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Abstract: The aim of this study was to verify if the harvest index (HI) of common
bean is higher in modern lines, to verify if its estimate varies with the cycle of the
plant and environmental conditions, and to obtain information concerning its
genetic control (through diallel crossing). For this purpose, six lines were crossed
in a diallel. Evaluations were carried out in three crop seasons/generations - F,,
F, and F,. A receptacle was used to collect leaves, pods, and other plant parts
that fell before harvest. Diallel analysis was performed using Griffing’s method
II. It found that the HI was higher in modern lines and was not affected by the
cycle; the estimated HI heterosis was negative, indicating the occurrence of
dominance in order to reduce trait expression.
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INTRODUCTION

Common bean in Brazil is grown under several environmental and management
conditions. It is typically cultivated by subsistence farmers with little or no use of
technology up to large rural entrepreneurs who utilize all available technologies.
Grain yield per area in common bean has been increasing in recent years
despite reduction in crop area planted (CONAB 2017). One of the factors that
has contributed significantly to the increase in grain yield is the use of improved
cultivars (Vencovsky and Ramalho 2000, Qian and Zhao 2017).

The question is what changes in plants occurred that contributed to this
greater efficiency. One factor that may have contributed, but has not been well
studied, is the harvest index (Hl), i.e., the relationship between the dry matter
of the grain and total dry matter. It is expected that most modern cultivars have
a higher HI. This higher HI has been confirmed in other species, such as maize
(Echarte et al. 2013) and rice (Li et al. 2012); however, there is no information
on common bean in this regard.

Depending on environmental conditions, especially temperature and high
humidity, it is expected that plants may develop their vegetative part instead
of their reproductive part, especially to compete against neighboring plants. As
common bean in many regions of Brazil is sown in three distinct seasons that
differ in climate conditions, a variation in the HI is expected to occur among
seasons. Unfortunately, no reports were found concerning this question.

Common bean cultivars vary widely in the duration of their reproductive
and vegetative cycles, growth habit, grain size, and other morphological traits
(Ramalho and Abreu 2006, Barili et al. 2015, Nalin et al. 2017). These differences
probably also affect the HI, but there is no information available. In legumes
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Inheritance of harvest index in common bean

during the vegetative phase and especially during the reproductive phase, senescence of flowers, fruit, and other plant
parts occurs. Normally, when estimating the HI, the total dry matter is obtained only at the end. Consequently, Hl values
are overestimated because they do not consider the dry matter lost before harvest. For a more accurate estimate, it is
important to quantify these losses throughout the cycle.

It is not enough to simply check if there is variation in the HI among lines, it is necessary to have information on
inheritance and verify if this control varies according to environmental conditions. In this case, no reports about genetic
control of the HI for common bean or other species were found.

In this context, the objective of this study was to determine whether the Hl is higher in modern cultivars and
whether this estimate varies according to the cycle of the lines, the gene pool of origin, and environmental conditions.
An additional objective was to obtain information about inheritance of the HI through diallel crossing of lines with wide
variation in time of obtainment, cycle, grain size, and other morphological traits.

MATERIAL AND METHODS

The experiments were conducted at the Centro de Desenvolvimento Cientifico e Tecnolégico (Scientific and
Technological Development Center) of the Universidade Federal de Lavras (UFLA) (lat 21° 14’ S, long 45° 59’ W
and alt 919 m asl), Lavras, MG.

A diallel cross was performed involving six lines, with four lines originating from the Mesoamerican gene pool (Paran3,
Amarelinho, MAII-22, and Madrepérola) and two lines originating from the Andean group (Goiano Precoce and Eriparsa),
all from the Universidade Federal de Lavras — UFLA germplasm bank. These lines differ not only in genetic group
but in other attributes, including the number of days to flowering —the Goiano Precoce and Eriparsa lines flower
at 39 days, classified as early cycle, whereas the Parana and Amarelinho lines flower at 46 days and Madrepérola
at 44 days, classified as long cycle. They also differ in when they were obtained - MAII-22 and Madrepérola were
obtained recently (after 2010) and the other lines were obtained over 40 years ago (before 1970). The crosses
were performed in a greenhouse.

