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The technique of pollen irradiation for mutation induction technique has been successfully 
demonstrated in many crop species. Therefore, the mutagenic effects of UV irradiated pollen on cowpea 
accessions were investigated. Pollen grains of eight cowpea accessions were irradiated with 
30,000µWs/cm

2
 UV for 60, 120, 180, 240, 300 and 360 minutes. Emasculated flowers of each accession 

were self-pollinated with irradiated pollen to evaluate the effects of pollen mutagenesis on seed setting 
in the M1 generation. Harvested seeds from M1 plants were advanced to M2 to evaluate the effects of UV 
radiation on seed germination, plant survival and for mutant selection in the M3 generation. Data were 
analyzed using descriptive statistics. Pollen irradiation with UV for a short period (60 min) increased 
seed setting in all the cowpea accessions at M1 except IB-Y-1 where it reduced seed setting by 28.6%. 
Observed LD50 of UV rays among the cowpea lines ranged from 142.6 to 210.1 minutes. No significant 
difference was observed in seed germination for all treatments at M2 except irradiation for 120 minutes 
in IT90K-284-2. A trend similar to seed germination was observed in seedling survival at M2. The three-
primary leaf and four-primary leaf mutants selected at M3 generation reverted back to two-primary leaf 
seedlings at M4. Low mutation frequencies recorded in this study shows that cowpea is considered less 
amenable to the application of UV irradiation as a practical breeding method. 
 
Key words: Cowpea mutagenesis, pollen irradiation, ultra-violet induced mutant, seed germination, seed 
setting. 

 
 
INTRODUCTION 
 
The technique of induced mutation in plant using pollen 
(male gametophytes) as the starting material was 
initiated with maize pollen irradiation using X-ray (Stadler, 
1939). This was followed by investigations on the 
procedures and methods for generating and studying 
induce mutations with particular emphasis on pollen 
mutagenesis in maize (Neuffer, 1957; Amano and  Smith, 

1965; Mottinger, 1970) and in barley (Devreux et al., 
1972). The use of gamma radiation of pollen for induced 
mutation in plant breeding was first report in Nicotiana 
(Pandey, 1975, 1978). Subsequently, the possible 
application of this procedure for scientific studies and 
crop improvement has been explored by several authors. 
Pollen   mutagenesis    by    gamma    rays    have    been  
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demonstrated in Nicotiana (Grant et al., 1980; Pandey, 
1980a; 1980b), in maize (Pandey, 1983; Sanford et al., 
1984a, b), in rice (Chin and Gordon, 1989a, b), in 
Arabidopsis (Yang et al., 2004; Naito et al., 2005), in 
Triticum (Bie et al., 2007), in citrus (Yahata et al., 2010), 
in winter squash (Kurtar and Balkaya, 2010), in Persian 
walnut (Grouh et al., 2011), in melon (Godbole and 
Murthy, 2012) and in cotton (Yue and Zou, 2012). Many 
other authors have attempted the use of irradiated pollen 
for egg transformation (Chin and Gorgon, 1989a). 

Irradiated pollen can mediate the transfer of limited 
genetic materials, instead of complete genome from the 
pollen donor (male parent) to their progenies. This 
hypothesis was first suggested by Pandey (1975). Thus, 
in a maternal background, a few paternal characteristics 
from the pollen parent were apparently incorporated and 
expressed in the M1 plants and the eggs were said to be 
“transformed”. He defined “egg transformation” as the 
transfer of limited intact genes rather than the total pollen 
genome to the egg cell. He suggested that transformation 
could be the result of diploid parthenogenesis of the egg 
induced by irradiated pollen, followed by the incorporation 
of paternal chromatin during embryogenesis. The 
biological basis to these assumptions had been explained 
by several authors. First, the pollen germination and 
pollen tube growth are highly tolerant to irradiation 
(Vassileva-Dryanovska, 1966; Gillissen, 1978). In 
addition to this, despite extensive nuclear aberrations 
caused by irradiation, fusion of the fragmented paternal 
genetic materials with the egg nuclei was still possible 
(Brewbaker and Emery, 1962). Therefore, the use of 
irradiated pollen for limited gene transfer was considered 
as a self-contained “DNA injection” system in which the 
irradiated pollen is both a source of donor DNA fragment 
as well as a vector for delivering the genetic fragments to 
the embryo sac (Chin and Gordon, 1989a). The authors 
proposed this technique, as a natural and rapid means of 
transferring a few or single genes into plants without 
resorting to the use of recombinant DNA technology. 
Moreover, it has been suggested that cross-pollination 
with irradiated pollen may nevertheless be useful in 
practical plant breeding by causing a shift in the 
segregation ratio towards the maternal phenotype in the 
second (M2) generation (Chin and Gordon, 1989b). 

Production of haploids and doubled haploids are 
important aspect of plant breeding by which homozygous 
lines are obtained for hybrids generation. The technique 
of pollen irradiation by gamma rays, UV or X-rays is the 
most widely used method to induce in situ 
parthenogenetic haploid plants (Kosmrlj et al., 2013). 
This technology has been demonstrated and proven to 
be effective in many crop species elucidated by Kurtar 
and Balkaya (2010). In addition to these, haploid 
production by irradiated pollen has also been reported in 
winter squash (Kurtar and Balkaya, 2010); in citrus 
(Yahata et al., 2010); in melon (Gonzalo et al., 2011; 
Godbole and Murthy, 2012); in Persian walnut  (Grouh  et  
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al., 2011) and in pumpkin (Kosmrlj et al., 2013).Physical 
mutagens (ionizing and non-ionizing radiation) may be 
considered as the most suitable option for pollen 
mutagenesis in some plants for certain reason. For 
example, in cowpea, chemical mutagens are unsuitable 
for pollen treatment simply because of the hydrophobic 
nature of their pollen. Consequently, the pollen grains 
rupture and lose viability as soon as it get in contact with 
aqueous medium. Among the radiation mutagens used 
for pollen treatment, application of UV radiation has been 
reported by few authors. Pollen mutagenesis by UV 
irradiation was reported in maize (Gavazzi and 
Sanguineti, 1983). In legume (faba bean), Haliem et al. 
(2013) investigated the mutagenic potential of UV on 
meiotic-pollen mother cells, pollen grains and seed yield. 

UV ray is an electromagnetic radiation that does not 
carry enough energy per quantum to ionize atoms or 
molecules. It has longer wavelength (100 to 400 nm) with 
low penetration power into plant tissues when compared 
with ionizing radiations. According to Mba et al. (2012), 
UV radiation is classified based on their wavelengths into 
three forms, ultraviolet A (UVA) 315-400 nm, ultraviolet B 
(UVB) 280 to 315 nm and ultraviolet C (UVC) 100 to 280 
nm. UVC has been implied to be the most energetic and 
biologically damaging among the three. The mutagenic 
effect of UV is due to its ability to react with DNA and 
other biological molecules such as bases in DNA 
molecules and other aromatic amino acids of proteins. 
UVB and UVC produce pyrimidine dimers on reacting 
with DNA, while UVA produces very few of these. 
Therefore, UVB and UVC are mostly used for mutagenic 
treatments. The pyrimidine dimers produced form lesions 
that interfere with transcription and DNA replication, lead 
to mutations, chromosomal rearrangements and lethality. 
Moreover, it has been established that exposure of crop 
plant cells under natural condition of growth and 
development to UVB resulted in excessive production of 
free radicals, reactive oxygen species (Agrawal et al., 
2009) which can induce structural changes in DNA, such 
as chromosomal rearrangement, strand breaks, base 
deletions, pyrimidine dimers, cross-links and base 
modifications, mutations and their genotoxic effects (Gill 
and Tuteja, 2010; Haliem et al., 2013).When compared to 
seed mutagenesis, pollen mutagenesis is of greater 
advantage. First, when seed is used as the starting 
material for mutagenesis it always leads to the production 
of chimeric tissues. This problem can be overcome by 
starting with pollen because pollen mutagenesis involves 
mutagenic treatment, usually in the form of irradiation, to 
the pollen prior to hand pollination, while the female 
tissue remains free of somatic damage. The M1 plant 
arising from pollination with mutated pollen is non-
chimeric and will be hemizygous for any uniquely induced 
mutation (Yang et al., 2004). The dominant mutations in 
this case will be expressed in the M1 while recessive 
mutations will be expressed in the M2. Because of the 
absence  of  chimera,  fewer  M2  seeds  are  needed  per  
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Table 1. Quantity of cowpea seeds advanced to M3 generation after mutagenesis 
 

Accession 
Number of seeds planted in each treatment 

0(Control) 60 min 120 min 180 min 240 min 300 min 360 min 

IB 500 800 800 580 470 400 300 

IB-Y-1 500 500 460 350 0 0 0 

IB-BPC 500 1000 1000 570 500 500 500 

IB-CR 500 600 450 300 300 250 0 

IT86D-719 500 555 435 345 300 250 200 

IT86D-1010 500 550 550 300 250 0 0 

IT89KD-374-57 500 750 700 500 400 250 0 

IT90K-284-2 500 700 550 480 450 300 250 

 
 
 
plant for screening than for an equivalent seed 
mutagenesis experiment. Further limitations of seed 
treatment are the possible occurrence of separated 
female and male germ cell primordial as well as somatic 
selection against mutant cells during plant development 
(Gavazzi and Sanguineti, 1983). Mutagenesis of male 
gametophyte also has another unique advantage, since 
mutations are directly passed onto the next generation in 
a hemizygous state and large numbers of pollen grains 
(haploid nuclei) can be mutated (Yang et al., 2004). 
However, information on pollen irradiation for mutation 
induction in cowpea is scarce and there is paucity of 
report on the application of UV radiation in cowpea pollen 
mutagenesis. Moreover, there is the need to determine 
optimal UV radiation dosage for pollen mutagenesis in 
cowpea for the purpose of widening its genetic base. 
Therefore, the objective of this study is to evaluate the 
effects of UV irradiated pollen used for self-pollination on 
the M1, M2 and M3 generations of eight cowpea 
accessions. 
 
