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Abstract

This study was conducted to estimate better-parent and mid-parent heterosis for grain yield and chocolate spot resistance and to
determine the direct and indirect effects of yield components on yield of faba bean (Vicia faba L.) in Ethiopia. Ten genetically
diverse inbred lines were crossed in a full diallel to produce 90 F; progenies. The parents and their 90 F, progenies were evaluated in
a 10 x 10 alpha lattice design with two replications at three locations. Data were analyzed using the Gardner and Eberhart’s analysis
Il and PATHSAS using SAS program. The maximum heterosis for grain yield (t ha™) was 162.3% for mid-parent and 133.9% over
the better parent. Six crosses; NC58 x ILB-4726, ILB-4726 x Kasa, NC58 x BPL-710, ILB-938 x CS-20-DK, ILB-938 x CS-20-DK
and CS-20-DK x BPL-710 are recommended for grain yield breeding. Similarly, crosses ILB-4726 x Kasa, ILB-4726 x Bulga-70,
CS-20-DK x Gebelcho, NC58 x ILB-4726, Kasa x BPL-710 and ILB-938 x Kasa are recommended for chocolate spot resistance
breeding. Three crosses ILB-4726 x Kasa, ILB-4726 x Bulga-070, NC58 x ILB-4726 are recommended for both grain yield and
chocolate spot disease resistance breeding in faba bean. Path coefficient analysis showed a significant direct effect of the number of
nodes that had pods, plant height and total biomass on grain yield. However, general chocolate spot disease score (GDS) and relative
area under disease progress curve (rAUDPC) had negative direct effect and significant negative correlation with grain yield. These
results are useful to faba bean breeders for indirect selection of grain yield during the early segregating generation when yield tests
cannot be conducted.

Keywords: Chocolate spot; diallel crosses; faba bean; heterosis; path analysis; yield.
Abbreviations: AUDPC_area under disease progress curve; GDS_general disease score of chocolate spot; rAUDPC_relative area
under disease progress curve.

Introduction

Faba bean (Vicia faba L.) is a good source of protein Heterosis (hybrid vigour), which is the superiority in
particularly for the low-income groups in the Middle East and performance of a hybrid compared to its parents (Fehr, 1987;
most parts of the Mediterranean, China and Ethiopia (Bond et Fu et al., 2014) has been reported and widely used in a range
al., 1985; Haciseferogullari et al., 2003; Ferris and Kaganzi, of crop species for both self and cross pollinated crops.
2008). It is also a good break crop in cereal production Expression of heterosis has been investigated for various
systems for atmospheric nitrogen fixation through symbiosis traits and in identification of genetically divergent
thus reducing the need for farmers to use artificial fertilizers populations as base for development of inbred lines to
(Lindemann and Glover, 2003; Farag and Afia, 2012). In develop crosses with improved characters of interest in faba
Ethiopia, the area for faba bean production increased from bean (El-Hady et al., 2006; Alghamdi, 2009), common bean
463,174 ha in 2005 to 538,458 ha in 2014, and the (Tiruneh et al., 2013), wheat (Jatoi et al., 2014), maize
corresponding annual national production increased from (Munaro et al., 2011) and other field crops. Heterosis is
551,984 to 991,700 ton with an average productivity of 1.9 described by the trait-specific performance of hybrids relative
t/ha (FAOSTAT, 2016). Despite its importance, the overall to the average of its two parents, termed mid-parent heterosis
productivity is far behind the potential and the levels needed (MPH) or relative to the parent having the best value for the
to offset the increased food demands. Low productivity of trait, termed best-parent heterosis (BPH) (Duvick, 1999). In
faba bean is due to several constraints including lack of high faba bean, heterosis for yield has been demonstrated and
yielding and chocolate spot disease resistant varieties hybrid varieties have been proposed (Link et al., 1996).
(Gnanasambandam et al., 2012). Efforts have been directed Heterosis over mid and better parents were reported in faba
towards improving yield and quality in faba bean in Ethiopia. bean crosses (Alghamdi, 2009). Zeid et al. (2004) also
However, to increase production of faba bean, research reported a stable superiority of the hybrids in faba bean over
should also include identification of adapted high-yielding their inbred parents with marked and varying amounts of
and chocolate leaf spot resistant genotypes. heterosis.
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Faba bean is a self - pollinating crop though significant out-
crossing has been reported ranging from 10 to 80% with an
average of 35% depending on the environment and genotypes
(Bond, 1987; Suso and Moreno, 1999). Thus, populations are
highly heterogeneous and considerable potential exists of
selecting within populations for specific traits as practiced for
disease resistance (Hanounik and Robertson, 1989). Since
faba bean is a predominantly self-pollinated crop,
commercial products of F; seed are not currently feasible.
However, heterosis provides the basis of genetic diversity,
guide for choice of desirable parents for developing superior
F, progenies to exploit hybrid vigor and building gene pools
to be employed in breeding programmes. Moreover, the study
of the magnitude of heterosis has a direct effect on the
breeding methodology to be followed in varietal
improvement.

Component characters may influence yield either jointly or
singly and either directly or indirectly through other related
characters (Sincik and Goksay, 2014). Thus, selection based
on per se performance without considering the vyield
component characters may not be effective. Subsequently,
understanding of the association of yield component
characters with grain yield and among themselves is essential
for formulating selection indices. This can be determined
through path analysis, which is an efficient statistical
technique specially designed to quantify the interrelationships
of different components and their direct and indirect effects
on yield (Dewey and Lu, 1959).

Path co-efficient values measure the magnitude of direct
and indirect effects of characters on complex dependent
characters such as yield, and thus enable the breeder to judge
the important components during selection. In a study of path
analysis between traits and yield, selections based on 1000-
seed weights and crude protein ratios were recommended due
to their significant direct effects on yield in a sunflower
breeding programme (Sincik and Goksoy, 2014). Path
analysis of yield and its components were examined by
different researchers on different crops such as Eruca sativa
L. (Jat and Jakhar, 2014), soybean (Garud et al., 2014), mung
bean (Dhuppe et al., 2005) and maize (Amini et al., 2013). A
significant and direct correlation of plant height with yield
was reported in the study of path analysis of faba bean yield
and its components (Azarpour et al., 2012).