The 21 treatments (6 parents and 15 hybrids) were evaluated in the F, F, and F, generations. Sowing was carried
out in February, July, and November 2015. The experimental design was a randomized block with four replications. The
plots consisted of three 4-m-length rows with 15 seeds/linear meter, or 10 plants/meter after thinning. Crop treatments
were performed in accordance with those adopted in the region (Ramalho et al. 2014).

The following traits were considered:

Number of days to flowering (NDF): the number of days from sowing until the time when 50% or more of the plants
of the plot showed at least one open flower.

Dry plant matter “lost” before harvest: to obtain these
data, a receptacle similar to that used by lzquierdo and
Hosfield (1981) was placed in the center row of each plot.
The receptacle was 1 m long, 50 cm wide, and 60 cm high,
with a nylon screen with a 1 mm mesh (Figure 1) covering
it. This receptacle was placed just after germination and
emergence. Three days after flowering, leaves and other
parts of the plant began to be collected in the bottom of
the receptacle. This process was repeated every three days
until the next harvest. In each crop season, this “lost” plant
matter was dried in a laboratory oven at 65 °C for 72 hours
for determination of this biomass. At the end of each cycle,
the plants with receptacles were harvested separately and
also dried in a laboratory oven. The dry matter obtained
during the crop cycle was added to the plant dry matter at

Figure 1. Nylon receptacle used for the collection of leaves,
the end of the cycle to obtain the total dry matter. flowers, and pods that fall during the crop cycle.
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Grain dry matter: after removing the plants from the laboratory oven, the grain was weighed separately.

Harvest index: these estimates were obtained by the equation:
_ Total dry matter of grain
Total dry matter of plant
Data from the Hl and dry weight of grain per plant (GP) were subjected to analysis of variance by generation/sowing.
Later, joint analysis of the crop seasons/generations was performed, considering the model proposed by Steel et al.
(1997) in which all the effects were considered fixed, except the block and error effects.

Using the averages, diallel analysis was carried out using Griffing (1956)’s method II. Correlations of the HI trait with
GP and NDF (rXy per season and average yields were estimated using the estimator presented by Steel et al. (1997).

RESULTS AND DISCUSSION

Analysis of the variance of GP and HI (data not shown)  Table 1. Summary of analysis of variance for the harvest index
showed that the accuracies obtained for each generation  (H!) and grain yield per plant (GP) of common bean (g plant”).
. ) X . Data from evaluation of F, F. and F,generations of a diallel cross

were similar and of high magnitude (exceeding 87%),

indicating good experimental precision (Resende and Duarte gy Hl 10 GP
2007). A significant difference (P < 0.01) between treatments df Ms P ms p
was found in all generations, for both traits. In analysis ~ 'reatments (M) 20 256 0.00 57.87 0.0
of variance of different generations for the HI, significant GCA > 3.75 0.02 167.23 000
differences were detected (P<0.01) between treatments; SCA ) 15 2.17 0.00 2142 - 011
. Generations (G) 2 5.67 0.00 703.59 0.00
the same occurred.for. the pu.rpose of ge.n.eratlons. The TXG 10 0.49 0.00 1467 004
treatmentxger?eratlon interaction was S|gn|ﬁc§nttsh9wmg GCAXG 10 0.76 0.00 2051 003
that the behavior of the treatments did not coincide in the SCAX G 30 0.41 0.00 1266 0416
different generations (Table 1). Error average 180 0.23 9.87
Apossible effect of the receptacle on plant development ~ _Average 0.33 11.30