 
MATERIALS AND METHODS 
 
Mutagenesis by pollen irradiation with UV rays 
 
Eight cowpea accessions used in this study were the cultivar, Ife 
Brown (IB) and its mutant derivatives (IB-Y-1, IB-CR and IB-BPC) 
and four elite cultivars (IT86D-719, IT86D-1010, IT89KD-374-57 
and IT90K-284-2). The cowpea accessions IB, IB-Y-1, IB-CR and 
IB-BPC, were collected from the Genetics unit of the Department of 
Crop Protection and Environmental Biology (CPEB), University of 
Ibadan, Nigeria, while the four elite cultivars were obtained from the 
Genetic. Resources Centre of the International Institute of Tropical 
Agriculture (IITA), Ibadan. The cowpea accessions were raised at 
the rooftop garden of CPEB Department, University of Ibadan. 
Matured (opened) flowers of each of the cowpea accessions were 
separately harvested into labeled air-filled transparent nylon bags in 
the morning (07:00 to 08:00 h). The flowers were stored in the 
refrigerator at 10°C until further use. Pollen from these flowers was 
carefully collected from dehisced anthers with the aid of sterile 
forceps into cell-wells separately. The cell-wells were sealed with 
paper tape immediately to avoid pollen contaminations. UV 
irradiation of cowpea pollen was carried out at the Genetics 
laboratory of CPEB Department. The pollen from each of the 

cowpea accessions (in cell-wells) were exposed to 30,000µWs/cm2 
ultraviolet (UV) radiation for 60, 120, 180, 240, 300 and 360 min. 
Pollen used for control treatment in all the accessions were 
harvested into cell-wells but not irradiated. For each radiation 
treatment, 20 freshly emasculated pre-anthesis flower buds of the 
original parents were hand-pollinated (selfed) using irradiated 
pollen grains in the evening time (18:00 to 19:00 h). Each flower 
pollinated with irradiated pollen was tagged with appropriate label. 
Data were collected on the number of seed set in each treatment at 
M1 generation. At maturity, all dry pods in each treatment were 
harvested into labeled envelopes and their seeds were prepared for 
advancement to M2 generation.  
 
 
Determination of Ultra-violet lethal dosage 50% (LD50) 
 
The LD50 was determined by adopting the method described in 
Olasupo et al. (2016). Percentage seed setting at M1 generation 
following hand pollination with UV irradiated pollen were calculated 
for each treatment. The difference in percentage seed setting 
between each treatment and control was calculated and expressed 
as percentages of control. A graph of the absorbed dose was 
plotted against the percentage difference (Dosage Effect Curve) for 
each accession to show the damage due to mutagenic treatment by 
UV on cowpea pollen. By inserting the „line of best fit‟ and reading 
off the dose corresponding to 50% reduction, the LD50 was obtained 
or more precisely, calculated using the linear equation: y = mx + c 
 
 
Evaluation of M2 generation plants following UV mutagenesis 
 
The M2 plants were raised at the rooftop garden of CPEB 
Department, University of Ibadan.  All the pods produced by M1 
plants from each treatment were harvested together in an envelope, 
dried and the seeds were prepared for advancement to M2 
generation. The quantity of seeds used to raise the M2 plants was 
determined by seed setting of M1 plants in each treatment (Table 
1). Further screening for mutant phenotypes in the M3 and M4 
generations were carried out at the Teaching and Research Farm 
of the University of Ibadan. 
 
 
Data collection 
 
In the M1 generation, data were taken on percentage germination 
and number of surviving plants from each treatment. Data were also 
collected from 10 M2 plants selected randomly from each treatment 
on the following parameters: primary leaf area, seedling height at 3 
weeks, terminal leaflet area and plant height at 6 weeks.  Screening  
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Figure 1. Percentage of reduction in seed setting from IB cowpea pollen exposed to UV 
irradiation. 

 
 
 

 
 

Figure 2. Percentage of reduction in seed setting from IB-Y-1 cowpea pollen exposed to UV 
irradiation. 

 
 
 

for mutant was carried out by scoring the plants for any change in 
the phenotype when compared with the parent plants (control 
treatments). Descriptive statistics was used for data analyses with 
the aid of Microsoft Excel 2010. 
 
 
RESULTS 
 
Effect of UV irradiated pollen on the M1 generation 
 
Following cowpea pollen treatment with 30,000 µWs/cm

2
 

UV radiation for 60, 120, 180, 240, 300 and 360 min, 

mutagenic effect of the treatments as observed in the 
seed setting at M1 generation, are presented in Figures 1 
to 8. As revealed by the radiation dosage effect curves, 
treatment of fresh pollen grains with 30,000 µWs/cm

2
 UV 

rays for up 60 min before pollination increased seed 
setting in all the cowpea accessions used in this study 
except IB-Y-1 where it was reduced by 28.6% (Table 2). 
Percentage increase in seed setting was highest (9.2%) 
in IB-BPC at the UV treatment for 60 min, followed by 
IT86D-1010 (8.3%). Further pollen irradiation with 30,000 
µWs/cm

2
 UV  above  60 min  before  pollination   reduced 

 

Fig. 1: Percentage of reduction in seed setting from IB cowpea pollen exposed to UV 

irradiation 

 

Fig. 2: Percentage of reduction in seed setting from IB-Y-1 cowpea pollen exposed to UV 

irradiation 
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Figure 3. Percentage of reduction in seed setting from IB-CR cowpea pollen exposed to UV 
irradiation. 

 
 
 

 
 

Figure 4. Percentage of reduction in seed setting from IB-BPC cowpea pollen exposed to UV 
irradiation. 

 
 
 
seed setting of all cowpea accession used in this study 
with a highest effect (R

2
 x100 = 94.8%) recorded in IB-

BPC (Figure. 4). There was variation in the observed UV 
radiation LD50 of pollen among the eight cowpea lines 
evaluated. The lowest LD50 (142.6 min) and the highest 
LD50 (210.1 min) were observed in IB-Y-1 and IT90K-
284-2 respectively. 

Effects of UV irradiated pollen on cowpea in the M2 
generation 
 
Following hand pollination of cowpea with UV irradiated 
pollen, the results of seed germination and survival of M2 
plants are presented in Figures 9 and 10, respectively. 
Seed germination percentage was based on  the  number  

 

Fig. 3: Percentage of reduction in seed setting from IB-CR cowpea pollen exposed to UV 

irradiation 

 

Fig. 4: Percentage of reduction in seed setting from IB-BPC cowpea pollen exposed to UV 

irradiation 
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Figure 5. Percentage of reduction in seed setting from IT86D-719 cowpea pollen exposed to 
UV irradiation. 

 
 
 

 
 
Figure 6. Percentage of reduction in seed setting from IT86D-1010 cowpea pollen exposed to 
UV irradiation. 

 
 
 
of seeds which germinated out of the total number of 
seeds sown (in percentage) for each treatment. 
Percentage seedling survival was based on the 
proportion of the seeds planted which became 
established plants at each treatment level.  No significant 
difference was observed in the percentage seed 
germination in all treatments across the eight cowpea 
accessions except radiation treatment 120 min in IT90K-
284-2. Similarly, pollination with UV irradiated pollen did 
not reveal significant difference in the percentage plant 
survival cowpea plants in all the treatments except in IB-

BPC, IT86D-719 and IT86D-1010. Lower percentage 
seedling survivals were observed at radiation level 240 
min in IT86D-1010 and treatment 300 min in IB-BPC and 
IT86D-719 when compared with control treatments. 
 
 
Spectra and frequencies of mutations in the M3 
generation 
 
Based on the observed phenotypic changes, only three 
mutant spectra were selected across the treatments in  

 

Fig. 5: Percentage of reduction in seed setting from IT86D-719 cowpea pollen exposed to 

UV irradiation 

 

Fig. 6: Percentage of reduction in seed setting from IT86D-1010 cowpea pollen exposed to 

UV irradiation 
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Figure 7. Percentage of reduction in seed setting from IT89KD-374-57 cowpea pollen 
exposed to UV irradiation. 

 
 
 

 
 
Figure 8. Percentage of reduction in seed setting from IT90K-284-2 cowpea pollen exposed 
to UV irradiation. 

