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French bean (Phaseolus vulgaris L.) in Kenya is cultivated predominantly in the Central, Eastern and 
Rift Valley provinces. Despite its importance as an export commodity, there has been little breeding 
effort devoted to its improvement and no much focus on gaining an understanding of the genetic 
diversity of the germplasm used in cultivation. The present objective was to evaluate the genetic 
diversity of a set of 36 Kenyan French bean accessions, based on a combination of morpho-agronomic 
and simple sequence repeat markers (SSRs). For the former, 20 morpho-agronomic traits were 
measured in two growing seasons, while for the latter; the germplasm was genotyped at 26 SSR loci. 
The accessions varied significantly (P≤ 0.05) with respect to pod diameter, pod length, pod number per 
plant, pod weight per plant and seed weight, but not with respect to the number of days taken to reach 
flowering, leaf length, leaf width or plant height. There was a large influence of season over flowering 
time, pod diameter, pod length, plant height and seed weight, and a significant (P≤ 0.05) interaction 
between accession and season for pod diameter, pod length, pod weight per plant, number of pods per 
plant and seed weight. The variation in the morpho-agronomic traits split the 36 accessions into four 
clusters. Shannon-Weaver diversity indices for qualitative, pseudo-qualitative and four selected 
quantitative traits ranged from 0.23 to 0.88. Of the 26 SSR primer pairs, which successfully amplified all 
36 DNAs, 18 were informative, producing a mean of 2.17 alleles per SSR locus and a PIC value between 
0.17 and 0.41. The level of gene diversity ranged from 0.19-0.50 (mean 0.36). The low observed mean 
heterozygosity reflected the predominantly autogamous habit of French bean. The modest amount of 
genotypic variation uncovered can be attributed to the effect of intensive selection for pod quality. A 
phylogeny based on the informative SSR loci revealed three major clusters, each representing a 
different pod diameter class. Combining the morpho-agronomic and DNA-based markers in this 
assessment of germplasm provides a way of taking advantage of the best features of both marker types 
that can be useful for identification of French bean varieties and applications of molecular markers to 
breeding.  
 
Key words: French beans, morpho-agronomic traits, simple sequence repeat marker (SSR),  genotyping, 
large-sieve beans, fine-sieve beans. 



 

 

 
 
 
 
INTRODUCTION 
 
 French beans comprise a sub-group of common bean 
(Phaseolus vulgaris L.) germplasm grown for their 
immature pods, which when immature, have low fibre 
content and consumed as a green vegetable (Myers 
and Baggett, 1999). They are variously referred to as 
‘snap beans’, ‘garden beans’ and ‘haricot beans’. 
French bean is a leading export crop for Kenya (Monda 
et al., 2003), which produces annually around 61.5 t, 
which represents a major financial share of the export 
vegetable sector (HCDA, 2010). Despite its importance 
as an export commodity, there has been little breeding 
effort devoted to its improvement and no much focus on 
gaining an understanding of the genetic diversity of the 
germplasm used in cultivation.  

The value of characterizing genetic diversity is in the 
identification of genetically diverse pairs of crossing 
parents for crop improvement. Various sources of 
germplasm are available to the breeder, including elite 
cultivars, popular commercial cultivars, breeding lines,  
mutants, landraces and wild materials (Ram, 2014). 
Elite germplasm is generally preferred for cultivar 
development because it has benefited from intensive 
selection for optimal alleles, as well as being relatively 
straightforward to source (de Moraise and Pinhero, 
2012). Much of the effort applied to assessing the 
genetic diversity present in common bean has focused 
on germplasm used for pulse production, rather than on 
the French bean. The genetic status and ancestry of 
French bean cultivars has been explored by Davis and 
Myers (2002), Cunha et al. (2004) and Blair et al. 
(2010). However, the information available is varied and 
as a result, a general study involving many accessions 
in a particular region is essential. While morpho-
agronomic variation is the foundation for crop 
improvement, few traits are simply inherited and many 
are markedly influenced by the plants' growing 
environment; in contrast, variation at the DNA level is, 
by definition, not multigenic, and is free of 
environmental influence. While DNA-based markers are 
now in routine use as a tool for assessing genetic 
diversity, morpho-agronomic characters still play an 
important role (Gomez et al., 2004; Stoilova et al., 
2005), and a combined approach has been 
recommended (Singh et al., 1991). 

A number of different marker platforms have been 
exploited to assess genetic diversity in common bean 
(Skroch and Nienhuis, 1995; Cunha et al., 2004; Kwak 
and Gepts, 2009; Sarikamis et al., 2009; Biswas et al.,  
2010;  Blair  et  al., 2010).  The   use   of   markers   has 
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demonstrated that common bean was domesticated 
twice, leading to the development of two separate 
genepools: the Mesoamerican (Northern Mexico to 
Colombia) and the Andean (Southern Peru to 
Northwestern Argentina) (Gepts et al., 1986; Beebe et 
al., 2000; 2001; Blair et al., 2006) types. Microsatellites 
or simple sequence repeats (SSRs) have proven to be 
highly effective as markers, as they are typically co-
dominant, multi-allelic and informative, and are very 
numerous throughout the genome. Large numbers of 
SSR assays have been developed in common bean (Yu 
et al., 1999, 2000; Gaitán-Solís et al., 2002; Grisi et al., 
2007; Blair et al., 2003; 2011), and so are available for 
genetic analyses in French bean. Here, the objective 
was to evaluate the genetic diversity of a Kenyan 
collection of French bean accessions, based on a 
combined morpho-agronomic trait and SSR marker 
data set. 
 
 
MATERIALS AND METHODS 

 
Plant material 

 
The germplasm panel comprised a set of 36 French bean 

accessions from Kenya: of these, 28 are commercially grown 
cultivars, five are advanced breeding lines and three are 
landraces. The seed was initially multiplied and purified. The 
accessions are identified by the prefix FBK (“French Beans 
Kenya”), followed by an accession number.  
 
 
Experimental site 

 
The germplasm was assessed in the field at Meru (0° 07' N, 37º 
40' E, 1490 m above sea level), first in November 2010 (short 
season) and then in March 2011 (long season). Normal rainfall 
(annual mean 1250 mm) at the site is bimodal, with the major 
rainy season expected between March and July and the short one 
between October and December. The long term minimum and 
maximum temperatures at the site are, respectively, 12 and 25°C. 
The soil is deep, well-weathered, free-draining, has a friable clay 

texture and moderate to high inherent fertility, and has been 
classified as a humic nitisol (Jaetzold et al., 2006). In the first 
season, the precipitation was 569.7 mm and the minimum and 
maximum temperatures were, respectively, 11.4 and 24.0ºC; the 
equivalents for the second season were 489.3 mm, 13.4 and 
24.0°C. The experimental plots were chosen to ensure that no 
legumes had been grown in either of the two preceding seasons.  
 

 
Crop management 

 
Land previously cropped to maize was prepared to give a fine 
tilth. The experiment was laid out as a triple lattice design, with 
each 3 m × 1.2 m plot forming an experimental unit. 

 

*Corresponding author. E-mail: eea08ke@hotmail.com 
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Planting was done to a seeding rate of 25 kg ha

-1
. Diammonium 

phosphate fertilizer was applied at sowing to supply 36 kg ha
-1

 N 
and 40 kg ha

-1
 P, and a top dressing of calcium ammonium nitrate 

was given in two applications to supply 27 kg N ha
-1 

three weeks 
after sowing and a similar amount at the onset of flowering. The 
experiment was irrigated to field capacity when required. Weeds 
were controlled manually and the crop was protected from insect 
pests by spraying with dimethoate one week after germination.  
 
 

Morpho-agronomic data 

 
A set of 20 traits, based on the International Union for the 
Protection of New cultivars of Plants (UPOV) descriptors (2008), 
was evaluated. Some were qualitative (QL), some pseudo-
qualitative (PQ) and the remainder quantitative (QN) in nature. A 
sample of ten plants were used to derive the mean performance 
with respect to plant height, leaf length and leaf width, while pod 
traits were gathered from a sample of 30 pods per plot, harvested 
at the fresh market stage. The other traits (inflorescence posit ion, 

intensity of leaf and pod color and degree of pod curvature) were 
based on a whole plot observation. Numerical values were 
assigned to the traits to aid the data analysis. The 13 QN traits 
were: leaf width (measured at the broadest point at the base of 
the terminal leaflet of the third trifoliate leaf); leaf length 
(measured in the middle of the terminal leaflet of the third trifoliate 
leaf from the pulvinus to the leaf tip); the number of days to 
flowering (the time elapsed from sowing until 50% of the plants in 
a plot showed one open flower); plant height (measured at the 
flowering stage from the ground surface to the tip of the main 
stem at flowering); intensity of pod color; degree of pod curvature; 
inflorescence position; intensity of leaf color; pod diameter 
(measured by passing the pods through a set of holes of known 
diameter); pod length (measured from the apex to the penducle); 
pod weight per plant (determined from the weight of pods per plot 
and the number of plants per plot); number of pods per plant 
(determined from the number of pods per plot and the number of 

plants per plot); and seed weight (the weight of 100 mature seeds 
at 14% moisture content). The five PQ traits were: Wing flower 
color of freshly opened flowers; pod ground color; the shape of 
pod curvature, the shape of seeds that were cut longitudinally, the 
colour of seeds obtained from the middle of a dry pod and pod 
shape (evaluated by cutting across the middle of a pod through a 
developing seed). The two QL traits were growth habit and 
anthocyanin pigmentation of the hypocotyl.  
 
 

Statistical analyses 
 
A univariate analysis of variance (ANOVA) was performed for 
each QN traits using SAS software package, release 8.1 (SAS, 
1999). Each season's data were subjected to the general linear 
model, according to the Cochran and Cox (1962): Yijkl = µ + πi +βj 

+ τk+εijkl, where µ represented the grand mean, πi the effect due 

to the i
th
 replicate, βj the effect due to j

th
 incomplete block, τk  the 

effect due to k
th
 accession and εijkl the intra-block residual. The 

gain in precision achieved by the use of a triple lattice design 
compared to a randomized complete block design was calculated 
according to Cochran and Cox (1962). As it lay between just 0 
and 8.4% for each trait, the data were finally analyzed assuming 
an RCBD design, following the model Yijkl = µ + λi+ π (j)i + τk + λτik 
+ εijkl, where λi was the effect due to the i

th 
season, πj(i) the effect 

due to j
th
 replicate in the i

th
 season, τk the effect due to the k

th
 

accession, λτjk the interaction between the k
th
 accession and the 

i
th
 season and εijkl  the residual effect. The PQ, QL and four QN 

traits were subjected to a frequency distribution analysis.  

 
 
 
 
Estimate of variability for each PQ and QL traits, along with the 
four QN traits assigned a numerical value, were computed in 
Microsoft Excel and the standard Shannon-Weaver diversity 

index (H’) was computed from −∑ Pi (logePi)/logen, where Pi was 
the frequency proportion of each trait and n the  number of 
classes recognized for the trait. H’ has a value ranging from 0 (no 
diversity) to 1 (maximum diversity). The subsequence cluster 
analysis was performed by routines implemented within NTSYS 
v2.11 (Rohlf, 2000), using normalized data, based on the UPGMA 
algorithm (Sneath and Sokal, 1973) and Euclidean distance 
analysis.  

 
 
Genotypic analysis 

 
Plants used for DNA extraction were raised in a greenhouse 
maintained at 25 ± 5°C. Leaves sampled from three week old 
plants were crushed with a mortar and pestle, and the 
homogenate spotted onto an Whatman FTA card, which was left 
to dry at room temperature for 2 h. Discs were cut from the card 
and processed according to the protocol provided by the 
manufacturer )nahtahW/moa.seceeegmeeWmeg.www(. Discs not 
used immediately for a PCR were stored at 4°C. A set of 26 SSR 
assays, detecting loci across all 11 chromosomes of common 
bean genome (Blair et al., 2003; Grisi et al., 2007), was selected. 
Each 20 µl PCR was set up in an AccuPower® PCR pre-mix tube 
(Bioneer Inc., Alameda, USA) and comprised one FTA disc, 0.2 
µM of each of the forward and reverse primers, 10 mM Tris-HCl 

(pH 7.2), 30 mM KCl, 1.5 mM MgCl2, 250 mM  dNTP and 1 U Taq 

polymerase. The amplification program consisted of an initial 
denaturation (94°C/2 min); followed by 30 cycles of a 94°C/30 s 
denaturation step, a Ta/60 s annealing step and a 72°C/40 s 
extension step; ending with a 72°C/3 min final extension. The 
annealing temperature (Ta) was optimized for each primer pair. 
After the addition of 4 µL loading buffer (10 mM Tris-HCl, 0.03% 
w/v bromophenol blue, 0.03% w/v xylene cyanol FF, 60% v/v 
glycerol, 60 mM EDTA), the amplicons were electrophoresed 

through a 6% non-denaturing polyacrylamide gel, run horizontally 
at 100 V for 3 h, and visualized by ethidium bromide staining .  
 
 

Statistical analyses 
 

SSR allele sizes were assigned based on the amplicon's 
migration through the gel in comparison to that of a 100 bp 
ladder. The average number of alleles and gene diversity, 

Shannon’s index (I), observed and expected heterozygosity and 
polymorphism information content (PIC) were calculated for each 
SSR locus using PowerMarker v3.25 software (Liu and Muse, 
2005). Genetic distances were calculated using the Chord 
distance (Cavalli-Sforza and Edwards, 1967) and an unweighted 
pair group arithmetic mean (UPGMA) tree was constructed. The 
DNA marker- and morpho-agronomic data-based matrices were 
compared by transforming the two matrices to Euclidean 

coefficients and computing a matrix correlation coefficient (r) via 
matrix comparison (MXCOMP) analysis implemented in NTSYS 
v2.11. Tables of critical r values were used to assess the 
similarity of the two phylogenies (Lapointe and Legendre, 1992). 
 
 

RESULTS 
 
Morpho-agronomic trait variation 
 
All 36 accessions had a determinate growth habit,  64% 

www.gelifesciences.com/Whatman
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Table 1. Frequency proportion and Shannon-Weaver diversity index for QL, QP and four QN traits in a set of 
36 Kenyan French bean accessions. 
 

Trait Frequency % H’
a
 Trait Frequency % H’ 

Flower colour 0.67 Pod cross-section shape 0.56 

White 60 

 

Ovate 8 

 Pink 3 

 

Circular 83 

 Purple 31 

 

Cordate 6 

 Mixture 6 

 

Eight 3 

 Hypocotyl pigmentation 0.72 Shape of pod curvature 0.67 

Present 28 

 

None 14 

 Absent 66 

 

Concave 75 

 Mixture 6 

 

Convex 11 

 Inflorescence position 0.79 Seed shape 0.71 

In foliage 44 

 

Eliptic 11 

 Intermediate 50 

 

Rectangular 64 

 Above foliage 6 

 

Kidney 25 

 Seed colour 0.66 Intensity of pod colour 0.88 

White 60 

 

Light green 22 

 Black 25 

 

Green 42 

 Brown 6 

 

Deep green 30 

 Striped 3 

 

Mixture 6 

 Mixture 6 

 

Intensity of leaf colour 0.76 

Degree of pod curvature 0.59 Green                                         78 

 Round pods 22 

 

Dark green 22 

 Weak 75 

 

Pod colour 

 

0.23 

Medium 3 

 

Green                                         97 

 

   

Yellow 3 

 
 

H’
a 
, Shannon-Weaver index. 

 
 
 

formed rectangular shaped seeds, and 60% were white-
seeded and produced white flowers (Table 1). Nine 
accessions were black- and two were brown- seeded. 
All but one of the accessions formed green pods, 
although the intensity of pigmentation varied. 
Secondary seed coat colors were observed in 
accessions FBK27, FBK30 and FBK31. The black-
seeded accessions produced purple flowers and their 
hypocotyl was pigmented, while the brown-seeded ones 
produced either purple or pink flowers. The diversity 
indices for the QL, PQ and the four selected QN traits 
ranged from 0.23 to 0.88. Seed color, shape of pod 
curvature, pod cross-section shape, degree of pod 
curvature and flower color were all  moderately  variable 

(0.56 to 0.69), while the other traits were highly variable 
(0.71 to 0.88).   

The ANOVA confirmed  significant (P ≤ 0.05) 
differences with respect to pod diameter, pod length, 
number of pods per plant, pod weight per plant and 
seed weight, but not with respect to flowering time, leaf 
length, leaf width or plant height. The season had a 
significant (P ≤ 0.05) effect on flowering time, pod 
diameter, pod length, plant height and seed weight. A 
significant (P ≤ 0.05) accession × season interaction 
was associated with the following traits: pod diameter 
and length, pod weight per plant, number of pods per 
plant and seed weight. The mean number of days to 
flowering, leaf width, leaf length and plant  height  were,  
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Table 2. Two season performance of 36 French bean germplasm panel with respect to selected QN, PQ and QL traits.  
 

Accession 

Qualitative and quantitative traits 

Seed 

colour 

Flower 

colour 

Pod diameter 
(mm) 

Pod length 
(mm) 

100 seed 
weight (g) 

Pod weight 
per plant (g) 

Number of 
pods per plant 

FBK1 White White 6.40a-f
a
 13.12g-k 15.34i-m 113.58a-c 47c-g 

FBK2 Black Purple 5.68f 12.93g-k 10.09n 135.48a-c 69a-b 

FBK3 White White 6.40a-f 14.47c-i 16.78i-l 150.15a-c 62a-c 

FBK4 White White 6.10b-f 15.67c-d 18.62g-j 105.30a-c 39e-g 

FBK5 White White 6.28a-f 14.25c-j 17.15i-l 139.76a-c 60a-d 

FBK6 White White 5.97c-f 13.32f-k 15.10j-m 125.24a-c 56a-f 

FBK7 White White 5.78c-f 12.72h-k 16.62i-l 122.94a-c 56a-f 

FBK8 Black Purple 6.72a-d 14.27c-j 25.52a-d 132.32a-c 45c-g 

FBK9 Brown Pink 7.10a 18.25a-b 23.21c-f 131.51a-c 34g 

FBK10 White White 6.63a-f 13.55e-j 16.78i-l 140.03a-c 55a-f 

FBK11 Black Purple 6.33a-f 14.12d-j 18.62g-j 138.08a-c 58a-e 

FBK12 White White 6.30a-f 13.55e-j 18.34g-k 129.46a-c 54a-g 

FBK13 White White 6.07b-f 14.45c-i 19.37f-i 157.14a-c 57a-f 

FBK14 White White 5.76d-f 12.75h-k 19.19f-i 161.25a-b 58a-e 

FBK15 White White 6.27a-f 14.87c-g 18.18h-k 158.48a-c 63a-c 

FBK16 White White 5.78d-f 12.27j-k 12.02m-n 99.91b-c 45c-g 

FBK17 White White 6.27a-f 15.25c-f 17.59h-k 150.30a-c 57a-f 

FBK18 White White 6.15a-f 13.50e-j 15.93i-m 129.58a-c 55a-f 

FBK19 White White 6.30a-f 12.55h-k 17.87h-k 93.59c 36f-g 

FBK20 White White 5.90c-f 12.50i-k 14.38k-m 143.83a-c 62a-c 

FBK21 Black Purple 5.92c-f 14.60c-h 13.19l-m 134.87a-c 62a-d 

FBK22 Brown Purple 6.85a-b 16.32b-c 21.44e-h 119.13a-c 41d-g 

FBK23 White White 6.68a-e 13.35f-k 16.22i-l 135.99a-c 52a-g 

FBK24 White White 6.98a-b 14.3c-j 16.32i-l 147.28a-c 57a-f 

FBK25 White White 6.38a-f 13.00g-k 19.16g-i 130.31a-c 54a-g 

FBK26 Black Purple 6.23a-f 14.52c-i 19.07g-j 134.47a-c 49b-g 

FBK27 Striped Black Purple 6.83a-c 18.83a 26.81a-c 136.43a-c 45c-g 

FBK28 Black Purple 6.65a-e 16.20b-c 27.80a-b 123.91a-c 38e-g 

FBK29 White White 6.03b-f 11.42k 17.13i-l 161.62a-b 72a 

FBK30 Mixed Mixture 6.85a-b 13.10g-k 22.37d-g 141.77a-c 46c-g 

FBK31 Mixed Mixture 6.45a-f 12.92g-k 24.26b-e 117.62a-c 39e-g 

FBK32 Black Purple 6.62a-f 14.58c-h 25.74a-d 176.00a 61a-d 

FBK33 White White 6.12b-f 13.88d-j 17.57h-k 99.77b-c 43c-g 

FBK34 Black Purple 6.12b-f 13.95d-j 17.96h-k 118.80a-c 50b-g 

FBK35 Black Purple 6.53a-f 15.45c-e 29.19a 120.74a-c 39e-g 

FBK36 White White 5.73e-f 13.23f-k 19.30f-i 115.66a-c 43c-g 

G. Mean   6.31 14.11 18.89 132.56 52 

SED   0.42 0.92 1.78 28.76 9.37 

CV%   6.65 6.49 9.44 21.70 17.93 
  

Means sharing the same letter are not significantly different at P ≤ 0.05 according to Tukey’s test. 
 
 
 
respectively, 34.7 days, 6.4 cm, 10.3 cm and 36.5 cm. 
The smallest pod diameter was set by FBK2 (5.7 mm), 
a size which was significantly (P ≤ 0.05) less than that 
of  the  pods  set  by  FBK8  (6.7 mm),  FBK9  (7.1 mm), 

FBK22 (6.8 mm), FBK23 (6.7 mm), FBK27 (6.8 mm), 
FBK28 (6.6 mm) and FBK30 (6.8 mm) (Table 2). The 
longest pods were produced by FBK27 (18.8 cm) and 
FBK9 (18.2 cm), and the shortest by FBK29 (11.4 cm).  
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Table 3. Major allele frequencies, number of alleles, gene diversity, expected and observed heterozygosity, polymorphism information content 
and the Shannon information index calculated on the basis of allelic variation at 18 SSR loci.  
 

Marker 
Major allele 
frequencies 

No. alleles 
Gene 

diversity 
He

a
 Ho

b
 PIC

c
 I

d
 

Genomic 

BM172 0.86 3.00 0.26 0.23 0.08 0.24 0.47 

BM157 0.78 2.00 0.36 0.36 0.03 0.31 0.61 

BM164 0.76 2.00 0.36 0.36 0.00 0.30 0.55 

GATS91 0.87 2.00 0.23 0.23 0.00 0.20 0.39 

BM210 0.74 2.00 0.38 0.38 0.06 0.31 0.57 

BM143 0.90 2.00 0.18 0.18 0.03 0.17 0.33 

BM212 0.81 2.00 0.30 0.30 0.03 0.26 0.48 

BMd42 0.58 2.00 0.49 0.62 0.00 0.37 1.02 

BM187 0.71 3.00 0.42 0.42 0.00 0.35 0.69 

BM211 0.54 2.00 0.50 0.50 0.00 0.37 0.69 

BM114 0.64 2.00 0.46 0.46 0.00 0.36 0.65 

BM139 0.71 3.00 0.45 0.45 0.00 0.41 0.80 

BM154 0.79 2.00 0.33 0.33 0.00 0.27 0.51 

PVBR269 0.84 2.00 0.27 0.27 0.03 0.23 0.44 
        

Gene-based 

BMd53 0.77 2.00 0.35 0.35 0.00 0.29 0.53 

PVctt001 0.58 2.00 0.49 0.49 0.00 0.37 0.68 

PVat006 0.53 2.00 0.50 0.50 0.03 0.37 0.69 

PVat007 0.53 2.00 0.50 0.19 0.00 0.17 0.34 

Mean 0.74 2.17 0.36 0.35 0.01 0.30 0.56 
 
a
He, Expected heterozygosity;  

b
Ho, observed heterozygosity; 

c
PIC, polymorphism information content; 

d
I, Shannon’s information index. 

 
 
 

SSR genotyping 
 
All the 26 SSR primers successfully amplified the 
template from each accession. In all, 18 of the 26 (14 
based on genomic DNA (gDNA) sequence, and four on 
complementary DNA (cDNA) assays were informative, 
revealing a total of 39 alleles (a mean of 2.2 alleles per 
informative locus). The level of polymorphism, in terms 
of the number of alleles, the major allele frequency, 
gene diversity, expected and observed heterozygosity, 
polymorphism information content and Shannon 
Weaver’s information indices is presented in Table 3. 
Two alleles were recognized by 15 of the informative 
SSRs, while three were revealed by BM139, BM187 
and BM172. The PIC value ranged from 0.17 to 0.41, 
and the majority of the informative SSRs (72%) were 
classified as being moderately polymorphic (PIC ≥ 
25%). Of the eight non-informative SSRs, five were 
based on cDNA sequence and three on gDNA. The 
level of gene diversity ranged from 0.19 to 0.50 (mean 
0.36), and the observed mean heterozygosity was low 
(mean 0.01). The mean Shannon index was 0.56, 
suggesting a moderate level of diversity among the 
accessions. 