Grain yield is a complex quantitative character influenced
by environmental conditions. Therefore, it is necessary to
understand the relationship existing between grain yield and
other metric traits of the crop. Such information is limited for
faba bean breeding in Ethiopia. Consequently, the objectives
of this study were; i) to quantify the magnitude and effect of
heterosis for yield and chocolate spot resistance of 10 faba
bean genotypes including 90 F; hybrids from a diallel cross,
ii) to investigate the relationships among various yield
components, and iii) to determine the direct and indirect
effects of other yield component characters on faba bean
grain yield.

Results
Heterosis effects

Analysis of variance data of the combined diallel cross over
the environments for grain yield and chocolate spot disease is
presented in Table 1. The mean squares for variety were
highly significant (P < 0.001) for chocolate spot resistance
and significant (P < 0.05) for grain yield. The heterosis mean
squares were highly significant (P < 0.001) for chocolate spot
disease resistance and grain yield. Highly significant (P <
0.001) variety heterosis was also observed for chocolate spot
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resistance and grain yield. Specific heterosis was also
significant (P < 0.001) for grain yield.

The estimates for heterosis of parents and F, progenies for
grain yield (t ha) are presented in Table 2. A highly
significant (P < 0.001) and positive heterosis estimate was
observed for parent ILB-4726. On the other hand, Gebecho
and Dosha had significant (P < 0.05), negative estimates of
heterotic effects for grain yield. Significant (P < 0.001, P <
0.01 and P < 0.05), positive estimates of specific heterosis
effects were recorded in 12 crosses for grain yield (Table 2).
Highly significant (P < 0.001) and positive heterotic estimate
was recorded for the crosses ILB-4726 x Bulga-70, NC58 x
BPL-710, ILB-4726 x Kasa, ILB-938 x CS-20-DK and BPL-
710 x Bulga-70 for grain yield.

Mid-parent and better-parent heterosis for grain yield

The mid-parent and better-parent heterosis for grain yield are
presented in Table 3. The heterosis exhibited by crosses over
the respective mid-parent ranged from -48.5% (CS-20-DK x
Bulga-70) to 162.3% (NC58 x ILB-4726) for grain yield t ha®
! Similarly, heterobeltiosis for grain yield t ha™ ranged from -
54.1% (CS-20-DK x Bulga-70) to 133.9% (NC58 x ILB-
4726) over the better parent. Positive heterotic effects are
desirable for grain yield. Twenty-two crosses exhibited
positive mid-parent heterosis and 15 crosses exhibited
positive better-parent heterosis for grain yield t ha™. Crosses
NC58 x ILB-4726 (162.3%) followed by ILB-4726 x Kasa
(148.6%), ILB-938 x CS-20-DK (143.6%), ILB-938 x CS-
20-DK (134.6%), ILB-4726 x Bulga-70 (129.7%), and CS-
20-DK x BPL-710 (114.2%) had highest mid-parent heterosis.
Similarly, NC58 x ILB-4726 (133.9%) had the highest better-
parent heterosis, followed by NC58 x BPL-710 (122.3%),
ILB-4726 x Kasa (119.3%), ILB-938 x CS-20-DK (117.4%),
ILB-938 x CS-20-DK (114.1%) and CS-20-DK x BPL-710
(101%). On the contrary, 23 and 30 crosses had negative
mid-parent and better-parent heterosis for grain yield,
respectively. The crosses involved; CS-20-DK x Bulga-70,
ILB-938 x BPL-710 and NC58 x Bulga-70 had -48.5%, -
46.8%, -46.9% for mid-parent heterosis, respectively and CS-
20-DK x Bulga-70, NC58 x Bulga-70 and BPL-710 x
Gebelcho with -54.1, -53.3, and -50.7 better-parent heterosis,
respectively.

Mid-parent and better-parent heterosis for chocolate spot
disease resistance

The heterosis over the mid-parent and better-parent for
chocolate spot disease resistance are presented in Table 4.
The magnitude of heterosis over the respective mid-parent
ranged from -29.39% (ILB-4726 x Kasa) to 116.35% (ILB-
938 x ILB-4726) for chocolate spot disease resistance based
on the general disease score (GDS) and from -43.2% (ILB-
4726 x CS-20-DK) to 176.3% (ILB-938 x ILB-4726) for
relative area under disease progress curve (rAUDPC).
Heterobeltiosis for chocolate spot disease resistance ranged
from -60.5% (ILB-4726 x Kasa) to 111.1% (ILB-938 x ILB-
4726) over better-parent. Negative heterotic effects are
desirable for chocolate spot disease resistance. Twenty-nine
crosses exhibited negative heterosis over mid-parent ranging
from -29.4 to -4.56 and forty-one crosses exhibited negative
heterobeltiosis over better-parent ranging from -60.5 to -4.5
based on the GDS. Similarly, 29 crosses exhibited negative
heterosis over mid-parent ranging from -21.4 to -1.2 and 42
crosses exhibited negative heterosis over better-parent
ranging from -43.2 to -1.8 based on the rAUDPC.



Table 1. Combined analysis of variance of heterosis for grain yield and chocolate spot disease in the diallel over three locations in the diallel cross.