 
 
 
the M3 plant generation (Table 3). Yellow albino mutant 
seedlings which died after a week of germination were 
observed in IB-Y-1 at 60, 120 and 180min treatment 
levels. A four-primary leaf mutant (Figure 12) was 
observed in IT90K-284-2 at 360 min, while three-primary 
leaf mutants (Figure 11) were observed in IT86D-719, 
IT86D-1010 and IT90K284-2. The three-primary leaf and 
four-primary leaf mutants produced the normal trifoliate 
secondary leaves. However, these mutants were not 
stable,  but  reverted  back  to  normal  (two-primary   leaf 

plants). The three-primary leaf mutant reverted to normal 
plant when advanced from M3 to M4 generation, while the 
four-primary leaf mutant reverted back to three-primary 
leaf in the M4 and finally to normal (two-primary leaf) plant 
in the M5 generation. The mutation frequencies in the M3 
generation were very low with no mutant phenotype 
observed in most treatments. Highest mutation frequency 
(0.02%) was observed in IT90K-284-2 at 60 min period of 
UV radiation treatment. This result suggests that UV 
irradiation  of  pollen   has   low   efficiency   for   mutation 

 

Fig. 7: Percentage of reduction in seed setting from IT89KD-374-57 cowpea pollen exposed 

to UV irradiation 

 

Fig. 8: Percentage of reduction in seed setting from IT90K-284-2 cowpea pollen exposed to 

UV irradiation 
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Table 2. Effect of UV irradiated pollen on cowpea seed setting in the M1 generation 
 

Cowpea accession 
Percentage increase in seed setting at different periods of UV irradiation 

LD50 (min) 
60 min 120 min 180 min 240 min 300 min 360 min 

IB 2.7 -18.1 -59.7 -67.1 -80.5 -96.0 194.9 

IB-Y-1 -28.6 -39.3 -60.7 -100.0 -100.0 -100.0 142.6 

IB-CR 3.3 -1.6 -46.7 -70.5 -78.7 -95.1 208.1 

IB-BPC 9.2 -15.3 -43.9 -52.7 -84.7 -100.0 208.6 

IT86D-719 4.3 -25.0 -64.7 -90.5 -97.4 -100.0 170.2 

IT86D-1010 8.3 -9.2 -69.8 -93.7 -100.0 -100.0 174.3 

IT89KD-374-57 7.5 -1.7 -63.3 -88.3 -95.0 -100.0 183.8 

IT90K-284-2 1.0 -17.6 -51.0 -55.9 -86.3 -82.4 210.1 

 
 
 

 
 
Figure 9. Effects of UV Rays on the Germination of Cowpea Seeds at M2 Generation 

 
 
 

 
 

Figure 10. Effects of UV Rays on the Seedling Survival of Cowpea at M2 Generation. 

 
 
Figure 9. Effects of UV Rays on the Germination of Cowpea Seeds at M2 Generation 
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Figure 10. Effects of UV Rays on the Seedling Survival of Cowpea at M2 Generation. 
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Table 3a. Mutation spectra and frequencies in the M3 generation following UV irradiation of cowpea pollen at different treatment periods 
 

Cowpea 
accession 

Period of UV 
treatment (min) 

Mutation Spectra 
Mutation 

Frequency (%) Total Number of 
Plants 

Yellow 
Seedling 

Four Primary 
Leaves 

Three Primary 
Leaves 

IB 

0 500 0 0 0 0 

60 800 0 0 0 0 

120 800 0 0 0 0 

180 580 0 0 0 0 

240 470 0 0 0 0 

300 400 0 0 0 0 

360 300 0 0 0 0 

       

IB-Y-1 

0 500 0 0 0 0 

60 500 2 0 0 0.004 

120 460 2 0 0 0.0043 

180 350 2 0 0 0.0057 

240 NS 0 0 0 0 

300 NS 0 0 0 0 

360 NS 0 0 0 0 

       

IB-CR 

0 500 0 0 0 0 

60 1000 0 0 0 0 

120 1000 0 0 0 0 

180 570 0 0 0 0 

240 500 0 0 0 0 

300 500 0 0 0 0 

360 500 0 0 0 0 

       

IB-BPC 

0 500 0 0 0 0 

60 600 0 0 0 0 

120 450 0 0 0 0 

180 300 0 0 0 0 

240 300 0 0 0 0 

300 250 0 0 0 0 

360 NS 0 0 0 0 
 

NS = No survived plant . 

 
 
 
induction in cowpea. 
 
 
DISCUSSION 
 
Treatment of fresh pollen grains with 30,000 µWs/cm

2
 UV 

rays for up 60 min before pollination appeared to 
enhance seed setting in cowpea, while exposure of 
pollen to the radiation for longer period (>60 min) has 
inhibitory effect on seed setting. Similar observation was 
made by Haliem et al. (2013) that UVB irradiation of 
pollen for 60 min had a positive effect on seeds yielded 
following radiation treatment from their molecular 
analysis. The result of radiation dosage effect curves 
shows that seed setting in cowpea following pollination 
with UV irradiated pollen appeared to be dose 

dependent. Plant cells and nucleic acids are damaged 
when exposed to high level of UV radiation which may 
cause the pollen grains to lose viability. Britt (1995), 
Ravanat et al. (2001) and Lagoda (2012) reported that 
UV radiation has deleterious effects on cellular DNA 
which may be either mutagenic or toxic and the induced 
damage can lead to cell death due to photochemical 
damage. The variability observed in LD50 could be as a 
result of genotypic variation among the cowpea 
accessions.  

However, the results obtained from percentage seed 
germination and seedling survival at M2 generation 
showed that pollination with UV irradiated pollen at 
various treatment levels did not produce significant 
effects in cowpea. This suggests there appeared to be 
reversions of most UV induced mutagenic changes in the  
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Table 3b. Mutation spectra and frequencies in the M3 generation following UV irradiation of cowpea pollen at different treatment periods 
 

Cowpea 
accession 

Period of UV 
treatment (min) 

Mutation Spectra 
Mutation 

frequency (%) Total number of 
plants 

Yellow 
seedling 

Four primary 
leaves 

Three primary 
leaves 

IT86D-719 0 500 0 0 0 0 

60 550 0 0 0 0 

120 435 0 0 0 0 

180 345 0 0 1 0.0029 

240 300 0 0 0 0 

300 250 0 0 0 0 

360 200 0 0 0 0 

       

IT86D-1010 

 

 

0 500 0 0 0 0 

60 550 0 0 1 0.0018 

120 550 0 0 0 0 

180 300 0 0 0 0 

240 250 0 0 0 0 

300 NS 0 0 0 0 

360 NS 0 0 0 0 

       

IT89KD-374-57 0 500 0 0 0 0 

60 750 0 0 0 0 

120 700 0 0 0 0 

180 500 0 0 0 0 

240 400 0 0 0 0 

300 250 0 0 0 0 

360 NS 0 0 0 0 

       

IT90K-284-2 0 500 0 0 0 0 

60 700 0 0 2 0.0029 

120 550 0 0 5 0.009 

180 480 0 0 6 0.0125 

240 450 0 0 2 0.0044 

300 300 0 0 1 0.0033 

360 250 0 1 4 0.02 
 

NS = No survived plant. 
 
 
 
plant genetic materials from M1 to M2 generation. The null 
effect of UV radiation on seed germination and seedling 
survival in the M2 generation could also be attributed to 
the repairs of some induced damages to the DNA by 
certain biochemical mechanisms present in plants. This is 
consistent with observed reversion of the three-primary 
leaf and four-primary leaf seedling mutants when 
advanced from M3 to M4 and from M4 to M5 generation 
respectively. Since plants are unique in the obligatory 
nature of their exposure to UV, Britt (1995) hypothesized 
therefore that they may have evolved particularly efficient 
mechanisms for the elimination of UV-induced DNA 
damages and mutations. In addition to this, it has been 
reported that the production of reactive oxygen species in 
plant tissues as a response to ionizing and nonionizing 

radiations is controlled by the very efficient enzymatic 
and non-enzymatic antioxidant defense systems which 
serve to keep down the levels of free radicals, permitting 
them to perform useful biological functions without too 
much damage and act as a cooperative network 
employing a series of redox reactions (Gill and Tuteja, 
2010; Karuppanapandian et al., 2011). Leguminous 
plants, especially faba bean had been reported to have 
high antioxidant activity due to the fact that they 
contained phenolic and flavonoid compounds (Aly and El-
Beltagi, 2010; Chaieb et al., 2011; Ismael et al., 2012; 
Haliem et al., 2013). This may be responsible in part, for 
the low mutagenic effects of UV irradiation observed in 
this study. 

Low frequencies of mutations recorded by phenotyping 
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Figure 11. Three-primary leaf seedling mutant of IT86D-719.  

 
 
 

 
 
Figure 12. Four-primary leaf seedling mutant of IT90K-284-2. 