Phylogenetic analysis 
 
The phylogenetic analysis based on the morpho-
agronomic traits arranged the accessions into four 
clusters (Figure 1), with the most determinative traits 
being the number of pods per plant, seed weight and 
seed/flower color. The first cluster was populated by 
FBK9, FBK32, FBK30, FBK26, FBK35, FBK28, FBK31, 
FBK27, FBK22 and FBK8, which all produced large, 
non-white seeds and a small number of pods per plant. 
The second group consisted of the white-seeded 
accessions FBK16, FBK33, FBK19 and FBK4, which 
also set a low number of pods per plant. The accession 
FBK2 did not cluster with any other accession and it 
was therefore designated 3 representing the third 
group. The fourth cluster was characterized by 
accessions able to produce many pods harboring small 
seeds. There was a distinct sub-clustering in this group, 
separating the black- and white-seeded accessions. 
The wax bean (yellow pods) FBK1 belonged to cluster 
4. Cultivars derived from individual breeding programs 
tended to group together - for example FBK11 / FBK34, 
FBK12 / FBK25 and FBK20 / FBK13 / FBK23 / FBK24.  

The phylogenetic analysis  based  on  the  SSRs  split 
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Figure 1. Genetic structure in a set of 36 Kenyan French bean accessions, based on variation for 20 morpho-agronomic 

traits. 

 
 
 
the accessions into three main clusters (Figure 2). The 
first cluster was dominated by low pod diameter (<6.5 
mm) accessions (FBK3, FBK13, FBK26, FBK16, FBK4, 
FB14, FBK18, FBK20, FBK7, FBK25, FBK6, FBK17, 
FBK36, FBK5 and FBK 21). The second cluster was a 
mixture of large and small pod diameter accessions, 
although the former predominated. The large pod 
diameter accessions were FBK 28, FBK35, FBK31, 
FBK9, FBK22, FBK8, FBK23, FBK27, FBK9, FBK30, 
FBK32 and the wax bean FBK1. The accessions with 
small pod diameters were FBK 33, FBK15, FBK12, 
FBK19 and FBK2. The third cluster contained just 
FBK11 and FBK34.  
There was little similarity between the dendrograms 
produced from the two marker types (correlation 
coefficient 0.02). 
 
 
DISCUSSION 
 
Diversity based on morpho-agronomic traits 
 
A significant level of morpho-agronomic variation was 
represented in the set  of  Kenyan  French  beans,  both 

with respect to the quantitative and the qualitative traits. 
Many of the key breeders' traits (the number of pods 
per plant, yield per unit area, pod width and length, and 
seed weight) were influenced by the growing 
environment, which differed more markedly for the 
amount of rainfall experienced than for any other 
climatic factors. All of the accessions had a determinate 
growth habit, which reflects breeder selection pressure, 
since determinate types tend to produce higher quality 
pods (Blair et al., 2010); while at the same time 
reducing the labor required for crop management and 
harvesting. Most of the accessions produced white 
seeds and white flowers, and lacked non-green 
pigmentation of the hypocotyl, as also observed in the 
germplasm analyzed by Pandey et al. (2011). A 
preference for white seededness reflects the needs of 
the processors, who do not favor coloured seed as 
anthocyanins are prone to leach during canning, 
leading to an unattractive product (Myers and Baggett, 
1999). A further advantage of white seededness is that 
the seeds are less prominent in the immature pod (Blair 
et al., 2010).  

Given that the pod represents the consumer product 
of   the   French   bean,   its   quality   is   of   paramount  
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Figure 2. Genetic structure in a set of 36 Kenyan French bean accessions, based on variation 

at 18 SSR loci. 

 
 
 
importance. The relevant pod traits are its internal and 
external color, its uniformity of color, its length, its 
cross-sectional shape, its straightness, its smoothness, 
its fiber content, the rate of seed development and it’s 
the point of detachment from the plant (Pandey et al., 
2011). Pod traits have importance in some other 
legumes too, as for instance in Dolichos lablab, where 
the pods of crops intended for fresh consumption or for 

processing need to be green (Islam et al., 2010). The 
present germplasm set displayed only a low level of 
diversity with respect to pod color (0.23), although there 
was some variation with respect to both hue and 
intensity, with a few accessions producing dark green 
pods. These accessions (FBK13 and FBK10) are 
marketed domestically for fresh consumption.  

French beans are conventionally  classified  as  either 
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large-sieve (large podded) types, wax types or fine-
sieve (thin podded) types. Most of the fine-sieve types 
have diameters that are less than 6.5 mm and fetch 
higher prices as compared to the large-sieve types. It 
was observed in this study that most accessions with 
large pod diameters beans tend to have long pods and 
were categorized as large-sieve beans.  The ideal pod 
length for processing is 10 to 16 cm, since pods longer 
than this are incompatible with processing equipment 
operated in Kenya (HCDA, 2005). Almost all the current 
set of white-seeded accessions, along with a few of the 
black-seeded ones, produced pods of the appropriate 
length for processing, and their pod diameter was small 
enough (<6.5 mm) to fall into the fine (small-sieve) 
class. They also exhibited an oval type cross-section 
and weak pod curvature, properties which maximize 
their durability and consumer attractiveness. 
Processors tend to favor a round type cross-section 
because of the relationship between pod diameter, 
quality and maturity when round pods are mechanically 
sorted. The overall conclusion is that the Kenyan 
breeders' concentration on pod related traits has 
focused on maximizing the number of pods per plant, 
pod weight, diameter and length, and seed size. 

The phylogenetic analysis identified seed weight, the 
number of pods per plant, flower color and seed color 
as being the major traits distinguishing the 36 French 
bean accessions. A similar set of discriminating traits 
has been observed in other diversity analyses in 
common bean (Gepts et al., 1986; Hornakova et al., 
2003; Stoilova et al., 2005; Salehi et al. 2008). Singh et 
al. (1991) have noted that Andean common bean 
accessions tend to develop a higher number of nodes 
before flowering than those belonging to the 
Mesoamerican genepool, along with larger leaflets and 
seeds. Seed size and color constraints are different in 
French beans than in dry beans, so the distinction 
between Andean and Mesoamerican types based on 
seed size has been blurred in French bean germplasm 
(Blair et al., 2010). In addition, it was apparent that the 
largest seeded accessions formed purple/pink flowers 
and black/brown seeds which were separated from the 
small seeded accessions most of which produced white 
flowers. The relationship between pod length and seed 
weight; seed size and seed colour, may be reflected by 
the effect of genetic linkage, since genetic determinants 
of pod length and seed weight are linked on both 
linkage groups D1 and D7; in addition one of the factors 
for seed size maps close the P locus (controlling seed 
color) on D7 (Koinange et al., 1996). 
 

 

Diversity based on SSR markers 
 
The SSR markers used here were a mix of gDNA- and 
cDNA-derived assays. Five of  the  eight  cDNA-derived 

 
 
 
 
loci were non-informative, compared to just three of the 
18 gDNA-derived ones. The relatively poor 
informativeness of cDNA-derived SSRs has been 
noticed previously both in common bean (Blair et al., 
2003; Zhang et al., 2008), as well as in a number of 
other crops (Cho et al., 2000; Eujayl et al., 2002;  Thiel 
et al., 2003; Ohyama et al., 2009). The PIC values and 
the number of alleles recognized here were both lower 
than those calculated by Sarikamis et al. (2009) and 
Blair et al. (2010). The low level of polymorphism 
observed here may reflect a low diversity in Kenyan 
germplasm at those particular loci.  However, the use of 
capillary electrophoresis with a higher resolution as 
compared to PAGE is recommended for analyzing this 
kind of germplasm. The low level of heterozygosity 
observed is consistent with the predominantly 
autogamous habit of common bean (Beebe et al., 
1997). As a result, a further use of the SSRs could be to 
detect residual heterozygosity in late generation 
selections and breeder's seed lots. The level of SSR-
based genetic diversity of the Kenyan material was 
similar to that recorded by Metais et al. (2002) in an 
analysis of Andean type French bean germplasm, but 
lower than that recorded by Blair et al. (2010). This can 
be explained by the fact that the germplasm used by 
Blair et al. (2010) were mostly pole beans while this 
study evaluated determinate beans most of which are 
used for commercial purposes.   

As similarly reported by Skroch and Nienhuis (1995), 
the present phylogenetic analysis was largely effective 
in discriminating between the small and large pod 
diameter accessions. The many small- sieve 
accessions had a high genetic similarity among 
themselves similarly to the work of Cunha et al. (2004), 
perhaps because of the intensity of selection by French 
bean breeders against large and pigmented seeds. 
Nevertheless, a few small pod diameter accessions 
clustered with the major group of large pod diameter 
ones and vice versa and this can be attributed to 
lineage relationships. Intense selection employed by 
French bean breeders for pod diameter, pod length, 
seed and pod color have probably narrowed the genetic 
base of an already rather narrow genepool, thereby 
reducing the genetic distance between the remaining 
cultivated types.  
 
 

A comparison of morpho-agronomic and genotypic 
diversity in Kenyan French beans  
 

Both the morpho-agronomic traits and the SSR 
genotype were effective in discriminating between the 
major groups represented by small and pod diameter 
types (which correspond to large- and small-seeded 
types). However, the two phylogenies were only poorly 
correlated with one another. The most likely explanation  



 

 

 
 
 
 
for the failure of SSR genotyping to mirror the groups 
defined by the morpho-agronomic traits is that most of 
the plants traits are under polygenic control. Thus the 
same phenotype can be arrived at by two (or more) 
genetically quite independent routes, so that two 
identical states of a given trait do not necessarily imply 
an identical genotype. A further problem is that many 
morpho-agronomic traits are modulated by the 
environment. DNA-based markers avoid both of these 
weaknesses (Collard et al., 2005), but on the other 
hand the amount of information provided by an 
individual SSR is small, unless it happens to be tightly 
linked to a gene responsible for a significant agronomic 
trait. Combining morpho-agronomic and DNA-based 
markers in the assessment of germplasm provides a 
way of taking advantage of the best features of both 
marker types. 
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Correlation coefficients and stability of grain yield were determined using 6 extra-early quality protein 
maize (QPM) parental inbred lines and their F1 (15) single crosses evaluated in selected ecological 
zones of Ghana. The objectives were; to estimate the genetic correlation between grain yield and other 
agronomic traits and to determine the stability of the single cross hybrids across four locations. 
Randomized Complete Block Design (RCBD) with three replications was used for each location. 
Estimates of correlation coefficients and stability analysis of grain yield was done using Genstat 9.2 
and additive main effects and multiplicative interaction (AMMI) statistical model (MATMODEL 2.0). 
Results from phenotypic correlation of grain yield showed highly positive correlation with thousand 
grain weight (TGW) and number of kernels per row (NKR) across all locations suggesting that selection 
efficiency could be improved through indirect selection. AMMI analysis revealed non-significant 
genotype by environment interaction (GEI) for grain yield whilst genotypic and environmental main 
effects were highly significant. However, the contribution of the environment was higher which 
suggests that anyone of the locations used in this study can be used for subsequent evaluations in 
order to manage the limited resources available for the testing program. 
 
Key words: Correlation, stability, grain yield. 

 
 
INTRODUCTION 
 
Maize (Zea mays L.) is one of the most important cereals 
cultivated in the world and a primary staple food in many 
developing countries. In most maize breeding programs, 
among all the agronomic traits, a particular attention is 
paid to grain yield. The knowledge of correlation between 
yield and its component characters and among the 
component characters is essential for yield improvement 
programmes (Vidya and Oommen, 2002). Correlation 

measures the degree of association between two or more 
characters and is measured by a correlation coefficient 
(Hallauer and Miranda, 1988). This could be influenced 
by genetic or environmental (non-genetic) effects. 
Genetic correlation is associated with the breeding values 
of two characters (Falconer, 1989) and their 
measurements can be identified directly in a number of 
individuals in a population (Hallauer and Miranda, 1988).
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Table 1. List of parental inbred lines and pedigrees. 
 

Name Pedigree Designation 

TZEEQI 1 TZEE-W Pop x 1368 STR S7 Inb 40 x Pool 15 SR QPM BC1S5 (18) 2-5-1-1 P 1 

TZEEQI 2 TZEE-W Pop x 1368 STR S7 Inb 40 x Pool 15 SR QPM BC1S5 (3/4) 3-7-3-7 P 2 

TZEEQI 7 TZEE-W Pop x 1368 STR S7 Inb 40 x Pool 15 SR QPM BC1S5 (7) 4-10-1-1 P 3 

TZEEQI 6 TZEE-W Pop x 1368 STR S7 Inb 40 x Pool 15 SR QPM BC1S5 (7) 1-10-1-10 P 4 

TZEEQI 8 TZEE-W Pop x 1368 STR S7 Inb 40 x Pool 15 SR QPM BC1S5 (7) 6-10-4-5 P 5 

TZEEQI 12 TZEE-W Pop x 1368 STR S7 Inb 40 x Pool 15 SR QPM BC1S5 (7) 10-10-10-10 P 6 

 
 
 

Table 2. List of genotypes evaluated in the study. 

 

S/N Genotype  S/No Genotype 

1 P1xP1*  12 P3xP3* 

2 P1xP2  13 P3xP4 

3 P1xP3  14 P3xP5 

4 P1xP4  15 P3xP6 

5 P1xP5  16 P4xP4* 

6 P1xP6  17 P4xP5 

7 P2xP2*  18 P4xP6 

8 P2xP3  19 P5xP5 

9 P2xP4  20 P5xP6 

10 P2xP5  21 P6xP6* 

11 P2xP6  22 Check (GH110) 
 

*Parental lines. 
 
 
 
Yield is a complex trait determined by several component 
characters. Therefore, there is the need to consider other 
contributing traits when selecting for yield.  

Grain yield in nature, routinely exhibits GXE Interaction 
(Khalil et al., 2011) which necessitates evaluation of 
cultivars in multiple environments (Kang, 2004; Fan et al., 
2007). Crop cultivars are grown in diverse environments 
of different soil types, soil fertility levels, moisture levels, 
temperatures and cultural practices. During production, 
all these cumulated conditions constitute the growing 
environment for the crop varieties (Abdulai et al., 2007). 
This poses a serious challenge to plant breeders in the 
identification and selection of appropriate genotypes to 
perform consistently in multiple environments 
(Ngaboyisonga, 2008). Selection is therefore, usually 
ineffective since genotypes may fail to exhibit the same 
relative performance in varied environments (Knight, 
1970). It has also been shown by Comstock and Moll 
(1963) that correlation between phenotypic and genotypic 
values was significantly reduced by GEI affecting 
progress of selection. This is because, relative rankings 
for major traits often varies across multiple environments 
hence possibility of identifying single superior genotype 
poses difficulties if not impossible (Khalil et al., 2011; 
Abdulai et al., 2007). Stability analysis defines the true 
performance of a cultivar when reproduced at distinct 

environments (Brown and Caligari, 2008). As indicated by 
Khalil et al. (2011), several stability statistic studies have 
been done to partition GEI which includes regression 
analysis (Gauch, 1988), multivariate analysis (Westcoff, 
1987), cluster analysis (Crossa et al., 1991), additive 
main effect and multiplicative interaction (AMMI) model 
(Gauch, 1992) and GGE-biplot (Yan, 1999).  

The information on genetic correlation and stability 
analysis could be beneficial for making breeding 
strategies as well as to manage available funds, 
resources and time to achieve the desired research goal. 
Therefore the objectives of this study were; to estimate 
the genetic correlation between grain yield and other 
agronomic traits and to determine the stability of the 
genotypes across various locations. 
 
 
MATERIALS AND METHODS 

 
Six extra-early quality protein maize (QPM) F6 inbred lines were 
obtained from International Institute of Tropical Agriculture (IITA), 
Ibadan, Nigeria (Table 1). These were crossed in the major season 
of the year 2011 in partial diallel mating design to form 15 F1 
hybrids using hand-pollination (Table 2). These single cross hybrids 
were produced and evaluated in the major season of 2012 at Crops 
Research Institute (CRI) – Fumesua in the forest ecological zone of 
Ghana with coarse sandy-loam soil. The field evaluation was 
replicated at Ejura  in  the  forest  transition  zone  with  fine  coarse  
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Table 3. Phenotypic correlation matrix of measured traits across all the locations. 
 

Variables GY DTA DTS ASI PHT EHT TGW CL CD NRC NKR SL 

GY -            

DTA -0.27*** -           

DTS -0.3*** 0.94*** -          

ASI -0.15* 0.04 0.39*** -         

PHT 0.56*** -0.43*** -0.44*** -0.12 -        

EHT 0.33*** -0.39*** -0.38*** -0.08 0.74*** -       

TGW 0.61*** 0.01 -0.01 -0.07 0.38*** 0.05 -      

CL 0.47*** -0.15* -0.16 -0.08 0.49*** 0.43*** 0.15** -     

CD 0.68*** -0.27*** -0.3*** -0.17** 0.47*** 0.34*** 0.42*** 0.55*** -    

NRC 0.34*** -0.2** -0.17** 0.04 0.3*** 0.26*** 0.12** 0.31*** 0.55*** -   

NKR 0.39*** 0.01 0 -0.02 0.27*** 0.16** 0.16** 0.54*** 0.36*** 0.34*** -  

SL 0.04 -0.16** -0.17** -0.06 0.05 0.14** -0.16** 0.07* 0.25*** 0.17** -0.19** - 

RL 0.02 0.13** 0.17** 0.13* -0.23** -0.18** 0.01 -0.07 0.02 0.06 0.19** -0.14* 
 

GY; Grain yield; DTA; days to 50% anthesis; DTS, days to 50% silking; ASI, anthesis-silking interval; PHT, plant height; EHT, ear height; TGW, thousand 
grain weight; CL, cob length; CD, diameter; NRC, number of rows per cob; NKR, number of kernels per row; SL, stem; RL, root lodging. *, Significant 

(P<0.05); **, high significant (P<0.01); ***, highly significant (P<0.001). 
 
 
 
sandy-loam soil, Pokuase and Akomadan in the coastal savannah 
and semi-deciduous forest ecological zones respectively with 
coarse sandy-loam soil for both locations (Sallah et al., 2004).  

Randomized complete block design (RCBD) with three 

replications and two-row plot of 5 m long each with planting interval 
of 75 cm × 40 cm was used. Three seeds were sown per hill and 
later thinned to two plants per hill at three weeks after planting 
(WAP) to obtain a final planting density of approximately 66,000 
plants ha

-1 
in each trial.

 
Normal field management practices such as 

fertilization, weeding, pest and disease control were used for each 
location.  

 
 
Data collection and analysis 

 
For each plot, five plants were randomly sampled for data on 
agronomic and morphological characters. Border plants on each 
row as well as non-competitive plants were excluded. Days to 50% 
anthesis and full emergence of silks were also recorded and 
designated as Anthesis (AD) and silking (SD), respectively. 

Anthesis–silking interval (ASI) was calculated as the difference 
between number of days to 50% silking and anthesis (SD–AD). A 
measuring pole was used to measure from the ground level to the 
node bearing the uppermost ear and flag leaf node and was 
considered as ear and plant heights respectively. At physiological 
maturity, root and stem lodging parameters were taken as the 
percentage of plants leaning at an angle greater than 45° from the 
vertical and percentage of plants with broken stalks at or below the 
main ear at maturity respectively. After harvesting, grain weight was 

obtained using weighing scale. Thousand (1000) kernel weights 
were determined for each plot. Cob diameter was measured at mid-
portion along the cob (n=5) whilst cob length was measured as 
length of the cob (n=5) from the base to the tip using callipers. The 
kernel number per row and number of rows per cob were counted 
and averages recorded for each plot. Estimates of correlation 
coefficients were determined to show the degree of association 
between yield and its components, and among yield components 
using Genstat version 9.2. The genetic (rG) and phenotypic 
correlations (rP) between two characters, X and Y, were estimated 
according to Akhtar et al. (2011): 

rG  

 
Where, COVG (XY) = Genetic covariance among trait X and Y; VG(X) 
and VG(Y) = Genetic variance for trait X and Y, respectively. 
 

rP  

 
Where, COVP (XY) = Phenotypic covariance among traits X and Y; 

VP(X) and VP(Y) = Phenotypic variance for traits X and Y, 
respectively. 

The grain yield of individual genotypes was analysed using 
additive main effects and multiplicative interactions (AMMI) 
statistical model (MATMODEL 2.0 (Gauch, 1993) to obtain analysis 
of variance and mean estimates of AMMI.  
 
 
RESULTS 
 
Results from phenotypic correlation showed that grain 
yield had a highly positive correlation (P<0.001) with plant 
height, ear height, cob length, cob diameter and number 
of rows per cob at Ejura and Akomadan (Data not 
shown). Grain yield showed highly positive correlation 
with thousand grain weight and number of kernels per 
row across all locations (Table 3). At flowering there was 
a highly significant (P<0.001) positive association 
between days to 50% anthesis and silking across 
locations. However, DTS and DTA correlated negatively 
(P<0.05) with plant height, ear height, cob length, cob 
diameter, and stem lodging. There was no association 
between days to silking and number of kernels per row.  
Plant height and ear height showed positive and highly 
significant  (P<0.001)  correlation,  and  both  had  similar  
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Table 4. AMMI Analysis of grain yield. 
 

Source DF SS MS F F_prob % of total ss 

Total 263 155797429 592386    

Treatments 87 89778856 1031941 2.74 0.001  

Genotypes 21 16206650 771745 2.05 0.01 10.40 

Environment 3 55432532 18477511 52.75 0.00000 35.78 

Block 8 2802021 350253 0.93 0.49257  

Interaction 63 18139674 287931 0.77 0.88866  

IPCA1 23 10621260 461794 1.23 0.22806  

IPCA2 21 4462626 212506 0.56 0.93696  

Residual 19 3055787 160831 0.43 0.98307  

Error 168 63216552 376289    
 

SS, Sum of squares; MS, Mean square; DF, Degree of freedom, and F-test used to measure significant at 0.01 F probability level. 
 
 
 
association with cob length, cob diameter, number of 
rows per cob and number of kernels per row. On the 
other hand, plant height and ear height had negative and 
highly significant (P<0.01) correlation with root lodging. 
Thousand grain weight significantly (P<0.01) correlated 
positively with plant height, cob length, cob diameter, 
number of rows per cob and number of kernels per row 
across all the locations. It was however observed to have 
negative and highly significant (P<0.01) correlation with 
stem lodging. The association between cob length and 
cob diameter was significant (P<0.001) positive.  

In the additive main effects and multiplicative 
interaction (AMMI) analysis of stability and adaptability for 
grain yield (Table 4), two principal component (PC) axes 
were generated to decompose genotype × environment 
interaction and both were not significant. By principle, 
AMMI analysis is used when genotype by environment 
interaction (GEI) is significant however this was done to 
identify the relative importance of these factors. The main 
effects of genotype and environment were significant at 
(P<0.01) and (P<0.001), respectively but the contribution 
of environment (35.8%) was higher than genotypes 
(10.4%).  
 
 
DISCUSSION 
 
Genetic correlation analysis is an important tool for 
estimating the value and association of various 
characters with grain yield (Edmeades et al., 1997). The 
genetic association among traits plays a vital role in 
improving selection efficiency in plant breeding programs. 
In selection programs, grain yield and some yield 
components (such as number of rows per cob, cob length 
and diameter) are among the most economic traits 
usually targeted by plant breeders. The studies on 
relationships among yield and related characters could 
be important strategy for crop improvement. Therefore, 
special preferences should be given to these parameters 
when formulating indirect selection indices for grain yield 

improvement in maize. The corroborative reports of 
significant positive correlation between grain yield and 
other yield components suggests that any one of the 
traits could be used to select indirectly for grain yield. For 
instance, Yousuf and Saleem (2001), affirmed the 
opportunity to select plant height, number of kernels per 
row cob length (Ali et al., 2010) thousand-grain weight, 
cob diameter, and number of rows per cob (Rafiq et al., 
2010) indirectly for grain yield. On the other hand, the 
strong positive correlation between traits (days to 
anthesis and silking; plant height and ear height) 
suggests that each of two pairs of traits may either be 
controlled by the same or similar genes or by genes with 
pleiotropic effect on these traits or may be controlled by 
closely linked genes (Brown and Caligari, 2008). 
However, both days to anthesis and silking exhibited 
negative significant correlation with grain yield, plant 
height, ear height, cob diameter and stem lodging.  
Hence, flowering days seems undesirable for indirect 
selection for these traits. The negative significant 
association between days to flowering and grain yield 
agrees with Jayakumar et al. (2007).  Depending on the 
breeder’s objectives, the strong positive association 
between plant height and ear height as well as their 
relationship with other traits (thousand-grain weight, cob 
length, cob diameter, number of rows per cob, number of 
kernels per row and root lodging) can play a major role in 
formulating selection indices. The positive correlation 
among some yield components (thousand-grain weight, 
cob length, cob diameter, number of rows per cob and 
number of kernels per row) suggests their usefulness for 
indirect selection.  

The magnitude and nature of genotype by environment 
(GE) effect displayed by additive main effects and 
multiplicative interaction (AMMI) analysis of variance for 
grain yield in the main effects showed higher 
environmental effects than the genotypic effects.  
According to Easwari and Sheela (1998), and Cach et al. 
(2006) as cited by Ssemakula et al. (2007), the 
predominance  of  environmental  effect   over   genotypic  



 
 
 
 
effect was because yield is a polygenic trait and, 
therefore, subject to much influence from the 
environment. As observed in the AMMI analysis, the non-
significant GE interaction implies that the genotypes had 
similar responses across the environments in which they 
were evaluated and that all the genotypes can reliably be 
assessed under anyone of the locations used for this 
study in future or advance evaluation trials (Yan and 
Tinker, 2006). In other words, it is unnecessary to assess 
these genotypes simultaneously in the multi- 
environments used for the study in subsequent 
evaluations, thereby offering an opportunity to manage 
the limited resources available for the testing program 
(Tonk et al., 2011).  
 