was assessed by comparing the performance of the plants

within the receptacle and adjacent plants outside the

receptacle. No change in the performance of the plants inside or outside the receptacle was found for number of pods
and grain weight (data not shown). The harvest index, obtained from plants inside and outside the receptacle, were
estimated. As expected, estimates of the Hl in the mean of all treatments were 0.42 out of the receptacle and 0.33 in the
receptacle. That is a difference of 27% in the Hl estimate, which corresponds to the estimate of the average dry matter
obtained from collections inside the receptacle involving leaves, pods, and flowers of larger magnitude. The dry matter
that is uncollected contributes to an overestimation of the Hl estimates obtained. In the treatment x location interaction,
data collection was not significant. It should be mentioned that in the average of all treatments, the amount of dry matter
collected at the bottom of the receptacle was 21.6% of the total dry matter in the average of the three generations.

Common bean in the south of the state of Minas Gerais is grown in three seasons with sowing in February/March,
July, and October/November. These growing seasons differ widely in weather conditions (Alves et al. 2015). To verify if
the weather conditions affect the estimate of the Hl in common bean, experiments were conducted in the three seasons.
As in diallel, the hybrid populations were segregating, the effect of seasons confused with the generations. Therefore,
even though this study highlighted the effect of generations, the environmental issue has always been present and can
be enhanced considering only the information only from parents. In this case, estimation of the HI of the parent line in
the F,evaluation, sown in November, and the F, sown in February, had a higher HI (0.38) than the HI obtained in the
F,, sown in July (0.33) (Table 2).

The average HI was 0.33, that is, 33% of shoot dry matter is due to the grain. Reports in common bean vary, but
most show the HI with values greater than the value obtained in this study, e.g., Zimmermann et al. (1984) obtained
an Hl = 0.44 and Ninou et al. (2012), an HI = 0.37. In soybean, even higher estimates can be found. Braga and Costa
(1983) found 0.52. In principle, this shows that the physiological efficiency in these experiments was higher than that
obtained in this study. However, they did not collect all the leaves and aborted pods that fell to the ground as was done
in the present study. Therefore, the HI estimates are likely overestimated. In the case of maize, the leaf drop problem
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Table 2. Average harvest index (HI), grain yield per plant (GP) (g plant?), overall average by generation, and joint analysis of the two
traits. Data obtained from the F,, F,, and F, generations of the diallel cross of common bean

Cross F, F, F, Averages
Parana 0.39 a 17.3 a 0.43 a 16.67 a 0.31 b 9.31 b 038 b 14.43 a
Amarelinho 0.27 ¢ 1397 b 0.28 b 1311 a 0.30 b 1156 a 028 «c¢ 869 c
Goiano Precoce 042 a 1649 a 0.36 a 930 a 0.31 b 7.99 b 036 b 839 c
Eriparsa 0.37 a 1410 b 0.40 a 1147 a 0.32 b 7.77 b 036 b 8.65 C
MAII-22 0.42 a 2148 a 0.39 a 1060 a 0.35 a 1194 a 039 a 1276 a
Madrepérola 0.43 a 1436 b 0.43 a 1165 a 0.40 a 4.61 b 042 a 1472 a
Parent average 0.38 16.28 0.38 12.13 0.33 8.86 0.379 11.27
Parand x Amarelinho 0.31 b 1220 b 0.38 a 780 a 0.34 a 6.08 b 034 b 1288 a
Parana x Goiano Precoce 0.32 b 1143 b 0.30 b 734 a 0.27 c 6.96 b 030 c¢ 11.26 b
Parana x Eriparsa 0.26 c 1227 b 0.36 a 971 a 0.26 c 8.99 b 029 ¢ 1111 b
Parana x MAII22 0.40 a 1397 b 0.35 a 1165 a 0.36 a 9.03 b 037 b 1467 a
Parana x Madrepérola 0.32 b 2097 a 0.35 a 1482 a 0.23 ¢ 1140 a 030 c¢ 10.20 b
Goiano Precoce x Amarelinho 0.22 c 1485 b 0.21 c 1121 a 0.26 c 7.26 b 020 d 8.58 c
Goiano Precoce x Eriparsa 0.37 a 1144 b 0.41 a 723 a 0.33 b 1001 a 037 b 958 c
Goiano Precoce x MAII22 0.31 b 941 b 0.35 a 939 a 0.25 c 7.14 b 030 ¢ 1037 b
Goiano Precoce x Madrepérola 0.31 b 1552 b 0.32 b 988 a 0.30 b 1025 a 031 ¢ 956 c
Eriparsa x Amarelinho 0.26 c 1083 b 0.32 b 781 a 0.25 c 6.53 b 028 ¢ 10.32 b
MAII22 x Amarelinho 0.33 b 1017 b 0.33 b 983 a 0.23 c 8.76 b 030 ¢ 1155 b
MAII22 x Eriparsa 0.33 b 1333 b 0.32 b 1242 a 0.30 b 6.94 b 032 ¢ 1188 b
MAII22 x Madrepérola 0.39 a 1924 a 0.43 a 1088 a 0.32 b 1404 a 038 b 1573 a
Madrepérola x Eriparsa 0.25 ¢ 1650 a 0.37 a 1133 a 0.32 b 1046 a 031 ¢ 10.90 b
Madrepérola x Amarelinho 0.26 c 1376 b 0.35 a 1022 a 0.34 a 7.12 b 032 ¢ 1111 b
Hybrid average 0.31 13.73 0.34 10.10 0.29 8.73 0.31@ 11.31
Overall average 0.330@ 14.31@ 0.35@ 10.38® 0.30@ 8.740 0.33 10.63