 
 
 
in this study revealed that cowpea plant is considered 
less amenable to the application of UV irradiated pollen 
as a practical breeding method. This may not be 
unexpected since UV radiation has low penetration power 
and less mutagenic potential in plants when compared to 
the ionizing radiations. The weak mutagenic effect of UV, 
even at higher doses has been suggested to be the result 
of the occurrence of a dark repair system in plant cells 
(Britt, 1995; Gavazzi and Sanguineti, 1983). Although the  

 
 
 
 
results obtained in this study corroborates the findings of 
Chin and Gordon (1989b) who concluded that the method 
of pollination with irradiated pollen has not been 
promising and may not be a useful technique of mutation 
breeding in rice. However, recent study of the mutagenic 
potential of UVB irradiation on meiotic-pollen mother 
cells, pollen grains and seed yield of faba beans revealed 
wide range of mutagenic action on the frequency and 
type of chromosomal anomalies, fertility of pollen grains 
and seed yield productivity based on irradiation dosages, 
while SDS-PAGE and RPAD-PCR analyses of seeds 
yielded from irradiated seedlings from UV-B dose for 60 
minutes recorded bio-positive effects (Haliem et al., 
2013). Therefore, cytogenetic and molecular analysis of 
the M2 and M3 cowpea populations would reveal detail 
information on the mutagenic potency of UV irradiation of 
cowpea pollen. 
 
 
Conclusion 
 
Pollen mutagenesis by UV radiations has not been able 
to produce any stable cowpea mutant in this study. The 
method of pollination with UV irradiated pollen has not 
been promising and this suggests that it may not be an 
efficient technique for cowpea mutation breeding. 
However, there is the need to further investigate the 
mutagenic effect of pollination with irradiated pollen in 
cowpea using other physical mutagens. 
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The experiment was conducted in Northern Ethiopia from 2011-2013  under rain fed conditions in a total 
of seven environments vis. E1, E2, E3, E4, E5, E6 and E7. The objective of the study was to evaluate the 
adaptability and stability of sesame genotypes across environments. 13 sesame genotypes were 
evaluated and the experiment was laid out in a Randomized Complete Block Design with three 
replications. The average grain yield of the genotypes was 742.9 Kg/ha with the outstanding genotypes 
being G4 (926.8 kg/ha), G1 (895.1 kg/ha) and G12 (832.7 kg/ha) respectively, and low the yielding 
genotype was G9 (614.3 kg/ha). The combined ANOVA for grain yield showed significant effects of the 
genotypes, environments and genotype x environment interaction. According to the additive main 
effect and multiplicative interaction bi-plot (AMMI bi-plot) and Genotype x Environment interaction bi-
plot (GGE bi-plot) G12 was the most stable, and G7, G8 and G9 were the unstable genotypes. 
Furthermore, the Genotype main effects and GGE bi-plot showed E5 as the most discriminating and 
representative environment. The GGE bi-plot also identified two different growing environments, the 
first environment containing E4 and E6 (in the Dansha area) with the wining genotype G1; and the 
second environment encompassing E1, E2, E3, E5 and E7 (in the Humera, Dansha and Sheraro areas) 
with winning genotype of G4. 
 
Key words: AMMI bi-plot, environment, GEI, GGE bi-plot. 

 
 
INTRODUCTION 
 
Sesame (Sesamum indicum L.) is an ancient oil seed 
crop known and used by man.It is not clearly known 
where Sesame originated and different scholars declare 
different regions as the centers of origin of this crop. 
However, Ethiopia is recognized as a  center  of  diversity 

for this crop owing to the highly diversified sesame types 
present in the country. 

According to FAOSTAT (2012), Ethiopia is the sixth 
largest sesame producer in the world and third in Africa 
following Myanmar, India, China, Tanzania and Uganda.  
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Table 1. Agro-climatic and soil characteristics of the experimental sites. 

 

Location 
Latitude  

(°N) 

Longitude  

(°E) 

Altitude  

(m) 

Annual rain  

fall (mm) 

Min - Max  

Temp (°C) 

Soil texture 

Clay (%) Silt (%) 
Sand 
(%) 

Humera 14°15' 36°37' 609 563.2 18.8-37.6 35.66 25.66 38.66 

Sheraro 14°24' 37°45' 1028 676.7 18.8-34.9 21 27.28 51.71 

Dansha 13°36' 36°41' 696 888.4 28.7(mean) _ _ _ 

 
 
 
The productivity of sesame in Northern Ethiopia 
(specifically in the study area) is very low (525 kg/ha) 
compared with the national average yield of about 757 
kg/ha in 2012/13production year (CSA, 2013) as well as 
with the world average yields, especially countries like 
Mozambique which produce  up to 1500 kg/ha (Buss, 
2007). On-top of this problem the quality of sesame 
seeds is deteriorating from time to time which may 
negatively affect the important traits of Humera sesame 
such as its seed color aroma and seed size uniformity. 
Sesame genotypes grown in Ethiopia, including the 
released varieties, are highly variable when grown across 
locations. Hence, it is important to test different newly 
introduced genotypes or released varieties across 
locations.  

According to Ceccarelli (2012) the response of 
genotypes across environments may be with no 
interaction, quantitative interaction or qualitative 
interaction. GEI (Genotype x environment interaction) 
occurs when different genotypes respond differently to 
different environments and it is familiar in agricultural 
research (Allard and Bradshaw, 1964). Sesame is a short 
day plant and sensitive to photoperiod, temperature, 
moisture stress, water logging and different management 
practices and its yield and yield attributes are not stable 
and vary widely over different environments. Hence, this 
experiment was undertaken to identify stable and high 
yielding genotype(s) and to recommend best Sesame 
genotype(s) for the different sesame growing areas so as 
to boost sesame production and productivity in these 
(study areas) sesame belts.  

In the presence of significant GEI, there are a number 
of univariate and multivariate stability measures used to 
identify stable and high yielding genotypes. Additive main 
effect and multiplicative interaction (AMMI) is important to 
analyze multi-environment trials (METs) data and it 
interprets the effect of the genotype (G) and 
environments (E) as additive effects and the GEI as a 
multiplicative component (which are sources of variation) 
and submits it to principal component analysis (Zobel et 
al., 1988). Another multivariate stability measure called 
Genotype main effects and Genotype x Environment 
interaction (GGE) effects is also important to identify 
mega-environments, the “which-won-where” pattern, and 
to evaluate genotypes and test environments (Yan et  al., 

2007). 
 
 
MATERIALS AND METHODS 
 
Procedure 
 
The experiments were conducted in North western and Western 
Tigray, Northern Ethiopia, under rain fed condition, from 2011-2013 
in Humera and Dansha areas, and in 2013 cropping season in 
Sheraro (a total of seven environments); E1, E2, E3 are 2011, 
2012, 2013 growing seasons respectively in Humera; E4, E5, E6 
are 2011, 2012, 2013 growing seasons respectively in Dansha; and 
E7 is 2013 growing season in Sheraro.  Some characteristics of the 
study areas are given in Table 1. Thirteen sesame genotypes 
(Acc#031 (G1), Oro (9-1) (G2), NN-0079-1(G3), Acc-034 (G4), Abi-
Doctor (G5), Serkamo (G6), Acc-051-020sel-14 (G7), Tate (G8), 
Acc-051-02sel-13 (G9), Adi (G10), Hirhir (G11), Setit-1 (G12), 
Humera-1(G13)), brought from WARC (Werer Agricultural Research 
Center),  were sown in RCBD with three replications. Each 
genotype was randomly assigned and sown in a plot area of 2.8 m 
by 5m with 1m between plots and 1.5 m between blocks keeping 
inter and intra row spacing of 40 cm and 10 cm, respectively. Each 
experimental plot received all management practices equally and 
properly as per the recommendations for the crop.  
 
 

Statistical analysis 
 
Homogeneity of residual variances was tested prior to a combined 
analysis over locations in each year as well as over locations and 
years (for the combined data) using Bartlet's test (Steel and Torrie, 
1980). Accordingly, the data collected were homogenous and all 
data showed normal distribution.  

A combined analysis of variance was performed from the mean 
data of all environments to detect the presence of GEI and to 
partition the variation due to genotype, environment and genotype x 
environment interaction. Moreover, mean comparison using 
Duncan's Multiple Range Test (DMRT) was performed to explain 
the significant differences among means of the genotypes. GenStat 
16th edition (GenStat, 2009) statistical software was used to analyze 
the combined mean of the different traits of the genotypes. The 
model employed in the analysis was; 
 
Yijk = μ + Gi+ Ej+ Bk + GEij+ εijk 
 
where: Yijk is the observed mean of the ith genotype (Gi) in the jth 
environment (Ej), in the kth block (Bk); μ is the overall mean; Giis 
effect of the ith genotype; Ejis effect of the jth environment; Bk is 
block effect of the ith genotype in the jth environment; GEij is the 
interaction effects of the ith genotype and the jth environment; and εijk 
is the error term. 

A bi-plot showing the genotype and environmental means against 
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Table 2.  Mean Squares for different agronomical traits recorded on sesame genotypes across locations. 

 

Source of variation d.f YLD (kg/ha) DF DM LCBZ (cm) NB NC PH (cm) 

Rep 2 732 7.1 4.9 82.2 0.1 31.3 74.8 

Genotype 12 208413** 16.5** 27.9** 120.1** 1.4** 81.1** 429.7** 

Env 6 329874** 60** 221.8** 2792.2** 9.4** 1268.2** 16284.7** 

Gen*Env 72 24149** 4.1** 8.3** 64.0** 0.4** 60.9** 189.1** 

Residual 180 2707 1.3 2.4 25 0.1 16.1 50.7 
 

*,** statistically significant at (p<0.05 and p<0.01) respectively, ns= non –significant; d.f= degree of freedom, YLD=Grain 
Yield, DF=Days to 75% flowering, DM= Days to 75% maturity, LCBZ= Length of capsule bearing zone, NB=Number of 
branches, NC=Number of capsules and PH=Plant height. 