 
Conclusion 
 
The correlation among studied traits especially the 
positive association between grain yield and other 
essential yield components (such as thousand-grain 
weight, cob length, cob diameter, number of rows per cob 
and number of kernels per row) gives a positive indication 
that these traits could be considered in developing 
selection indices in maize improvement programs.  The 
non-significant genotype × environment interaction 
revealed by AMMI suggests that the relative performance 
of the genotypes in grain yield did not change across all 
environments hence anyone of the locations used in this 
study can be used for subsequent evaluations.  
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The study comprised of a set of 56 F1s and F2s which were developed at the Teaching and Research 
farm of the Federal University of Technology, Owerri, Nigeria, during the early season of 2007. The 
parental lines consisting of eight genotypes of rice were grouped into low, medium and high protein 
parents and crosses were made in all possible combinations. The laboratory analysis for the protein 
content determination was done at the Analytical Laboratory of International Institute for Tropical 
Agriculture (IITA, Ibadan), in 2008. Positive heterosis was observed in all the hybrids in the F1 and 37 
hybrids for the F2 over their MP indicating dominance in the positive direction. On the other hand, 
negative heterosis was recorded in 14 hybrids in the F1 over the HP. About 19 hybrids showed negative 
heterosis over the MP in the F2 while the others were positive. Only two crosses, CT 7127-49 x WITA 
4(2.33) in the medium x low combination and NERICA 1 x Fofifa 16(0.76) in the high x high combination 
showed positive heterosis over the HP in the F2 generation while the rest of the hybrids were observed 
to have shown negative HP. The mean square due to GCA, SCA and reciprocal effects were highly 
significant for percentage protein content for the Diallel analysis, implying the presence of genetic 
diversity among the genotypes. About 50% of the parents showed desirable positive GCA effects and 
included: CT7127- 49, EMPASC 105, WAB 96-1-1 and Max. 20 crosses showed positive SCA effects.  
 
Key words: Heterosis, combining ability, mid- parent, high parent, hybrid, rice, gene effect.  

 
 
INTRODUCTION 
 
Rice (Oryza sativa L.) is a staple food for over 3 billion 
people (Cantral and Reeves, 2002). Since protein content 
of rice determines its nutritional quality, it is therefore an 
important trait for the health of the people whose main 
daily food depends on rice (Chuhai et al., 1999). In order 
to improve the efficiency of breeding for rice nutrient 
quality, understanding the variation of gene expression of 
various characters is vital. Singh  and  Singh  (1982)  and 

Shenoy et al. (1991) observed that the protein content of 
rice is a quantitative trait. Whereas, Shenoy et al. (1991) 
found that heritability of rice protein content was 58.8%, 
Lang and Buu (2005) reported that grain protein content 
was predominantly controlled by partial dominance with 
additive gene effect and heritability of 25.9%. 

For there to be success in breeding for increased 
protein content, it is  crucial  to  identify  the  parents  and  
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crosses that possess genes for high protein contents for 
further genetic improvement. Diallel crosses have been 
widely utilized in estimating the nature and magnitude of 
genetic variability and interactions involved in the 
inheritance of desired traits in crops. When crosses are 
made in all possible combinations using the technique, it 
is possible to produce new genetic combinations that 
might have improved performances over the parents. 
Combining ability of the parents gives useful genetic 
information regarding the selection of parents in terms of 
the performance of their hybrids. The present 
investigation was undertaken to study the nature of 
genetic control and amount of heterosis available for 
protein and identify suitable parents to be used as donors 
for increased protein content in rice. 
 
 
MATERIALS AND METHODS   
 

Eight genotypes of rice differing in grain protein contents (GPC) 
namely: WITA 4(7.00%), IR 57689-73(7.00%), MAX (8.14%), CT 
7127-49(8.35%), EMPASC 105(8.46%), Fofifa 16(8.76%), WAB 96-
1-1(8.96%) and NERICA 1(9.06%) and a set of 56 F1s and F2s were 
used for the study. The F1s and F2s were developed at the 
Teaching and Research farm of the Federal University of 
Technology, Owerri, Nigeria. The eight parental lines were grouped 
into low (approximately, 7%), medium (approximately 8%) and high 
(approximately 9%) protein parents. The parents were grouped 

according to their protein contents into nine cross combinations. 
Crosses were made in all possible combinations using model 1 of 
Diallel method to obtain 56 F1 hybrids. These F1s were advanced to 
F2 generation by allowing them to self-fertilize themselves. 
 
 
Screening of parents and the hybrids for grain protein content 
 

The rough rice seeds harvested on individual plants during the 
planting season of 2008 were dehulled using Satake rice mill. The 
cleaned milled rice were ground and powdered by an Udy Cyclone 
Mill with a 1.0 mm mesh screen at the Analytical Laboratory of 
International Institute for Tropical Agriculture (IITA, Ibadan) in 2008 
and used for the study. Total nitrogen was determined by near 
Infrared Reflectance (NIR) analyzer. Protein content was calculated 
according to Kjeldahl total nitrogen determination as: 
 
 
 
                                    Concentration x 0.0075 x 5.95 x 100 
Percentage protein =  
    Weight of Sample 
 

 
 
Heterosis was expressed as a percentage increase or decrease 
over mid-parent (MP) and high-parent (HP) of percentage protein 
content in the F1 and F2 generations and calculated as:   
 

Heterosis of F1 over mid – parent (%)     = 
1

100
x

MP

MPF1   

 

Heterosis of F1 over high – parent (%)     = 
1

100
x

HP

HPF1   

 

Heterosis of F2 over mid – parent (%)      =
1

100
x

MP

MPF2 
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Heterosis of F2 over high – parent (%) = 
1

100
x

HP

HPF2 
 

 
MP = Mid- parent mean 
HP = High- parent mean. 
 
Diallel cross experiment was calculated using Griffing’s method 1 
model 1 in which F1 hybrids and their reciprocal crosses are 
included according to Diallel-SAS: A SAS program for Griffing’s 
Diallel analyses (Zhang and Kang, 1997) and analysed using 
Diallel- SAS05: A comprehensive program for Griffing’s and 
Gardner-Eberhart Analyses (Zhang et al., 2005). 
 
 
RESULTS AND DISCUSSION 

 
NIR spectroscopy which is a rapid, non-destructive 
method was used for nitrogen determination. It has found 
widespread use in compositional analyses such as fat, 
protein, water and carbohydrates (Osborne and Fearn, 
1986; Williams and Norris, 1987). The method uses the 
wavelength region from 700 to 2500 nm. Protein content 
was calculated according to Kjeldahl (1883) method. The 
analysis of variance showed highly significant difference 
for protein content. The parents vs hybrids comparison 
indicated significance at P= 0.05 for this same character. 
Significant and positive mean square and average 
heterosis have been suggested to be useful in 
determining non additive gene effects (Kirby and Atkins, 
1968). When two parents involved in a cross have high x 
high or low x low GCA effects for the same trait, it 
involves additive x additive type of gene action. Manuel 
and Palaniswanny (1989) reported that interaction 
between positive x positive alleles in a cross of high x 
high combiners can be fixed in subsequent generation. 
Non additive gene effects were observed to have played 
major roles in the expression of protein contents in the 
genotypes studied. Positive heterosis was observed in all 
the 56 hybrids in the F1 generation and 37 out of the 
same 56 hybrids for the F2 generation over their MP 
indicating dominance in the positive direction. The extent 
of the heterosis over the MP for the F1s varied from 1.00 
(Fofifa 16 x NERICA 1) in the high x high parent cross 
combination to 67.74 (IR 57689-73 x Fofifa 16) in the low 
x high cross combination. On the other hand, negative 
heterosis was recorded in 14 out of the 56 hybrids in the 
F1 generation over the higher protein parent. All the 6 
crosses in the high x low parent combination showed 
negative heterosis over the HP except the cross of 
NERICA 1 x  IR 57689-73 that had positive heterosis 
(3.47). In this case where a greater number (42 out of 56) 
showed positive heterosis, it is indicative of over 
dominance of high protein content in the F1 generation. In 
contrast to the observation for MP in the F1 hybrids, the 
F2 hybrids showed varied heterosis over the MP from -
12.09(Max x WAB 96-1-1) in the medium x high to 
5.17(IR 57689-73 x NERICA 1) in the low x high cross 
combination.  
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Out of the 56 F2 hybrids, only 19 hybrids showed 
negative heterosis over the MP thus further implicating 
the role of dominance in expressing protein content in 
rice.  More negative heterosis over the MP were recorded 
for the medium x medium crosses than in the other cross 
combinations, where 4 out of the 6 crosses showed 
negative heterosis. Similarly, half the number of hybrids 
in the high x low crosses showed negative MP heterosis. 
Only two crosses, CT 7127-49 x WITA 4(2.33) in the 
medium x low combination and NERICA 1 x WAB 96-1-
1(0.76) in the high x high combination showed positive 
heterosis over the HP in the F2 generation while the rest 
of the hybrids were observed to have shown negative HP 
(Table1). 
 
 
Analysis of variance of Griffing’s method 1 model 1  
 
Analysis of variance revealed highly significant 
differences among the genotypes for protein content, it 
thus indicated that at least two samples differed from 
each other. To separate the differences between the 
different crosses and their parents, the least significant 
difference (LSD) test at the 5% level of probability was 
carried out. Results showed that protein content was 
under a simple additive or polygenic effect. Both GCA 
and SCA were highly important in determining protein 
content in the rice genotypes studied. Thus, not only the 
protein contents of the parents involved in a cross were 
important in expressing protein content, but also the SCA 
of each parents involved, since the usefulness of a 
particular cross in exploiting heterosis is judged by the 
specific combining ability effects. In the model followed, 
these effects indicate the interaction between the specific 
alleles of parents involved in the cross. 

The mean square due to GCA, SCA and reciprocal 
effects were highly significant for percentage protein 
content (Table 2). This implied the presence of genetic 
diversity among the genotypes used for the study of this 
character. Computation of the components of variance 
revealed that SCA variance (93.4%) was much greater 
than GCA variance (6.6%) resulting in greater dominance 
variance. The proportion of additive to total genetic 
variance was 0.1224 while 0.8776 came from SCA 
variance. From Table 3, 50% of the parents showed 
desirable positive GCA effects of 0.6582 (CT7127- 49), 
0.2015 (EMPASC 105), 0.0882 (WAB 96-1-1) and 0.0190 
(Max). Out of 28 cross - combinations made, 22 crosses 
showed positive SCA effects. However, these effects 
ranged from 0.132 (IR57689-73 x WAB96-1-1) to 4.612 
(Fofifa 16 x WAB 96-1-1). Meanwhile, negative SCA 
effects were lower in magnitude and ranged from -0.1628 
(WITA 4 x WAB96-1-1) to -1.337 (WITA 4 x Fofifa 16). 
The results in Table 3 also revealed that reciprocal 
effects ranged from -0.1417 (NERICA 1 x EMPASC 105) 
to 3.1883 (Fofifa 16 x IR57689-73). The cross WITA 4 x 
NERICA 1  showing  the  highest  SCA  effects  alongside  

 
 
 
 
with IR57689-73 x Fofifa 16, IR57689-73 x NERICA 1 
and Fofifa 16 x NERICA 1 involved both parents as poor 
general combiners, yet they developed positive SCA 
effects indicating the presence of non-allelic interactions 
at the heterozygous loci. The hybrids of CT 7127 x WAB 
96-1-1 both in the direct and reciprocal crosses and CT 
7127 x EMPASC 105 in the direct cross are expected to 
fix the genes in early generations. 

When parents with high x low GCA effects showing 
additive x dominance gene action are involved, it will be 
better to exploit the F1 if there is heterosis since this may 
not be fixed in the next generation. In the present study, 
heterosis could be exploited in the hybrids of WITA 4 x 
CT 7127-49, WITA 4 x EMPASC 105, Max x NERICA 1, 
CT 7127 x Fofifa 16, CT 7127-49 x NERICA 1, EMPASC 
105 x Fofifa 16, EMPASC 105 x NERICA 1, Fofifa 16 x 
WAB 96-1-1 and WAB 96-1-1 x NERICA 1. Phenotypic 
expression of endosperm traits like protein content is 
under genetic control. Kuo et al. (1995) opined that it 
should be visualized in three perspectives: as 
endosperm, having a reciprocal (dosage effect) and as a 
seed and so can influence results of experiments 
because of this complexity. Kumar and Khush (1987) 
equally harped on this indicating that analyses from 
genetically heterozygous buck seed samples might 
provide biased information for genetic study on 
endosperm traits.                

Manifestations of heterosis for protein content in 56 F1 
hybrids and their F2 progenies of the rice genotypes 
studied was observed. Kirby and Atkins (1968) while 
working on the vegetative and mature plant of sorghum 
reported that average heterosis as well as mean square 
of parents versus hybrid may serve as a measure of non-
additive gene effects. If the heterotic value is zero or 
negative, it is an indication of lack of heterosis. 
Appreciable non-additive gene effects played an 
important role in the expression of dominance in all cross 
combinations in F1 MPH as well as HPH where sizeable 
heterosis were observed for the F1  hybrids. The crosses 
showed 100% F1 mid-parent heterosis and 73.2% high-
parent heterosis. Among the crosses, IR 57689-73 x 
EMPASC 105, IR 57689-73 x Fofifa 16, Max x IR 57689-
73, CT 7127 -49 x Max and CT 7127-49 x WAB 96-1-1 all 
showed very high and positive values for high-parent 
heterosis. 50% of the parents showed negative heterosis 
values thus indicating that dominance effect affected the 
crosses more than additive effect suggesting that 
dominance gene action is more important than additive 
gene action in the inheritance of protein content. This 
agrees with Mohan and Ganesan (2003) who indicated 
that exploitation of hybrids could be informed by the 
magnitude of heterosis it exhibited. The present study 
noted the prediction of Kumar and Khush (1987) that 
analyses of genetically heterozygous F2 buck seed 
samples on plants provided biased information for 
genetic study on endosperm traits while working on 
amylose content of rice.  
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Table 1. Estimates of Mid-Parent (MP) and High-Parent (HP) heterosis for protein content in  direct and reciprocal crosses 
of the F1 and F2  generations  of rice genotypes studied. 
 

Variables F1 F2 

Cross(i x j) *MPH **HPH MPH HPH 

Low x Low     

WITA 4 x IR 57689-73 23.82 23.48 -0.14 -0.4 

IR 57689-73 x WITA 4 6.5 6.21 -0.54 -0.81 

Low x Medium     

WITA 4 x Max 40.98 35.19 -1.67 -5.22 

 WITA 4 x CT 7127-49 26.38 20.19 2.45 -2.57 

WITA 4 x EMPASC 105 48.2 39.16 0.64 -5.51 

IR 57689-73 x Max 28.59 23.63 -1.94 -5.72 

IR 57689-73 x CT 7127-49 35.94 29.62 0.26 -4.41 

IR 57689-73 x EMPASC 105 49.11 40.72 3.17 -2.63 

Low x High     

WITA x Fofifa 16 5.86 -2.58 -6.11 -13.55 

WITA x WAB 96-1-1 24.97 14.5 3.71 -4.98 

WITA x NERICA 1 34.1 20.59 2.77 -7.58 

IR 57689-73 x Fofifa 16 67.74 55.22 4.34 -3.44 

IR 57689-73 x WAB 96-1-1 34.24 23.44 5.05 -3.4 

IR 57689-73 x NERICA 1 6.49 -4.01 5.17 -5.22 

     

Medium x Low     

Max x WITA 4 34.11 28.61 2.2 -1.97 

Max x IR 57689-73 59.89 53.73 2.33 -1.62 

 CT 7127-49 x WITA 4 7.59 2.33 0.77 2.33 

CT 7127 -49 x IR 57689-73  35.69 29.38 1.93 -4.65 

EMPASC 105 x WITA 4 7.65 1.08 2.93 -3.35 

EMPASC 105 x IR 57689-73 3.05 -2.75 -3.3 -8.74 

Medium x Medium     

Max x CT 7127-49 25.28 24.36 -0.25 -0.98 

Max x EMPASC 105 26.71 24.43 -0.49 -2.28 

CT 7127-49 x Max 44.02 42.96 -0.49 -1.22 

CT 7127-49 x EMPASC 105 39.59 38.08 -0.84 -1.92 

EMPASC 105 x CT 7127-49 27.85 26.47 0.24 -0.84 

Medium x High     

Max x Fofifa 16 4.53 0.57 0.6 -3.21 

Max x WAB 96-1-1 1.78 -2.72 -12.09 -15.97 

Max x NERICA 1 16.09 8.67 2.89 -3.68 

CT 7127-49 x Fofifa 16 38.15 33.87 1.54 -1.61 

CT 7127-49 x WAB 96-1-1 48.35 42.81 2.21 -1.7 

CT 7127-49 x NERICA 1 13.24 7.48 4.01 -1.3 

     

EMPASC 105 x Fofifa 16 38.69 35.82 -0.94 -2.64 

EMPASC 105 x WAB 96-1-1 24.68 21.29 0.23 -2.49 

EMPASC 105 x NERICA 1 1.48 -3.36 -1.49 -6.18 

High x Low     

Fofifa 16 x WITA 4 2.74 -5.4 -1.25 -9.07 

Fofifa 16 x IR 57689-73 4.84 -2.99 -11.41 -18.03 

WAB 96-1-1 x WITA 4 4.7 -4.07 -2.1 -10.31 

WAB 96-1-1 - x IR 5768973 4.15 -3.4 4.03 -3.51 

NERICA 1 x WITA 4 5.67 -1.08 4.51 -2.17 

NERICA 1 x IR 5768973 7.09 3.47 0.48 -9.43 
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Table 1. Contd. 
 

High x Medium     

Fofifa 16 x Max 10.62 6.43 0.59 -3.21 

Fofifa 16 x CT 7127-49 29.62 25.6 -0.71 -3.79 

Fofifa 16 x EMPASC 105 15.01 12.63 0.7 -1.38 

WAB 96-1-1 x Max 13.15 8.15 0.59 -3.85 

WAB 96-1-1 x CT 7127-49 17.88 13.48 0.71 -3.06 

WAB 96-1-1 x EMPASC 105 20.26 16.99 0.23 -2.49 

NERICA 1 x Max 5.67 -1.08 4.51 -2.17 

NERICA 1 x CT 7127-49 9.2 2.93 2.64 -3.25 

     

NERICA 1 x EMPASC 105 2.28 -2.6 1.71 -3.14 

High x High     

Fofifa 16 x WAB 96-1-1 8.32 7.59 -0.91 -1.59 

Fofifa 16 x NERICA 1 1.00 -1.84 -0.22 -3.03 

WAB 96-1-1 x Fofifa 16 19.75 18.91 0.23 -2.49 

WAB 96-1-1 x NERICA 1 18.6 16.03 0.88 -1.3 

NERICA 1 x Fofifa 16 5.13 2.17 1.9 -0.98 

NERICA 1 x WAB 96-1-1 8.97 6.61 2.99 0.76 

Mean  20.38   
 

*MPH   =   Mid-parent heterosis, **HPH=    High- parent heterosis. 

 
 
 

Table 2. Analysis of variance of general combining ability (GCA) and specific combining ability (SCA) for 

protein content in an 8 x 8 Diallel cross experiment in rice. 
 

Source of variation D.F Mean square 

GCA 7 5.886** 

SCA 20 7.890** 

Reciprocal 28 6.467** 

Maternal effect 7 10.415** 

Non maternal effect 21 5.149** 

Error 126 0.75 

GCA = General combining ability; SCA = Specific Combining Ability and DF = Degree of freedom 

 
 
 
Table 3. Estimates of general combining ability effects (diagonal), specific combining ability effects(above diagonal) and reciprocal 

effects(below diagonal) for  percentage protein content (%PC)in an 8 x 8 Diallel cross experiment.  
 

 Genotype  WITA 4 IR56789-73 Max CT7127-49 EMPASC  105 FOFIFA  16 WAB 96-1-1 NERICA 1 

WITA  4 -0.534** -0.45 1.496** -0.658* 0.739* -1.337** -0.163 2.842** 

IR57689-73 0.638 -0.132 1.638** 0.432 -0.01 0.871** 0.133 1.279* 

Max 0.265 -1.211** 0.019 0.62 0.495 0.6 -1.247** 1.83** 

CT 7127-49 0.730* 0.011 -0.763* 0.658** 0.561* 1.051** 0.957** 2.352** 

EMPASC  105 1.593** 2.066** 1.038** 0.483 0.202 1.029** 0.607 0.927** 

FOFIFA 16 -0.193 3.188** -0.225 0.358 1.010** -0.031 4.612** 0.368 

WAB 96-1-1 1.091** 1.188** -1.066** 1.293** 0.193 -0.497 0.088 1.0694** 

NERICA  1 0.708* 0.193 0.443 0.21 -0.141 0.108 1.03** -0.271* 

 
 
 

Although dominance gene action was primarily 
responsible for the inheritance  of  protein  content  in  the 

rice genotypes studied, reciprocal and maternal effects 
also   played   major   roles   as   both    recorded    highly  



 
 
 
 
significant mean squares for this character. Therefore, 
choice of parents based upon the SCA effects of their 
hybrids would differ from selection based upon parents’ 
protein content.  Manuel and Palaniswanny (1989) 
reported that there could be interaction between positive 
alleles in a cross involving high x high combiners which 
can be fixed in subsequent generations if no repulsion 
phase linkages are involved. In the present study, GCA 
effect conferred highest protein content on CT 7127-49, 
EMPASC 105 as well as WAB 96-1-1 which also agrees 
with the results of SCA effects. 

Transgressive segregates is of considerable 
importance to the breeder as it allows for the possibility of 
obtaining segregates that are better (or worse) than the 
parents (Welsh, 1981). Transgressive segregates were 
observed for most of the F1 hybrids manifested by their 
higher protein contents than their parents. The hybrids, 
WITA 4 x IR 57689-73, WITA 4 x Max and IR 57689-73 x 
Max which had parents with relatively lower protein 
contents than other hybrids, showed significant heterosis 
over the higher protein parents showing segregates. It is 
thought that complimentary epistasis or dominance x 
dominance epistasis could be responsible. In contrast, 
only one hybrid, NERICA 1 x WAB 96-1-1 with parents 
having high protein contents showed high-parent 
heterosis in the F1 and carried it to the F2 generation 
indicating co-dominance gene effect. The only seed 
parent which consistently produced hybrids with higher 
protein than other parents is CT 7127- 49 which inferred 
that it has genes for high protein contents among the 
lines chosen for the study.  

However, it is important to note that the type of 
dominance exhibited may have been influenced by the 
cross, interaction or environment under which they were 
grown. Heterotic values alone may not reveal the real 
identity of superior hybrids as heterosis of hybrids tend to 
be high when the parental means are low and vice versa. 
Also, high SCA effects may not always give an 
appropriate assessment as hybrids with low mean values 
may possess high SCA effects if the GCA effects of the 
parents were very low or negative. Gilbert (1958) had 
earlier suggested that parents with good mean 
performance would result in better genotypes and agrees 
with the findings of Mohan and Ganesan (2003) who 
based their report on GCA effects and mean performance 
of the parental lines they used for combining ability 
studies on kernel quality of rice. 
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An experiment was conducted at El- Mattana Agricultural Research Station, Luxor Governorate, to 
evaluate the yield and ratooning ability of 30 sugar cane genotypes (clones) along with the check 
cultivar GT 54/9 during three different crop cycles; plant cane (PC), first ratoon (FR), and second ratoon 
(SR) crops during 2011/2013 harvesting seasons. A randomized complete block design with three 
replicates was used. Results indicated that the evaluated genotypes varied significantly (P = 0.05) 
within and among crop cycles for stalk length, stalk diameter, stalk density, stalk weight, stalks 
number, cane yield, Brix, sucrose%, purity%, sugar recovery, and sugar yield. The evaluated genotypes 
differed significantly in their ratooning ability (RA) for all studied traits. Over evaluated genotypes, 
means of stalk diameter, stalk weight, stalk density and cane yield in plant cane were higher than those 
in the first and second ratoon crops, while means of Brix, sucrose, purity and sugar recovery 
percentages in the second ratoon were higher than those in plant cane and first ratoon crops. The 

relative influence of genotypic variance (
2
g) in determining the phenotypic variance was primary to 

genotype by crop interaction variance (
2
gc) and error variance (

2
e) for all studied traits. Broad sense 

heritability (H%) estimates were high for cane yield and its components as well as sugar yield, since it 
ranged from 82.53 for cane yield to 95.06 for stalk length. High genotypic coefficient of variation (GCV) 
estimates were for stalk weight (27.01), stalk density (39.36) and stalk number (32.57), while low 

estimates were for stalk length and juice quality traits (2.05 ≤ GCV% ≥ 7.99). Genotypic variance (
2
g) 

was primary to error variance (
2
e) for RA of cane yield and its components as well as sugar yield and 

juice quality traits. The highest heritability estimates of RA were for stalk weight (98.10%), stalk density 
(98.24%), stalk number (99.46%) and sugar yield with high genotypic coefficient of variation (GCV) 
estimates for the same traits (22.78, 32.26, 36.41 and 27.26, respectively).  
 
