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Abstract

Combining ability, heterosis and heritability studies can provide valuable
information for designing appropriate breeding programs for resistance to coffee
wilt disease (CWD), which caused by Gibberella xylarioides. The objective of this
study was conducted to determine heterosis, combining ability, and heritability for
resistance to CWD using an eight-parent half diallel cross (eight parents and 28
F1 hybrids). A susceptible control was used as a reference. All entities were
artificially inoculated by the pathogen, and evaluated for CWD in the greenhouse
at Jimma Agricultural Research Center (JARC), Ethiopia in 2015/16. The
reactions of inoculated genotypes were measured as a percent of wilted seedling,
incubation period, and number of yellow and defoliated leaves. Combined analysis
of variance showed significant difference among genotypes for the characters
measured. Better-parent heterosis (BPH) and mid-parent heterosis (MPH) for
percent of wilted seedlings and the number of defoliated leaves showed negligible
heterosis in desirable direction. However, considerable MPH was noticed for
longer incubation period. Both additive and non-additive gene actions were
involved in controlling the inheritance of CWD resistance and incubation period;
the additive gene effects being predominant. Parents P, (971), P; (974), Pg (370),
and Ps (79233) showed highly significant negative general combining ability (gca)
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effects and found to be good general combiners for resistance to CWD. Moreover,
specific combining ability (sca) effects of hybrids P; x Pg (974 x 370) and P, x Pg
(8136 x 370) revealed that they are good combinations for resistance (low mean
wilted seedlings percentage) and incubation period. Percent wilted seedlings
showed high broad (88.27%) and narrow (75.41%) sense heritability coupled with
68.61% genetic advance. Generally, both pure line selection and pedigree
selection after hybridization could be an effective resistance breeding approach
for CWD management in Arabica coffee.

Keywords: Arabica coffee, Coffea arabica, coffee wilt disease, combining ability,
gene effects, Giberella xylarioides, heritability, heterosis

Introduction

Coffee is a stimulant, woody perennial evergreen dicotyledonous plant. A mature
coffee tree consists of a shoot and root systems; flowers are white and fragrant
(Hadberg et al., 2003; Wintgens, 2009).Arabica coffee (Coffea Arabica L.)is the
only known tetraploid (2n=4x=44 chromosome number) and auto-gamous species
in the genus Coffea. While, all other coffee species are diploid (2n=22) and self-
incompatible (Charrier and Berthaud, 1985; Lashermes et al., 1999). Southwestern
Ethiopia is the primary center of origin and genetic diversity of Arabica coffee
(Anthony et al., 2001 and 2002). However, productivity of the crop is low due to
traditional production systems, use of local genotypes, presence of abioticstresses,
poor agronomic practices and widespread of coffee diseases such as, coffee berry
disease (CBD), coffee leaf rust (CLR) and coffee wilt disease (Melaku, 1984;
Eshetu, 1997; Eshetu et al., 2000; Girma et al., 2009a).

Coffee wilt disease (CWD) is a fungal vascular disease caused by Gibberella
xylarioides (Fusarium xylarioides) (Heim and Saccas, 1950; Geiser et. al., 2005).
The fungus invades coffee treesand colonizes the xylem system. Successive
survey on the occurrence and prevalence of Gibberella xylarioides in major coffee
growing regions ascertained the existence of the disease with varying intensities
(Merdassa, 1986; Girma, 1997; Girma et al., 2001; Sihen et al., 2012). Reports
showed that there were variations in the incidence of CWD between coffee
genotypes at fields that attributed to differences in their genetic background, age
of coffee trees, cultural practices and environmental condition at a specific
location. Generally, the prevalence and importance of the disease has been
markedly increasing throughout coffee producing areas of the country (Girma et
al., 2001; Girma, 2004). In Ethiopia, the national incidence and severity of CWD
is about 28% and 5%, respectively. However, the incidence and severity varied
from place to place in the range of 0-100% and 0-25%, respectively (CABI, 2003;
Girma et al.,2009a).
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A number of methods are used for CWD management. The common practices are
uprooting and burning of infected coffee trees, prevention of tree wounding, use of
protective fungicides, use of disease free planting materials, disinfecting farm
implements and use of biological control. However, these methods are difficult to
implement; and use of resistant varieties is the most cost-effective and eco-
friendly method for controlling the disease (Rutherford, 2006; Phiri and Baker,
2009; Girma et al., 2009a). According to Girma et al. (2005), there were highly
significant differences between genotypes, Gibberella xylarioides isolates and
genotype-isolate interactions in seedling test; suggesting the presence of
qualitative (vertical) with predominance of quantitative (horizontal) resistance.

Knowledge about the genetic control of CWD resistance and related traits in
Arabica coffee is useful in planning breeding programsfor this economically
important crop. Estimationsof combining ability and heterosis are important parts
of crop breeding to understand the inheritance controlling mechanism of different
traits, and improve disease resistance. It also helps to identify the best combining
parents, to know the type of gene action and select appropriate breeding methods
(Sprague and Tatum, 1942; Mathur and Mathur, 1983). Estimate of heritability
along with genetic advance and the association between the traits are also
important selection parameters to select the required traits (Panwar et al., 2015).
In line with this, Musoli et al. (2013) have investigated the inheritance of
resistance to CWD in Robusta coffee using partial diallel crossing and they
reported that the gene controlling resistance is polygenic; and itsheritability is low
to moderate. They have concluded that it is difficult to derive hybrid populations
with such parental lines and breeding for CWD resistant is possibly through
selecting tolerant clones.

Despite extensive work had done to manage CWD; the inheritance of resistance
controlling mechanism in Arabica coffeeis unknown. Therefore, the present study
was conducted to estimate combining ability, heterosis, heritability and the type of
gene effects controlling the inheritance of resistance to CWD, which is useful in
designing appropriate breeding program.