 
 
 
Interaction Principal component analysis one (IPCA1) (AMMI1 bi-
plot), and Interaction Principal component analysis one (IPCA1) 
against Interaction Principal component analysis two (IPCA2) 
(AMMI2 bi-plot) was also performed using AMMI model using 
GenStat software.  

A GGE bi-plot was also executed using GGE bi-plot in the Meta 
analysis of GenStat 16th edition. This methodology uses a bi-plot to 
show the factors (G and GE) that are important in genotype 
evaluation and that are also the sources of variation in GEI analysis 
of MET (Multi-environment trial) data (Yan, 2001). Moreover, mean 
comparison using Duncan's Multiple Range Test (DMRT) was 
performed to explain the significant differences among means of 
genotypes and their traits. 
 
 
RESULT AND DISCUSSION 
 
Combined Anova and estimation of variance 
components 
 
The results obtained from the combined analysis of 
variance of all the evaluated traits and genotypes is 
illustrated in Table 2. The genotype, environment and 
genotype x environment interaction (GEI) variance were 
decomposed to provide a general overview in relation to 
the evaluated traits and overall performance of the 
genotypes (Tables 2 and 3). Accordingly, the genotypes, 
the environments and the genotype x environment 
interaction components showed highly significant 
variation (p<0.001) for all agronomic traits. This statistical 
difference confirms that the difference of the traits was 
due to both the main and interaction effects. Zerihun et 
al. (2011) also found similar results of the genotype, 
environment and genotype x environment interaction 
effects in barley land races. On top of the genetic 
variability, the ANOVA also revealed that the 
environments (both locations and growing seasons) on 
which the experiments were conducted were different 
from one another in treating the genotypes. Moreover, it 
also indicates that the response of the genotypes were 
unstable and fluctuated in their trait expression with 
change in the environments. This phenomenon clearly 
confirms the existence of GEI in this study. For most of 
the traits the contribution of  environment  for  the  overall 

variance was high (ranging from 29.5% for grain yield to 
77.7% for plant height) followed by genotype × 
environment interaction and genotype respectively. 

Similar results were reported by Hagos (2009); Ahmed 
and Ahmed (2012). With respect to grain yield, the 
greatest source of variation was mainly the inherent 
genetic component meaning genotypic effect (37.3 %)  
(Table 3) which is similar to the results reported  by 
Zenebe and Hussien  (2009) and John et al. (2001).. 
 
 
Agronomic performance of Sesame genotypes   
 
The average grain yield of the tested sesame genotypes 
over the seven environments was 742.9 kg/ha. G4 had 
the highest average grain yield (926.8 kg/ha) followed by 
G1 (895.1 kg/ha) while G9 was the lowest yielding 
genotype (614.3 kg/ha) (Table 4).  G4 had early flowering 
(39.7 days) and early maturing (84.7 days). On the 
contrary, G8, G1, and G2 were late flowering genotypes 
(Table 4).  Similarly G2 was the latest maturing genotype 
(89.6 days) followed by G8 and G11 which took on 
average of about 87.8 days each to reach maturity. The 
shortest (43.01cm) and longest (51.27 cm) average 
length of capsule bearing zone was recorded from G8 
and G1 respectively. G1 also had the highest number of 
branches and number of capsules whereas G10 and G2 
had the lowest (table 3). G1 (119.5 cm) and G6 (119.9 
cm) were the genotypes with longest stature. 
  
 
Variance estimate of grain yield of the genotypes 
 
The combined ANOVA for grain yield revealed that there 
were highly significant variation (p<0.01) among the 
genotypes, environments (year, location, year x location) 
and genotype by environment interaction (Genotype x 
Year, Genotype x Location and Genotype x Year x 
Location) (Table 5). These significant variations of the 
genotypes, environments and the GEI indicated that the 
response of the genotypes were unstable and fluctuated 
in their grain yield with change in environment  and  these  
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Table 3. Combined Sum of Squares for agronomic traits of Sesame genotypes evaluated during 2011-2013. 
 

Source of 
variation 

d.f YLD DM DF LCBZ NB NC PH 

Replication  2 1464(0.0) 14.2(1.3) 10.0(0.4) 164.4(0.6) 0.2(0.2) 62.6(0.4) 149.7(0.1) 

Genotype 12 2500959(37.3) 197.6(17.9) 334.7(12.4) 1441.0(5.2) 16.8(14.4) 973.2(6.1) 5157.0(4.1) 

Env 6 1979243(29.5) 359.8(32.5) 1331.0(49.1) 16753.4(61.0) 56.3(48.1) 7609.0(47.7) 97708.7(77.7) 

Gen*Env 72 1738701(25.9) 295.6(26.7) 596.1(22.0) 4609.3(16.8) 32.0(27.4) 4383.6(27.5) 13617.1(10.8) 

Residual 180 487308(7.3) 238.5(21.6) 438.0(16.2) 4486.6(16.3) 11.6(9.9) 2907.5(18.2) 9125.1(7.3) 

Total 272 6707676 1105.7 2709.9 27454.7 116.9 15935.9 125757.5 
 

¥ No out of parenthesis and inside parenthesis are SS and % SS of traits respectively; Gen=genotype; Env=environment. 

 
 
 

Table 4. Combined mean yield and related traits of sesame genotypes over all environments. 
 

 Genotype YLD DF DM LCBZ NB NC PH 

Acc#031 895.1
b
 42.2

 a
 86.7

bcd
 51.3

a
 2.3

a
 28.88

 a
 119.5

a
 

Oro(9-1) 638.1
hi
 42.1

a
 89.6

a
 44.1

cd
 1.7

ef
 21.42

 e
 106

d
 

NN-0079-1 740.4
e
 41.0

bc
 86.5

cd
 49.7

ab
 1.8

cde
 24.5

bcd
 118.4

a
 

Acc-034 926.8
a
 39.7

f
 84.7

e
 48.8

ab
 2.2

a
 27.2

ab
 108.3

cd
 

Abi-Doctor 662.6
gh

 40
ef
 85.7

d
 51.1

a
 1.6

fg
 23.3

cde
 112.4

bc
 

Serkamo 711.5
ef
 41.4

b
 87.0

bc
 47.7

ab
 1.7

def
 23.5

cde
 119.9

 a
 

Acc-051-020sel-14 687.5
fg
 41.2

bc
 87.4

bc
 47.11

bc
 1.8

bcd
 25.1

bc
 108.8

cd
 

Tate 655.2
gh

 42.8
a
 87.8

b
 43.01

d
 2.1

a
 24.6

bcd
 110.4

cd
 

Acc-051-02sel-13 614.3
i
 40.2

def
 87.2

bc
 49.04

ab
 1.6

fg
 24.2

cd
 112.5

bc
 

Adi 697.6
f
 40.5

c-f
 87.2

bc
 48.5

ab
 1.5

g
 22.1

de
 108.8

cd
 

Hirhir 791.5
d
 41.0

bcd
 87.8

b
 47.9

ab
 2.0

bc
 24.6

bcd
 111.8

bc
 

Setit-1  832.7
c
 40.7

b-e
 86.4

cd
 49.5

ab
 1.9

bc
 24.4

cd
 112.1

bc
 

Humera-1 805.1
cd

 40.9
bcd

 86.9
bc

 47.3
b
 2.0

b
 25.8

bc
 116.4

ab
 

Mean 742.9 41.07 86.98 48.1 1.9 24.6 112.7 

LSD 83.83 1.8 2.5 8.04 0.409 6.47 11.5 

CV(%) 7 2.8 1.8 10.4 13.7 16.4 6.3 
 

Means followed by the same letter are not statistically different from each other (DMRT, at 5%). 

 
 
 

phenomenon clearly confirmed the presence of GEI in 
this study. Figure 1 depicts clearly the fluctuation of the 
genotypes across the environments. The grain yield of 
the thirteen genotypes was highly fluctuating over the 
seven environments showing highest grain yield cross-
over interaction from environment to environment. 

Among the environments the highest seed yield (1131 
kg/ha) was observed from genotype G1in environment 
seven (E7) and the lowest seed yield (395.9 kg/ha) was 
recorded from genotype G9 in environment two (E2) 
(Table 6). 
 
 
AMMI model 
 
The AMMI model is fully informative for both the main 
effect as well as for the multiplicative effects, for clearly 
understanding GEI (Zobel et al., 1988). In addition  to  the 

usual ANOVA the ANOVA from the AMMI model for grain 
yield also detected significant variation (p<0.001) for both 
the main and interaction effects indicating the existence 
of a wide range of variation between the genotypes, 
years (seasons), locations and their interactions.  
 