Source of variation df GDS rAUDPC GY
Env 2 1487.2%** 1045481.8*** 124.02***
REP(Env) 3 130.0%** 217250.6*** 6.03**
Entry 54 160.9%** 107161.1*** 12.89%**
Env*Entry 108 15.2* 17899.6** 1.90%**
Variety SS 9 851.93*** 389309.84*** 3.13*
Heterosis SS 45 22.80*** 50731.34*** 14.84%**
Average HET SS 1 2.63 48.9 10.56
Variety HET SS 9 45,89*** 173197.652*** 7.87%**
Specific HETEROSIS 35 17.44 20688.11 16.757***
Variety x Env 18 30.09*** 33923.01*** 1.36
Heterosis x Env 90 12.27 14694.88 2.01%**
Average HET x Env 2 13.53 77617.09*** 9.55%**
Variety HET x Env 18 9.89 12733.67 1.310
Specific HET x Env 70 12.84 13401.41 1.98***
Error 11.27 11352 1.0935
Ccv 21 21 30

R? 88.2 85 86.8
Mean 15.4 0.29(503.6) 3.460

*, ** x%* Significant at 0.05, 0.01, and 0.001 probability levels, respectively; R 2: coefficient of determination; CV: coefficient of variation; rAUDPC: relative area under disease progress curve number in parenthesis is mean for AUDPC.

Table 2. Estimate of parent heterosis (diagonal) and specific heterosis of the cross for grain yield (t ha™) across the three locations.

Moti 1LB-938 NC58 Dosha ILB-4726 CS-20-DK Kasa BPL-710 Gebelcho Bulga-70
Moti -0.676 1.32** 0.292 -0.626 0.052 0.152 -0.307 -0.072 0.036 -0.844
ILB-938 0.528 1.14* -0.006 -2.6*** 1.89%** 0.72 -2.56*** -1.26* 1.36**
NC58 0.317 -1.15* 1.48** -2.11%** -1.74%* 2.61%** 1.45** -1.99%**
Dosha -0.906* 0.351 -0.634 0.564 0.196 1.56** -0.26
ILB-4726 1.378*** 1.29*% 2.03%** -2.98*** -2.25%** 2.63%**
CS-20-DK 0.166 -1.67** 1.81** 1.027 -1.76**
Kasa -0.086 0.787 0.787 -1.18*
BPL-710 0.361 -1.59** 1.81%**
Gebelcho -0.785* 0.232
Bulga-70 -0.297

*, ** **x Significant at 0.05, 0.01, and 0.001 probability levels, respectively.

Table 3. Percent mid-parent heterosis (below diagonal) and better-parent heterosis (above diagonal) of the 90 F; progenies for grain yield (t ha™*) across the three locations in the diallel cross.

Moti 1LB-938 NC58 Dosha 1LB-4726 CS-20-DK Kasa BPL-710 Gebelcho Bulga-70

Moti 10.84 -21.44 -38.73 11.91 -34.76 -37.85 -24.43 -39.47 -42.61
ILB-938 49.01 87.99 -18.16 1191 117.38 59.00 -47.70 -35.68 42.29
NC58 1.24 99.63 -47.62 133.96 -44.32 -37.83 122.29 -2.04 -53.33
Dosha -34.60 5.05 -35.80 -2.16 -21.90 -27.68 -17.20 -2.02 -37.16
ILB-4726 56.22 -17.96 162.29 30.86 119.32 -42.18 -45.57 82.88 114.06
CS-20-DK -16.97 134.58 -43.36 -5.58 143.63 -27.29 101.04 -3.15 -54.09
Kasa -20.74 71.13 -36.94 -12.36 148.98 -27.08 -9.89 -48.02 69.01
BPL-710 0.68 -46.99 133.04 5.23 -37.95 114.23 79.61 -50.73 49.81
Gebelcho -34.62 -18.20 18.87 -0.77 -27.83 15.92 8.11 -37.97 -23.45
Bulga-70 -33.68 70.66 -46.84 -31.55 129.69 -48.48 -41.52 77.72 -17.59
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Table 4. Relative heterosis and heterobeltiosis of top twenty and bottom three faba bean hybrids for chocolate spot disease resistance based on general disease severity score (GDS) and relative area
under disease progress curve values (rAUDPC).

Chocolate spot disease (%)

F; progenies MP-GDS MP-rAUDPC F, progenies BP-GDS BP-rAUDPC
ILB-4726 x Kasa -29 -4.46 ILB-4726 x Kasa -60.52 -38.60
CS-20-DK x Gebelcho -28 -18.86 ILB-47 26 x Bulga-70 -55.28 -37.54
Kasa x Bulga-70 -26 -16.51 ILB-938 x Kasa -55.07 -27.30
Dosha x Gebelcho -23 -20.25 NC58 x ILB-4726 -49.28 -39.45
Dosha x Kasa -23 -14.71 ILB-4726 x CS-20-DK -49.11 -43.20
ILB-47 26 x Bulga-70 -23 -5.08 Kasa x BPL-710 -47.31 -11.94
ILB-938 x Kasa -20 -20.84 ILB-938 x NC58 -45.05 -27.92
CS-20-DK x Bulga-70 -19 -15.98 BPL-710 x Bulga-70 -44.96 -24.56
Kasa x Gebelcho -19 -8.62 CS-20-DK x BPL-710 -44.50 -27.97
NC58 x Bulga-70 -19 -9.76 ILB-938 x CS-20-DK -44.34 -26.52
Moti x Kasa -17 -10.55 NC58 x BPL-710 -43.46 -29.68
NC58 x CS-20-DK -15 -17.15 CS-20-DK x Gebelcho -41.14 -29.44
CS-20-DK x Kasa -14 -1.95 Kasa x Gebelcho -40.64 -20.53
NC58 x Dosha -14 -13.86 Dosha x Kasa -40.20 -21.70
Dosha x CS-20-DK -13 -15.59 Moti x Kasa -37.13 -14.99
ILB-4726 x CS-20-DK -12 -3.36 Dosha x ILB-4726 -37.02 -24.90
NC58 x Kasa -12 1.04 Kasa x Bulga-70 -34.53 -19.45
NC58 x Gebelcho -12 -4.25 Dosha x BPL-710 -32.20 -18.09
NC58 x ILB-4726 -12 2.18 ILB-938 x Gebelcho -31.85 -22.32
Moti x CS-20-DK -12 -17.77 1LB-938 x Bulga-70 -31.67 -7.72
ILB-4726 x BPL-710 79 120.89 ILB-4726 x BPL-710 52.23 74.64
ILB-938 x BPL-710 106 164.67 ILB-938 x BPL-710 79.49 121.41
I1LB-938 xILB-4726 116 196.53 1LB-938 xILB-4726 111.08 176.28

GDS: general disease score; rAUDPC: relative area under disease progress curve value; MP: Mid-parent heterosis; BP: Better-parent heterosis.