Key words: Saccharum spp, yield performance, ratooning ability, broad-sense genetic variance, genotype by 

crop interaction variance (
2
gc). 

 
 
INTRODUCTION 
 
Sugarcane is a clonally propagated crop and in Egypt, it 
is typically harvested for plant cane and number of ratoon 
crops. Planting operations and seed (stalk  for  vegetative 

propagation) costs constitute the largest input of 
sugarcane production (Salassi and Giesler, 1995). 
Sugarcane  yield  decline  was   commonly   observed   in  
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advanced ratoon crops and, hence, limit the economic 
production of sugarcane (Ricaud and Arceneaux, 1986; 
Johnson et al., 1993; Mirzawan and Sugiyarta, 1999). 
The reasons for this decline are complex, but primarily 
related to diseases, insects, management practices 
(Shrivastava et al. 1992). Additionally, genotypes can 
vary substantially in their ratoon crop yields. Variation 
among sugarcane genotypes in respect of yield 
performance and  ratooning ability (RA) for  cane yield 
and its components has been reported by Tripathi et al. 
(1982); Chapman (1988); Chapman et al. (1992); Jamil et 
al. (2007); El-Hinnawy and Masri (2009b); Arian et al. 
(2011) and Tahir et al. (2014) and Milligan et al. (1990a) 
who found that at early selection stage of sugarcane, 
stalk diameter, and stalk weight were decreased with 
older crops , while stalk numbers, cane yield, juice quality 
traits, and sugar yield were increased with older crops. 
However, Orgeron et al. (2007) and El-Hinnawy and 
Masri (2009a) reported that at final selection stages, cane 
yield and sugar yield were decreased from plant cane to 
second ratoon crop, while stalks number was increased 
from plant cane to the first ratoon crop, while decreased 
from the first to second ratoon crop. Bhatnagar et al. 
(2003) reported that sugarcane clones vary in their ability 
to survive and produce a profitable ratoon crop. Since the 
ratooning behavior of sugarcane variety is the function of 
genotype and environment interaction, a good ratooning 
genotype may not necessarily be a good ratooner if 
grown in another situation. It is, therefore, necessary to 
identify availability of genotypes with good ratooning 
ability for specific conditions. Olaoye (2005) reported that, 
genotypes with poor ratooning ability (RA) were 
characterized mostly by a sharp decline in cane yield 
especially between the plant cane and the first ratoon 
crop, while those with good RA had the highest yield 
decline between the first and second ratoon crops. 

The clonally nature of sugarcane suggests broad- 
sense genetic estimates of variance and covariance are 
the relevant genetic estimates for predictive use between 
clonal stages. Genetic variance estimates are usually 
applicable only to the specific population and range of 
tested environments (Falconer, 1989). Estimating genetic 
variances under a limited range of environmental 
conditions may lead to biased genetic variance estimates 
(Dudley and Moll, 1969). Moreover, Kang et al. (1984), 
reported that sugarcane genetic variance estimates 
obtained from a single year and/or location, would cause 
the GE variance estimates be possibly biased or not 
estimable.  

Reported genetic studies with sugarcane have used a 
wide range of populations and environments (Hogarth et 
al., 1981; Kang et al., 1983; Kang et al., 1984; El-
Hinnawy and Masri (2009a; Jamoza et al., 2014). They 
reported large estimates of heritability for sugarcane yield 
and its components. They also reported the least 
potential for selection gain existed for Brix and purity, 
followed  by  stalk  length  and  stalk  diameter,  however, 
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they found stalk weight and sucrose concentration to 
offer the largest potential for gain. While, Milligan et al. 
(1990a) found stalks number and cane yield to offer the 
most potential.  

Ratooning ability can be enhanced by a direct selection 
of genotypes with high ratoon crop yields. Characters 
such as cane yield and its components; stalk length,  
stalk diameter, stalks number and stalk weight have been 
suggested as being indicative of better ratooning cultivars 
(Milligan et al., 1996). Sucrose yield was also suggested 
because of its strong relationship to cane yield (Milligan 
et al., 1990b; Masri et al., 2008). 

The objectives of this study were (i) to investigate the 
ratooning ability as well as the performance of some 
sugarcane genotypes under three different crop cycles; 
plant cane (PC), first ratoon (FR), and second ratoon 
crops (SR), and (ii) to estimate broad–sense genetic and 
GC (genotype by crop interaction) variance components. 
 
 

MATERIALS AND METHODS 
 

The study was carried out at El- Mattana Agricultural Research 
Station, Luxor Governorate, to evaluate thirty sugarcane 
(Saccharum spp L.) clones along with the check cultivar GT 54/9 
(represent more than 95% of the planted sugarcane area in Egypt) 
for ratooning ability, as well as, yield and some of its attributes in 
plant cane, first and second ratoon crops during 2011, 2012 and 

2013 harvesting seasons, respectively. Sugarcane clones (Table 1) 
were selected from the line stage (the first clonal selection stage) 
and were grown in 5 m x 3 row plots. Distance between rows was 
1.0 m, thus plot area was 15 m

2
. A randomized compete block 

design with three replications was used. Planting was done during 
the second week of March 2010 season. Planting was achieved by 
placing twenty five 3-budded cane pieces in each row. Field was 
irrigated immediately right after planting and all other agronomic 
practices were carried out as recommended. Plant cane was 
allowed to ratoon (first and second ratoons). Harvest took place 
after 12 months from planting or harvest plant cane or harvest first 
ratoon. At harvest, data were recorded for the three crops following 
planting; plant cane (PC), first ratoon (FR), and second ratoon (SR) 
as follows: 
 
(i) Cane yield and its contributing traits: 
 

Sample of twenty stalks from each plot was removed to measure 
stalk length, and stalk diameter. 
1. Stalk length (cm) was measured from soil surface to the visible 
dewlap. 
2. Stalk diameter (cm) was measured at midstalk with no reference 
to the bud groove. 
3. Number of millable stalks/feddan (one feddan = 0.42 ha) was 
calculated on plot basis. 

4. Stalk weight (kg) was calculated by dividing cane yield per plot 
by number of stalks per plot. 
5. Stalk density (g cm

-3
) was calculated as stalk weight per volume 

according to Milligan et al. (1990b), where volume =length. π. 
radius

2
 

6. Cane yield (ton/feddan) was calculated on plot basis. 
 
(ii) Juice quality traits and sugar yield: 
 

The twenty stalk samples taken from each plot was crushed and 
juice was analyzed to determine the following traits: 
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Table 1. Experimental bi-parental crosses and the selected 30 sugarcane clones used in this study. 
 

S/N Clone 
Pedigree 

Female Origin Male Origin 

1 G 2008 - 23 

CO 842 India CP 34-38 U.S.A 

2 G 2008 - 26 

3 G 2008 - 29 

4 G 2008 - 37 

5 G 2008 - 38 

6 G 2008 - 39 

7 G 2008 - 46 

      

8 G 2008 - 51 

T 80-4897 Taiwan CP 79-318 U.S.A 

9 G 2008 - 53 

10 G 2008 - 55 

11 G 2008 - 57 

12 G 2008 - 59 

13 G 2008 - 64 

      

14 G 2008 - 9 

Ph 6722 Philippine BO 18 Barbados 

15 G 2008 -12 

16 G 2008 - 13 

17 G 2008 - 27 

18 G 2008 - 30 

      

19 G 2008 - 8 

Ph 8013 Philippine BO 41 Barbados 
20 G 2008 - 10 

21 G 2008 - 11 

22 G 2008 - 15 

      

23 G 2008 - 5 

SP711-406 Brazil CP 67-412 U.S.A 24 G 2008 - 18 

25 G 2008 - 45 

      

26 G 2008 - 54 
T 75-6667 Taiwan T 82-4536 Taiwan 

27 G 2008 - 63 

      

28 G 2008 - 7 SP 711-406 Brazil CO 842 India 

29 G 2008 - 50 T 82-4510 Taiwan ROC 8 Taiwan 

30 G 2008 - 61 T 70 - 3898 Taiwan T 81-107 Taiwan 

31 GT 54-9 (Check)  

 
 
 
1. Brix (percent soluble solids) was determined with a hydrometer.                                    
2. Sucrose percentage of clarified juice was determined by using 
automated sacharimeter according to A.O.A.C. (1995). 
3. Purity was calculated as: [(Sucrose / Brix) x 100]. 
4. Sugar recovery% (rendment) was calculated according to the 
formula described by Yadav and Sharma (1980):  
 
SR= [Sucrose % - 0.4 (Brix – Sucrose %)] x 0.73  
 

Where: 0.4 = each pound of non-sucrose solids in the juice will 
retain 0.4  of a pound of sucrose as outlined by Herbert (1973),  

and 0.73 denote to a correction factor for actual milling conditions in 
factories that depends on the overall mean fiber% cane during 
processing as outlined by Mathur (1997). 
5. Sugar yield (ton/feddan) was estimated by multiplying net cane 
yield (ton/feddan) by sugar recovery %. 
Ratooning ability (RA) is defined as:  RAi = 100 SRi / PCi following 
Milligan et al. (1996). 
Where, the RA of trait i is defined as the ratio of second ratoon crop 
(SR) yield of trait i to the plant cane yield (PC) of trait i expressed as 

a percent. 
Data  were  statistically  analyzed   using   analysis   of   variance 



 
 
 
 
according to procedures outlined by Steel et al. (1997) using 
MSTAT-C computer package by Freed et al. (1989). Treatment 
mean comparisons were performed using least significant 
difference (LSD) at 5% level of probability. Genetic variance (δ

2 
g), 

Broad-sense heritability (H%) were calculated according to 
Falconer (1989). Variance components were calculated by equating 
appropriate mean squares to their expectations and solving for the 
components. The full model that included crop effect and crop 
interaction effect was used for calculating genetic variance and 
heritability for yield and contributing traits: 
 
Tijk   = M + Gi + Cj + GCij + Rk (ij) + Eijk     

      

Where Tijk:  is the observation k, in crop j, of genotype i; M: is the 
over all mean; Gi: is the genotype effect; Cj: is the crop effect; GCij: 
is the genotype i in crop j; Rk (ij):  is the replication effect; Eijk: is the 
residual (Table 1).         
Heritability estimate using variance components from the full model 
analysis were calculated as:   
 
H = δ

2 
g / (δ

2 
g + δ

2 
gc/c + δ

2
e/rc) 

 

Where, δ
2 

g, δ
2
e and δ

2 
gc refers to genotypic,  error and genotype 

by crop interaction variance, respectively. The divisors r and c 
refers to number of replications and crops, respectively. The 
reduced model was used to estimate heritability for ratooning ability 
as:  
 
H = δ

2 
g / (δ

2 
g + δ

2
e/r) 

 
Genetic coefficient of variation (GCV) provide a unitless measure of 

a trait
'
s genetic variance relative to its mean and calculating as the 

following equation: 
 
 GCV % = (δ

 
g / general mean) x 100 

 
 

RESULTS AND DISCUSSION 
 

All studied traits; stalk length, stalk diameter, stalk 
density, stalk weight, stalk numbers, cane yield, Brix, 
sucrose%, purity%, sugar recovery, and sugar yield were 
significantly (P = 0.05) different among genotypes in plant 
cane (PC), first ratoon (FR), and second ratoon (SR) 
crops (Tables 2, 3, 4, 5, 6 and 7). Sugar yield and all of 
its attributes were significantly affected by crop age. The 
genotype by crop age interaction was significant for all 
studied traits, indicating that genotype performance 
differed among the crop cycles. Milligan et al. (1990a), 
Orgeron et al. (2007), and El-Hinnawy and Masri (2009a) 
reported that genotype by crop interaction was important 
for sugarcane yield and its component traits. The 
evaluated genotypes were significantly differed in their 
ratooning ability for all studied traits in agreement with the 
results obtained by Milligan et al. (1996), Olaoye (2005) 
and El-Hinnawy and Masri (2009b).    

Data presented in Table 2, revealed that stalk length of 
ten genotypes; G 2008–23, G 2008–53, G 2008–57, G 
2008– 9, G 2008–11, G 2008–18, G 2008–45, G 2008–
54, G 2008–7 and G 2008–50 was increased with older 
crops, while stalk length of other genotypes either 
decreased with older crops or fluctuated among crops. 
On the other hand,  average  stalk  length  of  the  studied  
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genotypes was increased in the first and second ratoon 
crops by 1.92 and 1.28% compared to plant cane crop. 
Stalk diameter of six genotypes;  G 2008–55, G 2008– 
64, G 2008–13, G 2008–15, G 2008–18 and G 2008- 63 
was increased with older crops, while stalk diameter of 
other genotypes either decreased with older crops or 
fluctuated among crops.  

Over all evaluated genotypes, stalk diameter of the 
studied genotypes was decreased in the first and second 
ratoon crops by 4.86 and 2.84% compared to plant cane 
crop. Ratooning ability estimates of about 65% (20 
clones) and 48% (15 clones) of the evaluated genotypes 
for stalk length and stalk diameter, respectively, 
exceeded the unity, indicating that  length and diameter 
of stalks were increased in the second ratoon crop 
compared to plant cane crop  for the corresponding 
genotypes.  

Data in Table 3, revealed that five genotypes; G 2008–
29, G 2008– 39, G 2008–11, G 2008–50 and G 2008–61 
recorded the heaviest mean stalk weight and significantly 
surpassed the commercial cultivar GT 54/9 during the 
three crop ages, but only two of them; G 2008–50 and G 
2008- 61 were good ratooner genotypes. However, about 
53% of the evaluated genotypes (16 clones) showed high  
ratooning ability for stalk weight and the highest value of 
RA was recorded by the clone G 2008– 64 (137.94%) 
with significance differences with the check cultivar GT 
54/9 (79.40%). Three genotypes; G 2008- 11, G 2008- 54 
and G 2008 – 61 recorded the highest stalk density and 
significantly exceeded the check cultivar during the three 
crop cycles. Three genotypes; G 2008–55, G 2008– 64 
and G 2008- 63 significantly exceeded the check cultivar 
for stalk density during the first and second ratoon crops. 
The superiority of these genotypes for stalk density may 
be due to its low content of fiber and high content of juice. 
The same clones (16 clones) that showed high RA for 
stalk weight recorded high RA for stalk density and the 
highest value of RA was recorded by the clone G 2008–8 
(152.87%) with a significant difference with the check 
cultivar GT 54/9 (73.23%). 

Among the evaluated genotypes, stalks number of 11 
genotypes along with the check cultivar GT 54/9 (Table 
4) was increased with the older crops, while stalk number 
of other genotypes either decreased with older crops or 
fluctuated among crops. Four genotypes (G 2008–37, G 
2008–37, G 2008–46 and G 2008–9) of that showed an 
increase in stalks number with the older crops recorded 
the highest stalks number and significantly surpassed the 
check cultivar GT 54/9 during the three crop cycles, as 
well as, its high ratooning ability (114.92, 122.28, 123.77 
and 116.73%, respectively). However, the highest RA 
value for stalks number was recorded by the genotype G 
2008–10 (160.16%) followed by the genotypes G 2008–
11(152.93%), G2008– 29 (149.85%) and G2008–23 
(139.16%) that significantly exceeded the check cultivar 
GT 54/9 (127.28%). Cane yield of five genotypes; G 
2008–29,  G 2008–27,  G 2008–10,  G 2008–11   and   G  
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Table 2. Mean performance and ratooning ability (RA%) of thirty one sugarcane genotypes for stalk length and stalk diameter in plant c ane 
(PC),first ratoon (FR) and second ratoon (SR) crops. 
 

S/N Clone 
Stalk length (cm) Stalk diameter (cm) 

PC FR SR RA% PC FR SR RA% 

1 G 2008-23 263.83 270.00 271.67 102.98 2.16 1.97 1.63 75.80 

2 G 2008-26 251.49 248.33 250.00 99.43 1.73 1.62 1.97 113.51 

3 G 2008-29 305.00 295.00 291.67 95.66 2.53 2.42 2.37 93.44 

4 G 2008-37 210.00 213.33 210.00 100.04 2.13 2.10 1.97 92.27 

5 G 2008-38 230.00 235.00 238.33 103.67 2.37 2.07 2.00 84.64 

6 G 2008-39 256.67 271.67 268.33 104.66 2.77 2.47 2.38 86.18 

7 G 2008-46 241.67 253.33 226.67 93.87 2.37 2.20 2.07 87.36 

8 G 2008-51 280.00 280.00 260.00 92.90 2.73 2.63 2.40 88.05 

9 G 2008-53 246.67 258.33 261.67 106.15 2.65 2.45 2.75 103.77 

10 G 2008-55 305.00 291.67 296.67 97.30 2.43 2.50 2.54 104.57 

11 G 2008-57 243.33 248.33 256.67 105.54 2.60 2.43 2.63 101.28 

12 G 2008-59 250.51 256.67 248.33 99.28 2.50 2.47 2.55 102.19 

13 G 2008-64 288.33 296.67 295.00 102.37 2.57 2.63 2.70 105.23 

14 G 2008-9 263.03 270.00 275.00 104.68 2.20 1.85 1.90 86.55 

15 G 2008-12 267.42 280.00 273.33 102.27 1.93 1.92 2.12 109.52 

16 G 2008-13 253.33 248.33 261.67 103.29 2.00 2.00 2.20 110.00 

17 G 2008-27 280.00 275.00 280.00 100.02 2.20 1.77 2.04 92.88 

18 G 2008-30 235.00 246.67 243.33 103.67 2.71 2.60 2.65 97.79 

19 G 2008-8 242.60 288.33 270.00 111.46 2.40 2.37 2.73 113.89 

20 G 2008-10 288.61 270.00 271.67 94.14 2.47 2.10 1.87 75.62 

21 G 2008-11 265.00 288.33 291.67 110.10 2.92 2.77 2.73 93.72 

22 G 2008-15 280.00 270.00 266.67 95.30 2.57 2.63 2.78 108.46 

23 G 2008-5 267.01 263.33 248.33 93.04 2.40 2.20 2.17 90.47 

24 G 2008-18 235.00 260.00 260.00 110.66 2.45 2.53 2.62 106.83 

25 G 2008-45 246.67 246.67 253.33 102.78 2.60 2.50 2.63 101.33 

26 G 2008-54 281.67 290.00 295.00 104.74 2.97 2.87 2.87 96.67 

27 G 2008-63 310.00 301.67 295.00 95.17 2.77 2.80 2.82 101.85 

28 G 2008-7 245.00 251.67 261.67 106.85 2.47 2.33 2.45 99.36 

29 G 2008-50 268.53 285.00 288.33 107.38 2.60 2.45 2.62 100.61 

30 G 2008-61 300.00 298.33 296.67 98.91 2.80 2.77 2.87 102.51 

31 GT 54-9 (Check) 295.00 301.67 295.00 100.03 2.73 2.58 2.52 92.11 

Mean 264.40 269.46 267.80 101.56 2.47 2.35 2.40 97.37 

L.S.D at 5%         

Genotypes (G) 11.70 11.73 8.20 5.13 0.10 0.12 0.12 5.89 

Crop age ( C) 3.99  0.63  

G x C 10.53  0.11  

 
 
 
2008–5 was increased with older crops, therefore its 
ratooning ability value exceeded the unity (Table 4). 
Three genotypes; G 2008– 59, G 2008– 30 and G 2008– 
54, as well as, the check cultivar GT 54/9 showed 
stability (consistency) in their performance for cane yield 
across the three crop cycles, since its yield did not differ 
significantly from plant cane up to the second ratoon 
crop, therefore its ratooning ability value nearly equal the 
unity. Among the evaluated genotypes, only one of them; 
G 2008–59 significantly surpassed the check cultivar in 
cane yield during the three crop cycles (54.64, 56.49  and 

55.73 ton/feddan vs. 49.70, 51.07 and 50.18 ton/fed in 
plant cane, first ratoon and second ratoon crops, 
respectively). The highest RA value (141.20%) for cane 
yield was recorded by the genotype G 2008–11, 
indicating the superiority of cane yield in second ratoon 
crop over plant cane crop, while the lowest RA value 
(49.45%) for cane yield was recorded by the genotype G 
2008– 50, indicating the high reduction in yield in the 
second ratoon crop. Over all evaluated genotypes, cane 
yield was decreased in the first and second ratoon crops 
by  1.64  and  13.03%,  respectively,  compared  to   plant  
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Table 3. Mean performance and ratooning ability (RA%) of thirty one sugarcane genotypes for stalk weight and stalk density in plant 
cane (PC),first ratoon (FR) and second ratoon (SR) crops. 
 

S/N Clone 
Stalk weight (kg) Stalk density (g/cm3) 

PC FR SR RA% PC FR SR RA% 

1 G 2008-23 0.66 0.52 0.34 51.12 0.60 0.43 0.24 40.05 

2 G 2008-26 0.52 0.43 0.66 127.13 0.35 0.27 0.51 143.34 

3 G 2008-29 1.28 1.05 0.97 75.74 1.56 1.18 1.05 67.68 

4 G 2008-37 0.49 0.47 0.35 72.00 0.34 0.33 0.23 66.43 

5 G 2008-38 0.69 0.53 0.44 64.46 0.59 0.41 0.33 56.61 

6 G 2008-39 1.30 0.98 0.96 73.95 1.45 1.04 0.97 66.54 

7 G 2008-46 0.77 0.68 0.46 60.20 0.69 0.59 0.34 49.63 

8 G 2008-51 1.32 1.20 1.01 76.64 1.59 1.39 0.99 62.93 

9 G 2008-53 1.07 0.95 1.28 119.51 1.10 0.95 1.44 131.67 

10 G 2008-55 1.04 1.12 1.25 120.40 1.21 1.28 1.48 122.42 

11 G 2008-57 1.02 0.85 1.18 116.56 1.01 0.81 1.26 124.75 

12 G 2008-59 0.99 0.96 1.04 105.07 0.98 0.95 1.04 106.93 

13 G 2008-64 0.98 1.21 1.35 137.94 1.14 1.48 1.69 148.43 

14 G 2008-9 0.68 0.47 0.51 75.43 0.62 0.37 0.42 68.46 

15 G 2008-12 0.58 0.58 0.65 110.95 0.47 0.49 0.59 124.16 

16 G 2008-13 0.57 0.47 0.70 123.92 0.45 0.37 0.63 140.78 

17 G 2008-27 0.70 0.54 0.68 96.65 0.68 0.41 0.61 89.75 

18 G 2008-30 0.96 0.88 0.92 96.67 0.96 0.89 0.94 98.12 

19 G 2008-8 0.93 0.97 1.12 120.62 0.85 1.04 1.30 152.87 

20 G 2008-10 1.08 0.87 0.87 80.20 1.21 0.77 0.69 57.08 

21 G 2008-11 1.47 1.38 1.36 92.60 1.79 1.73 1.70 95.69 

22 G 2008-15 1.04 1.15 1.22 117.36 1.18 1.28 1.42 121.50 

23 G 2008-5 0.90 0.81 0.80 88.93 0.91 0.74 0.67 75.26 

24 G 2008-18 0.87 0.94 1.02 117.17 0.79 0.98 1.08 138.49 

25 G 2008-45 0.89 0.83 0.99 111.33 0.90 0.80 1.04 116.01 

26 G 2008-54 1.07 1.01 1.00 93.65 1.40 1.32 1.32 94.93 

27 G 2008-63 0.91 0.97 1.15 125.98 1.22 1.29 1.49 122.04 

28 G 2008-7 0.88 0.85 0.98 111.36 0.83 0.78 0.98 118.15 

29 G 2008-50 1.15 1.09 1.19 104.07 1.26 1.20 1.41 112.45 

30 G 2008-61 1.19 1.19 1.27 106.62 1.57 1.54 1.69 108.29 

31 GT 54-9 (Check) 1.02 0.90 0.81 79.40 1.29 1.10 0.94 73.23 

Mean 0.94 0.87 0.92 98.50 1.00 0.91 0.98 99.83 

L.S.D at 5%         

Genotypes (G) 0.05 0.07 0.05 8.83 0.12 0.12 0.07 12.18 

Crop age ( C) 0.02  0.04  

G x C 0.07  0.10  

 
 
 
cane crop with no significant difference between plant 
cane and second ratoon crops. It is worth mentioning that 
the genotypes that show either increasing or consistent in 
their yielding performance across crops with high mean 
yield over crops such as G 2008–29 (45.90 ton/fed ), G 
2008– 59 (55.62 ton/feddan), G 2008–27(41.22 
ton/feddan), G 2008–10( 45.44 ton/feddan), G 2008–
11(44.43 ton/feddan), G 2008–5(45.20 ton/feddan) and G 
2008–54(44.26 ton/feddan) could be advanced to the 
next stage of selection aiming to saving costs of 
replanting of  new  sugar  cane  fields  and   increase  the 

 economic production of sugarcane in the future. 
The previous results indicated that over evaluated 

genotypes, means of stalk diameter, stalk weight, stalk 
density and cane yield in plant cane were higher than 
those in the first and second ratoon crops. Similar results 
were reported by Milligan et al. (1990a) and El-Hinnawy 
and Masri (2009a). Changes in RA and ratoon crop yields 
are usually, but not necessarily, related (Chapman et al., 
1992). RA of cane yield and yield of cane (Table 4) 
indicated that an increase in ratoon yields may not 
increase the RA, but it would likely  increase  the  number  
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Table 4. Mean performance and ratooning ability (RA%) of thirty one sugarcane genotypes for stalk number and cane yield in plant 
cane (PC),first ratoon (FR) and second ratoon (SR) crops. 
 