 
AMMI1 bi-plot analysis 
 
The AMMI bi-plot analysis provides a graphical 
representation to summarize information on main effect 
and interaction effects of both genotypes and 
environments at the same time.The AMMI1 bi-plot 
containing the genotype and environment means against 
interaction principal component analysis one (IPCA1) 
scores is illustrated in Figure 2. As indicated in Figure 1 
the displacement along the abscissa reflected differences 
in main effects, whereas displacement along the ordinate 
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Table 5. Combined ANOVA for grain yield (kg/ ha) of sesame genotypes. 
 

Source of variation d.f SS MS 

Rep 2 1464 732 

Genotype 12 2500959 208413** 

Year 2 1180209 590104** 

Location 2 722088 361044** 

Genotype x Year 24 388067 16169** 

Genotype x Location 24 702189 29258** 

Year x Location 2 76946 38473** 

Genotype x Year x Location 24 648446 27019** 

Residual 180 487308 2707 

Total 272 6707676 24661 
 

d.f= Degree of freedom, SS=Sum of squares, MS= Mean squares. 

 
 
 

 
 

Figure 1. Mean seed yield of 13 sesame genotypes across seven environments, where: E1, E2, E3...refers 
to the environments and G1, G2, G3...refers to the genotypes. 

 
 
 

exhibited differences in interaction effects.  Genotypes 
and environments with IPCA1 greater than zero are 
classified as high yielding genotypes and favorable 
environments whereas those with IPCA1 lower than zero 
are classified as low yielding genotypes and unfavorable 
environments (Yan and Thinker, 2006). Accordingly 
genotypes such as, G1, G4, G11, G12 and G13 were the 
genotypes with above average mean grain yield as they 
laid-down on the right side of the vertical line (grand 
mean of the genotypes and environments). Conversely, 
genotypes G2, G5, G6, G7, G8, G9 and G10 had below 
grand mean because they laid down to the left side of the 
vertical line. Exceptionally, G3 laid down very close to the 
vertical line, indicating the mean yield of G3 was highly 
similar over all environments and parallel to the grand 

mean of all genotypes. G4 followed by G1 had higher 
mean yield in the favorable environments, whereas G9 
and G2 had lower mean yield in the unfavorable 
environments. Regardless of their contribution for the 
interaction, G8 and G5 fall on the same vertical line 
(ideal) showing their similarity in their mean yield. G1 and 
G10 which laid down on the same horizontal line had 
similar contribution in the interaction component despite 
of their yield performance. 

Regarding the environments, E5, E6 and E7 had above 
the grand mean grain yield and were considered as 
favorable environments. On the other hand, E1, E2 and 
E4 had below average grain yield and were considered 
as unfavorable environments.  E3 laid down very close to 
the grand mean line indicating that genotypic yield  in  E3 
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Table 6. Grain yield recorded from 13 sesame genotypes in each of seven environment and overall genotypic mean. 
 

Genotype Gen Test Environments 

Name Code E1 E2 E3 E4 E5 E6 E7 Mean 

Acc#031 G1 736.8
 c
 840

ab
 801.8

bc
 852.2

 a
 911.5

 a
 992.5

 a
 1131

 a
 895.1

b
 

Oro(9-1) G2 612.6
 d
 470.9

fg
 711.8

 e
 582.6

ef
 701.2

 e
 725.7

 g
 661.7

 f
 638.1

hi
 

NN-0079-1 G3 606.1
 d
 610.6

 de
 721.7

 e
 787.9

abc
 832.3

bc
 750

fg
 873.9

 c
 740.4

e
 

Acc-034 G4 964
 a
 930.6

 a
 846.4

 a
 868.4

a
 890.3

ab
 987

ab
 1001

 b
 926.8

a
 

Abi-Doctor G5 562.2
 d
 698

 cd
 752.7

 d
 453.1

 g
 684.5

 e
 805.2

ef
 682.4

ef
 662.6

gh
 

Serkamo G6 470.4
 e
 577.9

 e
 793.3

 c
 709.7

 cd
 717.5

 e
 887.1

cd
 825

 cd
 711.5

ef
 

Acc-051-
020sel-14 

G7 815.3
 b
 465.3

fg
 738.7

 de
 501.5

fg
 712.3

 e
 850.3

de
 728.8

ef
 687.5

fg
 

Tate G8 454.7
 e
 510

ef
 552.6

 g
 775.9

abc
 699.2

 e
 923.3

abc
 670.4

ef
 655.2

gh
 

Acc-051-
02sel-13 

G9 438.5
 e
 395.9

 g
 618.9

 f
 475

 g
 751.8

 de
 924.5

abc
 695.4

ef
 614.3

i
 

Adi G10 558.5
 d
 686.8

 cd
 596.2

 f
 646.6

 de
 604.6

 f
 946.7

abc
 843.6

 c
 697.6

f
 

Hirhir G11 587.2
 d
 794.6

bc
 827.1

ab
 742.6

bc
 828.1

bc
 913.2

bcd
 848.1

 c
 791.5

d
 

Setit-1  G12 746.5
bc

 811.2
 b
 820.5

abc
 806.9

ab
 812.3

 cd
 932.3

abc
 898.8

 c
 832.7

c
 

Humera-1 G13 630.1
 d
 770.4

bc
 803.3

bc
 839.9

 a
 876.3

abc
 960.9

abc
 755

 de
 805.1

cd
 

Mean - 629.5 658.6 737.3 695.5 770.9 892.2 816.6 742.9 

LSD ±) - 69.7 100.5 26.4 86.7 69.5 65.2 78.1 83.83 

CV(%) - 6.6 9.1 2.1 7.4 5.3 4.3 5.7 7 
 

*Means followed by the same letter are not statistically different from each other (DMRT, at 5%); *Bolded yield is highest seed yield of 
genotypes in their respective environments; *Underlined yield is lowest seed yield of genotypes in their respective environments.  

 
 
 

 
 

Figure 2. AMMI1 bi-plot showing Genotype and Environmental means against IPCA1. Where the 
environments are represented by (E) and the genotypes by (G) within detail description of the 
environments and  the genotypes in the material and method part. 
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Figure 3. AMMI2 bi-plot showing PC1 versus PC2 indicating the stability of the Genotypes, where 
the environments are represented by (E) and the genotypes by (G) with in detail description in the 
material and method part. 

 
 
 

represents the overall genotypic mean across all 
environments.  

AMMI 2 bi-plot: The AMMI 2 bi-plot, containing IPCA1 
in the X-axis and IPCA2 in the Y-axis, is plotted in Figure 
3. The first interaction principal component (IPC1 or PC1) 
contained 33.59% and the second interaction principal 
component (IPC2 or PC2) explained about 23.96%  and 
the two interaction principal components cumulatively 
explained about 57.55% of the sum of squares of the 
genotype by environment interaction of the genotypes 
(Figure 3). Purchase (1997) stated that the closer the 
genotypes to the origin are the more the stable and the 
furthest genotypes from the origin are the more the 
unstable ones. In addition the closer the genotypes to the 
given vector of any environment is the more adaptive to 
that specific environment and the farthest the genotypes 
to the given vector of any environment is the less 
adaptive to that specific environment. Accordingly, 
genotypes G7, G8, G9 and G4 are far apart from the bi-
plot origin indicating these genotypes as the more 
responsive and contributed largely to the interaction 
component and considered as specifically adapted 
genotypes. On the other hand, G11, G12, G13and G3 
were the genotypes with least contribution to the 
interaction component as they are located near the bi-plot 

origin, indicating their wider adaptability (Figure 3). 
Regarding the adaptability of the genotypes in the 
environments; genotypes G1, G3, G10 and G11 were 
adaptive to E7; and genotypes G2, G5, G12 and G13 
were adaptive to environments E3, E1, E2 and E4, 
respectively. 
 
 
GGE Bi-plot 
 
The GGE bi-plot used in this study constitutes a summed 
up of 74.99% total variance of the first two principal 
components. As indicated by Yan and Thinker (2006), the 
similarity between two environments as well as 
genotypes is determined by both the length of their 
vectors and the cosine of the angle between them (Figure 
4). E1 is at about 90

o
 with E4 and E6 indicating that it had 

no correlation with these environments and could 
produce less similar information about the tested 
genotypes (Figure 4). But the other environments had 
vectors that were linked with less than 90

o,
 indicating, 

these environments were positively correlated with each 
other. E2 had longest vector and small IPCA2 and that 
was relatively the most representative and discriminating 
environment and considered as the ideal environment  for 
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Figure 4. The environment-vector view of the GGE bi-plot to show similarities among test environments. 

 
 
 
generally adapted genotypes. Hence, Genotypes with 
above average yield in this environment had above 
average yield in all environments. E1 and E4 were the 
most discriminating but least representative environments 
which were with little information of the genotypes and 
favorable for specifically adapted genotypes. Exclusively, 
E6 was neither discriminating nor representative 
environment. To clearly display graphically, the 'which-
won-where' pattern of a polygon view of  GGE bi-plot is 
exhibited in Figure 5. The polygon was formed by 
connecting the vertex genotypes that were furthest away 
from the bi-plot origin such that all other genotypes were 
included in the polygon. From the polygon view of bi-plot 
analysis (Figure 5) the bi-plot showed there were two 
different sesame growing environments. The one 
environment includes the high yielding environments (E4 
and E6), which were in the Dansha area with the winning 
genotype G1; the second environment contained the low 
to medium yielding environments (E1, E2, E3, E5 
andE7), which were under Humeraand  Sheraro areas 
with a vertex genotype G4. The other vertex genotypes 
(G7, G8 and G9) without any environment in their sectors 
were not the highest yielding genotypes at any 

environment rather they were the poorest genotypes of 
all or some environments.  
 
