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Abstract: Our aim in this study was to evaluate common bean progenies for
water use efficiency (WUE) and verify if selection carried out under conditions
without water limitation reflects the selection carried out under stress condi-
tions. Eighty progenies from the BRSMG Talismd x G4280 cross and 80 from the
BRSMG Talismd x G6492 cross were evaluated with high water availability (HWA)
and low water availability (LWA) in two locations and two years. Genetic vari-
ance, heritability, accuracy, expected gain from selection, correlated response
to selection, genetic correlation between HWA and LWA and between the two
traits evaluated, and risk index in the recommendation (RI) were estimated.
Some progenies had a Rl close to zero, were tolerant in LWA, and were respon-
sive in HWA. Progenies with high grain yield and WUE could be identified. The
two conditions of evaluation were equally efficient for selection, as verified by
estimates of expected gains from selection.
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INTRODUCTION

Common bean (Phaseolus vulgaris L.) is one of the most important foods
in Brazil (70% of Brazilians consume beans daily) and, together with rice, is the
basis of the Brazilian diet. Common beans are the main source of protein for
low-income families. The systems used for growing beans in Brazil are highly
diverse, depending on the type of farmer and, above all, on the crop season
(Carneiro et al. 2015). The crop is prominent in Brazilian agribusiness because
of its adaptation to edaphic and climatic conditions, which allows production
in all regions of the country. In some states, e.g., Minas Gerais, common bean
can be grown practically throughout the year (Ramalho et al. 2014). However,
irrigation is necessary for some periods since rainfall does not occur, and when
it occurs, it is not always well distributed. Thus, over time, breeders directly
or indirectly aim to select cultivars that are tolerant to water deficiency (WD)
and/or have higher water use efficiency (WUE).

There is a real demand for cultivars tolerant to low water availability and this
has attracted the attention of breeders (Polania et al. 2016a, Vasconcelos et al.
2018, Pereira et al. 2019). In particular, along with predictions of accentuated
drought in some regions, this line of research has increased (Ceccarelli 2014,
Mukeshimana et al. 2014). In general, selection for response to low water
availability aims to obtain plants that tolerate WD. A smaller number of studies
aim to obtain water-efficient cultivars, i.e., cultivars tolerant to low-rainfall
conditions, but that respond when water availability increases.
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The common bean breeding program in the southeastern part of the state of Minas Gerais identified the segregating
populations ‘BRSMG Talisma x G4280’ and ‘BRSMG Talisma x G6492’ with greater WUE (unpublished data). Evaluating
progenies of these populations under different levels of water availability is important to verify the possibility of
obtaining new common bean cultivars that combine good grain yield under WD and good response in the absence of
WD. Estimates of genetic and phenotypic parameters obtained in these evaluations will certainly assist in continuity of
selection for higher yield and WUE in the region.

The aim of this study was to select common bean progenies with high grain yield and WUE. An additional aim was
to verify if selection without water limitation reflects the selection that would be carried out under stress conditions.

MATERIAL AND METHODS

In previous stages of the common bean breeding program of the Federal University of Lavras (UFLA), twelve lines
were crossed in a 6 x 6 partial diallel scheme. One group was composed of six lines of carioca (cream-colored with brown
stripes) grain type (Carioca, Carioca MG, FT84-292, BRSMG Talisma, IAPAR 31, CNFC9506) with good adaptation in the
region, and the other group, of six sources of WD tolerance (G4280, SEA-5, BAT-477, IAC-Una, G6492, Ouro Negro). The
populations in the F2 generation were evaluated in two field experiments, one with sprinkler irrigation. After diallel
analysis of the grain yield data, the populations from crosses between ‘BRSMG Talisma x G4280’ and ‘BRSMG Talisma x
G6492’ were identified as the most promising for selection of progenies under WD conditions (unpublished data), and
they were used in this study.

In the F, generation, 80 plants from the BRSMG Talisma x G4280 population and 80 plants from the BRSMG Talisma
x G6492 population were selected, which gave rise to the F_ progenies. These progenies were evaluated in Lavras and
Patos de Minas in the F, , generation (sown in the autumn/winter season of 2014), in the F,.generation (sown in the
dry season of 2015), and in the F, generation (sown in the winter season of 2015). BRSMG Talismd, BRS Estilo, G 4280,
BAT 477, Carioca, Pérola, lapar 81, BRSMG Madrepérola, and BRSMG Majestoso were used as check cultivars.