S/N Clone 
Stalks number x 103 Cane yield (ton/feddan*) 

PC FR SR RA% PC FR SR RA% 

1 G 2008-23 54.53 58.54 75.78 139.16 36.09 30.48 25.48 70.75 

2 G 2008-26 73.22 81.82 64.34 87.88 38.31 35.46 42.47 111.32 

3 G 2008-29 33.20 44.47 49.76 149.85 42.59 46.79 48.32 113.47 

4 G 2008-37 68.34 75.17 78.54 114.92 33.18 35.65 27.46 82.77 

5 G 2008-38 73.45 83.59 89.80 122.28 50.32 44.32 39.61 78.83 

6 G 2008-39 26.01 31.45 30.51 117.32 33.84 30.86 29.33 86.77 

7 G 2008-46 54.89 65.29 67.91 123.77 42.29 44.09 31.47 74.46 

8 G 2008-51 35.44 37.39 40.64 114.72 46.90 44.88 41.19 87.87 

9 G 2008-53 40.49 44.45 36.56 90.29 43.29 42.41 46.64 107.96 

10 G 2008-55 40.70 33.68 22.86 56.14 42.33 37.66 28.54 67.55 

11 G 2008-57 44.39 53.00 31.14 70.20 45.09 45.13 36.84 81.94 

12 G 2008-59 55.01 58.87 53.43 97.13 54.64 56.49 55.73 102.02 

13 G 2008-64 43.22 34.18 24.51 56.84 42.33 41.24 33.10 78.27 

14 G 2008-9 65.22 77.70 76.05 116.73 44.41 36.78 39.02 87.89 

15 G 2008-12 70.10 70.66 53.87 76.88 40.88 40.93 34.83 85.20 

16 G 2008-13 62.63 85.83 54.31 86.75 35.55 40.03 38.18 107.52 

17 G 2008-27 58.03 76.78 61.44 105.95 40.64 41.45 41.57 102.35 

18 G 2008-30 31.88 37.42 34.29 108.15 30.41 32.85 31.68 104.29 

19 G 2008-8 31.17 26.53 16.10 51.80 28.96 25.60 18.06 62.61 

20 G 2008-10 35.62 55.86 56.98 160.16 38.50 48.43 49.38 128.29 

21 G 2008-11 24.52 33.76 37.34 152.93 35.98 46.53 50.77 141.20 

22 G 2008-15 37.18 22.35 18.57 49.95 38.75 25.73 22.71 58.74 

23 G 2008-5 47.26 56.46 59.16 125.31 42.56 45.72 47.31 111.17 

24 G 2008-18 44.38 36.29 23.08 52.09 38.54 34.15 23.46 60.98 

25 G 2008-45 46.33 53.61 25.77 55.68 41.21 44.63 25.51 62.01 

26 G 2008-54 42.75 43.20 43.83 102.54 45.51 43.60 43.68 96.01 

27 G 2008-63 45.98 38.12 26.55 57.97 41.78 36.70 30.39 72.95 

28 G 2008-7 38.98 40.02 19.88 51.08 34.18 33.86 19.38 56.89 

29 G 2008-50 44.23 44.81 21.00 47.51 50.58 48.87 25.01 49.45 

30 G 2008-61 44.18 40.62 29.58 67.12 52.45 48.32 37.48 71.45 

31 GT 54-9 (Check) 48.91 56.74 62.22 127.28 49.70 51.07 50.18 100.99 

Mean 47.17 51.57 44.70 94.72 41.35 40.67 35.96 87.23 

L.S.D at 5%         

Genotypes (G) 2.57 3.21 2.19 7.16 2.82 3.65 2.20 7.86 

Crop age ( C) 1.25  0.53  

G x C 2.65  2.91  
 

One feddane = .42 ha. 
 
 
of economically productive ratoon crops such as for G 
2008–59 and G 2008–27 genotypes, in which yield of the 
first genotype is greater than yield of the second 
genotype in both plant cane and second ratoon crops, yet 
they have similar RA.  

Data in Tables 5, 6 and 7 revealed that the evaluated 
genotypes varied significantly within and among crop 
cycles for total soluble solids (Brix), sucrose percentage, 
juice purity, sugar recovery and sugar yield. Over studied 
genotypes, crop age had a significant effect on juice 
quality traits in  agreement  with  the  results  obtained  by 

Milligan et al. (1990a). In contrast, El- Hinnawy and Masri 
(2009a) found that crop age had no significant effect on 
juice quality traits of sugarcane at advanced stage of 
selection. Juice quality traits in terms of Brix, sucrose, 
purity and sugar recovery percentages of most evaluated 
genotypes beside the check cultivar GT 54/9 (Tables 5 
and 6) were slightly increased or showed consistency 
with the older crops. In general, over evaluated 
genotypes, mean values of juice quality traits increased 
from plant cane to second ratoon crop. Over crops, the 
mean values of sucrose and sugar recovery  percentages  
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Table 5. Mean performance and ratooning ability (RA%) of thirty one sugarcane genotypes for brix and sucrose percentages in plant cane 
(PC),first ratoon (FR) and second ratoon (SR) crops. 
 

S/N Clone 
Brix% Sucrose% 

PC FR SR RA% PC FR SR RA% 

1 G 2008-23 21.04 21.67 21.95 104.32 17.01 17.82 18.08 106.33 

2 G 2008-26 20.25 21.15 21.82 107.77 16.11 16.97 17.83 110.68 

3 G 2008-29 21.07 21.80 22.33 106.04 17.00 17.87 18.33 107.85 

4 G 2008-37 20.16 20.61 20.76 103.07 16.24 16.67 16.65 102.63 

5 G 2008-38 21.25 21.42 22.05 103.78 17.30 17.74 18.32 105.85 

6 G 2008-39 20.85 21.44 21.67 104.03 16.15 16.84 17.37 107.58 

7 G 2008-46 21.77 22.20 22.40 103.02 17.57 18.00 18.40 104.79 

8 G 2008-51 19.81 20.21 21.03 106.15 16.25 17.05 17.29 106.45 

9 G 2008-53 21.59 22.40 22.68 105.08 17.78 18.57 18.81 105.81 

10 G 2008-55 20.96 21.09 21.95 104.80 16.65 16.70 17.52 105.45 

11 G 2008-57 20.89 21.55 21.67 103.77 16.95 16.89 17.94 106.26 

12 G 2008-59 21.52 22.71 23.01 106.92 16.83 18.53 17.88 106.58 

13 G 2008-64 22.83 20.15 21.02 92.04 18.74 16.69 16.01 85.64 

14 G 2008-9 22.08 20.84 22.30 101.02 16.98 16.58 18.73 110.52 

15 G 2008-12 18.94 21.99 23.20 122.68 14.61 17.28 17.37 118.85 

16 G 2008-13 20.69 20.87 21.67 105.03 14.99 15.93 17.22 115.18 

17 G 2008-27 19.92 21.43 22.57 113.34 15.95 16.80 17.19 107.87 

18 G 2008-30 20.37 23.20 21.95 107.91 16.83 18.64 18.38 109.37 

19 G 2008-8 21.38 21.55 21.20 99.18 16.56 15.78 18.50 111.80 

20 G 2008-10 20.23 22.73 21.67 107.12 16.12 18.42 18.06 112.02 

21 G 2008-11 18.78 19.94 20.67 110.10 14.63 15.83 16.47 112.58 

22 G 2008-15 20.47 21.20 22.19 108.41 16.54 17.17 18.08 109.31 

23 G 2008-5 20.69 21.25 21.78 105.40 16.12 16.93 17.63 109.50 

24 G 2008-18 19.92 20.95 21.61 108.48 15.15 16.25 17.01 112.31 

25 G 2008-45 19.91 20.78 20.70 103.98 15.20 16.21 16.60 109.28 

26 G 2008-54 21.09 21.46 21.52 102.07 17.67 18.00 17.70 100.21 

27 G 2008-63 20.09 21.80 21.95 109.24 16.51 17.97 18.05 109.32 

28 G 2008-7 20.82 22.07 22.29 107.04 17.15 18.33 18.60 108.45 

29 G 2008-50 21.62 22.00 22.07 102.10 17.73 18.13 18.33 103.42 

30 G 2008-61 21.13 21.34 21.83 103.34 17.58 17.95 18.42 104.81 

31 GT 54-9 (Check) 21.73 22.40 22.62 104.09 18.09 18.40 18.58 102.72 

Mean 20.77 21.49 21.88 105.53 16.61 17.32 17.79 107.40 

L.S.D at 5%         

Genotypes (G) 0.77 0.41 0.89 5.93 0.93 0.42 0.63 7.35 

Crop age ( C) 0.29  0.16  

G x C 0.71  0.68  

 
 
 
of the genotypes; G 2008–7 (18.03 and 12.08%), G 
2008–50 (18.06 and 12.07%) and G 2008–61 (17.98 and 
12.12%) were nearly the same as the check cultivar GT 
54/9 (18.36 and 12.27%). Although the evaluated 
genotypes differ significantly in their ratooning ability for 
juice quality traits, the RA of Brix value, sucrose content, 
juice purity, and sugar recovery indicated little change 
between plant cane and second ratoon crop for most 
evaluated genotypes are in agreement with the results 
reported by El- Hinnawy and Masri (2009b). Chapman 
(1988) reported that  older  crops  tend  to  mature  earlier 

than younger crops, but final sucrose concentration and 
its components, Brix, sucrose content, Juice purity, and 
sugar recovery are generally not affected by crop age.  

Sugar yield of most evaluated genotypes nearly 
followed the same trends as in cane yield. Sugar yield of 
seven genotypes; G 2008–29, G 2008–53, G 2008–13, G 
2008–27, G 2008–10, G 2008–11 and G 2008–5 was 
increased with older crops with an average yield of 5.41, 
5.43, 3.90, 4.45, 5.32, 4.57 and 5.01 ton/feddan over the 
three crop cycles, respectively. Therefore, the ratooning 
ability  value  of  these  genotypes   exceeded   the   unity  
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Table 6. Mean performance and ratooning ability (RA%) of thirty one sugarcane genotypes for purity and sugar recovery 
percentages in plant cane (PC),first ratoon (FR) and second ratoon (SR) crops. 
 

S/N Clone 
Purity % Sugar recovery % 

PC FR SR RA% PC FR SR RA% 

1 G 2008-23 80.83 82.28 82.39 101.92 11.24 11.89 12.07 107.42 

2 G 2008-26 79.56 80.21 81.72 102.71 10.55 11.16 11.85 112.33 

3 G 2008-29 80.71 81.96 82.09 101.71 11.22 11.89 12.22 108.85 

4 G 2008-37 80.52 80.85 80.20 99.59 10.71 11.01 10.95 102.38 

5 G 2008-38 81.44 82.85 83.07 101.99 11.48 11.88 12.28 106.97 

6 G 2008-39 77.50 78.53 80.15 103.53 10.41 10.95 11.42 109.75 

7 G 2008-46 80.72 81.08 82.15 101.77 11.60 11.91 12.26 105.76 

8 G 2008-51 82.00 84.35 82.24 100.30 10.82 11.52 11.53 106.61 

9 G 2008-53 82.38 82.90 82.95 100.69 11.87 12.43 12.60 106.20 

10 G 2008-55 79.52 79.20 79.82 100.79 10.90 10.91 11.50 106.19 

11 G 2008-57 81.15 78.35 82.90 102.41 11.23 10.96 12.00 107.86 

12 G 2008-59 78.24 81.60 77.71 99.64 10.92 12.31 11.55 106.70 

13 G 2008-64 82.05 82.83 76.28 93.10 12.49 11.18 10.23 82.32 

14 G 2008-9 77.03 79.52 84.04 109.45 10.91 10.85 12.63 116.53 

15 G 2008-12 77.19 78.58 74.88 97.06 9.40 11.24 10.97 116.67 

16 G 2008-13 72.45 76.30 79.59 109.80 9.28 10.18 11.27 121.76 

17 G 2008-27 80.09 78.40 76.28 95.39 10.48 10.91 10.98 104.98 

18 G 2008-30 82.60 80.35 83.80 101.42 11.25 12.28 12.37 110.13 

19 G 2008-8 77.43 73.22 87.32 112.76 10.68 9.84 12.72 119.18 

20 G 2008-10 79.67 81.04 83.41 104.69 10.57 12.19 12.12 114.76 

21 G 2008-11 77.91 79.41 79.67 102.27 9.46 10.36 10.79 114.04 

22 G 2008-15 80.83 81.01 81.47 100.84 10.93 11.36 12.00 109.85 

23 G 2008-5 77.93 79.69 80.95 103.87 10.44 11.10 11.66 111.87 

24 G 2008-18 76.05 77.56 78.73 103.54 9.67 10.49 11.08 114.63 

25 G 2008-45 76.35 78.00 80.18 105.09 9.72 10.50 10.92 112.54 

26 G 2008-54 83.77 83.88 82.25 98.19 11.90 12.13 11.81 99.25 

27 G 2008-63 82.17 82.43 82.22 100.06 11.01 12.00 12.03 109.36 

28 G 2008-7 82.38 83.09 83.46 101.33 11.45 12.29 12.50 109.20 

29 G 2008-50 82.00 82.43 83.08 101.31 11.81 12.11 12.29 104.12 

30 G 2008-61 83.21 84.14 84.39 101.44 11.79 12.11 12.45 105.61 

31 GT 54-9 (Check) 83.26 82.15 82.16 98.68 12.15 12.27 12.39 102.00 

Mean 79.97 80.59 81.34 101.85 10.91 11.43 11.79 108.57 

L.S.D at 5%         

Genotypes (G) 3.62 1.52 3.55 5.97 0.84 0.36 0.60 10.06 

Crop age ( C) 0.72  0.19  

G x C 3.02  0.62  

 
 
 
(Table 7). Of the previous genotypes; sugar yield in the 
second ratoon crop of G 2008–29 (5.90 ton), G 2008–53 
(5.88 ton) and G 2008–10 (5.99 ton) did not differ 
significantly from the yield of the check cultivar (6.22 ton), 
while its yield in plant cane and first ratoon crops was 
significantly lower than the check cultivar and this 
explains high RA value of these genotypes as compared 
to that of the check cultivar. Sugar yield of the genotype 
G 2008– 50 in plant cane ( 5.97 ton) and first ratoon (5.92 
ton ) was at bar as the check cultivar ( 6.04, and 6.26 ton 
in plant cane and first ratoon, respectively),  thereafter  its 

yield significantly decreased with the older crop (3.07 
ton). Among the evaluated genotypes, only one of them; 
G 2008–59 significantly surpassed the check cultivar in 
sugar yield during the first ratoon crop (6.96 ton), while its 
yield in plant cane (5.96 ton) and second ratoon crop 
(6.44 ton) did not differ significantly with yield of the 
check cultivar GT 54/9 (6.04, 6.26 and 6.22 ton in plant 
cane, first ratoon and second ratoon, respectively). The 
highest RA value (161.04%) for sugar yield was recorded 
by the genotype G 2008–11, indicating the superiority of 
sugar yield in second ratoon crop  over  plant  cane  crop,  
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Table 7. Mean performance and ratooning ability (RA%) of  thirty one sugarcane genotypes for 
purity and sugar recovery percentages in plant cane (PC),first ratoon (FR) and second ratoon (SR) 
crops. 
 

S/N Clone 
Sugar yield (ton/feddan) 

PC FR SR RA% 

1 G 2008-23 4.06 3.63 3.07 75.99 

2 G 2008-26 4.04 3.96 5.04 124.91 

3 G 2008-29 4.78 5.57 5.90 123.51 

4 G 2008-37 3.55 3.93 3.01 84.85 

5 G 2008-38 5.78 5.26 4.86 84.32 

6 G 2008-39 3.53 3.38 3.35 95.30 

7 G 2008-46 4.91 5.25 3.86 78.71 

8 G 2008-51 5.07 5.17 4.75 93.68 

9 G 2008-53 5.14 5.28 5.88 114.71 

10 G 2008-55 4.61 4.11 3.29 71.91 

11 G 2008-57 5.08 4.95 4.43 89.20 

12 G 2008-59 5.96 6.96 6.44 108.95 

13 G 2008-64 5.28 4.61 3.39 64.47 

14 G 2008-9 4.84 3.99 4.93 102.30 

15 G 2008-12 3.84 4.60 3.82 99.38 

16 G 2008-13 3.30 4.08 4.30 130.92 

17 G 2008-27 4.26 4.52 4.56 107.32 

18 G 2008-30 3.43 4.03 3.92 115.10 

19 G 2008-8 3.09 2.52 2.30 74.73 

20 G 2008-10 4.07 5.90 5.99 147.25 

21 G 2008-11 3.40 4.82 5.48 161.04 

22 G 2008-15 4.24 2.92 2.72 64.32 

23 G 2008-5 4.44 5.08 5.52 124.60 

24 G 2008-18 3.72 3.58 2.60 69.86 

25 G 2008-45 4.02 4.69 2.79 69.84 

26 G 2008-54 5.42 5.29 5.16 95.34 

27 G 2008-63 4.60 4.41 3.66 79.68 

28 G 2008-7 3.91 4.16 2.42 62.17 

29 G 2008-50 5.97 5.92 3.07 51.45 

30 G 2008-61 6.18 5.85 4.67 75.49 

31 GT 54-9 (Check) 6.04 6.26 6.22 102.99 

Mean 4.53 4.67 4.24 94.98 

L.S.D at 5%     

Genotypes (G) 0.52 0.44 0.35 13.48 

Crop age ( C) 0.09  

G x C 0.44  

 
 
 
while the lowest RA value (51.45%) for sugar yield was 
recorded by the genotype G 2008– 50, indicating the high 
reduction in yield in the second ratoon crop. It could be 
concluded that, among the evaluated genotypes, the 
genotype G 2008–59 seems to be the ideal one because 
of its significant superiority in cane yield and its 
acceptable juice quality traits during the three crop cycles 
that resulted in higher average mean yield of sugar (6.45 
ton/feddan) than that of the check cultivar GT 54/9 (6.17 
ton/feddan). In general,  the  superiority  of  genotypes  in 

sugar yields is firstly due to their superiority in cane yield. 
Milligan et al. (1990b), El- Hinnawy et al. (2001) and 
Masri et al. (2008) reported that cane yield was the 
predominant in determining sugar yield. Therefore, 
further improvement of sugar yield could be obtained 
through selection for high cane yield and its component 
traits.  

Examination of variance components calculated from 
the full model analysis across crops (Tables 8 and 9) 
showed that the relative influence  of  genotypic  variance  
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Table 8. Variance components, mean, heritability (H%), and genetic coefficient of variation (GCV%) for stalk length, stalk 
diameter, stalk weight,  stalk number, and cane yield  over crops. 
 

Parameter 

Stalk 
Cane yield 

(ton/feddan) Length 
(cm) 

Diameter 
(cm) 

Weight 
(kg) 

density 
(g/cm

3
) 

Number/feddan x 
10

3
 

δ
2
 g 455.501 0.085 0.06 0.144 242.527 40.159 

δ
2
 gc 18.937 0.005 0.004 0.009 23.051 8.138 

δ
2
e 4.745 0.003 0.002 0.003 0.301 0.362 

       

Mean 267.22 2.41 0.91 0.96 47.81 39.33 

       

H% 95.06 91.40 90.91 92.31 91.22 82.53 

GCV % 7.99 12.09 27.00 39.36 32.57 16.12 

 
 
 

Table 9. Variance components, mean, heritability (H%), and genetic  coefficient of variation (GCV%) for Brix,  
sucrose %,  purity %, sugar  recovery%, and sugar yield over crops. 

 

Parameter 
Brix Sucrose Purity Sugar recovery 

Sugar yield (ton/feddan) 
% 

δ
2
 g 0.192 0.414 2.731 0.295 0.678 

δ
2
 gc 0.110 0.097 0.923 0.064 0.131 

δ
2
e 0.022 0.020 0.389 0.017 0.008 

      

Mean 21.38 17.24 80.63 11.38 4.48 

      

H% 59.26 77.97 67.55 78.46 82.99 

GCV % 2.05 3.73 2.05 4.77 18.38 

 
 
 

(
2
g) in determining the phenotypic variance was primary 

to genotype by crop interaction variance (
2
gc) for stalk 

length, stalk diameter, stalk weight, stalk density, stalks 
number, cane yield, sugar yield and juice quality traits. 

Error variance (
2
e) played a smaller role in influencing 

the phenotypic variance for all studied traits. Broad sense 
heritability (H%) estimates were high for cane yield and 
its components as well as sugar yield, since it ranged 
from 82.53 for cane yield to 95.06 for stalk length, while it 
was high–moderate to moderate estimates for juice 
quality traits (59.26 ≤ H% ≥ 78.46). 

Genotypic coefficient of variation (GCV %) facilitate 
comparisons among traits with different units and scales, 
and give perspective to the variability to be potentially 
exploited for genetic gain. High GCV estimates (Tables 8 
and 9) were for stalk weight (27.01), stalk density (39.36) 
and stalks number (32.57), moderate estimates were for 
stalk diameter (12.09), cane yield (16.12) and sugar yield 
(18.38), while low estimates were for stalk length and 
juice quality traits (2.05 ≤ GCV% ≥ 7.99). 

The GCV values estimated in this study suggest a 
selection to improve a particular crop's yield component 
such as stalk weight, stalk density and stalks number. 

The different potential improvement among traits results 
at least in part from selection program's methodology 
prior to this selection stage (Breaux, 1972). Selection 
program in Egypt tends to concentrate on sucrose 
quality, stalk length and stalk diameter in its early stages. 
Therefore, genetic variability for these traits may be 
limited (Gravois, 1988; Milligan, 1988). 

It could be argued that a crop like sugar cane in which 
a single superior genotype once identified can be 
multiplied clonally. Therefore, estimates of broad sense 
heritability are more relevant to the breeder than those of 
narrow sense heritability. The previous results indicated 
high heritability estimates for cane yield components, 
cane yield and sugar yield, while moderate to low 
estimates were for juice quality traits, since it ranged from 
59.26 for Brix to 78.46 for sugar recovery. High 
heritability with high to moderate GCV was observed for 
stalk weight, stalk density, stalks number, cane yield, and 
sugar yield, suggesting the possibility of improvement of 
those traits through selection. Although heritability of 
stalks number, Brix, sucrose percentage, juice purity, and 
sugar recovery were relatively high, a lack of remaining 
variability at this stage of selection  left  little  potential  for  



Masri and Amein         273 
 
 
 

Table 10. Variance components, means, heritability (H) and genetic coefficient of variation (GCV) of ratooning 
ability for cane yield and its components in sugarcane. 
 

Parameter 
Stalk 

Cane yield 
Length Diameter Weight Density Number 

δ
2 
g 23.944 95.782 503.678 1037.02 1189.09 19.726 

δ
2
e 3.293 4.332 9.734 18.526 6.403 4.396 

       

Mean 101.56 97.37 98.5 99.83 94.72 87.23 

H% 87.91 95.67 98.10 98.24 99.46 81.78 

GCV% 4.82 10.05 22.78 32.26 36.41 5.09 

 
 
 

Table 11. Variance components, means, heritability (H) and genetic coefficient of variation 
(GCV) of ratooning ability for sugar yield and juice quality traits in sugarcane. 
 

Parameter 
Brix Sucrose Purity Sugar recovery 

Sugar yield 
% 

δ
2 
g 19.726 24.468 10.697 37.284 670.35 

δ
2
e 4.396 6.753 4.448 12.641 22.695 

      

Mean 105.53 107.40 101.85 108.58 94.98 

H% 81.78 78.37 70.63 74.68 96.73 

GCV% 4.21 4.61 3.21 5.62 27.26 

 
 
 
more gain. In this study, estimates of heritability based on 
the full model analysis across crops because of estimates 
of heritability within a crop under one environment, 
somewhat consider biased estimates, where the 
environmental effects are known to be significant in 
sugarcane (Hogarth et al., 1981; Schnell and Nagai, 
1992). Bias in heritabilities estimated under restricted 
environmental conditions was discussed by Dudley and 
Moll (1969).  

Since the goals of increased ratooning ability (RA) and 
improved ratoon crops yields are similar, comparison with 
heritability and estimated GCV for selection in the ratoon 

crop are of interest. Genotypic variance (
2
g) was primary 

to error variance (
2
e) for RA of cane yield and its 

components as well as sugar yield and juice quality traits 
(Tables 10 and 11). The largest heritability estimates of 
RA were for stalk weight (98.10%), stalk density 
(98.24%), stalks number (99.46%) and sugar yield with 
high GCV estimates for the same traits (22.78, 32.26, 
36.41 and 27.26, respectively). The GCV estimates of RA 
were low for stalk length, stalk diameter, and cane yield, 
as well as, juice quality traits (3.21% ≤ G C V ≤ 10.05%).    