4 The difference between the means of parents vs hybrids was significant (P<0.01).

¢ Mean of the Andean parents for the Hl was 0.36 and of the Mesoamerican parents was 0.32. (non-significant contrast P=0.80). * Averages followed by the same letter
in the column belong to the same group by the Scott Knott (1974) test at 5% probability. ** For the same trait, the generation averages followed by the same uppercase
letter belong to the same group by the Scott Knott (1974) test at 5% probability.

is smaller and, as the Hl estimates are much higher, it can be inferred that this crop has greater physiological efficiency
than bean. Durdes et al. (2002) and Demetrio et al. (2008), for example, obtained Hl estimates ranging from 0.42 to 0.60.

Working with common beans, Costa et al. (1985) also estimated the HI and tried to collect all the vegetative parts
of plants. What fell to the ground was collected every other day. Obviously, in this case, the procedure is not accurate,
because it does not necessarily include leaves or pods that drop and remain close to the plant. They compare the Hl data
with periodic collection of dropped matter and without, and they found that in the latter case, the Hl was overestimated.

The parent lines used differ in some agronomic traits and in origin. Initially, it should be noted that the two modern
lines, MAII-22 and Madrepérola, showed, on average, a higher HI than the others (Table 2). This result shows that bean
breeding programs, regardless of whether they observed the HI during selection or not, have indirectly contributed to
greater efficiency in dry matter accumulation in the grain in relation to the dry matter of the vegetative part. Results like
these were found in the literature regarding the bean crop. However, there are reports in maize (Echarte et al. 2013)
and rice (Li et al. 2012) that modern cultivars have a higher harvest index than the older cultivars.

It was found that although Andean beans have a larger grain size than the Mesoamerican beans, the Hl estimation
was similar considering the average of the two groups. In the overall average, four Mesoamerican parents had an HI
of 0.37 and the two Andean lines had an HI of 0.36 (Table 2). In the literature, no reference was found in this regard.

The line with the lowest HI was Amarelinho. Its cycle is not as early as G. Precoce and Eriparsa and it belongs to the
Mesoamerican group, like MAII-22 and Parand. Thus, it cannot be inferred that the HI depends on the gene pool and/
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or plant cycle. Regarding the latter aspect, it is noteworthy that the estimated correlation involving the HI and NDF
was of small magnitude and not significant (Table 3). However, one report was found associating precocity and the Hl,
precisely in the soybean crop, and, in this case, there was a positive association between the HI and NDF (Pedersen
and Lauer 2004).