In each site and season, two experiments were set up on the same day in adjacent areas. The experiments were
irrigated twice a week. In one of them, water was supplied according to crop needs, i.e., without water stress, which
was denominated the condition of high water availability - HWA. In the other experiment, the plants did not receive the
amount of water required (under water stress), which was denominated the condition of low water availability - LWA.
The water level was established according to sprinkler irrigation time, with LWA being half the irrigation time used in
HWA. Thus, in experiments with HWA, the amount of water received in the average of the two locations and three
sowing seasons, including water from rainfall, was 254 mm. Experiments with LWA aimed at a 30% reduction in available
water, and the plots received 183 mm of water. The experimental design of each experiment was a 13 x 13 triple lattice.
Plots consisted of a 2-m row at a spacing of 0.6 m, without a border at the end of the plot. In each block within each
replication, water collectors were set up to indicate the amount of water received.

Initially, grain yield, in kg ha, was obtained from each plot. The amount of water received in each collector was
used as a covariate for analysis of this trait. All plots within the same block were considered to have received the same
amount of water. Water use efficiency - WUE (grain yield without adjustment for covariate/received water amount)
was also obtained, in kg hatmm™.

Data analysis of the two traits was performed by the mixed model approach using ASRELM software. It was initially
performed in each environment (location/sowing season/water level) considering all effects as random, except the mean
(Model 1). A second analysis (Model 2) was then carried out within each location / sowing season, considering all effects

as random, except the mean and water level effects. For the rardom effects Tf the genotypes, with g ~ N[0, I®G ], an
02
9 92

identity matrix I, and an unstructured matrix G, was used. G o2 where o ¢ is genetic variance in LWA, o

f,z is genetic variance in HWA, and o 21 is genetlc covariance between LWA and HWA. Subsequently, joint analysis was

performed considering all the sites/sowing seasons and water levels as a factor of the model (Model 3). As there was
no ?lomogeneity of the residuals for this random effect, with € ~ NMV(0, R), a diagonal matrix R was used, in which

R “
= . 2
o €12

, Where e, e are the errors associated with each environment (site / sowing season / water level).
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The estimation of variance components and standard errors of the estimates and prediction of random effects were
performed using the REML/BLUP (restricted maximum likelihood/best linear unbiased prediction) procedure. The Wald
hypothesis test was used to test fixed effects and the likelihood-ratio test (LRT) to test random effects.

The following estimates were made: heritability (h?), based on progeny average; selection accuracy; expected gain
from selection; ; correlated LWA response with selection made by HWA; genetic correlation between grain yield and
WUE; correlation between progeny performance in LWA and HWA at each site/sowing season, as described by Bernardo
(2010); and coincidence in selection of the ten best progenies for grain yield and WUE (Hamblin and Zimmermann 1986).

The most stable progenies were selected using the graphical method proposed by Nunes et al. (2005). The method
uses the sum of the standardized variables (2Z) as a measure of the adaptability of each progeny in each environment.
For that reason, the averages of progenies in each environment were standardized. As the standardized variable
assumes positive and negative values, a constant of five was added to make the values always positive. Thus, the
mean of the population becomes five, instead of zero. Subsequently, the sum of standardized variables (2Z) of the
progenies was obtained. With the standardized values, the risk index in the recommendation (RI) was also estimated
by Rl = |3 (2<5)]|

Number of environments x constant added
where grain yields were below average.

where |5(Z < 5)] is the sum of Z estimates of environments

RESULTS AND DISCUSSION

Considerable effort in breeding has been directed to WD tolerance (Ceccareli 2014). The procedure for conducting
segregating progenies is highly variable, and the objective, in most cases, is to obtain plants that are WD tolerant for
a variable time (Cattivelli et al. 2008, Beebe et al. 2013, Polania et al. 2016b). Several traits have been evaluated for
assessment of WD tolerance (Asfaw and Blair 2012, Mukeshimana et al. 2014, Assefa et al. 2015). However, we only
considered grain yield, since this trait depends on all the others, and yield response will reflect the action of almost

all genes of the plant (Porch et al. 2009, Rosales-Serna et
al. 2012, Ceccarelli 2014). Analysis of grain yield in each
experiment (Model 1) showed that experimental accuracy
was relatively high. Estimates of selection accuracy ranged
from 69 to 94%, showing differences among progenies in
all environments (sowing seasons/locations/water levels).
Accuracy greater than 50% is a favorable condition for
selection (Resende and Duarte 2007).