Table 5. Estimates of parent per se and heterosis for chocolate spot disease based on general disease severity score (GDS) and relative area under disease progress curve value rAUDPC value across the
three locations in the diallel cross.

Estimate of GDS Estimate of rAUDPC
Parameter Per se Heterosis GDS Per se Heterosis rAUDPC
Moti 2.87 0.74 79.96 76.29*
ILB-938 -11.79%** 2.51* -362.32%** 152.70***
NC58 7.94%** -1.76 346.5%** -166.35%**
Dosha 2.09 -1.07 79.92 -31.04
ILB-4726 -11.60*** 0.43 -341.72%** 47.02
CS-20-DK 7.85%** 2.33* 176.50** -63.17
Kasa 6.64*** 0.88 326.77*** 98.24**
BPL-710 -10.19*%** 2.39* -293.32*** 145.25%**
Gebelcho -0.77 -1.61 12.24 -50.56
Bulga-70 6.94*** -0.17 135.37* -11.90

* ** **% Significant at 0.05, 0.01, and 0.001 probability levels, respectively.
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Table 6. Estimate of specific heterosis of the crosses for chocolate spot disease based on GDS (below diagonal) and based on the rAUDPC value (above diagonal) across the three locations in the diallel

Cross.

Moti 1LB-938 NC58 Dosha ILB-4726 CS-20-DK Kasa BPL-710 Gebelcho Bulga-70

Moti 8.89 -107.24* 61.58 45.76 -42.99 -21.86 48.35 -24.73 32.23
ILB-938 0.42 -42.43 36.34 12.5 -1.7 -61.57 18.15 -44.7 74.52
NC58 -2.46 -0.4 68.78 48.37 -14.07 47.75 -106.99* 95.95 9.87
Dosha 1.29 -1.1 1.34 18.95 -3.32 -104.56 -29.19 -60.45 11.86
ILB-4726 0.02 1.39 0.06 091 -66.3 -42.65 12.74 54.17 -83.54
CS-20-DK -0.95 0.24 0.48 1.77 -1.41 96.05 62.57 -35.32 5.08
Kasa -0.59 -1.87 2.33 -2.42 -1.54 1.99 35.81 42.38 8.66
BPL-710 0.65 0.85 -291 -1.18 2.15 0.69 0.83 -5.03 -36.41
Gebelcho -0.26 -1.28 2.55 -1.61 1.42 -3 131 0.32 -22.28
Bulga-70 1.88 1.75 -0.99 1.02 -2.97 0.19 -0.03 -14 0.55

*, Significant at 0.05, probability level.

Table 7. Direct effect (along diagonal in bold), indirect effect (off diagonals) and total correlation (at the end in bold) of yield component characters and chocolate spot disease on grain yield (t ha”
Y in the 90 F, progenis in the diallel crosses.

DTF DTM BB HFP NPPN NPPP NSPP NNP NWP PH HSW BM rAUDPC GDS HI GY
DTF 0.00 0.05 -0.03 0.03 0.00 0.00 0.00 0.00 -0.02 -0.01 0.00 0.17 -0.03 0.11 -0.31 -0.04
DTM 0.00 0.06 -0.11 0.03 0.01 -0.01 0.00 0.01 0.14 0.00 0.01 0.37 -0.02 0.12 -0.37 0.24*
BB 0.00 0.02 -0.36*** 0.01 0.02 -0.03 0.03 0.04 0.46 0.01 0.01 0.67 -0.01 0.04 -0.20 0.72%**
HFP 0.00 0.05 -0.09 0.04 0.00 0.00 0.00 0.01 0.08 0.00 0.01 0.28 -0.02 0.11 -0.33 0.13
NPPN 0.00 0.01 -0.33 0.01 0.03 -0.03 0.03 0.05 0.53 0.01 0.01 0.66 -0.01 0.03 -0.17 0.83***
NPPP 0.00 0.02 -0.29 0.00 0.02 -0.04 0.03 0.05 0.53 0.01 0.01 0.62 0.00 0.03 -0.12 0.88***
NSPP 0.00 0.01 -0.29 0.00 0.02 -0.03 0.04 0.05 0.48 0.00 0.01 0.55 -0.01 0.02 -0.11 0.76***
NNP 0.00 0.01 -0.27 0.01 0.02 -0.03 0.04 0.06 0.48 0.00 0.01 0.55 0.00 0.03 -0.14 0.75%**
NWP 0.00 0.02 -0.30 0.01 0.02 -0.03 0.04 0.05 0.56*** 0.01 0.01 0.63 -0.01 0.03 -0.13 0.90***
PH 0.00 0.00 -0.04 0.00 0.00 -0.01 0.00 0.00 0.09 0.07* 0.00 0.14 0.00 0.01 0.01 0.28**
HSW 0.00 0.03 -0.33 0.02 0.02 -0.03 0.03 0.04 0.45 0.01 0.01 0.68 -0.02 0.07 -0.24 0.74***
BM 0.00 0.03 -0.32 0.01 0.02 -0.03 0.03 0.04 0.47 0.01 0.01 0.75%** -0.01 0.06 -0.27 0.82***
rAUDPC 0.00 -0.04 0.11 -0.03 0.00 0.00 -0.01 -0.01 -0.08 0.01 -0.01 -0.26 -0.04 -0.13 0.25 -0.15*
GDS 0.00 -0.05 0.11 -0.03 -0.01 0.01 -0.01 -0.01 -0.11 0.00 -0.01 -0.32 0.03 -0.15 0.31 -0.23*
HI 0.00 -0.05 0.15 -0.03 -0.01 0.01 -0.01 -0.02 -0.16 0.00 -0.01 -0.42 0.02 -0.09 0.48*** -0.13