El–Hinnawy and Masri (2009a) reported broad–sense 
heritability and GCV for the second ratoon crop Stalk 
length, stalk weight, stalks number, cane yield and sugar 
yield to be less than or equal heritability and GCV of RA 
for these traits. Thus selection for high RA seems to offer 
considerable potential improvement for these traits. 
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Barley (Hordeum vulgare L.) is a major food crop in Ethiopia. A high inter-annual rainfall variability, 
concomitant variable planting dates and unpredictable drought stress at any time during the rainy 
season are severe constraints to barley production in Ethiopia. To study genotype by environment (G x 
E) interactions and grain yield stability, 18 barley genotypes (three landraces and 15 improved cultivars) 
were evaluated for yield and flowering time in two locations (Ambo and Jimma) and four staggered 
sowing dates over two years (2012-2013) giving a total of 16 environments. It was observed a wide 
phenotypic variation over environments for both grain yield (677-2,944 kg ha

-1
) and days to 50% 

flowering (63-82 days). Considering the 18 genotypes and 16 environments, both genotype (G) and G x 
E interaction variance components were highly significant for grain yield, with a ratio of approximately 
1:1. The G x E analysis revealed that the first two interaction principal component axes (IPCA1 and 
IPC2) in an additive main effect and multiplicative interaction (AMMI) model  explained 66.1% of the total 
G x E interaction for grain yield (P < 0.001). Of the 16 environments, 12 grouped into two clusters which 
largely corresponded to test locations. The tested genotypes revealed a wide variation for both static 
and dynamic yield stability measures. Compared to improved cultivars, farmers' landraces displayed 
higher average static stability (e.g. IPCA1; P = 0.017) and similar superiority indices (dynamic stability). 
These landraces are therefore a source of germplasm for breeding resilient barley cultivars. Staggered 
planting proved to be a useful method for evaluating genotype stability across environmental factors 
beyond location and season.   
 
Key words: G x E interaction, additive main effect and multiplicative interaction (AMMI), stability, landrace, 
barley, Ethiopia. 

 
 
INTRODUCTION 
 
 Barley (Hordeum vulgare L.) is a major cereal crop in 
Ethiopia and accounts for 8% of the total cereal 
production based on a cultivation area  of  1,018,753 ha 

in 2013 (CSA, 2013). Ethiopia is a center of barley 
diversity (Lakew et al., 1997) with a high level of 
morphological variation between landraces that resulted  
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from adaptation to diverse climatic conditions and soil 
types. Long- term geographic isolation likely contributed 
to this diversity (Mekonnon et al., 2014) because barley 
is a founder crop of Old World agriculture and may have 
been cultivated in Ethiopia for the last 5,000 years 
(Bekele et al., 2005). In the present time, farmers 
cultivate barley in Ethiopia from 1,400 to over 4,000 
meters above sea level (m.a.s.l) under highly variable 
climatic and edaphic conditions (Asfaw, 2000). Barley is 
used as food, fodder and beverage in more than 20 
different ways, which reflects its cultural and nutritional 
importance (Shewayrga and Sopade, 2011; Abraha et 
al., 2013). One key challenge in barley breeding is to 
develop varieties that are able to face the challenges of 
changing climatic conditions and agricultural systems. 

A frequent goal of plant breeding for areas with 
limited resources for agricultural inputs is to produce 
varieties with higher average yield across diverse 
environments. Genotype by environment (G x E) 
interactions, however, frequently interfere with the 
selection of widely adapted genotypes (Ceccarelli and 
Grando, 1997). Although the breeding of varieties 
adapted to specific environments and cultivation 
practices is an alternative strategy to address the 
problem of low yield, changing weather patterns during 
periods of crop cultivation require the development of 
varieties with high yield stability in fluctuating 
environments. This notion is supported by 40 years of 
meteorological data, which indicate a decrease in 
rainfall from June to September (the main cropping 
season in most parts of Ethiopia) in the south western 
and central parts of Ethiopia (Cheung et al., 2008). As a 
consequence, temperature and rainfall extremes may 
differ substantially between locations (Mekasha et al., 
2014). 

Landraces represent over 90% of the cultivated 
barley diversity of Ethiopia (Hadado et al., 2010), and 
reflect a deeply rooted and ancient relationship between 
barley and Ethiopian farmers. So far, the national 
agricultural system did not deliver significantly better 
performing cultivars that are suitable for the cropping 
system of resource-poor smallholder farmers and may 
replace landraces (Mulatu and Lakew, 2011). 
Therefore, knowledge about the yield stability of 
existing Ethiopian barley varieties and landraces under 
changing environmental variables is important for the 
future development of barley varieties. Moreover, 
although barley landraces are widely cultivated in 
Ethiopia and considered to be an important source of 
genes for stability traits, information about their yield 
stability across variable environments  is  currently  very 

 
 
 
 
limited in the scientific literature.In an eco-
geographically diverse environment like Ethiopia, crop 
production is highly dependent on the timing of local 
growth seasons, and on the distribution and total 
amount of rainfall. Farmers may face unpredictable 
rainfall and drought stress patterns such as terminal 
drought where rainfall ends before crops have 
completed their physiological maturity (Cheung et al., 
2008), which then poses a challenge to crop production. 
The absence of efficient weather forecasts and a lack of 
efficient communication channels for resource-poor 
farmers ask for the development of varieties that are 
robust to such irregularities. Therefore, it is useful to 
evaluate the robustness of barley varieties against late 
onset and early termination of rainfall. 

In this study, our main goal was to test whether a 
staggered planting date in different locations and years 
allows identifying genotypes with low G x E and stable 
yields. We used this approach to compare the yield 
performance of a diverse set of Ethiopian barley 
landraces and improved cultivars and to test for 
differences in the environmental stability between the 
two groups. 
 
 
MATERIALS AND METHODS 
 
Genetic material 

 
A total of 18 Ethiopian barley genotypes consisting of 15 
improved cultivars and three landraces were included in the 
experiment. The cultivars and one widely used landrace were 

obtained from Holetta Agricultural Research Center (HARC) of 
Ethiopia and two local landraces were obtained from barley 
growers at Jimma and Ambo, respectively. The landraces 
represent the dominant landraces of the region. The improved 
cultivars were chosen based on their diversity in adaptation and 
genetic background. They are grown in different parts of the 
country and differ in traits like stress tolerance and grain yield 
(Table 1). 
 

 
Description of the study area 

 
The experiment was conducted at two locations in Ethiopia, Ambo 
and Jimma that differ in altitude, soil type and land coverage, 
mean annual rainfall and other characteristics (Table 2). 

 
 
Definition of environments 

 
We defined the different environments as combinations of two 
locations (Jimma and Ambo), two seasons (2012, 2013) and four 
sowing dates (done in approximately 15 day intervals between 
mid-June and end of July in each year), resulting in a  total  of  16 
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Table 1. Summary of Ethiopian barley genotypes used in the study. 
 

Code Name Selection history Desirable traits of the variety other than yield 

G1 Dribie Selection from ICARDA  germplasm Tolerant to drought 
    

G2 Agegnehu 
Released cultivar  derived from a landrace accession # 218950 
obtained from the Ethiopian Institute of Biodiversity (EIB) through 
pure line selection 

Tolerant to major barley leaf diseases  (Pyrenophora teres and 
Rhynchosporium secalis) and adapted to low moisture areas 

    

G3 Biftu 
Released cultivar derived from a farmers variety 'Shasho' through 
pure line selection 

Early vigor and tolerant to shoot fly (Delia flavibasis Stein) and 
suitable for both main  and short seasons 

    

G4 Estayish 
Released cultivar derived from a landrace accession # 218963 
obtained from EIB through pure line selection 

High quality grain (white seeded), high market value 

    

G5 Meserach 
Released cultivar derived from a farmers' variety 'Kulumsa' through 
pure line selection 

Early maturing and tolerant to major leaf diseases (R.  teres and R.  
secalis) 

    

G6 Shedeho 
Released cultivar derived from a landrace accession # 3381 
obtained from EIB through pure line selection 

High quality grain (white seeded), high market value 

    

G7 Misccal 21 
Selection from ICARDA germplasm and  released as  dual  

purpose barley  (food and malt ) 

High yielding with good malting quality; resistance to lodging  with 
multiple disease resistance 

    

G8 HB42 
Released cultivar, a cross made at Holetta from IAR/H/81/ 
Composite 29 //Compound14/20 / Coast 

Resistant to scald (R. secalis) and good biomass yield 

    

G9 EH1493 
Released cultivar, a cross made at Holetta from white sasa/ 
Composite 29//white sasa 

High yielding, late maturing 

    

G10 HB1307 
Released cultivar, a cross made at Holetta from Awura gebs-
1/IBON 93/91 

High yielding, lodging resistant, resistant to leaf diseases (P. teres 
and R. secalis) with good biomass yield and white seeded 

    

G11 
Jimma Local 

(local check) 
Farmers’ variety (landrace)  at Jimma, Ethiopia Early maturing 

    

G12 Dimtu 
Released cultivar derived from a landrace accession # 3369 
obtained from EIB through pure line selection 

Good yield under low input conditions with good biomass yield 

    

G13 Basso 
Released cultivar derived from a landrace accession # 4731 
obtained from EIB through pure line selection 

Suitable for main and short seasons 

    

G14 Cross 41/98 
Released cultivar, cross made at Holetta from 50-16/3316-03// 
HB42/Alexis 

High yielding, late maturing 

    

G15 Abay 
Released cultivar derived from a landrace accession # 3357 
obtained from EIB through pure line selection 

High quality grain (white seeded) with long spike and medium to 
early maturity 

    

G16 
Ambo Local 

(local check) 
Farmers’ variety (landrace) at Ambo, Ethiopia Suitable for main season with big grain size 

    

G17 Balame Dominant farmers' variety (landrace) at West Shoa, Ethiopia Tolerant to low soil fertility and drought, good flour quality 
    

G18 Shege 
Released cultivar derived from a landrace accession # 3336 
obtained from EIB through pure line selection 

Good yield under low input conditions and tolerant to major leaf 
diseases (P.  teres and R. secalis) 

 
 
 
environments (Table S1). No serious moisture stress was 
experienced right after all four sowing dates in the two seasons 

and locations, except at the fourth sowing date at Jimma in 2012. 
In both years, the rainy season finished earlier at Ambo than 
Jimma (Figure S1). 

Experimental design 

 

A randomized complete block design (RCBD) was used for each 
combination of location, season and sowing date. The dimension 
of a single plot was 2.4 m width  and  2.5 m  length  (6 m

2
)  and  it  
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Table 2. Characteristics of the two test locations in Ethiopia. 
 

Characteristics 
Location 

Ambo Jimma 

Position relative to Addis Ababa 135 km West 365 km Southwest 

Latitude 8
o
57’N 7

o
42’N 

Longitude 37
o
45’E 36

o
48’E 

Altitude (m.a.s.l.) 2,005 1,790 

Mean annual rainfall (mm, average over 20 years) 1,041 1,625 

Min., Mean and Max Temperature (°C) over 20 years 10.2, 18.0 and 26.3 11.3, 18.5 and 26.5 

Soil type Clay Clay loam 

Soil organic matter (%) 5.14 - 5.54 5.93 - 6.33 

Soil cation exchange capacity (meq/100 g soil) 36.0 - 37.2 31.6 - 33.8 

Soil pH (Gerba et al., 2013) 6.63 - 6.85 6.11 - 6.19 

Land coverage 
Crops like wheat, barley and 

maize 
Denser in forest coverage as part 

of tropical rainforest 

Total rainfall (mm) in the 2012 growing season (June-December) 894 880 

Total rainfall (mm) in the 2013 growing season (June-December) 887 1,036 

 
 
 
was planted with 12 rows at a distance of 0.2 m between, which 
corresponded to Holetta Agricultural Research Center (HARC) 

recommendations. 
 
 
Trial management 

 
Fifty-one grams of barley seeds were manually drilled per plot as 
recommended by HARC. Fertilizer was applied to each trial field 
as 100 kg diammonium phosphate (DAP) and 50 kg urea per 
hectare split into two time points. 15 g of Urea and 30 g of DAP 
were added to a plot at time of sowing and the same amount at 
the tillering stage. The trial plots were weeded by hand. 
 
 
Data collection 

 
The traits measured were grain yield (kg ha

-1
) and days to 50% 

flowering. To measure grain yield, matured spikes were harvested 

from ten inner rows of each plot when the seeds were matured. 
The spikes were then further dried and threshed. The clean seeds 
were dried in the oven until the moisture content was zero to 
avoid a bias in moisture content between different harvests. The 
yield was adjusted to 12.5% moisture content in kg ha

-1
. To 

determine days to 50% flowering, the date was counted from 
sowing to 50% of the spikes were completely emerged from the 
leaf sheaths in a plot based on visual assessment. 
 

 
Statistical analysis 

 
The grain yield data were analysed with GenStat for Windows 
17th Edition (VSN International, 2014). A two-way ANOVA 
determined the effect of environment on grain yield, and a four-
way interaction ANOVA was carried out to examine the main and 
interaction effects of factors on grain yield with the following 
model: 

 
Xijklm= μ + Yi + Gj + Lk + Sl + (YG)ij + (YL)ik + (GL)jk + (YS)il + (GS)jl 

+ (LS)kl + (YGL)ijk + (YGS)ijl + (YLS)ikl + (GLS)jkl + (YGLS)ijkl + εijklm                                                                            
(1)                                                                                                                                                                

 
Where Xijklm = the value of treatment in the i

th
 Year, j

th
 Genotype, 

k
th
 Location, l

th
 Sowing date and m

th
 replication; μ = grand mean; 

Yi = ith Year; Gj = j
th
 Genotype; Lk = k

th
 Location; Sl = l

th
 Sowing 

date; (YG)ij... = interactions between Year, Genotype, Location 
and Sowing date etc.; and εijklm = error of Xijklm. 

 An additive main effect and multiplicative interaction (AMMI) 
model was used to dissect the G x E interaction (Gauch, 1992) 
using the Meta Analysis function in GenStat. Each combination of 
location, season and sowing date was considered as an 
environment giving a total of 16 environments. The AMMI model 
for 18 genotypes and three replications was defined as (Gauch 
2013): 

 

    (2)                                                                     
 

where Yijr = yield of the i
th
 genotype in the j

th
 environment for 

replicate r,  μ = the grand mean,  αi = the genotype deviation from 
the grand mean, βj = the environment deviation, λk = the singular 
value for the interaction principal component (IPC) k, γik = the 
eigenvector value for genotype i and component k, δjk  = the 
eigenvector value for environment j and component k, ρij = the 
residual, τr(e) = the block effect for replication r within environment 
j, and εijr = the error. 
 
 
Stability analysis 

 
The static and dynamic yield stability concepts describe the 
differential response of genotypes to variable environments 
(Becker and Leon, 1988). Under the static stability concept, the 
yield performance of genotypes remains constant in different 
environments, whereas under the dynamic stability concept the 

response of a stable genotype to the environment is parallel to 
the average response of  all  genotypes  in  the  trial  (Becker  and  
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Figure 1. Boxplots for mean grain yield (A and B) and days to 50% flowering (C and D) as affected by the 16 environments and 18 

genotypes, respectively. Individual letters (a-n) above each box plot shows significant differences and box plots with different letters 
are significantly different (P < 0.05) from each other. Stars above box plots indicate outliers. 

 
 
 
Leon, 1988). We estimated the following stability indices with 

GenStat: 
 
(1) Superiority index (SUP): This index, proposed by Lin and 
Binns (1988), measures the distance in grain yield of a given 
genotype to the genotype with the maximum performance in each 
environment. It consists of a non-parametric analysis, which is 
simpler and addresses the limitations of a linear regression 
analysis (Oliveira et al., 2013). A small SUP value indicates a 
better fit of a genotype to the dynamic stability concept. 

(2) Static stability coefficient (SSC): This index measures the 
consistency of genotype performance for grain yield. It is based 
on environmental variances i.e. the variance of yields of each 
genotype over test environments (Lin et al., 1986; Becker and 
Leon, 1988). A low value (closer to zero) of this coefficient 
indicates a better fit of a genotype to the static stability concept. 
(3) The first interaction principal component axis (IPCA1):  IPCA1 
values obtained from the AMMI model indicate the position of 

genotypes on an AMMI biplot. Genotypes with an absolute value 
close to zero have a higher static stability. 
(4) AMMI stability value (ASV): This value is calculated from the 

IPCA1 and IPCA2 scores of each genotype in the AMMI model 

and the two main principal component axes (PC1 and PC2; Zali 
et al., 2012). This parameter also follows the static stability 
concept and ranks genotypes with low values as more stable 
(Purchase et al., 2000). 

To test for differences in the stability parameters between 
landraces and cultivars, we used the Mann-Whitney U (Wilcoxon 
rank-sum) test. 

 
 
RESULTS 
 
Environmental means, repeatability and 
differentiation among entries 
 
The field trials revealed a strong effect of the 
environment on grain yield (Figure 1A). Environmental 
means for grain yield differed between the 16 
environments  and  ranged  from  677  to  2,944 kg ha

-1
, 
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Table 3. ANOVA showing the effects of genotypes, environments and G x E interaction on grain yield and days to 
50% flowering of 18 barley varieties grown in 16 environments (location-season-sowing date combinations in 
Ethiopia). 

 

Source of variation D.F 
Grain yield Days to 50% flowering 

MS Variance MS Variance 

Genotype 17 8,479,572*** 165,140 3,584.1*** 73.0 

Environment 15 17,750,843*** 318,481 1.515.5*** 26.6 

G x E 255 552,873*** 151,831 81.7*** 22.0 

Error 574 97,383 97,383 15.8 15.8 

Total 863     
 

DF, degree of freedom; MS, means squares.
 
***significant at P < 0.001 probability level. 

 
 
 
with an overall mean of 1,447 kg ha

-1
 (2-way ANOVA, P 

< 0.001; Table 3 and Table S2). Pair wise comparisons 
of factors revealed that (i) the later (fourth) sowing date 
produced lower yields (1,191 kg ha

-1
) than the earlier 

(first) sowing date (1,364 kg ha
-1

; t-test, P < 0.05); (ii) 
genotypes performed better at the Ambo site (1,873 kg 
ha

-1
) than at the Jimma site (1,182 kg ha

-1
; t-test, P < 

0.001) and (iii) genotypes performed better in 2013 
(1,593 kg ha

-1
) than 2012 (1,463 kg ha

-1
; t-test, P < 

0.05). The environment also affected the number of 
days to 50% flowering with means ranging from 63 to 
82 days (2-way ANOVA, P < 0.001; Tables 3 and S3). 
Late sowing caused a longer time span to 50% 
flowering (73 days) than early sowing (66 days; t-test, P 
< 0.01). Genotypes were differed for grain yield and 
days to 50% flowering ranging from 525 to 2,119 kg ha

-1
 

for grain yield and 58 to 88 days to 50% flowering (2-
way ANOVA, P < 0.001; Tables 3, S2 and S3). The 
three top yielding genotypes were improved varieties, 
whereas the lowest yielding genotype, Balame (G17) 
was the landrace most widely used by Ethiopian 
farmers. Grain yield was negatively correlated with days 
to 50% flowering across the 16 environments, but with 
variable significance levels. The correlation coefficients 
between grain yield and days to 50% flowering ranged 
from -0.33 to -0.88 (Table S3). Estimated repeatability 
ranged from 0.46 to 0.92 for grain yield, and from 0.52 
to 0.98 for days to 50% flowering among environments 
(Table S2 and S3). Repeatability did not differ between 
locations or sowing dates. 
 
 
Variance components 
 
Genotype (G), environment (E) and genotype-by-
environment (G x E) interaction affected both grain yield 
and days to 50% flowering (2-way ANOVA, P < 0.001). 
For grain yield, the ratio of G to G x E variance was 
nearly one (Table 3).  A combined ANOVA of genetic 
and environmental factors revealed significant effects of 

G (P < 0.001), genotype-by-location (G x L; P < 0.001), 
genotype-by-sowing date (G x SD; P < 0.001) and 
genotype-by-year (G x Y; P < 0.01) for grain yield. 
Ratios of G variance to G x SD, G x L and G x Y 
interactions were about two, three and nine times, 
respectively (Table 4). 
 
 
Level of genotype x environment interactions 
 
The AMMI  analysis of variance for grain yield and days 
to 50% flowering of the 18 barley genotypes evaluated 
in  16 environments showed that G x E had a significant 
effect on trait values (P < 0.001). The environment 
explained 48.3% of the total sum of squares implying 
that the environments were sufficiently diverse to 
differentiate between genotypes. The remaining 26.1 
and 25.6% of the variation resulted from genotype and 
G x E effects, respectively.  The partitioning of the G x 
E interaction revealed that IPCA1 captured 44.4% and 
IPCA2 21.7% of variation in grain yield. Similarly, 43.9 
and 20.2% of the interaction was explained by IPCA1 
and IPCA2, respectively, for days to 50% flowering. The 
mean squares of the two components (IPCA1 and 
IPCA2) were differed significantly (AMMI ANOVA, P < 
0.001) and explained a total of 66.1 and 64.1% of the 
variance of the G x E interaction in grain yield and days 
to 50% flowering, respectively (Table 5 and Figure 2A 
and B). 

Environments and genotypes showed much variation 
for both traits in terms of main effects and their 
interaction. For example, genotype G11 located close to 
the origin in the biplot and showed low IPCA1 and 
IPCA2 values suggesting little interaction with the 
environment and a good performance for grain yield 
compared to other genotypes. In contrast, G5, G8 and 
G18 were the most unstable genotypes because they 
were more distant to the origin of the biplot. With 
respect to the contribution of environments to G x E 
interactions, environments 13A3, 13A2 and 12A2 
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Table 4. Combined ANOVA showing mean square and variance components of grain yield and days to 50% flowering of 18 
barley genotypes in 2012 and 2013. 
 

Source of variation D.F 
Grain yield Days to 50% flowering 

MS Variance MS Variance 

Genotype (G) 17 8,479,572*** 152,320 3,584.0*** 74.0 

Location (L) 1 92,588,723*** 209,549 3,586.0*** 6.1 

Year (Y) 1 3,291,308** 6,248 7,995.0*** 15.5 

Sowing date (SD) 3 26,326,767*** 144,169 2,480.0*** 8.9 

G x Y 17 592,165** 16,611 100.2*** 0.1 

G x L 17 2,063,589*** 46,886 141.1*** 1.8 

G x SD 51 505,003*** 87,994 60.8*** 8.4 

G x Y x L 17 304,863*** 5,285 96.8*** 1.3 

G x Y x SD 51 463,031*** 93,197 85.9*** 1.2 

G x L x SD 51 487,641*** 84,449 81.6*** 12.6 

G x Y x L x SD 51 321,820** 132,557 67.5*** 25.9 

Residual 574 97,383 97,383 15.8 15.8 

Replication 2 153,190  26.4  

Total 863     
 

DF, degree of freedom; MS, means squares.
 
*, **, ***Significant at P < 0.05, P < 0.01, P < 0.001 probability level, respectively. 

 
 
 

Table 5. ANOVA of the AMMI model with 18 barley genotypes based on grain yield and days to 50% flowering in 16 environments. 

 

Source of variation 
Grain yield Days to 50% flowering 

DF MS % explained by IPCAs DF MS % Explained by IPCAs 

Treatments 287 1,921,248***  287 364.1***  

Genotype (G) 17 8,479,572***  17 3584.1***  

Environment (E) 15 17,750,843***  15 1515.5***  

Block 32 140,171*  32 12.7  

G x E 255 552,873***  255 81.7***  

IPCA 1 31 2,018,458*** 44.4 31 295.1*** 43.9 

IPCA 2 29 1,056,456*** 21.7 29 145.3*** 20.2 

IPCA 3 27 407,506*** 7.8 27 137.7*** 17.8 

IPCA 4 25 409,232*** 7.3 25 50.9*** 6.1 

IPCA 5 23 300,351*** 4.9 23 44.5*** 4.9 

IPCA 6 21 304,051*** 4.5 21 25.4* 2.6 

IPCA 7 19 231,757*** 3.1 - - - 

Residual 80 110,541  99 7.2  

Error 544 95,072  544 16.0  

Total 863 704,058  863 131.7  
 

DF, degree of freedom; MS, mean Squares; IPCA, interaction principal component axis. *, **, ***Significant at P < 0.05, P < 0.01, P < 0.001 probability 
level, respectively. 

 
 
 
contributed most as indicated by their distance to the 
origin in the biplot (Figure 2A) and allowed a better 
discrimination of genotypes. Environments 12J3, 12J4, 
12A3 and 13A4 had the least effect on G x E 
interaction. 

Among the 16 environments, 12 grouped into two 

clusters of seven and five environments, with a clear 
separation to the remaining four environments (Figure 
2A). All environments except one of the first cluster 
were located in Jimma and showed high repeatability 
values ranging from 0.64 to 0.91.  The environments of 
the second cluster were all located  in  Ambo  (with  one 
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Figure 2. AMMI biplots showing relationships among 18 barley genotypes and 16 environments 

(location-season-sowing date combinations in Ethiopia) for grain yield (A) and days to 50% flowering 
(B). 