Materials and Methods

Coffee genotypes and experimental design

The study was conducted in a greenhouse at Jimma Agricultural Research Center
(JARC) in Southwest Ethiopia. Eight Arabica coffee parents, namely 75227 (P),
971 (Py), 74110 (P3), 8136 (P4), 79233 (Ps), Arbagugu (Pg), 974 (P7), 370 (Pg) and
one susceptible control (Geisha) were selected based on their CWD resistance
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level under greenhouse and field conditions.The parental lines were selected from
three CWD reaction groups that were identified as resistant (P,, Ps and P7),
moderately resistant (Pg, P, and Pg) and susceptible (P1 and P3) (Table 1). The
eight-parents were crossed in an 8 x 8 half diallel mating design using Griffing
(1956) method 2 and model 1 in the breeding blocks at Gera Agricultural Research
Sub Center, Ethiopia.

Two to three uniformly grown coffee trees were identified from each genotype
before flowering (blooming stage). Then, healthy branches with sufficient flower
buds were selected, selfed, crossed and labeled in February 2014.After harvesting
the seeds and raising seedlings, 28 F;hybrids along with eight parents and one
susceptible control were inoculated and evaluated for disease reaction in a
greenhouse in 2015/16. The experiment was laid out in randomized complete
block design (RCBD) with three replications.

Table1. Description of Arabica coffee genotypes selected for studying inheritance of resistance to coffee wilt disease

Parental Coffee Reaction to coffee wilt disease (CWD) and other desirable

i Origin !

ines genotypes traits

P4 75227 Gera, Jimma Susceptible to CWD, CBD resistant and good yielder (Girma
and Chala, 2008; Demelash and Kifle, 2015)

P2 971 Gelana Abaya, Borena  Resistant to CWD (Jefuka et al., 2012)

P3 74110 Metu, lllubabor Susceptible to CWD, resistant to CBD and good yielder
(Demelash and Kifle, 2015)

P4 8136 Gera, Jimma Moderately resistant to CWD, resistant to CBD and CLR
(Girma and Chala, 2008)

Ps 79233 International collection ~ CWD resistant in naturally infested soil (personal observation)

Ps Arbagugu  Metu, lllubabor Moderately resistant to CWD in naturally infested soil,
susceptible to CBD (personal observation)

P7 974 Gelana Abaya,Borena Resistant to CWD (Jefuka et al., 2012)

Ps 370 Seka-Chekorsa, Jimma  Resistant to CWD, susceptible to CBD (Girma and Chala

2008; Demelash, 2013)

Susceptible  Geisha International collection Highly susceptible to CWD (Girma and Chala, 2008;
control Demelash, 2013)

Source: JARC / Coffee Breeding and Genetics division database

Seedling raising and inoculums preparation

After removing the parchment, fresh seeds of each Arabica coffee genotype were
soaked in distilled sterile water for about 48 hours. Then, forty seeds of each
genotype were sown indisinfected plastic pots (each has 5652 cm® capacity),
which consists ofheat sterilized and moistened sandy soil (Girma and Mengistu,
2000). Sterile water was applied at a day interval to maintain adequate moisture
for seed germination and seedling growth. After germination, the seedlings were
thinned to twenty-five seedlings per pot (20 seedlings were used for artificial
inoculation test and the remaining five seedlings used as a control in each pot).
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The five non-inoculated seedlings in each pot were not infected by the pathogen
until the end of the experiment.

A representative and aggressive Gera isolate of Gibberella xylarioides was taken
and multiplied for inoculation using the method of Pieters and Van der Graaff
(1980) with some amendments (Girma and Mengistu, 2000). The spore
concentration was counted with haemo-cytometer, and adjusted to 2 x 10° conidia
per ml (Girma et al., 2009b).

Seedlings inoculation, management and disease assessment
Twenty coffee seedlings per pot for each genotype were inoculated at fully opened
cotyledon stage (10 weeks old) with viable conidial suspension of Gibberella
xylarioides by stem nicking technique (Pieters and Van der Graaff, 1980; Girma
and Mengistu, 2000). The treated plants were immediately kept in an air-
conditioned growth room with high relative humidity (>95%) and optimum
temperature (23+2°C) for infection. After 10 days, the inoculated seedlings were
transferred to greenhouse with a temperature of 25+4°C and 60-80% relative
humidity (Girma et al., 2009b).

Data collection

An effective and reliable method of quantifying resistance was applied for
comparison of results and selection of resistant genotypes. Percentage of dead
(wilted) seedlings was computed as the number of infected (wilted) plants that
recorded based on external symptoms over the total number of inoculated plants
per pot multiplied by 100 to determine the relative resistance among genotypes
(Girma and Mengistu, 2000; Girma et al., 2009b; Musoli et al., 2009). Incubation
period in number of days, and the amount of defoliated and yellow leaves per
seedling were also recorded. Re-isolation of the fungus was carried out that
confirm seedlings death was caused by the inoculated isolate.

Statistical analysis

Mean values of data collected from five randomly taken seedlings from each pot

were subjected to analyses of variance (ANOVA) using SAS program version 9.2

(SAS,2008). Least significant difference (LSD) test was used to compare

treatment means. The analysis was carried out according to the following model.
Y= p+ bi+ gt eik

Where, Y is the response variable corresponding to treatment i™ measure on block
i, by is the effect of i replication, g; is the effect of " genotype and ejj is the
residual term.
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Estimate of variance components

Percent wilted or dead seedlings were calculated from cumulative number of

wilted over total number of seedlings (wilted plus healthy) for a total recording

during six month.

Wilted Seedling Percentage (%) — Cumulative number  of  wilted seedlings 100
Total number of  seedlings (wilted plus  healthy )

The phenotypic, genotypic and environmental variances were estimated based on

the method suggested by Singh and Chaudhury (1985). Heritability and

geneticadvance were also estimated according to Allard (1999) method.