In this type of study, water must be uniformly distributed,
which does not always occur. In order to mitigate possible
irregular distribution of water, collectors were spaced at
regular distances inside each block, as already mentioned.
This procedure had successful results, as most of the
accuracy estimates were high. Water collection in plots has
already been successfully performed in common bean for
the purpose of improving experimental accuracy (Krause
et al. 2007).

Another issue when conducting experiments under
conditions with and without water limitation is that
heterogeneity of residuals may occur when joint analysis is
desired. In this study, there was heterogeneity of residual
variances (Table 1). In order to overcome this problem,
the REML procedure was used in data analysis; which can
use this information for a more accurate estimation of the
parameters of interest (Patterson and Thompson 1971).

Table 1. Estimates of variance components of random effects
for grain yield (kg ha) considering the effect of water levels
apart from other environmental factors (locations and sowing
seasons) - model 3

Description Component Standard error
Progenies (P) 5615.19" 2243.14
Replication 5635.33" 2180.91
Block (Replication) 10826.52° 1441.25
P x locations/sowing seasons (A) 37556.12" 4019.76
P x Water levels (N) 895.29 1549.30
PxAxN 36070.58" 3528.68
Residuals
Low water availability (LWA)
Patos de Minas -sown April 2014 37075.53 2917.54
Lavras - sown July 2014 199554.12 15383.28
Patos de Minas - sown March 2015 35423.33 2835.10
Lavras - sown March 2015 71463.22 5798.30
Patos de Minas - sown July 2015 25074.83 2011.88
Lavras - sown July 2015 152945.80 11531.33
High water availability (HWA)

Patos de Minas -sown April 2014 51714.15 4056.02
Lavras - sown July 2014 401020.55 29026.77
Patos de Minas - sown March 2015 50258.93 4013.53
Lavras - sown March 2015 85035.68 6839.15
Patos de Minas - sown July 2015 256595.71 19865.00
Lavras - sown July 2015 377008.83 27325.59

“ Significant by the LRT test at 5% probability.
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The effects of location and sowing season were isolated from the effect of water level (N) in Model 3. All random
components were significant, except for progenies x water levels (Table 1). The progeny x water level interaction was
6.27 times lower than genetic variance among progenies. In this study, as the most pertinent information was the
progeny x water level interaction, the results show that the response of the progenies coincided in the two water levels.

An analysis involving the effect of water levels within each location/sowing season (Model 2) was also carried out
(Table 2). In this case, the components of the model were all significant, including the progeny x water level interaction,
which was not significant when considering all locations and sowing seasons. Estimates of correlations between LWA
and HWA conditions in each location/sowing season, most from medium to small magnitude, reinforce the existence
of the progeny x water level interaction (Table 2) and indicate that the interaction is predominantly complex. However,
when the analysis was carried out with water levels apart from the other environmental factors, i.e., sowing season
and location, the progeny x water level interaction was not significant, as already mentioned. (Tables 2 and 3). In this
condition, all components were isolated, and the progeny x water level interaction was free of other effects, which could
not be detected in analyses within each location/sowing season. However, even with the significant progeny x water
level interaction, some progenies are among the best performers in LWA and HWA in both locations. This is likewise
observed among the worst performers (Table 3). Aiming to identify the highest yielding progenies when under water
limitation (LWA) but that responded to improvement of the environment (HWA), the progenies were arranged in four
quadrants delimited by the average in each condition. For selection purposes, progenies of interest occupy quadrant |,
called “high yielding and responsive”; they have positive BLUP in LWA and HWA (Table 3). In this situation, 17 progenies
were common to both evaluation locations.

A progeny x environment interaction for grain yield is a frequent occurrence in the region (Lima et al. 2014, Lima et
al. 2015). In order to minimize the effect of this type of interaction, it is necessary to conduct the evaluation experiments
in as many environments as possible and to identify the best progenies in the average of the environments (Lima et al.
2014, Ferreira et al. 2015). The most adapted and stable progenies in the average of the locations and sowing seasons
were identified using the methodology of Nunes et al. (2005). Figure 1 shows the five best progenies and the five worst
ones, considering 2Z. The progeny with best performance (progeny 1) had a response better than or equal to the average
in all environments, showing its stability and adaptability in the 12 environments.