 
CONCLUSION AND RECOMMENDATION 
 
The combined ANOVA showed significant differences 
among the sesame genotypes in this study for meangrain 
yield across environments. The results also showed that 
the environments were highly variable with respect to 
climatic and/or edaphic factors. This GEI in turn indicated 
that, the performance or ranking of the genotypes was 
variable across environments and it was difficult to 
identify superior genotype for all environments or 
locations. The GGE bi-plot identified two sesame growing 
environments; the  area of Dansha (E4 and E6) with G1 
as a winning genotype, and the other environment 
encompassing Sheraro (E7) and Humera and Dansha 
(E1,E2, E3andE5) with G4 as a wining genotype.  

The AMMI bi-plot and GGE bi-plot of grain yield data 
identified G12 as the most stable and widely adapted 
genotype for grain yield while, G4 and G1 were  
specifically adapted  in the favorable environments
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Figure 5. The which-won-where view of the GGE bi-plot. 
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An 8 x 8 diallel cross mating design with the parents and F1s was used to estimate gene action and 
combining ability for yield and yield characters in sesame (Sesamum indicum L.). The experiment was 
conducted at the National Semi-Arid Resources Research Institute (NaSARRI), Serere, Uganda during 
the second season of 2013. The traits involved: days to 50% flowering, days to maturity, height to first 
branch, height to first capsules, plant height, length of the capsule fruiting zone and yield per plant. The 
genetic variance of combining ability was separated into general (GCA) and specific (SCA) combining 
ability variance components. Baker’s ratio, coefficients of genetic determination (CGD) were determined 
for narrow and broad sense heritabilities. High GCA effects were recorded for days to flowering, height 
of first capsule and number of branches, branches per plant and capsule length. Desirable SCA effects 
were recorded for Sesim2//5181 x Renner 1-3-1-1 for reduced height of first branch (-9.48*), Sesim1 x 
Sesim2 for number of branches per plant (0.901*), capsules on branches (20.75**) and yield per plant 
(2.42*). High Baker’s ratio was recorded for most of the traits except for yield per plant (0.233). CGDbs 
was high for most of the traits except for days to maturity (0.064), plant height (0.346), capsules on main 
stem (0.358) and capsule width (0.286). These results suggested that both additive and non-additive 
gene actions played a greater role in these traits. Sesim 1 had the highest number of desirable traits 
scored for GCA effects and could be considered as a parent for crossing to produce desirable progeny. 
Sesim 1 x Sesim 2, Sesim 1 x Ajimo A1-5 and Sesim2//5181 x SPS1438-1-6-4 recorded positive 
significant SCA effects for yield per plant and therefore they could be recommended for hybrid seed 
production. 
 

Key words: Baker‟s ratio, coefficient of genetic determination, gene effects, yield, yield components, sesame. 
 
 

INTRODUCTION 
 

Sesame (Sesamum indicum L.), commonly known as 
gingelly, til, benniseed and simsim is a member of the 
order Tubiflorae and family Pedaliaceae (Ahmed and 
Adam, 2014). It is normally called „Simsim‟ in Eastern 
Africa and it is a traditional and important oilseed  crop  in 

Uganda (Auckland, 1970). In 2011, Uganda was the 7
th
 in 

world sesame production with 173,000 tons of seed. The 
highest in the world was Myanmar, India and China with 
861,573; 769,000 and 605, tons, respectively (FAOSTAT, 
2015). In Uganda, sesame ranks second in importance to 
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groundnuts and it is predominantly grown in the North 
and North Eastern parts of the country, although there is 
a considerable amount grown in Eastern Uganda 
(Anyanga and Obong, 2001). Sesame is gaining 
considerable importance in Uganda on account of its 
economic value and especially its export potential, as a 
non-traditional export crop from Uganda. The national 
yield is reported to be about 600 kg/ha (FAOSTAT, 
2009). Brigham (1985) reported average yields of 1,564 
kg/ha in USA. This disparity in yields is caused by various 
constraints including lack of improved varieties. It is 
called the “Queen of oil seeds” because of its excellent 
quantities of the seed, oil and meal. Sesame is highly 
nutritive (oil 50% and protein 25%). It is an important 
annual oilseed crop in the tropics and warm sub-tropics 
where it is mainly grown in small plots as source of edible 
oil and one of the ingredients in food products. The seed 
is also rich in protein, vitamins including minerals and 
lignans such as sesamolin and sesamin (Moazzami and 
Kamal-Eldin, 2006). Sesame oil has medicinal and 
pharmaceutical value and is being used in many health 
care products (Coulman et al., 2005). The seed contains 
50 to 60% oil and 25% protein with antioxidants lignans 
such as sesamolin, sesamol, sesamin which impart to it a 
high degree of resistance against oxidative rancidity and 
gives it a long shelf life (Ashri, 1989). It has been used as 
an active ingredient in antiseptics, bactericides, viricides, 
disinfectants, moth repellants and anti-tubercular agents 
(Bedigian et al., 1985). It is a source of calcium, 
tryptophan, methionine and many minerals (Johnson et 
al., 1979). 

Although, it is a self-pollinated crop, there is some 
extent of cross-pollination which has a good scope for 
exploitation of heterosis. Further, an understanding of the 
combining ability and gene action is a prerequisite for any 
successful breeding programme. For breaking the yield 
barrier and evolving varieties with high yield potential, it is 
desirable to combine the genes from genetically diverse 
parents. There are several techniques for evaluating the 
varieties or cultivars or lines in terms of their combining 
ability and genetic makeup. Of these, Diallel, partial 
Diallel and line x tester techniques are in common use. 

The concept of combining ability analysis gives precise 
estimates of the nature and magnitude of gene actions 
involved in the inheritance of quantitative characters, 
which facilitate the identification of parents with good 
general combining ability effects and crosses with good 
specific combining ability effects. 

Successful breeding programme depends on the 
variability available among the different genotypes and in-
depth understanding of the underlying gene action and 
genetic architecture of traits related to yield. Selection of 
parents based on their performance per se alone may not 
always be a sound procedure, since phenotypically 
superior genotypes may yield inferior hybrids and/or poor 
recombinants in the subsequent segregating generations 
(Banerjee and Kole, 2009). It is very important  to  identify  
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parents with high GCA value for the trait to be improved 
(Banerjee and Kole, 2009). Griffing (1956) provides an 
efficient estimation of combining ability and the nature of 
gene action involved. General combining ability is largely 
due to additive genetic effects and additive x additive 
epistasis, while specific combining ability is largely a 
function of non-additive dominance and other types of 
epistasis. 

Knowledge on the nature of the combining ability 
effects and their resulting variances has a paramount 
significance in deciding on the selection procedure for 
exploiting either heterosis or obtaining new recombinants 
of desirable types in sesame (Solanki and Gupta, 2003). 
Combining ability is helpful to identify the desirable 
parents for producing better recombinants (Muhammad 
and Sedeck, 2015). No breeding research work has been 
done in Uganda regarding combining ability and gene 
action on sesame. This can also be observed by limited 
publications on sesame breeding work in Africa. 

The objectives of the present study were to estimate 
general and specific combining ability, and assess the 
nature and magnitude of gene action controlling the 
inheritance of seed yield and some of its components in 
Uganda‟s sesame germplasm.  
 
 
MATERIALS AND METHODS 
 

Experimental site 
 

The trial was planted at the National Semi-Arid Resources 
Research Institute (NaSARRI), Serere district, Uganda (Latitude 
1°31‟N; Longitude 33°27‟E;and altitude 1,140 masl) during the 
second rains season of 2013. Uganda has rainy seasons with the 
first rainy season planted between March to May and the second 
season planted between July to September. The climate is sub-
humid with a mean rainfall of 1350 mm which is bi-modally 
distributed with higher peak in April-May and lower peak in 
September-October. There is a very dry season from December to 
March, during which the temperatures rise to a maximum of around 
95°F. The institute has mainly sandy loam soils and some clay 
loams with tropical savannah grassland vegetation. 

 
 
Experimental materials 

 
Eight diverse sesame genotypes including local and exotic lines 
(Table 1) that were previously characterized morphologically in the 
breeding programme at NaSARRI, Serere and showed contrasting 
traits were crossed in an 8 x 8 diallel mating design without the 
reciprocals resulting in 28 F1 combinations. These hybrids along 
with their parents were grown in a completely randomized block 
design with three replications. The plots were single rows in 2 m 
length with spacing of 30 x 10 cm. In the experimental design, 
Sesim 2 variety was used as border row planted at the beginning 
and the end of each replication to control the border effects.  

 
 
Data collection 

 
The data recorded were: number of days to 50% flowering, days to 
physiological maturity, number of primary branches per plant, height  
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Table 1. Selected genotypes for diallel mating design. 
 