Heterosis
Heterosis of CWD traits were estimated following the formulae suggested by
Falconer and Mackay (1996);

Mid parent heterosis =[E, -

| * 100

L MP

Heterobeltisois (Better parent heterosis) =|F F.- 8 ]*100

[ B ]
Susceptible control (SC)heterosis = - . -
“7

| * 100
L osc ]
Susceptible parent (SP) heterosis = Fos
L s ]
The standard error of the difference for heterosis was calculated as follows: SE (d)

forMP =, [3me |
2r

SE (m) for BP, SPand SC=_ [zme ,

Where, F; is the mean value of the hybrid, MP denotes the mean of the two
parents producing the F;, BP denotes the better parent mean value, SE (d) is
standard error of the difference, Me is error mean square, r is number of
replicationsand t is the value at error degree of freedom.

Test of significance for heterosis was done by comparing (F1-MP) with SE (d) for
mid parent, (F; -BP) with SE (d) for better parent, (F1 -SP) with SE (d) for
susceptible parent and (F; -SC) with SE (d) for susceptible control heterosis. The
minimum values were considered as better parent in the case of wilted seedling
percentage and number of defoliated leaves.

Combining ability analysis

Disease data collected from F; generations and selfed parental lines were subjected
to combining ability analysis using both plant breeding tools (PBTools) software
version 1.4 (PBTools,2014) and SAS program version 9.2 (SAS,2008) to hybrid
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control the results. Combining ability was computed using the following
mathematical model;

Yii: y+gi+gj+sij+izktzlteijkl

Where, Yjjis the value of a trait measured on hybrid of i"andj™ parents, p = overall

mean, @i, g; are the general combing ability effect of the i and j™ parents,

respectively, Sj; = the specific combing ability effect of the hybrid i x j, iz S e
bc %0 5

= the mean error effect of the ijkI™ observation and n, b and ¢ are number of
parents, blocks and sampled plants, respectively.

GCA and SCA sum squares, mean squares, general combining ability effect (g;)
and specific combining ability effect (s;) were estimated using the equation
developed by Griffing (1956):

1 2

g, - (Y._+Yn—:Y.)

n + 2

1 2

[P —
(n+1)(n+ 2)

sy = Y, N o+y.+vy ,+v,] Y.

n+2

Where, YjandY; are mean of the i and j™ parents, respectively, Y.. is grand
mean, n is number of parent lines

The relative size of variances due to GCA and SCA for model | was
computed using the formula developed by Singh and Chaudhury (1985);
GCA to SCA ratio = iz g

1
n(n-1)

1 [Mg -m'e]
n+2LMs—M'eJ

>3 s, _
Results and Discussion

Analysis of variance

Results of the analysis of variance showed that the difference among genotypes
was highly significant (p<0.01) for wilted seedling percentage, incubation period
and number of defoliated leaves (Table 4). However, number of yellow leaves
exhibited non-significant differences. On the other hand, F; hybrids showed
significant differences (p<0.05) for number of defoliated and yellow leaves per
seedling. All disease parameters (except number of yellow leaves) showed
significant differences among parental lines. This result confirmed the existence of
genetic diversity between the parental lines and Fy hybrids for CWD traits (Figure
2); meeting the prerequisites for detail genetic analysis as suggested by Griffing
(1956).
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Mean performance of parents and F1 hybrids

The mean performance of F; hybrids, parental lines and susceptible control for
CWD traits are summarized in Table 2. Percentage of wilted seedlings ranged
from 25.1% for tolerant (resistant) parent P, to 91.4% for the susceptible parent
P3; and from 20.6% for tolerant (resistant) hybrid P;x Pg to 90.7% for susceptible
hybrids P; x Ps and P; x Pg.Thehybrids showed relatively wider range of
percentage death compared to the parents, butonly one hybrid (P7 x Pg) exhibited
lower proportion of wilted seedlings than did the resistant parent (P,). Parental
line P, followed by Ps, P7, Pg, and hybrlds P; X Pg, P2 X P7, P4 X Pg, P> X Pg, P2 X Ps,
Ps X Pg, P4 X P7 and Ps x P7 exhibited relatively higher survival rate or lowermean
wilted seedling percentage (more CWD resistance). In contrast, parental lines P,
Ps, P1, and hybrids Py x Pg, P1 X Pg, P1 X P3, P1 X P5s and P3 X Pg showed the highest
wilting percentage (highly susceptible).

In general, the mean performance of coffee genotypes showed that parents Py, Ps,
P; and Pg had relatively lower proportion of wilted seedlings (CWD resistant),
longer incubation period and minimum number of defoliated leaves; indicating the
potential to transfer their genetic constitutions to the resulting hybrids. In
agreement with this, various investigators reported for CWD tolerance both at
seedling stage and in mature plants (Girma, 2004; Girma et al.,2005; Arega, 2006;
Sihen et al., 2012; Demelash and Kifle, 2015). Similarly, Jefuka et al. (2012) have
reported that release coffee varieties Feyate (971) and Odicha (974) were
considered as CWD resistant. Demelash (2013) has also reported that 370-
genotype showed resistant reaction to CWD although this finding contradicts with
the current results. In this study, genotypes with resistant reaction had longer
incubation period; while susceptible reaction was expressed by early development
of wilting symptom and death. Girma and Chala (2008) and Kifle et al. (2015)
have also reported the positive relationship of CWD resistance with extended
incubation period. Among the hybrids, P; x Pgshowed the lowest mean percentage
of wilted seedlings with the longest incubation period (143 days). The result of the
present study indicated that when resistant parents hybridized with each other or
with moderately resistant ones, it is most likely to get resistant and moderately
resistant progenies; while susceptible parents hybridized with any CWD reaction
groups (resistant, moderately resistant or susceptible parents) would give
susceptible progenies. Therefore, this implies that genes governing susceptibility
might be partially or completely dominant over the resistant genes in the
inheritance of CWD resistance. The mean percentage of wilted seedlings ranged
from 20.6% to 91.4%; suggesting that the traits showed continuous variation or is
quantitative in nature.
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Mean incubation period ranged from 89.7 to 133.0 days for parents and 96.3 to
143.0 days for F; hybrids. Accordingly, the incubation period in Pswas the longest
(133 days) compared to other parents, and stood fourth among all genotypes. The
top three hybrids that showed prolonged incubation period were P; x Pg (143.0
days), P2 x P4 (137.7 days), and P4 X Pg (136.7days). Conversely, hybrids Py X P3
(96.3 days), P3 x Pg (97.0 days), P; x P3 (98.3 days) and P; x P, (99.0 days)
showed early disease symptoms. Therefore, significant differences for incubation
period also indicate the existence of variability among Arabica coffee genotypes
for Gibberella xylarioides reaction. This might be due to differences in host
(coffee genotypes) defensive ability against the disease.

