using
heaters, the ventilation system and thermostats. The HT
treatment was set at 29 °C £5 during the day and >24 °C (up to
27 °C) during the night, with an average relative humidity of 65
%. In the field, average temperature was 25 °C +5 during the day
and £19 °C at night, with an average relative humidity of 81 %,
in both treatments. The soil was maintained at 80 % of field
capacity and water was supplied to avoid drought stress. The data
on relative humidity and temperature were monitored with
thermo-hygrometers that registered the parameters every 15 min.
The average, minimal and maximal temperatures were calculated
per day.

Measurement of shoot and root morpho-physiological
characteristics

Plants were harvested at 60 days of growth for Experiment 1 and
at 70 days of growth for Experiment 2. Days to flowering (DF)
were determined for each genotype in each experiment. Days to
flowering was defined as the number of days after planting until
50% of the plants had at least one open flower. At mid-pod filling
growth stage, the following non-destructive measurements were
made. Leaf area was measured using a leaf area meter (model LI-
3000, LI-COR, NE, USA). The leaf chlorophyll content of fully
expanded leaves was measured using a non-destructive, hand-
held chlorophyll meter (SPAD-502 chlorophyll meter Minolta
camera Co., Ltd., Japan). The principle is based on the difference
in light attenuation at wavelengths 430 and 750 mm. From the
difference in light attenuation, a numerical SPAD (Soil Plant
Analysis Development) unit, ranging from 0 to 80, is calculated
by the microprocessor in the SPAD-502 chlorophyll meter. The
efficiency of photosystem II (QY) in leaves adapted to light
(Fv'/Fm') was also determined. The stomatal conductance
(mmol m? s7) was measured with a portable leaf porometer
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(Deacagon SC-1) on a fully expanded young leaf of one plant
within each replication. Measurements were made late in the
morning (10:00-12:00 am) on clear and sunny days. The biomass
of dead leaves (i.e. fallen, dry leaves) per plant at the mid-pod
filling stage was measured. At the time of harvest, plants were cut
and dry weights of: shoot biomass, stem, leaves, and pod biomass
and pod number per plant were recorded. The roots of each soil
cylinder were carefully washed free of soil. The washed roots
were scanned as images using a desk scanner. From the scanned
images, total root length (cm plant!) and proportion of fine roots
or the proportion of roots (%) with a diameter less than 0.5 mm,
were measured through image analysis using Win RHIZO
(Reagent Instruments Inc.,

Quebec Canada). Root weight per plant was determined after the
roots were dried in an oven at 60 °C for 48h.

Statistical analysis

A separate analysis was conducted for each experiment. The
sources of variation within each experiment were replications
and genotypes. All data were analyzed using the SAS (v. 9.2).
Correlation coefficients were calculated by the PROC CORR.
Values marked with * or ** are statistically significant at
probability levels of 5% and 1%, respectively. The mean values
were compared using the Duncan test. A complementary analysis
of variance was performed to compare genotypes and/or groups
of genotypes for the most important variables: the number of
days to flowering, the SPAD chlorophyll meter

readings, pod biomass, dead leaves at mid-grain filling, root
biomass and root length. The tepary bean accession G40001was
used as a heat tolerant check (Rao et al., 2013) to compare with:
a) the other tepary accessions, b) the common bean genotypes
and ¢) the interspecific lines.



Table 4. Eigen values and per cent of total variation and component matrix for the principal component axes - High temperature (HT) and
ambient temperature (AT) conditions. Values in bold indicate the traits that were informative in genotype differentiation.

Principal components CP1 CP2 CP3 CP4 \
High temperature (HT) 7.09 4.29 1.49 1.33
Eigen value

Variance proportion 0.44 0.27 0.09 0.08
Cumulative proportion variance 0.44 0.71 0.80 0.89
Shoot biomass 0.075 0.442 0.177 -0.056
Pod biomass - 0.268 0.256 0.219 -0.039
Dead leaf at mid-grain filling -0.291 0.172 0.204 0.144
Leaf area 0.318 0.179 0.253 -0.022
Pods number |- 0.006 0.403 0.182 0.261
Days to flowering 0.285 -0.118 0.369 0.081
Roots length 0.325 -0.133 0.301 0.101
Roots volume 0.297 -0.202 0.243 0.189
Roots biomass 0.303 0.250 0.121 0.018
Supeficiel area of root 0.314 -0.172 0.274 0.149
Specific root length -0.028 0.449 0.046 0.133
Nodules biomass 0.223 0.237 0.267 -0.458
Nodules number 0.242 0.204 0.310 -0.421
SPAD chlorophyll content 0.270 0.154 0.036 -0.190
Leaf stomatal conductance 0.292 -0.002 0.255 0.216
Efficiency of photosystem IT - 0.059 0.165 0.414 0.586
Ambient temperature (AT)

Eigen value 6.35 4.59 1.73 1.02
Variance proportion 0.40 0.29 0.11 0.06
Cumulative proportion of variance 0.40 0.69 0.80 0.86
Shoot biomass 0.119 0.402 0.267 -0.053
Pod biomass -0.102 0.423 0.094 -0.233
Dead leaf at mid- grain filling -0.044 0.046 0.625 0.201
Leaf area 0.345 0.092 -0.179 0.210
Pod number -0.111 0.390 0.197 -0.189
Days to flowering 0.229 -0.281 -0.035 -0.108
Root length 0.333 -0.118 0.287 0.047
Root volume 0.331 -0.180 0.263 -0.007
Root biomass 0.359 0.156 0.077 0.073
Superficial area roots 0.337 -0.152 0.279 0.020
Specific root length -0.170 -0.326 -0.044 0.019
Nodules biomass 0.269 0.218 -0.307 -0.039
Nodules number 0.349 0.110 -0.173 0.173
Spad chlorophyll content -0.177 0.259 0.094 0.349
Leaf stomatal conductance 0.132 0.279 -0.280 0.387
Efficiency of photosystem II 0.227 0.104 -0.075 -0.705

The tepary group of accessions were also compared with the
common bean and the interspecific lines. Finally, the common
bean genotypes were compared with the interspecific lines under
HT (greenhouse) and AT (rainout shelter) conditions. A
combined

analysis of two experiments was also conducted. The sources of
variation were: temperature treatments, replication, genotype and
genotype x temperature condition treatment interaction.
Principal Component Analysis (PCA) was performed on the
measured vatiables and was based on Pearson correlation matrix
and Euclidean distances. Eigenvalues for all principal
components (PCs) are shown. Eigenvectors generated by the
PCA were used to identify parameters that best differentiated the
genotypes in each experiment.

Conclusion

Tepary bean exhibits traits related to adaptation to high
temperature. Beneficial morpho-physiological traits include a
greater capacity to allocate dry matter to pods, fine roots and
smaller leaves (for efficient water use and reduced stomatal
conductance). Three tepary bean accessions that produced good
pod biomass under heat stress were identified: G40001
(Veracruz, Mexico), G40022 (Arizona, United States) and
G40200 (Guanacaste, Costa Rica). These accessions could serve
as potential donors of genes to improve common bean through
interspecific hybridizations and backcrossing. Alternatively,
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breeding of tepary beans for preferred consumer traits may be
considered to safe guard food security in arid zones of the world.
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