 
 
 
exception) and also showed a high repeatability ranging 
from 0.63 to 0.92.   
 
 
Estimation of stability parameters and difference 
between cultivars and farmers' landraces 
 
Superiority index (SUP) values ranged from 149 to 
1,969, and static stability coefficient (SSC) values from 
211 to 791. They indicate large differences among 
tested genotypes for both dynamic and static yield 
stability (Table 6). Based on three static stability 
parameters, the three landraces had a higher static 
stability because the overall average rank was 4 for the 
landraces and 11 for the modern cultivars. Significant 
differences between the landraces and the modern 
cultivars were observed for the three static stability 
parameters SSC, IPCA1 and ASV, but not for the 
dynamic stability parameter SUP (Table 7). 
 
 
DISCUSSION 
 
Relative effects of location, year and sowing dates 
on grain yield 
 
The two locations for the field trials were selected on 
the basis of their differences in agro-ecological features. 
Ambo represents a temperate, intermediate highland 
region with intensified barley production. The area is 
mainly known for the production of cereals like barley 
and wheat (Mengistu, 2010). Jimma is located in the hot 
and humid zone of tropical rain forest of the 
southwestern part of Ethiopia. Since its elevation is in 
the mid-altitude range, it is characterized by denser tree 

coverage. The main crops of this region are maize and 
sorghum, although wheat and barley are also produced 
(Yisehak, 2008). As shown in Figure S1, the two 
locations differ in the pattern of rainfall distribution, and 
in the minimum and maximum temperature that likely 
contribute to the effect of the two locations on the grain 
yield performance of barley. 

The staggered sowing dates were chosen to include 
the regular date of sowing according to the local sowing 
calendar, but included earlier and later dates to produce 
a larger environmental variation, in particular drought 
stress at different stages of plant development, in order 
to evaluate diverse local conditions on yield and G x E 
interactions. 

It was examined the overall grain yield performance 
of genotypes in relation to the growth conditions of the 
different environments. The low grain yield at Jimma 
ranged between 896 to 1,284 kg ha

-1
 and may result 

from the moisture stress experienced during the 
flowering stage of environments 12J3, 12J4 and 13J4 in 
combination with the extended rainfall during the 
maturity stage. Drought stress during flowering can 
strongly affect yield in barley (Vaezi et al., 2010). In 
contrast, the late sowing dates of 2013 at Ambo (13A3 
and 13A4) did not result in drought stress during 
flowering and did not affect grain yield much, possibly 
because the higher amount of rain prior to the end of 
the rainy season was stored in the soil. Residual soil 
moisture contributes to the completion of developmental 
stages in barley and other crops (Asfaw, 2000). In 
general, location and sowing dates displayed highly 
significant effects on grain yield of barley in our set of 
genotypes (Table 4) and the staggered planting was 
seen as additional means to allow genotypes respond 
differently  to  the  array  of   environments   apart   from 
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Table 6. Mean grain yield (kg ha
-1

) and estimated yield stability parameters of 18 barley genotypes evaluated across 16 
environments (location-season-sowing date combinations in Ethiopia). 
 

Genotype 
Grain yield SUP SSC IPCA1 ASV 

Value Rank Value Rank Value Rank Value Rank Value Rank 

G1 2119 1 149
*
 1 522

*
 10 -19.3 14 39.6 14 

G2 1922 2 204 2 657 15 10.3 7 21.2 7 

G3 1749 6 395 7 566 12 14.5 10 29.6 8 

G4 1695 7 368 6 664 16 15.5 13 31.0 10 

G5 1819 5 333 5 791 18 19.5 15 40.0 16 

G6 1516 8 398 8 780 17 11.0 8 22.9 12 

G7 1848 3 224 3 559 11 4.9 4 10.6 3 

G8 1186 15 1133 16 473 9 -37.9 18 77.3 18 

G9 1317 13 840 12 395 6 -19.9 16 40.8 15 

G10 1347 9 728 10 385 5 -2.9 3 7.0 4 

G11
(LR)

 1847 4 270 4 211 1 1.1 1 2.4 1 

G12 1034 16 1115 15 580 13 12.3 9 25.6 11 

G13 1262 14 905 14 618 14 15.1 12 31.1 13 

G14 1330 12 742 11 321 3 -15.0 11 30.6 9 

G15 1461 10 489 9 361 4 5.9 5 12.3 2 

G16
(LR)

 734 17 1507 17 458 8 6.5 6 13.8 6 

G17
(LR)

 528 18 1969 18 274 2 2.6 2 6.9 5 

G18 1337 11 882 13 437 7 -24.3 17 49.8 17 
 

LR = landraces, SUP = superiority index, SSC= static stability coefficient, IPCA1 = the first interaction principal component axis; ASV = 
AMMI stability value, * = numbers are divided by 1000. 

 
 
 

Table 7. Summary of Mann-Whitney U (Wilcoxon rank-sum) test showing significant difference in 

static yield stability between landraces and improved cultivars. 

 

Stability parameter Mean rank of landraces Mean rank of cultivars P-value 

SSC 4 11 0.039
*
 

IPCA1 3 11 0.017
*
 

ASV 4 11 0.027
*
 

SUP 13 9 0.25
NS

 
 

SSC, static stability coefficient; IPCA1, the first interaction principal component axis; ASV, AMMI stability 
value; SUP, superiority index.

 * 
significant at P < 0.05, 

NS 
non-significant. 

 
 
 
location and year difference. The combination of year, 
location and staggered planting date efficiently creates 
a diversity of environments to test the environmental 
stability of barley genotypes. However, the effect of 
location was the strongest because it divided the 
genotypes in to two groups based on grain yield 
performance (Figure 2A). 
 
 
Patterns of G x E interaction 
 
The multi-environment testing of genotypes to assess G 
x E interactions  and  genotype  yield  stability  plays  an 

important role in either selecting widely adapted 
genotypes to be used across different environments, or 
in selecting genotypes specifically adapted to a 
particular sub-set of environments. In this regard, 
different trials assessed the differential response of 
barley across environments and mainly accounted for 
location and seasonal variation (Abdipur and Vaezi, 
2014; Sarkar et al., 2014; Mehari et al., 2014). To fully 
exploit the differential responses of genotypes under a 
wider range of environments apart from location and 
year differences, testing genotypes at different sowing 
dates enables to include more environmental variables 
like moisture levels or atmospheric and soil temperature 
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regimes which also appear in farmers’ fields. As 
expected, our trial revealed a substantial genotype-by-
sowing date (G x SD) interaction (P < 0.001; Table 4) 
suggesting that genotypes differed in their ability to 
cope with early versus late planting dates. 
Understanding such patterns may allow specific variety 
recommendations and optimized selection of varieties 
by farmers, depending on the actual sowing date and 
given that an appropriate seed system is in place.   

The dissection of G x E interactions in the current trial 
suggested that 12 out of the 16 environments grouped 
into two clusters or mega-environments. These clusters 
largely corresponded to the two locations, Jimma and 
Ambo, suggesting that genotypes that produce high 
grain yields in both highly distinct environments 
(locations) can be considered as adapted genotypes for 
these locations.   
 
 
Specific advantages of landraces over improved 
cultivars 
 
Among the genotypes investigated, 11 were pure line 
selections from local landraces, four resulted from 
crosses followed by successive selfing, and three were 
farmer landraces. The four stability parameters 
analyzed in the study were based on either the static 
stability concept, that is, genotypes with stable and high 
yield (SSC, IPCA1 and ASV) or the dynamic stability 
concept, that is, genotypes that respond with a higher 
yield if the environment improves (SUP). The G11 
landrace (Jimma Local) was the most stable of all 
genotypes by all three static stability parameters. 
Another landrace (G17, Balame) was classified as the 
second most stable genotype by two of the three 
measures although the mean grain yield was not high. 
The landraces showed a higher static stability than 
improved cultivars (Table 7), which was also observed 
in previous studies on maize (Salazar et al., 2007), 
wheat (Jaradat, 2013) and field crops in general 
(Oliveira et al., 2013). The higher genetic diversity of 
landraces highly contributes to their increased stability 
(Ceccarelli, 1994). Since barley is mainly a self-
pollinated crop, barley landraces are mixtures of mostly 
homozygous genotypes (Brown, 1978; Rodriguez et al., 
2012) and landraces with a better mean grain yield can 
readily be utilized or be used as a basis for further 
improvement provided that static stability is considered 
important by the farmers and breeders. Improved 
cultivars like G1, G2 and G7 performed better than 
farmers’ landraces in terms of dynamic stability (SUP), 
but the differences were not statistically significant. 
Improved cultivars usually tend to respond better to 
optimal environmental conditions than landraces 
(Pswarayi et  al.,  2008),  and  hybrids  of  winter  barley  

 
 
 
 
showed a higher dynamic yield stability than lines 
(Mühleisen et al., 2014). The wide range of SUP values 
in our trial for both landraces and improved cultivars 
suggest that both types of varieties can be improved 
significantly for dynamic stability. The current study 
included three landraces: The dominant farmers' variety 
in West Shoa region of Ethiopia (Balame) and two other 
landraces from the location where the field experiment 
was conducted (Ambo Local and Jimma Local). An 
inclusion of more landraces from other barley growing 
regions might be helpful to fully investigate the relative 
performance in terms of grain yield and stability of 
improved cultivars and barley landraces in Ethiopia. 
However, the present results suggest that the G11 
landrace (Jimma Local) is the best candidate for risk-
averse farmers who prefer static stability combined with 
high mean yield. In contrast, genotypes G1 (Dribie), G2 
(Agegnehu) and G7 (Misccal 21) are improved cultivars 
with a high dynamic stability and are suitable varieties 
for farmers favouring dynamic response to better 
growing conditions and providing higher inputs. 
 
 
Scope for exploiting specific adaptation to factors 
that are known before planting 
 
The AMMI biplot grouped the testing environments into 
two groups characterized by the two locations (Figure 
2A), which indicates that selection needs to be done 
separately for the two regions if the breeding objective 
is specific adapting cultivars for the locations. Although 
the grouping was based on location, the highly 
significant G x L and G x Y x L, G x Y x SD interaction 
effects (Table 4) suggested that the selection of new 
barley varieties requires field trials in different and 
multiple years, but also at different sowing dates to 
asses yield stability by accounting for variation in the 
beginning and end of the rainfall season. This notion is 
supported by a study in sweet sorghum, which reported 
a high G x E interaction with sowing date as the largest 
contributor to the interaction (Reddy et al., 2014). Some 
genotypes performed very well in specific 
environments, and their specific adaptation can be 
attributed to a priori known factors like location. 

The differential performance of genotypes over test 
environments raises the question, which traits are 
mainly responsible for the differences. For example, 
genotype G1 was identified as best overall genotype for 
the Jimma location because of its high yield, whereas 
genotype G11 exhibited the best static stability. Both 
were the two earliest flowering genotypes among the 18 
tested (Figure 1D and Table S3). They reached the 
stage of 50% flowering plants on overall average at 58 
(G1) and 57 days (G11) after sowing, respectively, 
which was 12 and 13 days earlier than the average over  



 

 

 
 
 
 
all genotypes (70 days). This result and the negative 
correlation of grain yield and flowering time in 13 of the 
16 environments indicates the importance of early 
flowering for yield performance and stability. Similarly, 
early flowering genotypes of wheat showed less yield 
reduction after stress than late flowering genotypes 
(Talukder et al., 2014), and early maturing Ethiopian 
barley landraces performed better than late maturing 
ones in a year of high season-end drought (Sinebo et 
al., 2010). Therefore, breeders can consider days to 
50% flowering as a target trait in breeding programs 
aimed at yield stability. 

For a breeder to choose which stability concept to 
apply, the inclination of farmers to take a risk is 
relevant. In case of a high preference of farmers to 
avoid risk by preferring lower but stable yield over a 
high yield under optimal environmental conditions and 
inputs, static stability parameters should be applied to 
selection. A dynamic stability concept can be 
considered as selection criterion, if farmers are willing 
to accept a higher risk. The barley varieties and 
landraces used in our study showed a wide range of 
both static and dynamic stability measures, which 
indicates the presence of genetic variation to improve 
both types of stability. Yield stability can be achieved by 
two different mechanisms, namely individual buffering 
and population buffering (Ceccarelli et al., 1991). 
Individual buffering is influenced by traits like 
responsive tillering, photoperiod-sensitive flowering and 
resistance to biotic and abiotic stress factors as was 
shown in pearl millet (Haussmann et al., 2012). At the 
population level, intra-population variation in flowering 
time may buffer unpredictable and unfavorable growth 
conditions. Such a buffering was observed in oat, where 
grain yield differed significantly between a mix of 
genotypes and the individual pure lines in response to 
stress (Helland and Holland, 2001). Individual buffering 
is frequently believed to be a property of heterozygous 
crops and difficult to exploit in self-pollinated diploid 
crops like barley (Ceccarelli et al., 1991). Since modern 
line cultivars are highly uniform, population buffering is 
not possible. Therefore, a possible strategy for barley 
breeding in a diverse and changing environment as in 
Ethiopia, is to combine different selected genotypes in a 
mixture, providing different trait combinations to achieve 
sustainable population buffering. Traditional landraces 
are mixture of genotypes which might explain the higher 
static stability observed for them in the present study. 
 
 

Need to further develop the Ethiopian seed system 
 
The current barley seed system of Ethiopia is mainly 
informal because of the highly diverse structure of 
agriculture  (Abay et al.,  2011). Farmers  usually  get 
seed  for  next  season   from   their   previous   harvest, 
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neighbors or local open markets. Commercial plant 
breeding or seed companies actively involved in the 
seed system are almost non-existent. Seeds are 
seldom provided by public research institutes or local 
agricultural extension services to barley growers though 
efforts have been made to create formal seed system. 
As location and sowing date factors are predictable 
ahead of planting, seeds of the appropriate cultivars 
must be made available to the growers on a very short-
term basis, to enable exploitation of specific 
adaptations. This requires decentralized seed 
production of required cultivars, and a strengthening of 
the local, informal and semi-formal seed sector in 
Ethiopia, in order to make the seed available on time.  
As long as the seed sector is unable to provide on time 
the seed of specifically adapted cultivars, promotion of 
widely adapted cultivars identified by the approach used 
in this study is possibly the better short-term strategy to 
follow. 
 
 

Conclusions 
 

The analysis of 18 barley genotypes grown in 16 
environments (location-season-sowing date 
combinations in Ethiopia) with the AMMI statistical 
model revealed that a staggered sowing date enabled 
to exploit G x E patterns beyond location and season. 
The major proportion of the total variation in grain yield 
was explained by location followed by sowing date. The 
year of cultivation had a smaller effect than location and 
sowing date as shown by the variance components. 
Adaptation to a specific location was detected for the 
G15 (Abay) cultivar, while others showed a wider 
adaptation. The observed G x E patterns can be 
exploited by barley breeders and farmers by a tactical 
choice of varieties to be cultivated depending on the 
actual location and sowing date.  Landraces showed, 
on average, higher static yield stability than improved 
cultivars with a comparative grain yield. Our study 
showed that by including staggered planting dates in 
combination with different years and locations, a 
diversity of environments can be created to test the 
environmental stability of barley genotypes if resources 
for field trials are limited as in developing countries like 
Ethiopia. For further breeding efforts, the number of 
environmentally diverse environments has the strongest 
effect on the analysis of G x E interaction and the 
number and type of location used to select for improved 
varieties likely have the strongest effect in producing 
future-proof barley cultivars for Ethiopian agriculture.    
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Supplementary Tables and Figure 
 
 

Table S1. Sixteen environments used for evaluation of barley genotypes. 

 

Code Location Sowing date Code Location Sowing date 

12A1 Ambo June 9, 2012 13A1 Ambo June 11, 2013 

12A2 Ambo June 26, 2012 13A2 Ambo June 26, 2013 

12A3 Ambo July 13, 2012 13A3 Ambo July 12, 2013 

12A4 Ambo July 28, 2012 13A4 Ambo July 27, 2013 

12J1 Jimma June 13, 2012 13J1 Jimma June 13, 2013 

12J2 Jimma June 28, 2012 13J2 Jimma June 28, 2013 

12J3 Jimma July 14, 2012 13J3 Jimma July 14, 2013 

12J4 Jimma July 30, 2012 13J4 Jimma July 30, 2013 
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Table S2. Mean grain yield (kg ha
-1

) of the18 genotypes across 16 environments. 
 

Genotypes 
Environments 

Mean 
12A1 12A2 12A3 12A4 12J1 12J2 12J3 12J4 13A1 13A2 13A3 13A4 13J1 13J2 13J3 13J4 

1
†
 1731 3665 1665 591 2639 2812 2160 1227 1725 2318 2107 2662 2389 2687 1925 1595 2119 

2 1777 4099 1254 1299 1888 1809 1407 1128 2381 3183 2466 2288 1214 1745 1539 1266 1922 

3 1930 3781 1723 1086 1193 1260 1830 1847 1763 2669 1810 2145 1368 1488 532 950 1749 

4 1465 3637 1432 1394 1715 1379 1303 689 2148 3185 2073 2067 1056 1705 600 1065 1695 

5 1801 3879 1804 2093 2183 1892 1209 681 2440 3400 846 2160 1243 1456 943 1070 1819 

6 1224 3962 1394 1463 1760 1839 799 564 1531 3279 1207 2041 1248 1850 1023 936 1516 

7 1360 3689 1485 1738 1703 1916 1445 1122 1279 3390 1829 2626 1888 1652 1248 1408 1848 

8 426 1881 698 395 1610 1738 323 230 121 681 1863 1951 1581 1192 1444 1839 1186 

9 1218 2544 1164 232 1446 1732 392 353 1298 1421 618 2130 1480 1309 1264 1615 1317 

10 1386 2837 1296 1504 1053 1513 570 704 1515 1234 2239 1828 1585 1139 696 453 1347 

11 1696 3113 1747 1836 1662 1737 1431 1596 2105 2182 1832 2232 1329 1832 1049 1696 1847 

12 1082 2396 715 998 685 1080 593 265 1668 2244 2387 1394 616 280 222 255 1034 

13 1756 2935 1699 1233 915 1012 734 293 1302 2280 2027 1781 633 541 367 244 1262 

14 1016 2501 939 537 1267 1707 590 258 1361 1685 1984 1667 1371 1295 1116 1483 1330 

15 1725 2690 1474 1434 1055 1362 765 1184 1902 2724 1946 2295 697 1485 1235 1440 1461 

16 736 2056 841 613 352 649 248 - 651 1916 1956 1114 463 774 - - 734 

17 553 1340 440 452 220 258 - - 941 1284 1562 912 280 165 - - 528 

18 1252 1980 1336 275 1394 1563 157 37 1125 1331 2225 2221 1613 1503 934 1540 1337 

Mean 1341 2944 1284 1065 1374 1514 887 677 1514 2245 1832 1973 1225 1339 896 1048 1447 

S.E± 130 134 104 234 105 108 116 93 255 269 262 186 168 182 186 159   

LSD (5%) 374 385 300 671 302 310 332 267 734 773 752 534 483 524 535 458   

Repeatability 0.91 0.89 0.89 0.92 0.78 0.92 0.82 0.63 0.75 0.77 0.71 0.82 0.81 0.75 0.46 0.64 0.78 
 
† 
See Table 1 for genotype codes. 

 

 

 

 

 

 



 

 

290         J. Plant Breed. Crop Sci. 
 
 
 

Table S3.  Days to 50% flowering of the18 genotypes across 16 environments. 
 

Genotypes 
Environments 

Mean 
12A1 12A2 12A3 12A4 12J1 12J2 12J3 12J4 13A1 13A2 13A3 13A4 13J1 13J2 13J3 13J4 

1
†
 54 57 53 56 51 55 67 74 53 55 65 60 50 52 57 64 58 

2 65 63 61 63 63 61 82 71 55 59 58 59 57 57 62 71 63 

3 62 62 59 60 56 58 66 80 57 58 65 58 53 54 60 62 61 

4 65 69 62 64 64 67 81 75 54 59 60 61 59 59 60 69 64 

5 68 62 63 60 62 62 75 72 55 59 84 60 57 59 62 70 64 

6 71 67 63 65 66 67 80 78 55 59 78 62 60 59 63 70 66 

7 65 68 62 63 63 60 70 73 57 71 71 62 59 60 63 69 65 

8 86 95 87 94 86 84 101 94 90 105 64 85 83 83 83 88 88 

9 74 79 75 75 72 77 86 88 70 73 79 71 69 69 72 77 75 

10 69 74 69 67 66 68 86 85 66 65 70 67 62 64 66 70 70 

11 54 57 53 59 58 52 60 64 51 55 65 55 52 55 56 61 57 

12 81 86 81 87 88 85 98 96 73 73 62 81 79 83 88 97 84 

13 68 63 61 64 65 69 83 81 58 58 58 65 59 62 67 76 66 

14 76 79 74 88 78 69 89 92 70 73 66 72 68 68 74 74 76 

15 69 69 66 66 68 71 86 81 59 63 63 65 59 62 67 78 68 

16 72 78 73 71 79 78 85 - 61 64 59 65 61 69 87 94 73 

17 81 83 82 85 88 87 93 - 72 77 76 77 80 81 83 85 82 

18 76 79 76 88 76 76 86 94 71 70 62 71 68 63 77 77 76 

Mean 70 72 68 71 69 69 82 81 63 66 67 66 63 64 69 75 70 

S.E± 1.3 1.2 1.4 2.4 2.1 2.2 3.6 2.8 1.5 3.0 3.7 0.7 0.9 1.1 1.6 2.7  

LSD (5%) 3.7 3.3 3.9 6.8 6.0 6.3 10.4 8.2 4.2 8.6 10.7 2.0 2.6 3.1 4.7 7.8  

Repeatability 0.90 0.87 0.73 0.79 0.93 0.97 0.95 0.89 0.97 0.96 0.93 0.81 0.94 0.83 0.52 0.98 0.87 

Correlation 
(GY x DtF

††
) 

-0.67* -0.62* -0.81** -0.44 -0.80** -0.80** -0.88** -0.69* -0.33 -0.77** -0.49* -0.46 -0.74** -0.65* 0.85** -0.54*  

 
† 
See Table 1 for genotype codes, 

††  
Days to flowering;

*, 
**

  
significant at P < 0.05, P < 0.01probability level, respectively. 

 
 
 
 
 
 
 
 
 



 

 

Abtew et al.         291 
 
 
 

 
 
Figure S1. Total rainfall, minimum and maximum temperature of the study areas in 2012 and 2013 crop season. The four sowing dates are indicated with 

arrows and the black horizontal lines represent the time taken to 50% flowering from bottom to top in order of 1st, 2nd, 3rd and 4th sowing dates. 
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A wheat genotype named ‘PBW343+Gpc-B1+LR24’ containing Gpc-B1 gene linked with the DNA-based 
marker Xucw108,  developed at Choudhary Charan Singh University (CCSU), Meerut, through marker-
assisted selection, was used as the donor parent to transfer the gene (Gpc-B1) for high grain protein 
content (GPC) into two popular cultivars (HUW234 and HUW468) of Eastern Gangetic Plains (EGP) of 
India. In both the cultivars, Gpc-B1 gene was introgressed through marker-assisted backcross breeding 
(MABB) which involved the following three steps: (i) Foreground selection; (ii) Screening for the carrier 
chromosome, and (iii) Recovery of recipient parent genome (RPG). Data on GPC (percent grain weight) 
was recorded for all selected individual plants from BC2F2:3 generation. The dominant marker Xucw108 
was used for foreground selection, and heterozygous plants were identified through progeny testing. 
For RPG recovery, both genotypic and phenotypic selections were used. Introgression of high GPC 
gene into recipient background without yield loss was completed in 5 years, starting from F1 (2009-10) 
and completing it in BC2F5 (2013-2014). Ten selected single plants from BC2F3:4 had comparable yield 
with 26% higher GPC than the recurrent parent HUW 234. For the other parent HUW 468, eight selected 
plants had comparable yield with 34% higher GPC. Multi-row progenies (BC2F4 and BC2F5) of each 
selected plant were evaluated for yield traits with donor and recipient parents during 2012-2013 and 
2013-2014. Two lines with significantly higher GPC were identified in each of the crosses with no yield 
penalty. The study reinforced the belief that marker assisted selection (MAS) in combination with 
phenotypic selection could be a useful strategy for the development of wheat genotypes with high GPC 
without sacrificing grain yield. 
 
Key words: Triticum aestivum, grain protein content (GPC), marker assisted selection (MAS), carrier 
chromosome, recipient parent genome. 