* **x *** Significant at 0.05, 0.01, and 0.001 probability levels, respectively; DTF: days to 50% flowering; BB: number of primary branch per plant; DTM: days to physiological maturity; NPPN: number of pod per node;

NPPP: number of pods per

plant; NSPP: number of seeds per pod; NNP: number of node per plant; NWP: number of nodes that had pods ; PH: plant height; HSW: hundred seed weight; BM: total biomass; rAUDPC: relative area under disease progress curve value; GDS: general
disease severity score; HI: harvest index ; GY: grain yield.
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Table 8. Correlation coefficients for grain yield (t ha™), yield components and chocolate spot disease for the 90 F, progenies in the diallel cross.

DTF  DTM BB HFP NPPN NPPP NSPP NNP NWP PH HSW BM rAUDPC GDS GY HI
DTF 1 0.78***  0.07 0.71***  -0.02 -0.02 -0.09 0.01 -0.03 -0.17 0.21* 0.23* -0.66*** -0.75%** -0.04 -0.65***
DTM 1 0.30**  0.76***  0.24* 0.25* 0.12 0.22* 0.25* 0.001 0.43*** 0.50*** -0.63*** -0.81%** 0.24* -0.78***
BB 1 0.24* 0.91*%**  0.80***  0.82***  0.76*** 0.82***  0.11 0.92%** 0.89*** -0.30** -0.32** 0.72%** -0.43***
HFP 1 0.17 0.11 0.08 0.17 0.14 0.05 0.39*** 0.38*** -0.64*** -0.75%** 0.13 -0.70***
NPPN 1 0.91*%**  0.85***  0.83*** 0.94%**  0.16 0.85*** 0.89*** -0.15 -0.21* 0.83*** 0.36***
NPPP 1 0.85***  0.83*** 0.96***  0.18 0.77%** 0.83*** -0.11 -0.19* 0.88*** -0.25*
NSPP 1 0.91%** 0.87***  -0.02 0.78*** 0.74*** -0.14 -0.15 0.76*** -0.22*
NNP 1 0.85***  0.01 0.73*** 0.74*** -0.13 -0.21* 0.75%** -0.31*%*
NWpP 1 0.16 0.81*** 0.85*** -0.14 -0.20* 0.90%** -0.28**
PH 1 0.13 0.19* 0.11 -0.04 0.28** 0.019
HSW 1 0.91%** -0.46*** -0.47%** 0.74*** -0.51%**
BM 1 -0.35%** -0.43*** 0.82%** -0.56***
rAUDPC 1 0.87*** -0.18* 0.52%**
GDS 1 -0.23* 0.65***
GY 1 -0.13
HI 1

*, ** **% Significant at 0.05, 0.01, and 0.001 probability levels, respectively; DTF: days to 50% flowering; DTM: days to physiological maturity; NPPN: number of pod per node; NPPP: number of pods per plant; NSPP: number of seeds per pod;
NNP: number of node per plant; NWP: number of nodes that had pods ; PH: plant height; HSW: hundred seed weight; BM: total biomass; rAUDPC: relative area under disease progress curve value; GDS: general disease severity score; GY: grain
yield ; HI: harvest index.

Table 9. Description of the parental inbred lines used for 10 x 10 diallel crosses of faba bean.

Estimate of GCA effect for

Parent lines Pedigree  Genotypic cluster group Resistant level to CH CH resistance Grain yield Source
ILB-4726 ICARDA | Resistant Negative Positive ICARDA
ILB-938 ICARDA | Resistant Negative Positive ICARDA
BPL-710 ICARDA | Resistant Negative Negative ICARDA
Moti ILB-4432 x kuse-2-27-33 1 Moderately resistant Positive Positive HARC
Dosha Landrace collection 1 Moderately resistant Positive Negative HARC
Gebelcho Tesfa x ILB-4726 1 Moderately resistant Negative Negative HARC
Kasa Landrace collection 1l Susceptible Positive Negative HARC
NC58 National collection 1] Susceptible Positive Negative HARC
CS-20-DK National collection 1 Susceptible Positive Positive HARC
Bulga-70 Landrace collection 11 Susceptible Positive Negative HARC

Genotypic cluster group indicated the cluster group of the parent lines based on the result of molecular analysis using SSR markers; ICARD: International Center for Agricultural Research in the Dry Area; HARC; Holetta Agricultural Research Center;
GCA General combining ability; CH: Chocolate spot disease
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The best hybrids with marked performance in negative
direction for chocolate spot resistance were ILB-4726 x Kasa,
CS-20-DK x Gebelcho, Kasa x Bulga-70, Dosha x Gebelcho,
Dosha x Kasa and ILB-4726 x Bulga-70 with -29.4%, -
27.9%, -25.7%,-23.3%,-22.8% and -22.6% mid-parent
heterosis, respectively (Table 4). These crosses also recorded
negative direction performance for mid-parent heterosis
based on the rAUDPC. Likewise, hybrids ILB-4726 x Kasa,
ILB-4726 x Bulga-70 had marked performance in negative
direction ILB-938 x Kasa, NC58 x ILB-4726, and Kasa x
BPL-710 with -60.5%, -55.3%,-55.1%,-49.3%,-49.1% and -
47.3%  better-parent  heterosis, respectively.  Similar
performance in negative direction and magnitude were also
recorded for these hybrids based on the rAUDPC disease
assessment. On the contrary, the hybrids ILB-4726 x BPL-
710, ILB-938 x BPL-710 and ILB-4726 x BPL-710
performed in positive direction for chocolate spot resistance
with high magnitude of mid-parent and better-parent
heterosis based on both GDS and rAUDPC value assessments
(Table 4).