Number of defoliated leaves also showed significant differences among the
genotypes; but the difference due to number of yellow leaves was statistically non-
significant. Parental lines P,, Pg, P; and Ps had few, while Ps, P; and P, showed
large numbers of defoliated leaves; the overall mean value of which was also
higher for the F; hybrids than for the parents.

Consecutive measurements for mean proportion of wilted seedlings showed
variable responses to Gibberella xylarioides (Figure 1 and 2). It was observed that
the genotypes had variable levels of resistance and progressed at varying rate after
infection. Parental lines P, Ps and P7, and F; hybrids P;x Pg, PoX P7, P4 X Pg, Pox
Ps, P» XPg, P4 X P7, Ps X Pg and Ps x P; showed late disease infection and low
percent of disease progress in six month of assessment (12 times recorded at 14
days’ interval). The rate of development of the disease appeared to be lower in
these genotypes until four months after inoculation when high number of
seedlings started wilting with increasing disease severity for most genotypes.
Increased severity of the disease with time may be due to well establishment of the
pathogen, production of micro and macro conidia, and mycelium and spores to
colonize the host tissue and hinder the normal physiological processes. Therefore,
genotypes that show late symptoms expression and low proportion of wilted
seedlings are important for further hybridization or breeding program in order to
manage CWD through resistance variety development.
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Table2. Mean performance of Arabica coffee parents, F1 hybrids and susceptible control for CWD traits.

Genotyp WS (%) IP(Days) ~ NDL Genotype WS (%) IP(Days) NDL
es s
Parents Hybrids
P4 86.7a 91.3jj 1.96b-i P2 x Pz 26.2hi 123.0cd 0.93hi
P2 25.1i 118.3de 0.78i P2x Ps 28.5hi 123.0cd 0.89hi
Ps 91.4a 91.7hij 269a-d  P3xPs 81.0abc 101.7ghi 2.42a-f
P4 72.0a-€ 107.7efg  2.18b-h  P3xPs 81.3abc 105.7fg 2.09b-i
Ps 32.2hi 133.0abc  0.96hi P3 x Ps 86.7a 101.7ghi 2.82abc
Ps 87.5a 89.7j 3.58a P3 x Pz 85.3ab 103.3gh 1.98b-i
P 35.2ghi 115.3def  0.93hi P3 x Ps 86.6a 97.0g-j 247a-e
Ps 49.0e-h 126.7bcd  0.80i P4 x Ps 70.8a-e 116.0def0 1.64c-i
Mean 59.9 109.2 1.73 Pax Ps 74.3a-d 101.0g-j 2.04b-i
Hybrids P4 x Pz 39.6f-i 132.3abc 1.40d-i
P1 x P2 81.3abc 99.0g-j 1.89b-i P4 x Ps 28.2hi 136.7ab 111
P1x Ps3 89.3a 98.39-j 291abc  PsxPs 77.7ad 108.0efg 1.82b-i
P1x P4 74.7a-d 96.39-j 220b-h  PsxP7 42.7f-i 123.0cd 1.02ghi
P1xPs 88.0a 102.0ghi  2.28a-g  PsxPs 37.0ghi 126.7bcd 0.84i
P1 x Ps 90.7a 101.7ghi  2.98ab Ps x Pz 76.9a-d 108.0efg 2.40a-f
P1x Pz 62.7b-f 108.0efg  1.16e-i Psx Ps 82.9abc 107.3efg 2.00b-i
P1x Ps 90.7a 100.0g-j 287abc  P7xPs 20.6i 143.0a 0.89hi
P2 x P3 69.5a-e 117.3def  1.98b-i Mean 65.0 112.7 1.89
P2 x P4 56.9d-g 137.7ab 1.98b-i Control 78.33 85.00 2.00
P2 x Ps 29.8hi 120.0d 1.27e-i LSD 23.29 (17.69)  11.82 1.32
(0.05)
P2x Ps 61.3cf 118.0de 262a-d  CV (%) 22.38 (19.84) 6.49 43.64

P1=75227, P,=971, P3=74110, P4=8136, P5=79233, Pe=Arbagugu, Pr= 974 and Ps=370
IP = incubation period; NDL= number of defoliated leaves per seedling; WS%= Wilted coffee seedling percentage;
Number of defoliated leaves and yellow leaves were measured at 4 months and wilted seedling percentage was recorded
at 6 months after artificial inoculation. CV and LSD value in bracket is arcsine-transformed value of wilted seedling
percentage.Figures followed by same letter(s) are not significantly different and P = 0.05.
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Figure 1. Percentage wilted seedlings of Arabica coffee genotypes at different times after inoculation.
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Figure 2.Comparison of Arabica coffee genotypes (parents and hybrids)reaction to CWD under greenhouse condition