 

 

 

 



 
 
 
 
INTRODUCTION 
 
Among cereals, wheat has highest GPC ranging from 8 
to 15% (Johnson et al., 1985) and is one of the most to 
15% (Johnson et al., 1985) and is one of the most 
important components of nutritional value that directly 
affects bread making and pasta quality (Avni et al., 2014). 
India has successfully maintained its 2

nd
 position among 

wheat producing countries of the world after China by 
producing 95.9 mt wheat from an area of 30.61 m ha in 
2013-14 (Anonymous, 2014). Assuming an average of 
10% GPC in all wheat varieties grown in India, 95.9 m 
tons of annual produce will amount to 9.59 million mega 
gram of protein for human and livestock nutrition. 
Although wheat production in India has been able to keep 
pace with India’s population growth, which is of 
paramount importance for food security, malnourishment 
continues to be a serious issue in most developing 
countries, particularly those in south Asia. According to 
the estimate made at FAO (www.fao.org), it is predicted 
that by the year 2015, more than 36% of the people in 
developing countries can be affected from 
undernourishment. Since wheat is the most widely 
consumed food grain in the world, and provides staple 
food to 35% of the world population, occupying 17% of 
total arable land and 21.8% of the total area under food 
grain crops (Ortiz et al., 2008), breeding for nutritious 
wheat grain may be the most effective way of providing 
nutrition to human beings. The importance of this 
breeding objective is particularly relevant to the thickly 
populated EGP of India, where 90% of the farmers are 
small land holders, who consume most of their farm 
produce as food. More than two decades ago, Joppa and 
Cantrell (1990), developed substitution lines of the 
Triticum turgidum ssp. Dicoccoides accession (DIC) and 
mapped high GPC gene on chromosome 6BS. Olmos et 
al. (2003) first mapped the QTLs for GPC within a 2.7 cM 
region. Distelfeld et al. (2004), using wheat-rice 
collinearity developed a more specific map, which 
narrowed down the Gpc-B1 region to a 0.3 cM interval. 
Using MABB, efforts were later made to introgress Gpc-
B1 gene in some popular cultivars in India (Tyagi et al., 
2014). In USA also, two hexaploid wheat cultivars (Lassik 
at University of California, Davis and Farnum at 
Washington State University, Pullman, USA) were 
developed using Gpc-B1 gene. Recently, a donor Glu-79 
was used to successfully introgress Gpc-B1 gene in a 
wheat cultivar HUW468 (Vishwakarma et al., 2014) at 
Banaras Hindu University where the present investigation 
was conducted.  

This study was undertaken to improve GPC using 
MABB in a popular cultivar (HUW234) of EGP of India 
using  a  high GPC  line ‘PBW343+Gpc-B1+LR24’ that 
contains Gpc-B1 gene linked to a known marker Xucw108. 
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The methodology of MABB involved foreground selection, 
screening for the carrier chromosome and recovery of 
recipient parent genome. The cultivar HUW 468 was also 
improved to see whether GPC can be improved through 
MABB using a donor different from that reported by 
Vishwakarma et al. (2014). 
 
 
MATERIALS AND METHODS 

 
The experiment was conducted at the Agricultural Research Farm, 
Institute of Agricultural Sciences, Banaras Hindu University (BHU), 

Varanasi (25.15°
 
N latitude; 82.59°

 
E longitudes, 75.5 m above 

mean sea level, soil pH 7.4), which is located in the EGP of India. 
Off-season facility for growing an additional crop in the summer was 
also utilized at Wellington, Tamil Nadu (11.33°

 
N latitude; 76.80°

 
E 

longitudes, 1854 m above mean sea level). The crop at Wellington 
was protected with the fungicide Propiconazole.  
 
 
Plant material 
 

Two well adapted bread wheat genotypes (HUW234 and HUW468) 
of EGP of India were used as recipient parents. The donor parent 
PBW343+Gpc-B1+Lr24 was earlier developed at the Department of 
Genetics and Plant Breeding, CCSU Meerut, under the Department 
of Biotechnology (DBT) funded Quality Networking Project. This 
donor is a hexaploid wheat genotype having high GPC (16%) due 
to Gpc-B1 and carries leaf rust resistance gene Lr24.  

 
 
DNA isolation and the markers 
 
DNA isolation for all experiments was carried out using leaves of 30 
days old seedlings following the procedure of Saghai-Maroof et al. 
(1984). The extraction buffer contained 1 M Tris pH 8.0, 0.5 M 
EDTA, 5 M NaCl, 1.7 g/L PVP 40 (0.3 ml per mg lyophilized leaf), 
and the resulting DNA was dissolved in 0.2 ml HPLC water. 
Xucw108 (Gpc-B1) was used as the marker for foreground 
selection. 

 
 
PCR amplification and amplicon separation 

 
Each 15 µl of PCR reaction mixture comprised 40 ng template 

DNA, 0.2 µM of each primer, 150 µM dNTP, 1× PCR buffer (10 
mMTris pH 8.4, 50 mMKCl, 1.8 mM MgCl2, 0.01 mg/ml gelatin) and 
0.25 U Taq DNA polymerase. The cycling regime was initiated by a 
denaturation (94°C / 4 min), followed by 40 cycles of 94°C / 45 s, 
60°C / 60 s and 72°C / 60 s and completed with a final extension 
(72°C / 10 min). Amplicons were separated via agarose gel (2.5%) 
electrophoresis and visualized by EtBr staining. 

For polymorphic screening of many markers simultaneously 
between parents a touch-down PCR protocol was also used for 
amplification. The cycling regime for this PCR consisted of an initial 
denaturation (94°C / 4 min), followed by 20 cycles of 94°C / 30 s, 
Tm / 45 s from 65 to 55°C, reducing by -0.5°C per cycle, 72°C / 120 
s, then 20 cycles of 94°C / 30 s, 55°C / 45 s, 72°C / 120 s, and 
completed with a final extension of 72°C / 10 min. Amplicons were 
separated on agarose gel (2.5%) electrophoresis and visualized by 
EtBr staining. 
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Figure 1. Flow diagram showing steps involved in marker-assisted beckcross breeding programme used for introgressing high grain 

protein content gene (Gpc-BI) in wheat cultivars HUW234 and HUW468 from PB W343+GpcBI+Lr24. 

 
 
 
Background selection 
 

As many as 498 SSR markers were screened to select the 
polymorphic markers between donor and the two recipient parents 
for the purpose of background genome recovery. For each 
chromosome, 20-55SSR markers were tested; 2 to 7 markers per 
chromosome were found to be polymorphic. For the carrier 

chromosome 6B (carrying the gene GpcB1), as many as 55 
markers were tested, of which 6 were polymorphic between the 
donor and the recipient cultivar HUW234, while 7 were polymorphic 
between the donor and the recipient cultivar HUW468. For the 
whole genome, 55 and 53 markers were polymorphic in the crosses 
of HUW234 and HUW468, respectively. 
 
 
Recipient parent genome 
 

The proportion of the genome of the recipient parent present in the 
backcross generations (G) was estimated using the following 
formula of Sundaram et al. (2008): 
 
RPG = 100(X +1/2Y)/N 
 
Where, N represented the number of parental polymorphic markers 

screened, X the number of markers homozygous for recurrent 
parent allele and Y the number of markers in the heterozygous 
state. The molecular data were scored manually.  

Marker-assisted breeding 
 

The schematic diagram of the experimental program is summarized 
in Figure 1. The heterozygosity of F1 plants was confirmed by Gpc-

B1-linked marker (Xucw108); the selected individual plants were 
backcrossed with each corresponding recipient genotype. In each 
backcross, foreground selection was exercised using the marker 

Xucw108, and plants showing 217 bp amplicon were selected. 
These selected plants were also screened for carrier chromosome 
and RPG recovery. Plants that carried maximum proportion of RPG 
and highest phenotypic similarity with the recipient parent were 
selected. 

In BC2F1, after foreground selection and screening of carrier 
chromosome, individual plants heterozygous for Xucw108 were 
selected and selfed to obtain BC2F2. The marker Xucw108 being 

dominant, both heterozygous and homozygous plants were 
identified in BC2F2. Both types of plants were screened for carrier 
chromosome as well as RPG. Plants with maximum proportion of 
RPG were selfed to obtain BC2F3 seed. Seeds of individual selected 
plants (BC2F3 seed) were also analyzed for GPC using FOSS 1241 
Grain protein analyzer and high GPC plants were 
selected/confirmed. 

In BC2F3 generation, individual plant progenies (family) were 
grown. Ten random plants in a family were tested for foreground 

selection. If any one plant showed absence of the amplicon, entire 
family was rejected. A family where all the plants showed presence 
of amplicon for Xucw108, was considered a homozygous family.  
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Figure 2. SSR amplification profiles. L: 100 bp ladder. PI: HUW234, P2: HUW468; PB W343+ GpcB1+Lr24. (a) Xucw108, Lanes 1-7; MAS-

derived BC2F3 selections from the cross cv. PB W343+ GpcB1+Lr24×HUW234 and Lane 8-14: MAS-derived BC2F3 selections from the other 
cross PB W343+GpcB1+Lr24× HUW468. #1: HUW234-184, #2:-286, #3: -145, #4: -387, #5: -166, #6: -388, #7: -143, #8: huw 468-375, #9: -
376, #10: -358, #11: -181, #12: -379, #13: -55, #14: -234. 

 
 
 
After threshing, BC2F4 seed of individual homozygous family was 
bulked and analyzed for GPC. Families with more than 14% GPC 

(having an additional 3% more than the recipient’s 11% GPC) were 
selected.  
 
 
Protein estimation 
 

The seed of BC2F2:3 and all the selected plants in the following 
generations of both crosses were evaluated for GPC using FOSS 
Infratec 1241 grain protein analyzer and compared with recipient 
parents.   
 
 
Evaluation of BC2F4/F5 progenies for GPC (%) and grain yield 
 

The BC2F4 and BC2F5 generations obtained by selfing of each of the 
BC2F3 and BC2F4 progenies derived through MAS were used for 
conducting replicated yield trials at BHU, Varanasi during crop 

season 2012–2013 and 2013-2014. The trial was laid in RBD with 
three replications. Each genotype was planted with 4 rows each 3 
m long, and with a row-to row distance of 25 cm. Full dose of K2O 
and P2O5 were applied at sowing; nitrogen was applied in split 
application, with 60 kg N per ha at sowing, 30 kg N per ha at first 
irrigation (21 days after sowing) and 30 kg N per ha at second 
irrigation (45 days after sowing) (Joshi et al., 2010). All other 
recommended agronomic practices were followed. Data on days to 
heading (DH), plant height (PH), thousand-grain weight (TGW), 
grain yield (GY) and grain protein content (GPC) were recorded and 
used for statistical analysis. The data on GY was converted into 
grain yield (q/ha) for further statistical analyses. The GPC (%) at 
12% moisture content was estimated for each genotype using 
Infratech 1241 Grain Analyzer, Foss, Denmark at BHU, Varanasi. 

 
 
Statistical analysis 

 
The amplicon patterns produced by gene-linked SSR marker was 
classified in the foreground selection as + (pattern of donor  parent), 

and - (pattern of recurrent parent) to construct a data matrix. In the 
background selection, the patterns of ampliconproduced by SSR 

markers were classified into - (pattern of donor parent), + (pattern of 
recurrent parent), H (heterozygous pattern), and U (missing data) to 
construct the data sheet.  

The analysis of variance (ANOVA) was conducted for six 
different traits using two years data for all the three replications. 
Significance of differences between means of recipient parents and 
selected plants in BC2F4 andBC2F5 was tested by software SAS 9.3 
(SAS Institute Inc., Cary, NC, USA) in PROC GLM. 
 
 
RESULTS 
 
Informativeness of the foreground and background 
selection markers 
 
The 217 bp long expected amplicon due to Xucw108 
marker was absent in both the recipient parents 
(HUW234 and HUW468), but was present in the donor 
(PBW343+Gpc-B1+LR24) as resolved by electrophoresis 
through a 2.5% agarose gel (Figure 2).  
 
 
Introgression of Gpc-B1 from PBW343+Gpc-B1+LR24 
to cv.HUW234 
 
The details of selection of desirable plants after 
foreground selection, screening of carrier chromosome, 
RPG recovery and GPC% analysis in PBW343+Gpc-
B1+Lr24 ×HUW234 cross are given in Table 1. The first 
step started with selection of 50 hybrid plants among 53 
F1s for being hybrids by testing with Xucw108 (Table 1). 
Their two backcrosses with HUW234 followed by selfing 
and subsequent selections led to recovery of  116  BC2F2  
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Table 1. Selection of desirable plants after foreground selection, screening of carrier chromosome, recipient parent genome recovery and GPC% 
analysis in PBW343+Gpc-B1+Lr24 ×HUW234 and PBW343+Gpc-B1+Lr24×HUW468 crosses. 
 

Generation 

 

Number of 
plants 

Scored 

Number of 
plants  

heterozygous/ 
homozygous 
for Gpc-B1 

Selected 
plant after  

carrier 
chromosome 

screening 

Number of selected 
plants after 
background 

selection and their 
RPGR in range 

Selected 
plants after  
phenotypic 

selection for 
GPC % 

Criteria of selection for 
desirable plants 

PBW343+ Gpc-B1+Lr24 ×HUW234 

F1 53 50    Marker (Xucw108) 

BC1F1 850 403 10   FGS and CCS 

BC2F1 413 208 32 18 (90.12 to 93.45)  FGS, CCS and  RPGR 

BC2F2 403 290 187 116 (93.05 to 95.11) 55 FGS, CCS, RPGR and  PS 

BC2F3 55 (Family) 15 (Family)   10 
Testing for homozygosity of 
Gpc-B1 locus and PS 

BC2F4 10 10    Replicated yield trial 

BC2F5 10 10    Replicated yield trial 
       

PBW343+Gpc-B1+Lr24 ×HUW468 

F1 67 61    Marker (Xucw108) 

BC1F1 753 367 13   FGS and CCS 

BC2F1 455 221 43 6 (90.05 to 92.13)  FGS,CCS and RPGR 

BC2F2 764 503 117 63 (93.44 to 95.12) 42 FGS, CCS, RPGR and PS 

BC2F3 42 (Family) 11 (Family)   8 
Testing for homozygosityof 
Gpc-B1locusand PS 

BC2F4 8 8    Replicated yield trial 

BC2F5 8 8    Replicated yield trial 
 

FGS = Foreground selection, CCS = carrier chromosome selection, RPGR = recurrent parent genome selection and PS = phenotypic  

selection for GPC%. 
 
 
 
plants that showed >93% RPG with a range of 93.05-
95.11%. Self-seeds of all 116 BC2F2 plants showed 
higher GPC% than the recipient parent with 55 showing 
>14% GPC. In BC2F3, seeds of 55 plants were grown in 
multi row considered as 55 families and 15 were 
identified to be homozygous. Ten BC2F3 families that 
showed >14% GPC were selected (Table 1).  

A highly significant variation was observed among 
BC2F4 and BC2F5 lines for all the traits except plant height 
(Table 2). Both the years were significantly different for 
GPC (%) and grain yield (q/ha) (Table 2). The replicated 
agronomic performance data of the ten families 
(PBW343+Gpc-B1+Lr24 × HUW234) in BC2F4 and BC2F5 

is shown in Table 3. Range of increase in GPC over 
recipient parent was 20.9 to 26.1% (Figure 3). Grain yield 
was observed as a mixed performance as it ranged from 
-3.99 to 0.46% over the recipient parent (Table 3), but the 
difference was statistically non-significant.  
 
 
Introgression from PBW343+Gpc-B1+Lr24 in cv. 
HUW468 
 
Like the previous cross, the details of selection of 
desirable plants after foreground selection, screening of 
carrier chromosome, RPG recovery and  GPC%  analysis 

in PBW343+Gpc-B1+Lr24 ×HUW468 cross are given in 
Table 2. The 61 F1s found as true hybrid were crossed 
with recipient parent HUW468 and using Xucw108, 764 
plants were obtained in BC2F2. Since Xucw108 did not 
distinguish between homozygous and heterozygous, 
foreground selection resulted into 503 plants. These were 
screened for carrier chromosome with 7 SSR markers 
and 117 plants were obtained which had all the 7 
markers in homozygous condition on carrier chromosome 
with target gene Xucw108. These 117 plants were 
screened with polymorphic markers and 63 plants 
showed >93% RPG recovery. Of 63 BC2F2 plants, 42 
showed >14% GPC. In BC2F3, out of 42 families, 11 were 
identified as homozygous. Of these, 8families showed 
>14% GPC and were selected.  

The ANOVA of 8 families in BC2F4 and BC2F5 with 
donor (PBW343+Gpc-B1+Lr24) and recipient (HUW468) 
parents showed that entries significantly differed to each 
other for the six traits (Table 2). There was significant 
difference for GPC (percent grain weight) and grain yield 
across the two years (Table 2). The selected 8 MAS 
derived lines were at par to recurrent parent for DH, PH 
and GY but GPC was significantly higher. The superiority 
in GPC was to the range of 24.8 to 34.3% (Figure 3). 
Grain yield improvement though non-significant, ranged -
1.20 to 2.95% over recipient parent (Table  3).  Thousand  
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Table 2. Analysis of variances for days to flowering (DF), plant height (PH) , grains per spike (GPS), thousand kernel weight (TKW), grain 
protein content (GPC) and grain yield (GY)  of  BC2F4 and BC2F5 MAS-derived progenies in two crosses PBW343+Gpc-B1+Lr24×HUW 234 
and  PBW343+Gpc-B1+Lr24×HUW 468. 
        

 Cross/lines df 
Mean sum of square 

DF (days) PH (cm) GPS (No.) TKW (g) GPC (%) GY (q/ha) 

PBW343+Gpc-B1+Lr24×HUW 234 

Year 1 0.22 0.01 18.48 0.04 21.68** 6.67* 

Entry 11 99.91** 114.25 14.98** 5.90** 4.07** 8.23** 

Rep. 2 0.65 3.63 11.22 0.85 0.03 0.44 

Year & Entry 11 0.55 8.17 2.99 0.65* 0.29 1.98 

Error 46 0.66 1.28 5.5 0.28 0.21 1.72 

CV  1.12 1.15 5.25 1.33 3.28 3.00 
        

PBW343+Gpc-B1+Lr24×HUW 468 

Year 1 0.14 107.12** 62.81** 0.14 7.49** 5.48* 

Entry 9 67.14** 121.71** 32.18** 6.92** 7.02** 22.98** 

Rep. 2 1.82 2.91 1.39 2.08 0.08 0.18 

Year & Entry 9 1.32 3.81 5.67 0.83 0.26 1.79 

Error 38 0.94 3.95 4.46 0.86 0.72 1.38 

CV  1.27 2.01 4.35 2.35 5.99 2.61 
 

*Significant at P = 0.05, **Significant at P = 0.01. 
 
 
 
grain weight in MAS derived lines was variable with 
differences from recipient parent ranging from -8.75 to 
5.93% (Table 3). 
 
 
DISCUSSION 
 
MAS is becoming increasingly common in crop 
improvement programs (Collard and Mackill, 2008; Gupta 
et al., 2010), even in developing countries like India 
(Kumar et al., 2011; Vishwakarma et al., 2014) with 
greater integration of MABB approach in crop breeding 
programs around the world. Although back cross 
breeding was advocated and used for a long time in 
conventional wheat breeding programs (Joshi et al., 
1997; Singh and Huerta-Espino 2004, Singh et al., 2007), 
an increased adoption of MABB approach in recent years 
is due to manifold advantages, the major one being 
accelerated introgression of the target gene(s) by 
reducing the number of backcrosses and avoiding the 
linkage drag (Hospital, 2005; Herzog and Frisch, 2011). 
In this study, a gene enabling high GPC in wheat was 
successfully introgressed separately into two popular 
cultivars cv. HUW234 and HUW468 of the EGP of India. 

For genome recovery, we mainly focused on carrier 
chromosome for initial screening, which was essential for 
avoiding linkage drag as well as rapid recovery of 
recipient genome. Transferring Gpc-B1 gene through 
marker was validated by GPC analysis. Brevis and 
Dubcovsky (2010) introgressed Gpc-B1 gene and 
successfully increased GPC in tetraploid and hexaploid 
wheat lines. Vishwakarma et al. (2014)  transferred  Gpc-

B1 gene from Glu269 (donor parent) into CV. HUW468 
and got 14% GPC in the improved HUW468 compared to 
10% of the recipient parent. In this study, same recipient 
parent (HUW468) was shown to achieve similar level 
(>14%) of GPC in the improved version using another 
donor ‘PBW343+Gpc-B1+LR24’. The improved version of 
the other recipient parent (HUW234) also showed GPC 
enhancement from 11% to >14%. The results proved the 
robustness of Gpc-B1 gene and confirmed the findings of 
earlier reports that the Gpc-B1 gene can be introgressed 
using molecular breeding in various cultivars with 
significant benefit. Compared to recipient parents, the 
GPC in the back cross derived lines was enhanced 20.9 
to 26.1% in HUW234 and 24.8 to 34.3% in HUW468. Of 
these 18 improved GPC BC3F5 lines from the two 
parents, none showed any yield penalty. Other 
agronomic traits (days to heading and plant height) also 
remained unaffected. This indicated that high GPC lines 
may be developed without any penalty of yield and other 
agronomic traits. A large variation in GPC was observed 
among lines with Gpc-B1 gene in early generations. This 
variation could be due background effect as Brevis and 
Dubcovsky (2010), reported its complex genetic nature. 

The GPC is not only the result of genotype but 
environmental factors such as weather conditions, 
nitrogen application, water access and temperature 
during growth and grain filling period also plays a 
significant role (Daniel and Triboi, 2000; López-Bellido 
and López-Bellido, 2001; Rharrabti et al., 2001; Tea et 
al., 2004; Abedi et al., 2011). In the present study, the 
lines improved for GPC were little bit taller than recipient 
variety (the difference being  statistically  non-significant);   
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Table 3. Mean performance of the improved lines for days to flowering (DF), plant height (PH), grains/spike (GPS), thousand grain weight (TGW), grain protein content (GPC), grain yield / 

ha (GY), their increase/decrease over recipient parents (%) and per cent recovery of the recipient parent genome in BC2F4 and BC2F5 selection from the two crosses PBW343+ Gpc-

B1+Lr24 ×HUW 234 and PBW343+ Gpc-B1+Lr24 ×HUW 468. 
 

Cross/lines 

Days to 
flowering 

(days) 

Plant 
height 

(cm) 

Grains
/ 

Spike 

(No.) 

Thousand 
Kernel 
weight 

(gm) 

Grain 
protein 
content 

(%) 

Grain 
yield/ha 

(q/ha) 

Increase GPC  
over recipient 

parents (%) 

Increase/decr
ease TGW 

over recipient 

parents (%) 

Increase/ 

decrease GY 
over recipient 
parents (%) 

Percent 
recovery of the 
recipient parent 

genome 

PBW343+Gpc-B1+Lr24 × HUW 234 

PBW343+Gpc-B1+Lr24 85.24 86.45 43.60 37.15 14.63 40.76     

HUW 234 72.45 99.36 42.70 38.27 11.58 44.72     

184 70.15 100.85 44.95 34.92 14.20 43.42 22.63 -8.75 -2.91 95.44 

286* 72.45 101.53 46.50 39.73 14.57 44.93 25.82 3.81 0.46 93.33 

145* 71.41 101.52 44.25 39.07 14.60 44.41 26.08 2.09 -0.68 93.22 

387 72.45 100.22 44.75 36.24 14.25 42.93 23.06 -5.30 -3.99 94.33 

166 70.15 99.66 45.01 35.68 14.38 42.97 24.18 -6.77 -3.92 94.11 

388 71.41 99.35 45.05 36.12 14.23 43.06 22.88 -5.62 -3.72 93.33 

143 71.41 101.57 42.12 37.56 14.38 43.48 24.18 -1.86 -2.77 95.00 

233 72.45 98.65 45.88 39.96 14.00 44.53 20.90 4.42 -0.41 94.44 

242 71.41 98.57 47.73 39.93 14.00 44.50 20.90 4.34 -0.48 94.44 

123 70.15 99.29 43.58 40.54 14.18 44.38 22.45 5.93 -0.75 93.11 

LSD <5% 2.67 1.48 2.72 0.53 0.55 1.43     
           

PBW343+Gpc-B1+Lr24 × HUW 468 

PBW343+Gpc-B1+Lr24 85.00 88.62 47.19 40.70 14.63 39.81     

HUW 468 75.67 95.22 42.7 38.27 11.20 45.27     

375* 77.64 98.910 42.79 38.52 15.05 45.95 34.38 0.65 1.52 93.75 

376 74.23 100.67 48.45 37.57 14.33 45.48 27.95 -1.83 0.47 95.00 

358* 76.52 98.87 42.47 38.61 14.75 45.75 31.70 0.89 1.07 91.25 

181 74.23 99.21 48.38 38.75 14.38 44.72 28.39 1.25 -1.20 92.50 

379 75.67 100.12 48.39 38.82 14.17 45.52 26.52 1.44 0.56 93.75 

53 74.23 97.09 48.58 40.51 14.20 46.60 26.79 5.85 2.95 92.50 

234 75.67 100.44 51.15 39.75 14.03 46.54 25.27 3.87 2.81 92.50 

258 75.67 97.36 50.31 40.29 13.98 45.92 24.82 5.28 1.45 91.25 

LSD <5% 3.43 2.17 2.31 1.14 1.03 2.22     
 

*Improved lines would go to multilocation trial under All India Coordinated Wheat Improvement Project. 
 
 

 

we speculate that high GPC lines could have  efficient nitrogen uptake and/or nitrogen  re-mobilization from leaf and stem. 
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Figure 3. The distribution of grain protein content (GPC) within (a) PBW343+Gpc-BI+Lr24× HUW234 and (b) PBW343+ Gpc-
B1+Lr24× HUW468 derived lines compared to recipient parents; Entry 1: Donor, Entry 2: Recipient parent and entries 3 onwards: 
Improved line. 
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