The estimate of parent per se and heterosis effect and
estimate of specific heterosis effect of the F; progenies for
chocolate spot disease resistance are presented in Table 5 and

6. Highly significant (P < 0.001) and negative estimate per se

were recorded for the genotypes ILB-938, ILB-4726 and
BPL-710 based on both GDS and rAUDPC assessments

(Table 5). Nonetheless, significant (P < 0.01) and positive

estimate of heterotic effect was observed for these three
parents for chocolate spot resistance based on both GDS and
rAUDPC assessments. Negative estimates of specific
heterosis effects were observed on 19 and 21 crosses for
chocolate spot resistance based on GDS and rAUDPC
assessments, respectively (Table 6).

Path coefficient analysis of grain yield (t ha™), chocolate
spot disease and yield components in faba bean progenies
from a diallel cross

The direct and indirect effects of yield component characters
along with their correlation coefficients with grain yield are
presented in Table 7 and 8. The results of path coefficient
analysis based on grain yield as a dependent variable revealed
high significant (P < 0.001) and positive direct effects of total
biomass (0.75), number of nodes that had pods (0.56) and
harvest index (0.48) on grain yield (Table 7). However, there
was high significant (P <0.001) and negative direct effects of
number of primary branches on grain yield. Chocolate spot
disease had negative direct effects on grain yield. The results
of indirect effects indicated that hundred seed weight (0.68),
number of primary branch (0.67), number of pods per plant
(0.62), number of nodes that had pods (0.63), number of
seeds per pod (0.55) and number of nodes per plant (0.55)
had positive indirect effects on grain yield, which could be
justified through the total biomass. Similarly, number of pods
per node (0.53), number of pods per plant (0.53), number of
seeds per pod (0.48), number of nodes per plant (0.48),
primary branches (0.46), and hundred seed weight (0.46) had
positive indirect effects on grain yield which could be
justified via the number of nodes that had pods (0.56).
Consequently, it can be explained that chocolate spot disease
(-0.32) and rAUDPC (-0.26) had indirect and negative effects
on grain yield via the total biomass. Similarly, days to
flowering, chocolate spot disease (GDS and rAUDPC) and
harvest index had indirect and negative effects on grain yield
(Table 7).
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The path coefficient analysis resulted in high significant (P <

0.001), positive correlation of grain yield with number of
nodes that had pods (r=0.90), number of pods per plant
(r=0.88), number of pods per node (r=0.83), total biomass
(r=0.82), number of seeds per pod (r=0.76), number of nodes
per plant (r=0.75), hundred seed weight (r=0.74), and primary
branch (r=0.72). Conversely, there was significant (P < 0.05)
and negative correlation between yield and chocolate spot
disease assessments (Table 7 and 8). There was high
significant (P < 0.001) positive correlation among most of the
yield component characters (Table 8).

Discussion

The mean squares due to the variety were significant for
chocolate spot resistance and grain yield indicating that the
parents were diverse and from different genetic backgrounds.
Similarly, the significant mean squares due to heterosis,
variety heterosis and specific heterosis for chocolate spot
disease resistance and grain yield suggested the potential of
the parents for heterosis. These results confirm those obtained
by Zeid et al. (2004) and Alghamdi (2009).

The heterosis percentage for grain yield relative to the mid-
parent and better-parent were positive for 22 and 15 crosses,
respectively. The highest heterosis for grain yield of 162.3%
in this study was higher than reported in other studies, for
instance 129.9% by Alghamdi (2009), 119% by (Zeid et al.,
2004). The high heterosis for grain yield was detected in
crosses made between the introduced inbred lines (ILB-4726,
ILB-938 and BPL-710) and locally released improved
varieties (NC58, Kasa, Bulga-70 and CS-20-DK). This
suggested these lines were genetically divergent and these
parents were from different clusters. Das et al. (2013)
reported a positive correlation between genetic divergence
and heterosis. This is also explained by line ILB-4726, ILB-
938 and BPL-710, which had estimates of heterosis effects in
the positive direction for grain yield.

In this study, the crosses NC58 x ILB-4726, ILB-4726 x
Kasa, NC58 x BPL-710, ILB-938 x CS-20-DK, ILB-938 x
CS-20-DK and CS-20-DK x BPL-710 had the highest mid-
parent and better-parent heterosis for grain yield. In addition,
highly significant estimates and positive heterotic effects for
grain yield were recorded for the specific heterotic crosses
made between the genetically divergent lines, for instance for
crosses; ILB-4726 x Bulga-70, NC58 x BPL-710, ILB-4726
x Kasa, ILB-938 x CS-20-DK and BPL-710 x Bulga-70. The
negative heterosis was found between crosses of genetically
close inbred lines. For instance crosses between; CS-20-DK
and Bulga-70, ILB-938 and BPL-710, NC58 and Bulga-
70which had a high degree of parental relationship
genetically had negative heterosis for grain yield over both
the mid and better-parent.