Heterosis

Percentage of better-parent heterosis (BPH), mid-parent heterosis (MPH),
susceptible-parent heterosis (SPH) and susceptible-check heterosis (SCH) for
percentage of wilted seedlings, number of defoliated leaves and incubation period
are presented in Table 3, 4 and 5. BPH ranged from -42.49% to 224.17% with
+66.70% overall mean value for wilted seedlings percentage. It was observed that
14 hybridsexpressed positive and significant undesirable heterosis. Although, no
hybrid showed significantly negative BPH, hybrids P4 X Pg and P; X Pg manifested
desirable effects. Heterosis for negative traits like disease, smaller values
(negative values) are desirable for resistance. However, in this study, about 50%
of the F; hybrids exhibited positive and significant BPH; probably due to lack of
dominance of resistance, which could also be masked by the harmful effect of
susceptible genes in controlling the inheritance of resistance.

MPH for percent wilted seedlings ranged from -53.42% (P4 x Pg) to + 48.08% (P
X Ps). Out of 10 negative heterosis, only two hybrids (P4 x Pg and P7 x Pg) showed
significant (p<0.0land/or p<0.05); while four hybrids (P1 X Ps, P1 X P2, P3 X Py and
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P1 X Pg) exhibited significantly positive MPH. The values of SPH and SCH ranged
from -60.86% (P4 X Pg) to +21.31% (Ps x P7) and from -73.52% (P; X Pg and P1x
Pg) to +15.75% (P; x Pg), with five and eight hybrids depicting significantly
negative heterosis (favorable effect), respectively. This result suggests, hybrids
that showed negative mid parent, susceptible parent and susceptible check
(control) heterosis were desirable for resistance.

The value of BPH and MPH for number of defoliated leaves ranged from -6.13 %
to +258.75%, and from -28.97% to +108.22%, respectively. All hybrids (except
hybrid P, x Pg) showed positive BPH (unfavorable effects). Additionally, all
hybrids (except for hybrid P; x Pg that showed significantly positive response) had
non-significant MPH; with nine hybrids manifesting negative, but 19 hybrids
positive values. On the other hand, 20 hybrids expressed negative SPH, and all
hybridsshowed non-significant SCH. Moreover, P4 X Pg, and P4 X Pg, P4 X Pg and
Ps x Pg were found to be the most favorable hybrids with desirable effects for BPH
and MPH, respectively. Generally, about 96% and one third of the hybrids of BPH
and MPH, respectively, expressed with undesirable effects for number of
defoliated leaves.This could be related to effectiveness of some genes responsible
for the production of hormones, such as abscisic acid (ABA), that favor abscission
of leaves during host pathogen interaction.

For incubation period, BPH ranged from -23.42 % (P3 X Pg) to +16.34 % (P, X Py)
with -4.92% overall mean. Positive and significant MPH was observed in eight
hybrids (desirable direction), although only hybrid P; x Pg showed significantly
negative heterosis. Both BPH and MPH results exhibited that P, x P4, P4 X P7, and
P; x Pg were superior with significantly positive values in the order of desirable
magnitude for incubation period. Moreover, all F; hybrids displayed positive SPH
and SCH; with 13 and 27 hybrids showed significant heterosis, respectively.

Most hybrids revealed undesirable and insignificant BPH and MPH for percent
wilted seedlings and number of defoliated leaves (no hybrid exhibited significant
desirable heterosis). However, for incubation period three and eight hybrids (about
29% of the hybrids) manifested significantly positive BPH and MPH, respectively.
Some hybrids also showed longer incubation period of incubation than did any
one of the parents. Therefore, this result indicates that the existence of probably
partial to complete dominance of genes for incubation period in favorable
direction. Relatively smaller or negative MPH (favorable effect) was detected for
hybrids that had less mean percentage of wilted seedlings. Conversely, hybrids
that expressed heterosis in favorable direction are not always advantageous.
Because, some hybrids, such as P; x Pg showed favorable BPH and MPH for
percent wilted seedlings and incubation period, but their mean values showed
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susceptibility and shorter incubation period. Unexpectedly, in most cases MPH
resulting from hybrids of susceptible parents with resistant parents had more
positive response than did susceptible parents hybridized with susceptible or
moderately resistant parents. For instance, more positive MPH was manifested and
obtained parent Py (susceptible parent) hybridized with P, (resistant parent) than
P1 hybridized with P3 or Pg (susceptible parents). This result is due to that the
differences between F; hybrids mean of the two susceptible parents and their
parental average mean was lower than the difference between F; hybrid mean of
the susceptible and resistant parents and their parental average mean based on
Falconer and Mackay (1996) formal. In addition, when resistant and susceptible
parents used in heterosis estimation, the mid parents mean value became lowered;
while MPH increased in reverse.

Generally, heterosis was small (not appreciable) for CWD resistance improvement
in genotypes considered in the present study. Consequently, the use of heterosis
breeding may be rarely essential and, if it is necessary, both parents should be wilt
resistant or moderately resistant. Hence, selection of parents could be an effective
method for improvement. In line with the present finding, Patel and Pathak (2011)
studied the genetics of resistance to wilt in castor bean hybrids and reported that
heterosis breeding with a choice of superior parents would be advantageous for
enhancing wilt resistance along withyield. The present finding also showed
similarity to the results of Mesfin (1982) and Bayetta (2001) on CBD resistance.
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Table 3.Estimate of heterosis percentage for percent wilted seedlings (%), incubation period and number of