The risk of progeny recommendation was estimated using the same principle. For breeders, this information is
important for choosing progenies for further recommendation. In this case, it is necessary to have information involving

Table 2. Significance test of model 2 components considering the effect of water levels within each location/sowing season for grain
yield, and correlation between low water availability (LWA) and high water availability (HWA) conditions

- Test
Description
12 2 3 4 5 6
Water levels (N) 76.81* 28.10* 228.00* 52.65* 11.27* 128.6*
Progenies (P) 43.09° 48.82" 28.80° 23.47° 15.78" 3.83"
PxN 8.92" 108.65" 38.04" 5.64" 160.13" 13.22"
Correlation 0.80 0.60 0.53 0.68 0.36 0.32

21: Patos de Minas, sown April 2014. 2: Lavras, sown July 2014. 3: Patos de Minas, sown March 2015. 4: Lavras, sown March 2015. 5: Patos de Minas, sown July 2015. 6:
Lavras, sown July 2015.

* Significant by the Wald test at 1% probability.

* Significant by the LRT test at 5% probability.

Table 3. Number of progenies in each quadrant in Lavras and Patos de Minas, and progenies common to both locations for grain yield

Quadrant

) 1 ] 1 v

Location
LWA* HWA? LWA HWA LWA HWA LWA HWA
+ + - + - - + -

Patos de Minas 51 30 60 28
Lavras 51 35 52 31
Common 17 7 20 5

LLWA: Low water availability. 2 HWA: High water availability.
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all environments. Progeny 1, as expected, had an estimated risk near zero (Table 4). The other four also had good
performance; however, their response was below average in some environments. The control BRSMG Majestoso also
showed lower Rl and higher 2Z, indicating good response. The worst performing progenies had only slightly above-
average response in some of the environments evaluated. Furthermore, they showed higher risk in recommendation.

The performance of the BRSMG Majestoso cultivar, which is recommended for growing in the state of Minas Gerais, is
noteworthy (Abreu et al. 2007) (Figure 1, Table 4). Although it was not selected for WD tolerance, it has been intensively
evaluated in the state under the most diverse growing conditions. It was surely recommended because it was superior
in most of the conditions and confirmed its good performance and stability in variable environments. This was likewise
the case of the BRSMG Talisma cultivar, which was one of the parents used to obtain segregating populations, due to its
good wide adaptation in the state and to its results as one of the best performers. It should be noted that this cultivar
comes from a recurrent selection program in which one of the parents is the BAT 477 line, which is one of the sources of
drought tolerance most cited in the literature (Abreu et al. 2004, Blair et al. 2012, Miiller et al. 2013). The G4280 line also

Progenie 1 Progenic 43 BRSMG Majestoso

1 1 1
[} 2 12 2 12 2

G4280 Progenie 97 Progenie 160

Progenie 139 Progenie 106

Figure 1. Graphical representation of performance of the five best and five worst progenies by 2Z, considering grain yield. The dotted
line represents the constant value (five) associated with the Z variable (environment average), and the axes refer to the 12 environ-
ments [1: Patos de Minas (PM), sown April 2014 (04/14), low water availability (LWA). 2: PM, 04/14, high water availability (HWA). 3:
Lavras, sown July 2014 (07/14), LWA. 4: Lavras, 07/14, HWA. 5: PM, sown March 2015 (03/15), LWA. 6: PM, 03/15, HWA. 7: Lavras,
03/15, LWA. 8: Lavras, 03/15, HWA. 9: PM, sown July 2015 (07/15), LWA. 10: PM, 07/15, HWA. 11: Lavras, 07/15, LWA. 12: Lavras,
07/15, HWA].
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merits discussion; it was used as one of the parents because ~ Table 4. Estimates of risk index (RI) anq 3Z, considering grain yield
it too is a reference for drought tolerance (Guimardes et ~ ©f the ten best and ten worst progenies

al. 2011, Asfaw and Blair 2012). In this study, this line was Progeny RI Progeny 5Z
among the worst performers — the cultivar had a high risk 1 0.39 1 75.62
of recommendation and the worst Z, probably because it 14 1.07 43 75.35
was not well adapted to the region. However, it confirmed BRSMG Majestoso 1.10 BRSMG Majestoso  74.03
its good combining ability for generating progenies with 136 148 102 71.94
good adaptation to water limitation — progenies froma 37 189 118 69.87
cross with this line are among those of best performance. 16 191 5 68.51
122 1.96 68 67.36
Information of interest to breeders is the progeny 143 2.00 90 67.12
response to the additional water provided. On average, 131 211 74 67.00
the increase per millimeter of applied water was 9.2 kg 111 2.38 Talisma 66.85
ha™. The response in average yield of the progenies was 67 15.23 lapar 81 52.51
always positive (0.15 - 22.2 kg hatmm?). WUE is also lapar 81 15.38 148 52.10
information that is widely used and useful to breeders. 146 15.92 58 51.85
Analyses were carried out in a manner analogous to grain 139 15.95 50 51.74
yield. The results were very similar for the two traits (data 106 16.29 146 51.46
not shown). The correlation between WUE and grain yield 160 16.34 139 51.24
showed values higher than 98%, and selection of the ten 5 ) 16.57 106 >0.73
best progenies coincided in more than 88% of the cases, BRS Estilo 17.01 160 >0.67
T . Lo . . . T 97 18.35 97 50.09
indicating that selection for grain yield is efficient in indirect 64280 25,08 64280 1851

selection for WUE.