The desirable negative heterosis for chocolate spot disease
resistance was obtained in crosses made between the inbred
lines: ILB-4726, 1LB-938 and BPL-710, Gebelco and NC58,
Kasa, Bulga-70 and CS-20-DK. This could be due to lines
ILB-4726, 1LB-938, BPL-710 and Gebelcho, which had
estimates of heterosis effect in the negative direction for
chocolate spot disease resistance. In this study, the best
hybrids which showed heterosis in the negative direction over
the mid and better-parent for chocolate spot resistance were
between resistant lines x susceptible ones; ILB-4726 x Kasa,
ILB-4726 x Bulga-70, CS-20-DK xx Gebelcho, NC58 x
ILB-4726, Kasa x BPL-710 and ILB-938 x Kasa. This is also
explained by the genetic divergence of the parental lines. On
the contrary, positive heterotic effects were found between
resistant lines x resistant lines: ILB-4726 x BPL-710, ILB-



938 x BPL-710 and ILB-4726 x BPL-710 which performed
in positive direction for chocolate spot resistance. This could
be due to ILB-4726, 1LB-938, BPL-710 and Gebelcho (its
pedigree comprises ILB-4726) which are genetically close
inbred lines. Matiello et al. (2012) and Lim and White (1978)
reported similar results of estimates of heterosis for maize
anthracnose disease and Colletotrichum graminicola
resistance in maize, respectively. Path analysis helps in
measuring the direct effect of each trait as well as its indirect
effect through other characters contributing to yield. In the
present study, the total biomass followed by number of nodes
that had pods, had the highest positive direct effect on grain
yield t hal,

This implied that high grain yielding varieties had high
total biomass, high number of nodes that had pods and high
harvest index. This finding substantiates the result in the
study of path analysis on some faba bean landraces from
Ethiopia by Tadesse et al. (2011) where the number of seeds
per pods and thousand seed weight had direct effect on yield.
Similarly, Farshadfar and Farshadfar (2008) also reported
that pod number had the highest direct effect on yield of
chickpea. The results of indirect effects indicated that most of
the yield component characters except chocolate spot disease
and days to flowering had positive indirect effects on grain
yield through the total biomass and the number of nodes that
had pods. This was also supported by the highly significant
positive correlation of most yield component characters, such
as number of nodes that had pods, number of pod per plant,
number of pods per node, total biomass, number of nodes per
plant, thousand seed weight, and primary branches to grain
yield. Likewise, the direct effect of harvest index and the
indirect effect of number of pods per plant, number of
branches per plant, number of seeds per pod, plant height and
hundred seed weight for yield was also reported in path
analysis study of faba bean (Kumar et al. 2013). However,
chocolate spot disease and days to flowering had negative
correlation with grain yield suggesting that late flowering
cultivars were generally low yielding compared to early
flowering cultivars. In the same way, Tadesse et al. (2011)
reported negative direct effect of days to flowering on seed
yield of faba bean. Despite the number of primary branches
per plant having a high and positive correlation (0.72) with
grain yield, it had negative and significant direct effect on
grain. This contradiction seems to be due to the negative
indirect effect of number of pods per node, number of pod
per plant, number of seed per pod, number of nodes per plan,
number of nodes that had pods through their effect on
number of primary branches per plant. This led to significant
negative direct effects of number of primary branches per
plant to grain yield.

Materials and methods
Faba bean germplasm

Ten faba bean parental lines with different levels of
resistance for chocolate spot (CH) disease were obtained
from Holetta Agricultural Research Center (HARC) and
International Center for Agricultural Research in the Dry
Area (ICARD) (Table 9). The parental lines were crossed in a
10 x 10 full-diallel mating scheme to form 90 F; progenies
including the reciprocals (Beyene et al., 2016).

Experimental sites
The experiments were conducted at three major faba bean-

growing locations in the highlands of Ethiopia. The sites
included Holetta Agricultural Research Centre (HARC)
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(09°03°N, 38°30’E, and 2390 metres above sea level (m a.s.l).
The average maximum and minimum temperatures at HARC
during the growing period were 22.5°C and 8.5°C,
respectively, and the average rainfall received was 533.6 mm,
and soil pH of 4.62. The soil type at HARC experimental
fields is Eutric Nitosols. The second site was the Kulumsa
Agricultural Research Centre (KARC) (08°01°N; 39°09°E;
2200 m as.l). The average maximum and minimum
temperatures at KARC were 22.5°C and 10.9°C, respectively.
The average rainfall received was 584.1 mm and the soil pH
was 5.2. The soil type of KARC experimental fields is
xerosols. The third site was the Kofele (07°04°N; 38°48’E;
2660 m as.l) and the average maximum and minimum
temperatures were 18.3°C and 2.3°C, respectively. The
average rainfall received was 1077.4 mm with a soil pH of
4.37.

Experimental design and management

The 100 entries consisting of 90 F, reciprocal progenies (i.e.,
45 progenies and their reciprocals) developed from the 10 x
10 full diallel mating design and the 10 parental lines were
planted in a 10 x 10 a- lattice design in single row plots of
3.0 m at 0.4 m inter-row and 0.06 m intra-row spacing. To
minimize inter-plot interference, each test genotype was
bordered by a common susceptible faba bean variety NC 58,
which also acted as a disease spreader. Fertilizer was applied
100 kg ha " diammonium phosphate (DAP), i.e. 20 kg ha *
phosphorus and 18 kg ha ™ nitrogen at planting. The trials
were kept weed-free by hand weeding. In addition, trials were
artificially inoculated with Botrytis fabae isolate with a spore
concentration of 5 x 10°ml™* at 60 days from planting, which
coincided with the flowering stage at all sites. Previous
researchers (Bernard et al. 2006) recommended this practice.
Inoculation was made during the late afternoon to avoid the
effect of sunlight on spore viability.

Data collection

Data for the following agronomic traits were recorded on a
plot basis at all location: days to 50% flowering (DTF) and
days to physiological maturity (DTM) for the entire plot.
Fifteen plants per genotype were randomly selected to record
the data on number of primary branches (BB), height from
ground to the first pod (HFP), number of pods per node
(NPPN), number of pods per plant (NPPP), number of nodes
that had pods (NWP), number of nodes per plant (NNP),
number of seeds per pod (NSPP) and plant height (PH). Data
total biomass (BM) at harvest, hundred seed weight (HSW)
from randomly selected hundred-seeds from each plot and
grain yield was taken from the entire plot. Grain yield t ha™
data was taken from the entire plot. Grain yield was adjusted
to 10% moisture content following the oven drying method.
The total biomass and grain yield recorded on a plot basis
was converted to t ha™* for statistical analysis.