defoliated leaves

Wilted seedlings (%) percentage

Hybrids BPH MPH SPH SCH
P x P2 22817 4555° 6.15 3.83
Py x P3 3.08 0.33 228 14.05
Py x Py 3.70 588 13.85 468
Py X Ps 173,37 48.08* 154 12.35
Pix Ps 462 410 359 15.75
P1xP; 77.92* 283 -27.69* -20.00
Pix Ps 85.03** 33.66* 462 15.75
P2 x P3 176.78* 19.21 -24.04 11,34
P2x Ps 126.96** 17.30 2091 27,30
P2 X Ps 18.94 419 7.30 619
P2x Ps 144.20* 8.82 -20.99* 2178
P2 X P7 455 -13.01 2552 66.51**
P2 X Ps 1347 23.15 4190 63,65
P3 x P4 12.50 087 1140 341
P3 X Ps 152,66 31.60 11,03 383
P3 X Ps 0,98 313 520 10.64
P3x P7 142.27* 34.76* 6.66 8.94
P3 X Ps 76.64** 23.28 532 10.50
P4 X Ps 119,79 35,81 174 968
P4 X Ps 3.16 687 4513 547
P4 X P7 12.36 26.18 45.04* -40.48*
P4 X Ps 4249 53.42* -60.86* 64,02
Ps X Ps 141 26* 20.75 1126 0.85
Psx P7 3273 26.76 2131 45 45+
Ps x Ps 14.99 8.82 -24.46 52,74
Ps X P7 118 45** 25,37 12.08 477
Ps X Ps 69.21** 21.46 527 5.85
P2 X Ps 4164 51.19* -58.05* 73.76*
mean 66.7 7.87 -15.79 -16.97
SE() 11.68 1011 11.68 11.68

P1=75227, P,=971, P3=74110, P4=8136, P5=79233, Pe=Arbagugu, Pr= 974 and Ps=370
Note: Values without asterisk (*) are non-significant; *, ** =

heterosis

significant at 5 % and 1% probability level, SE= standard error,
BPH=better parent heterosis, MPH= mid parent heterosis, SCH=susceptible control heterosis, SPH= susceptible parent
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Table4. Estimate of heterosis percentage for number of defoliated leaves.

Hybrids Number of defoliated leaves

BPH MPH SPH SCH
P1x P2 142.31 38.12 -3.41 -5.50
P1xP3 48.72 25.25 8.18 45.50
P1x Ps 12.27 6.29 0.92 9.83
P1xPs 138.32 56.52 16.35 14.00
P1x Ps 52.30 7.7 -16.68 49.00
P1xPr 23.94 -19.95 -41.05 -42.17
P1x Pg 258.75** 108.22* 46.51 43.50
P2 x P3 153.42 13.93 -26.52 -1.17
Pox P4 153.42 33.71 -9.19 -1.17
P2 x Ps 62.82 46.25 32.75 -36.50
P2x Ps 236.32** 20.43 -26.66 31.17
P2 x P7 19.65 8.95 0.00 -53.34
P2 x Pg 13.68 12.24 10.84 -55.67
P2 x P4 11.33 -0.41 -9.91 21.17
Pz x Ps 118.46 14.62 -22.30 4.50
P2 x Ps 483 -10.00 -21.16 41.00
P x P7 111.80 9.1 -26.52 -1.17
P3 x Ps 208.34* 41.36 -8.30 23.34
P4 x Ps 71.77 4.89 -24.62 -17.84
P4 x Pe -6.13 -28.97 -42.96* 2.16
Psx P7 50.01 9.97 -35.83 -30.00
P4 x Pg 38.75 -25.42 -49.16 -44.50
Ps x Pe 89.93 -19.71 -49.12** -9.00
Ps x P7 9.64 8.29 6.94 -48.84
Ps x Pg 5.41 -3.99 -11.81 -57.84
Ps x P7 157.15* 6.43 -32.96 20.00
Ps x Ps 150.00 -8.61 -44.13* 0.00
P7 x Pg 11.25 2.69 -4.64 -55.50
mean 83.87 12.07 -13.73 -5.54
SE(+) 0.66 0.57 0.66 0.66

P1=75227, P2=971, P3=74110, P4=8136, P5=79233, Ps=Arbagugu, P7= 974 and Ps=370
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Table5. Estimate of heterosis percentage for incubation period.

Hybrids Incubation period
BPH MPH SPH SCH
P1x P2 -16.34* -5.56 8.40 16.47*
P1xPs3 7.27 747 7.67 15.69*
P1x P4 -10.53 -3.18 548 13.33
P1xPs -23.31* -9.06 11.68 20.00*
P1x Ps 11.31 12.34* 13.38* 19.61*
P1xP7 -6.36 452 18.25** 27.06™
P1x Ps -21.05* -8.26 9.49 17.65*
P2 x P3 -0.84 11.75* 28.00* 38.04**
P2x P4 16.34** 21.83* 27.86™ 61.96™
P2 x Ps 9.77* -4.51 1.41 41.18**
P2x Ps 0.28 13.46™ 31.60** 38.82**
P2 x P7 3.95 5.28 6.65 44.71**
P2 x Ps -2.89 0.41 3.94 44.71**
P3 x P4 -5.57 2.01 10.91 19.61*
P3 x Ps -20.55** -5.93 15.27* 24.31**
P3 x Ps 10.91 12.13* 13.38* 19.61*
P3 x P7 -10.40* -0.16 12.72 21.57
P3 x Ps -23.42* -11.15* 5.81 14.12*
P4 x Ps -12.78* -3.60 7.74 36.47**
P4 x Ps -6.19 2.36 12.64 18.82**
P4 x P7 14.74* 18.68** 2291 55.69"*
P4 x Ps 7.89 16.64* 26.93* 60.78**
Ps x Ps -18.80* -2.99 20.45* 27.06**
Ps x P7 -7.52 -0.94 6.65 44,71
Ps x Ps -4.76 -2.44 0.00 49.02**
Ps x P7 -6.36 5.37 20.44* 27.06**
Ps x Ps -15.26* 0.77 19.70* 26.27
P7 x Ps 12.89** 18.18** 23.99* 68.24*
mean -4.92 3.35 14.05 32.59
SE(+) 5.93 5.13 5.93 5.93