The existence of a treatment x generation interaction (P < 0.05) (Table 1) is shown by the averages of the parents
and hybrids in different generations. The lack of coincidence in the performance of the lines or hybrids is evident. It
was noted, however, that the Madrepérola and MAII-22 parents were in the group of highest average treatments in all
generations (Table 2).

In the diallel analysis performed using Griffing (1956)’s method, a significant difference (P < 0.05) was found for
both general combining ability (GCA) and for specific combining ability (SCA) for the HI. The GCA x generation and SCA
x generation interactions were also significant (P < 0.05). The sum of squares of the GCA was lower than the SCA, it only
explained 36.6% of the total variation of treatments. In principle, these results show that dominance is a significant
characteristic in manifestation of the Hl trait. The average performance of hybrid combinations of three generations (0.31)
was lower than the parents (0.37), that is, a negative average heterosis. Thus, the occurrence of dominance is to reduce
expression of the trait (Table 2). As the Hl is a function of two complex traits, yield and total dry matter production, it
is difficult to explain why heterosis is negative. However, the difference in the HI estimate of the hybrids in relation to
the parents was small, only 19%. No HI inheritance study was found for bean or any other species.

As expected, both parents with the highest average for the HI were those with the highest estimate of GCA, that is,
they have good general combining ability. As expected, the opposite occurred with the Amarelinho line (Tables 2 and 4).
In GCA estimates, the interaction with generations is once more well in evidence. However, as already mentioned, the
MAII-22 and Madrepérola lines showed positive GCA in all generations, confirming that they contribute to increase the
trait’s expression in participating crosses, regardless of the generation assessed. The average of the hybrid populations,
in which one of the parents was one of these lines, almost always showed larger HI estimates (Table 2), noting what
has been mentioned previously. It follows that inheritance of the HI should occur with genes with both additive and
dominance effects.

SCA estimates varied widely in the average of the generations and in each generation for the HI (Table 5). It is
noteworthy that the MAII-22 x Madrepérola combination had a negative SCA. The SCA estimates involving the Amarelinho
parent had the worst performance for the HI; they were all positive, except for the Eriparsa x Amarelinho combination.

With respect to GP, the results were similar to those

o . . of the HI (Table 1). In decomposition of the Treatments

Table 3 Estlmat!on of correlations between the harvest index ¢4 rce of variation, in GCA and SCA for GP, it was found
(H1) with grain yield per plant (GP) and the number of days to s

flowering (NDF) that only GCA was significant. It was also found that for

GP, the largest source of variation between treatments

Variables F2 F3 F4 Average . . . .
& was explained by the GCA, at 72.3%. This condition can, in

Hl and GP 0.43* 0.66** 0.64** 0.60** inciole. implv that there i domi in this trait

H1 and NDF 001 0.19 0.22 0.25 principle, imply that there is a predominance in this trai

e+ * Significant at 1% and 5% probability by the ttest. for additive allelic interaction. This result is reinforced by

Table 4. Estimates of general combining ability (GCA) in each environment for the harvest index (HI)

Treatment F, F. F, Average
Parana 0.009 0.015 -0.005 0.007
Amarelinho -0.049 -0.041 -0.012 -0.034
Goiano Precoce 0.007 -0.021 -0.011 -0.009
Eriparsa -0.013 0.013 -0.002 -0.002
MAII-22 0.035 0.010 0.005 0.018
Madrepérola 0.009 0.025 0.024 0.019
DP (Gi) 0.008 0.009 0.006 0.008
DP (Gi - Gj) 0.013 0.013 0.009 0.012
Error 0.0026 0.0028 0.0013 0.0023
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Table 5. Estimates of specific combining ability (SCA) in each
environment for the harvest index (HI)

Table 6. Estimates of general combining ability (GCA) in each
environment for grain yield per plant (GP)