Genotype reaction to Botrytis fabae was evaluated 7 days
after inoculation and disease severity scoring was done six
times on a weekly basis (7-day interval) from the same five
randomly pre-tagged plants per genotype. In addition, general
disease assessment of the genotypes for disease severity of
chocolate spot was recorded from the whole plot once, at 88
days after planting. The severity of chocolate spot was
recorded as a percentage of leaf area infected using the rating
of Bernier et al. (1993) and Bernard et al. (2006). The scale
is as follows: 1% - no disease symptoms or very small specks
(highly resistant); 3% - few small disease lesions (highly
resistant); 6% - small coalesced lesions with some
defoliation (resistant); 12% - large coalesced sporulating
lesions, 20% defoliation (moderately resistant); 25% - large



coalesced sporulating lesions, 50% defoliation and some dead
plants (susceptible); and 50% - extensive, heavy sporulation,
stem girdling, blackening and death of more than 80% of the
plants (highly susceptible).

Data analysis

The disease severity score data collected weekly in the field
was used to calculate the area under the disease progress
curve (AUDPC). Area under the disease progress curve
(AUDPC) which is the most common mathematical tool used
to model plant disease epidemics (Contreras-Medina et al.,
2009) was calculated for each genotype using the disease
severity score according to the following formula proposed
by Shaner and Finney (1977).
n

AUDPC = Z 1/2[(yi + 1+ yi)(xi + 1 — xi)]

i=1
Where: yi = the cumulative disease severity percentage of
infected plants at the i observation (day i), xi = time (days)
at the i ™ observation, n = total number of symptom
observations.

AUDPC was calculated using Microsoft excel. The
estimate of AUDPC was normalized by dividing with the
total area of the graph (i.e. the number of days between the
first and the last readings multiplied by maximum potential
AUDPC), for a better visual comparison among genotypes
over location (Mohapatra et al., 2008). The normalized
AUDPC was referred to as the relative area under disease
progress curve (rAUDPC).

ANOVA of heterosis for chocolate spot resistance and yield:
Gardner — Eberhart Il analysis

Analyses of variance (ANOVA) to detect differences among
the 100 entries for each trait in the study were separately
performed on the data collected across environment. An
inference was made from diallel cross mating technique
about heterosis and its partitions; average heterosis, variety
heterosis, and specific heterosis among the ten genotypes for
chocolate spot resistance and yield in SAS (SAS Institute,
2012). The following models were used to determine the
sums of squares for the analysis following the notation of
Gardner and Eberhart:

(|) X”’ =u+ (1/2) (Vj + Vj’) = (B,G)l

(”) X]]’ =u+ (1/2) (Vj + Vjv) + vh= (B’G)z

(i) Xy =u+(112) (v + V) + vh + v(h, +hy)= (B°G)s
(lV) X]]’ =u+ (1/2) (Vj + Vjv) +vh + V(hj +hj9) + VSjj’:
(B’G)4

In each of the models, u, vj, h, and s;;, indicate the mean and
variety and heterosis effects. The coefficient v in these
models is zero when j=j” and one when j # j’. Since the
phenomenon of heterosis is important, the analysis
maximizes the information on variety performance and the
expression of heterosis of their crosses (Hallauer et al., 2010).
Estimates of the variety and heterosis effects can be
determined for each of the constants in the models. Data from
the Gardner and Eberhart models Il were analysed using the
DIALLEL-SASO5 (Zhang et al., 2005) in SAS (SAS Institute,
2012). In general, partitions of entry sum of squares were as
follows:

Xij = U + (Vi + Vj) + vh + v(hi +hj) + vSij ; U= mean
effects; Vj = variety effects; h = average heterosis effects
(Parents vs. Crosses); hi and hj = variety heterosis effects; Sij
= specific heterosis effects for the cross | x J; v = coefficient
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ranging from 0 - 1 when v = 0 then i=j (it’s a self), when v=1
then i#j.

Heterosis was also used to examine heterotic relationships
among the lines (Falconer and Mackay, 1996). Mid-parent
heterosis (MPH) determined using the mid-parent (MP)

calculated as: MPH=%x100 where F; is the

performance of hybrids, MP = @ in which P, and P, are

the performance values of parents, respectively. Better-parent
heterosis (BPH) (Heterobeltiosis) (%) was calculated as:
BPH =¥x 100 where F;= mean of the F; progenies
performance, BP = the mean of the better-parent /superior
parent (Sleper and Poehlman, 2006). Path co-efficient
analysis among the yield and yield component traits was done
using PATHSAS: the SAS computer program for path
coefficient analysis of quantitative data as described by
Cramer and Wehner (1999) in SAS (SAS Institute, 2012).

Conclusion

In conclusion, the high mid and better-parent heterosis for
grain yield observed in the crosses NC58 x ILB-4726, ILB-
4726 x Kasa, NC58 x BPL-710, ILB-938 x CS-20-DK, ILB-
938 x CS-20-DK and CS-20-DK x BPL-710 suggests that
these hybrids could be further considered in the faba bean
breeding programme aiming both for segregant breeding and
hybrid development in the long term. The best hybrids; ILB-
4726 x Kasa, ILB-4726 x Bulga-70, CS-20-DK x Gebelcho,
NC58 x ILB-4726, Kasa x BPL-710 and ILB-938 x Kasa,
that exhibited negative heterosis over the mid and better-
parent for chocolate spot resistance could be considered as
source of segregants in faba bean breeding for disease
resistance. The three crosses ILB-4726 x Kasa, 1LB-4726 x
Bulga-70, NC58 x ILB-4726 are recommended for faba bean
breeding programme aiming for grain yield and chocolate
spot disease resistance. Correlation and path coefficients
analysis indicated that the number of nodes that had pods and
total biomass were major contributors through their direct
effects on grain yield. Therefore, these two traits should be
given high weight in selection indices for faba bean breeding.
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