P1=75227, P2=971, P3=74110, P4=8136, P5=79233, Ps=Arbagugu, P7= 974 and Ps=370

Combining ability analysis

Mean squares of general combining ability (GCA) and specific combining ability
(SCA) for all traits are presented in Table 6. The mean squares of GCA and SCA
were significant at p<0.0land/or P<0.05 for percentage of wilted seedlings and
incubation period. The result indicated that both GCA and SCA variance were
significantly important or the involvement of both additive and non-additive gene
effects has paramount importance in the inheritance of both traits.The GCA to
SCA variance ratio of percent wilted seedlings and incubation period was greater
than one, indicating that the higher contribution of additive over non-additive gene
effects for the traits. As a result, both selection and hybridization could be
effective breeding methods to improve resistance. Mainly, CWD resistance could
be incorporated from resistant sources by utilizing pure line selection, or pedigree
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selection (to obtain resistant segregate generation); both of which take advantage
of additive gene actions (Poehlman and Sleper, 2006).

Table 6. Analysis of variance for 8 x 8 parents’ half diallel mating design using Griffing’s (1956) approach
Mean Squares, P' value and GCA to SCA variance component ratio

. 2

Traits Block Genotypes Error GCA SCA I%(rjrfcir 8“Gen
(d=2) (@=35)  (d=70)  (df=7)  (df=28) x 625 rli

Wilted coffee 10852 174327 2045 22503% 1615  68.2(393) 24

seedlings (%) (8011)  (8233")  (1180)  (1106.6%)  (66.4")

Percentage

Incubation 3973*  6108* 527 718.2% 74,9 17,57 12

period

Number of 8.2 17+ 0.6 23+ 0.14s 0.22 B

defoliated leaves

Number of 158 0,14 0.10 B B _ _

yellow leaves

*=Significant at 5% level of significance, **= significant at 1% level of significance, ns= non-significant, P= probability
level, GCA=general combining ability; SCA=specific combining ability; Data in brackets is arcsine transformed value of
wilted seedlings percentage

General combining ability effects

Estimate of general combining ability (gca) effects for eight parental lines for
percent wilted seedlings, incubation period and number of defoliated leaves are
given in Table 7. All parents, except P4, showed either significantly positive or
negative (P<0.01) effects for percentage of wilted seedlings. Parent P, had the
highest negative and significant gca effect followed by P; and Pg. Therefore,
parents P, P; and Pg were found to be good combiners for developing resistant
single hybrids. Moreover, low mean percent wilted seedlings with more negative
gca effect indicates greater CWD resistance, whereas susceptible lines Pz, P; and
Pes had significantly positive effects. All parents exhibited significant gca effects
for incubation period. Based on the result, it could be concluded that Pg had the
highest positive effect followed by P,. This indicated that good general combiner
resistant parents had extended incubation period as compared to the susceptible
parents.

For number of defoliated leaves, estimation of gca effects showed significant
differences between parents; where P; followed by Pg showed the highest
negative value. Genotypes that showed low or minimum mean number of
defoliated leaves are considered as desirable for resistance. Similarly, parents
with high negative gca effects were good combiners and had important
contribution to CWD resistance. On the other hand, parents P;, P; and Pg were
poor general combiners for all traits.
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Specific combining ability effects

Estimates of specific combining ability (sca) effects for 28 F; hybrids for percent
wilted seedlings and incubation period are shown in Table 7. Fifteen hybrids
showed negative sca effects for percent wilted seedlings and, thus, were in
desirable direction. The single hybrids P4 x Pg (-24.88) and P; x Pg (-18.01)
showed significant (P<0.01) and negative sca effects, and good specific
combinations with low percentage of wilted seedlings or CWD resistance.The
result indicated that the resistant P; and moderately resistant P, could produce
better resistant single hybrids in combination with moderately resistant lines.
Eight hybrids, out of 11 hybrids that showed desirable incubation periods showed
significant sca effects. Furthermore, most hybrids resulting from resistant lines P;
and P,, and moderately resistant lines Pg and P, were produced better resistant
hybrids. While, Py x Pg (susceptible x moderately resistant), P1 X P, (susceptible x
resistant), Pz X P7 (susceptible x resistant) and P3 x Pg (susceptible x moderately
resistant) were the most undesirable hybrids with poor specific combination for
both percent wilted seedlings and incubation period. Generally, hybrids P; X Pg
and P4 x Pg exhibited significantly favorable sca effects for both traits; associated
with low mean percentage of wilted seedling, extended mean incubation period
and negative heterosis.

In Ethiopia, this is the first study that estimates combining ability, heterosis,
heritability and genetic gain for wilt disease resistance in Arabica coffee.
However, Musoli et al. (2013) have studied the inheritance of CWD resistance in
Robusta coffee and found that estimates of GCA variance component for
resistance were significant. Contrary to the current findings, their result was non-
significant for sca effects; which may be due to differences in host species,
pathogenic population and inoculation methods. Moreover, they reported that
additive and dominance variances were low compared to the environmental
variance. Similar to the present result, Epinat and Pitrat (1994) on muskmelon
downy mildew resistance, Patel and Pathak (2011) on castor fussarium wilt
resistance, and Changaya et al. (2012) on pigeon pea fussarium wilt resistance
have reported the importance of both additive and non-additive genetic effects.
Van der Vossen and Walyaro (1980) and Bayetta (2001) have also reported
similar estimates of combining ability to CBD resistance. Contrary to this, the
findings of Mert et al. (2005) and Luders et al. (2008) on cotton verticillium wilt,
Vander Vossen and Walyaro (2009) on coffee berry disease and Manu et al.
(2014) on chilli fussarium wilt have indicated that a single dominant gene controls
the inheritance of resistance.