Afrequent question is whether the possibility of success
in selection varies with the presence or absence of water
stress (Cattivelli et al. 2008, Porch et al. 2009). To answer this question, in principle, a good estimate can be made from
heritability (h?) for selection in the average of progenies. This information is particularly important to guide breeders
regarding which environment can be more efficient for selection. Estimates were very similar for the two traits and varied
according to the environment (Table 5). In joint analysis of the 12 environments, the h? estimate was from medium to high
magnitude. Although there is divergence among h? estimates in LWA and HWA for grain yield and WUE, in the average
of the six locations/sowing season, h? estimates were nearly the same, indicating that selection with a high or low water
level should have the same efficiency. The results of expected gain from selection (GS) and correlated response (CR) in
the LWA condition by the selection performed in the HWA condition reinforce this hypothesis.

The GS estimates were all of high magnitude, confirming the existence of genetic variation among progenies and the
good experimental precision in evaluation of the two water supplies. In the average of locations and sowing seasons, GS
was 35% in LWA and 29% in HWA, showing that water availability did not affect selection efficiency. In addition, when

Table 5. Heritability estimates (in percentage) for grain yield and water use efficiency in analyses in each environment and consider-
ing the 12 environments, estimates (in percentage) of gain from selection (GS) in the 12 environments, and correlated response (CR)
under the condition of low water availability (LWA) by selection made under high water availability (HWA) for grain yield

3 . Grain yield WUE GS RC

Location/sowing season
LWA HWA LWA HWA LWA HWA

Patos de Minas - sown April 2014 56 73 56 73 18 21 7
Lavras - sown July 2014 60 52 59 51 21 15 7
Patos de Minas - sown March 2015 86 8 86 84 50 47 28
Lavras - sown March 2015 85 81 84 82 47 35 5
Patos de Minas - sown July 2015 89 79 89 78 53 38 21
Lavras - sown July 2015 48 53 49 50 17 20 2
Average 71 70 71 70 35 29 12
Joint analysis of 12 environments 49 50

6 Crop Breeding and Applied Biotechnology - 20(1): 253520111, 2020
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selection was performed in HWA, the CR in LWA was always positive, although of lower magnitude than direct gain. The
highest gain from selection under the HWA condition for response in LWA corresponded to 55% of gain from selection
directly under the LWA condition, and the lowest gain was 11%. Thus, in the case of common bean, evaluations carried
out in a wide variety of environments (locations, seasons, and edaphic and climatic conditions) are efficient for the
selection of progenies adapted to several conditions (Lima et al. 2014, Ferreira et al. 2015), including LWA conditions.

Breeding specifically for adaptation to water stress is considered an undesirable strategy because it is usually
associated with low grain yield under favorable conditions (Ceccarelli 2014). However, breeding for wide adaptation
was considered to have better cost-benefit than selection of specifically adapted progenies (Windhausen et al. 2012).
Thus, the strategy used in this study of simultaneous evaluation under the two conditions of water availability, seems to
be the most suitable, since it allows identification of progenies with good performance in LWA, but that also respond to
improvement in the environment. However, if evaluation under controlled conditions of water availability is not possible,
the use of a large number of environments may also contribute indirectly to identification of progenies that also have
good grain yield under LWA. The performance of cultivars BRSMG Majestoso and BRSMG Talisma, mentioned above,
confirm this observation. Other cultivars, such as Carioca and Pérola, recommended for sowing in Minas Gerais and
several other states, were also considered WD tolerant in other opportunities for analysis, supporting this observation
(Biudes et al. 2006).

CONCLUSION

In the average of the two sites, 10.6% of the progenies had both high yield and high WUE, that is, they were tolerant
to LWA and responsive under HWA.

Selection without water limitation (HWA) reflects selection under the stress condition (LWA). The two evaluation
conditions were equally efficient in selection, as shown by the estimates of GS, which were high in both LWA and HWA.
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