Cross F, F. F, Average Treatment F, F. F, Average
Parana 0.040 0.046 0.017 0.034 Parana 1.725 1.837 0.138 1.234
Amarelinho -0.027 -0.048 -0.017 -0.031 Amarelinho -1.288  -0.769  -0.678 -0.912
Goiano Precoce -0.03 -0.044 -0.092 -0.055 Goiano Precoce -2.031 -1.904 -0.935 -1.623
Eriparsa 0.013 0.007 -0.066 -0.015 Eriparsa 2123 -0.335  -0.549 -1.003
MAII-22 -0.037 -0.038 -0.016 -0.03 MAII-22 2.188 0.632 1.16 1.327
Madrepérola 0.080 0.026 0.049 0.052 Madrepérola 1.529 0.54 0.865 0.978
Parana x Amarelinho 0.019 0.052 0.054 0.042 SD (Gi) 0.635 0.531 0.292 0.507
Parana x Goiano Precoce -0.067 -0.022 -0.036 -0.042 SD (Gi — Gj) 0.984 0.822 0.453 0.785
Parana x Eriparsa 0.038 0.008 0.022 0.023 Error 15.51 10.81 3.28

Parana x MAII22 -0.031 0.012 0.026 0.002

Parana x Madrepérola 0.065 0.021 0.022 0.036

Goiano Precoce x Amarelinho  0.024 -0.029 0.057 0.017 observing the average of the three generations; the average
Goiano Precoce x Eriparsa -0.068 -0.082 -0.02 -0.057 performance of the hybrid was similar to the average of the
Goiano Precoce x MAII22 0.075 0.048 0.029 0.051 parents (Table 2). The results available in the literature for
Goiano Precoce x Madrepérola -0.023 -0.057 -0.006 -0.029 common bean regarding the manifestation of dominance
Eriparsa x Amarelinho -0.008 -0.006 -0.038 -0.017 for GP are contradictory. There are some results of studies
MAII22 x Amarelinho 0.045 0064 0041 005 similar to those reported here (Leal et al. 1979, Silva et al.
MAII22 x Eriparsa -0.063 0.007 -0.047 -0.034 2004, Guilherme et al. 2014). However, others indicate that
MAII22 x Madrepérola -0.077-0.022 -0.005 -0.034 dominance occurs (Santos and Vencovsky 1986, Carvalho
MadrEp‘?rolaXEriparsf’ 0014 0.041  -0.012 0014 et al. 1999). Unlike what happened to the HI variable,
Madrfpemb x Amarelinho 0.018 0016 0037 0.023 three hybrid combinations (Parand x Amarelinho, Parana
DP(Sii) 0.0187 00194 "0.0134 00174, \1aj122 and MAII22 x Madrepérola) were classified in
DP( Sij) 0.0226 0.0235 0.0162 0.0211 .

DP(Sii - Sjj) 0.0255 0.0265 0.0184 0.0237 the highest GP group (Table 2).

DP(Sij - Sik) 0.0338 0.0351 0.0243 0.0314 Once more, the parents that stood out in the average of
DP(Sij - Ski) 0.0313 0.0325 0.0225 0.0291 the three generations were Madrepérola and MAII-22, as for

the HI. For the HI, the Parana line also stood out. The others
were classified in the same group (Table 2). Furthermore,
in the case of GP, the parents with the highest average

showed the highest estimate of GCA (Table 6). The GCA estimates clearly demonstrated the interaction with generations.

Estimates of the correlations between the Hl and GP were all significant (Table 3). Averaging the generations, the
correlation was greater than 0.6. This indicates that usually plants with a higher HI provide a higher grain yield (Donald
and Hamblin 1976, Sinclair 1998). Taking the parents as a reference, the two lines with the highest HI were classified in
the group with the highest average grain yield. The opposite occurred with the lines of the lowest HI group. This result
reinforces what was already mentioned, that when higher grain yield is selected for, selection for a higher proportion
of dry matter accumulation in the grain at the expense of the vegetative part is also indirectly selected.
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