Estimates of gca and sca effects showed significant differences between parents
and hybrids, respectively. In general, low mean percentage of wilted seedlings,
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longer incubation period and minimum number of defoliated leaves parents were
directly related to desirable gca effects. Hence, it is important to include those
desirable parents and hybrids in hybridization or resistance breeding program for
simultaneous improvement of CWD traits. A parent exhibiting significantly
positive and negative gca effects for a particular trait is assumed to have high
degree of favorable and unfavorable alleles, respectively. Furthermore,
significantly positive or negative sca effects show that the two lines that produce
hybrids have divergent or similar genetic background, respectively (Stangland et
al., 1983).

Table 7. Estimates of gca and sca effects for CWD fraits in artificial inoculation test.

gca effects sca effects
Parents WS IP NDL Hybrids WS (%) IP Hybrids WS (%) IP
P1 176 -11.9* 0.35* P1x P2 17.0* -1.7* P3x Pr 17.8* 5.1
P1xP -10. 2" P3x P 14.2 -12.99**
P, A4 ere oz xR 1098 X %
P1x P4 -6.22 -6.6 P4x Ps 15.8* 4.9
Ps 18.8*  -9.9* 0.54** P1x Ps 14.9 -3.99 P4 x Pe 4.1 5.7
P1x Pe 5.8 9.9% P4 x P7 -8.7 11.4**
P. -0.56 297 0.045"
) PixPr 37 16 PuxPs 249" 138"
P1x Ps 19.5*  -7.96* Ps x Pe 71 1.7
Ps -8.3*  6.0¢ -0.38*
P2x P3 3.9 8.6 Ps x P7 2.2 -1.33
P2 x P. 10.8 16.0** Psx P -8.3 0.7
Ps 150" 827 ore o X
P2 x Ps -8.6 4.7 Ps x P7 131 2.1
P2 x Pe 0.5 7.6 Ps x Ps 14.3 4.3
P7 151 640" -0.51*
P2 x P7 55 2.1 P7 x Ps -18.0* 16.7*
P2 x Ps -8.0 -3.6 SE + s 75 3.8
P -10.3*  7.97*  -0.40*
’ PsxPs 11 -33 Si-Sj 9.0 46
SE(g) 24 1.2 0.14 P3x Ps 7.0 2.4 Si-Sik 1.1 5.6
SE(grgj) 3.7 1.9 0.21 P3x Ps -11.0 7.9% S-Sk 10.4 53

P1=75227, P,=971, P3=74110, P4=8136, P5=79233, Pe=Arbagugu, Pr= 974 and Ps=370

Note: Values without asterisk (*) are non-significant; *=Significant at 5% level of significance, **= significant at 1% level of
significance, ns =non-significant, SE= standard error of parents, SE (sij), SE (sii) = standard error of the hybrid i and j
parents and the same parents, respectively. IP = incubation period, WS % = percent of wilted seedling, NDL = number of
defoliated leaves

Estimation of variance components,

heritability and genetic advance

Estimated broad and narrow sense heritability for four CWD traits are presented in
Table 8. Low percent wilted seedlings or CWD resistance (h%,=88.27%,
h?,=75.41%), prolonged incubation period (h%= 91.37%, h%= 68.83%) and few
number of defoliated leaves (h%,= 62.06%, h%,= 72.39%) showed high heritability
and transmission of genetic information from parents to offspring’s. Results of the
present study on heritability of CWD resistance in Arabica coffee contradict with



Admikew et al., [39]

the findings of Musoli et al. (2013) who reported low to medium heritability on
Robusta coffee.

Estimates of genetic advance as percent of mean (GAM) that could be expected
from the top 5% desired trees of the genotype for all CWD traits are given in
Table 8. There was high GAM for percent wilted seedlings or seedling survival
rate (68.61%), and incubation period (24.00) and minimum value for number of
defoliated leaves (52.30%). Such a high GAM coupled with high heritability
indicates that the traits could be improved through simple selection. According to
Panwar et al. (2015), selection could be much easier for high heritable trait; but it
will be difficult for a trait with low heritability. They have further indicated that
heritability estimates along with expected genetic advance are usually more
helpful than heritability value alone.

Table 8. Estimation of variance components, heritability and genetic gain of CWD traits

Traits 82, 82, 8%ca  8%ca  Me(%) ha(%) GA  GAM(%)
Low wilted coffee seedlings
Percentage 581.1 5129  219.1 93.370 88.3 75.4 438  68.61
Incubation period 203.6 186.0 70.1 57.375 91.4 68.8 269 240
Minimum number of defoliated
leaves per seedling 0.58 04 0.21 _ 62.1 724 0.97 52.3
M|n|mumlnumberof yellow leaves 0.05 0.01 B B 283 0413 134
per seedling

h 2B = broad sense heritability, GA = genetic advance, GAM = genetic advance as percent of mean, 82GCA = general

2

combining ability variance, & 29 = genotypic variance, h “n = narrow sense heritability, 82p = phenotypic variance, 8

23CA = specific combining ability variance

Conclusion

In this study, CWD resistance was examined in terms of percent wilted seedlings,
incubation period, and number of defoliated and yellow leaves per seedling using
eight parents and their 8 x 8 half diallel crossesin artificial seedling inoculation
test. It was observed that heterosis was lacking for CWD resistance. Moreover,
results showed the predominance of additive over non-additive gene effects, and
high heritability estimates coupled with GAM for resistance and incubation
period, which could be easily improved through selection. Due to their respective
gca and sca effects, parents P, P7, Pg and Ps, and hybrids P;x Pg and P4 x Pg were
found to be the best combiners and combinations for CWD resistance.
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