S/N Genotype/line Country of origin Main characteristics 

1 Sesim 1 Uganda Many branches from the middle, late maturing 

2 Sesim 2 Uganda Many branches from the middle, late maturing 

3 Ajimo A1-5 Uganda Many branches from the middle, late maturing 

4 Sesim2//5181 
Breeding line developed from a cross between 
Ugandan (Sesim 2) and Thailand (5181)  lines 

Hairy, few branches, branches from up 

5 Ajimo A1-6//7029 
Breeding line developed from a cross between 
Ugandan (Ajimo A1-6) and Thailand (7029) lines 

Medium early, medium height 

6 SPS1438-1-6-4 China 
Early maturing, tall, branches from down, long 
capsule zone formation, long capsules,  

7 4036-1-10-2 China 
Medium maturity, normally two to four branches per 
plant, long thick capsules 

8 Renner 1-3-1-1 USA 
Early maturing, short capsules, branches from the 
middle of the stem 

 
 
 
to first branch on the main stem, height to first capsule on the main 
stem, length of the capsule formation zone, number of capsules on 
the branches, number of capsules on the main stem, total number 
of capsules per plant, plant height and seed yield per plant. Five 
plants were selected from the centre of the row for data collection 
except for days to 50% flowering and days to maturity which was on 
the plot basis. 
 
 

Statistical analysis 
 

The characters under study were subjected to analysis of variance 
for a completely randomized block design on an entry mean basis. 
The combining ability analysis was carried out following Griffings 
(1956) method 4 which includes only the direct F1 crosses without 
parents and reciprocals. The estimates of GCA effect for the 
parents and the SCA effects for the crosses were calculated 
according to Singh and Chaudhary (1985). 
 

The model followed was: 
 

Yij= µ + gi + gj + sij + 
bc

1


k


l

ɛijkl  i,j=1,…p, 

 

Where, Yij is the observation of cross (xij), µ is the population mean, 
gi and gj are the general combining ability effect for the ith and jth 
parents, Sij is the specific combining ability effect of the cross 
between the ith and jth parents such that Sij = Sji and ɛijkl is the 
experimental error due to environmental effect associated with the 
ijklth. The variance component was calculated using the formula: 
σ2

g=(MSgca-MSerror)/(p-2); σ2
s=(MSsca-MSerrror)/1 

 

Where, MSgca= variance due to GCA; MSsca= variance due to SCA; 
MSerror= error variance. 
 
 

Gene action 
 

Since the parents used in the crosses were considered fixed, 
coefficient of genetic determination were used to estimate total 
genetic variability, broad sense and narrow sense coefficient of 
genetic determination (CGD) by the formula below: 
 

Baker‟s ratio = (2 σ2
gca)/( 2 σ2

gca + σ2
sca ) 

CGDBS= (2 σ2
gca + σ2

sca)/( 2 σ2
gca + σ2

sca + σ2
e 

CGDNS= (2 σ2
gca)/( 2 σ2

gca + σ2
sca + σ2

e) 
 
Both Genstat 14th Edition (Payne et al., 2010) and Excel computer 
programmes were used to analyze the data. 
 
 
RESULTS AND DISCUSSION 
 
General combining ability 
 
The general combining ability (GCA) effects of the 
parents are presented in Table 2. Sesim 1 had highly 
significant effect (P<0.001) for days to flowering, height to 
first branch, branches per plant and capsule width. It was 
also significant (P<0.05) for height to first capsule, plant 
height, capsules on branches, length of capsule zone and 
capsule length. This indicated that Sesim1 as a parent 
contributed much to the progenies and therefore is a 
desirable parent for crossing in order to improve those 
traits in a crossing programme. Sesim 2 was desirable for 
number of branches per plant such that it can only be 
used to increase the number of branches in the progeny. 
Ajimo A1-5 had desirable GCA effects on number of 
branches, plant height and capsules on the branches. It 
is second to Sesim 1 parent as it recorded significance to 
three desirable traits in its general combining ability. 
Sesim2//5181 and 4036-1-10-2 did not show any 
desirable trait as there was no significant level of 
difference in its contribution. They are therefore not 
desirable parents to be used in the crossing programme 
to improve yield and yield components but could be used 
for improving some other traits such as pest resistance. 
Ajimo A1-6//7029 had highly significant negative effect 
(P<0.001) on days to flowering and highly positive 
significant (P<0.001) effect on capsule length and width. 
Significant negative effect on days to flowering by Ajimo 
A1-6//7029 implies that it can be used as a parent to 
reduce days to flowering and maturity in progenies to 
adapt to effect of climate change. 
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Table 2. General combining ability effects on various yield components in sesame. 
 

Parents 
Days to 

Flowering 

Plant 
height 
(cm) 

Height of 
first branch 

(cm) 

Height  1st 
capsules 

(cm) 

Branches
/ plant 

Capsules 
on main 

stem 

Capsules 
on 

branches 

Length of 
capsule 

zone (cm) 

Capsule 
length 

Capsule 
width 

Yield/ 

plant 

 

Score 

Sesim 1 1.44*** 5.09* -6.49*** -3.65* 0.81*** 0.69ns 7.57* 6.26* 0.10* 0.07*** 0.39ns 8 

Sesim 2 2.33*** 3.59ns 5.02* 9.45*** 0.42* -1.36ns 3.77ns -3.88ns -0.08* 0.02ns 0.21ns 3 

Ajimo A1-5 1.66*** 5.26* 0.57ns 4.85** 0.58** 0.12ns 7.46* 1.36ns 0.00ns -0.02ns 0.30ns 4 

Sesim2//5181 1.72*** -0.25ns 8.52*** 8.61*** -0.34ns -3.21** -6.51* -10.71*** -0.03ns 0.03ns 0.26ns 2 

Ajimo A1-6//7029 -1.52*** -3.44ns 0.99ns -0.56ns -0.40* -3.07* -0.04ns -2.94ns 0.18*** 0.07*** 0.47ns 3 

SPS1438-1-6-4 -4.48*** -3.53ns -7.28*** -11.83*** -0.86*** -2.69* -6.34* 9.01** 0.16*** 0.04* 0.45ns 6 

4036-1-10-2 0.16ns -1.31ns 0.86ns -1.88ns -0.25ns 1.53ns -4.96ns 0.73ns 0.00ns -0.01ns 0.29ns 0 

Renner 1-3-1-1 -1.29** -5.80*ns -2.96ns -5.61** 0.11ns 1.68ns 0.35ns -0.47ns -0.29*** -0.02ns -0.29ns 1 

SEGCA 0.37 2.49 1.97 1.78 0.19 1.20 2.91 2.68 0.05 0.02 0.49  
 
 
 

Positive effect on capsule length and width would 
mean some increase in the number of seeds per 
capsule which indirectly contributes to yield. 
SPS1438-1-6-4 had highly negative significant 
(P<0.001) effect on days to flowering thus 
reducing flowering time and good to escape 
drought and other abiotic stresses. It had high 
significant (P<0.001) negative effect on height of 
first branch and first capsule and positive 
significant (P<0.5) effect on the length of the 
capsule fruiting zone. This is desirable since the 
number of capsules would be increased through 
low capsule setting and increased capsule length 
and thus increased yield. Renner 1-3-1-1 had high 
negative significant (P<0.01) effect on days to 
50% flowering, height of first capsule, plant height 
and capsule length. 

Sesim 1 was the best parent with the highest 
number of significant GCA effects followed by 
SPS1438-1-6-4. Thirugnana et al. (2006) reported 
significant results of general combining ability for 
all the characters in sesame for the experiment 
they evaluated under both normal and flood 
environments except 1000 seed weight under 
normal  conditions.   Significant   results   of   GCA 

suggest the role of additive genetic effects in the 
inheritance of these characters. Ravindran and 
Raghinam (1996) reported predominance of 
additive gene effects on traits like branches per 
plant, days to 50% flowering, 1000 seed weight 
and height to first capsule. Early flowering could 
be a desirable selection criterion if the reproductive 
period was long enough to increase productivity or 
if the shorter time to flowering resulted in a 
concomitant decrease in time to maturity without 
decreasing the yield to a significant level or if it 
helps escape the terminal drought. Since none of 
the parents showed desirable combining ability for 
majority of the component characters, multiple 
crosses involving more than two parents would be 
appropriate techniques to be employed in the 
development of hybrids and or selection of 
superior recombinants in the segregating 
generation (Banerjee and Kole, 2009). 
 
 
Specific combining ability 
 
The results of specific combining ability (SCA) are 
presented in Table 3. Ajimo A1-5  x Renner 1-3-1-

1 had positive significant (P<0.05) effect on the 
height of first branch (10.83) which is not 
desirable because few capsules would then be set 
on the main stem thus resulting in less yield per 
plant and more so if few or no branches are 
developed. Meanwhile, Sesim 2//5181 x Renner 
1-3-1-1 had negative significant (P<0.05) SCA 
effect (-9.48) which is desirable as the capsules 
start developing from lower part of the main stem 
and therefore more capsules are formed on the 
plant. Sesim 1 x Sesim 2, Sesim1 x Ajimo A1-5 
and Sesim 2//5181 x SPS 1438-1-6-4 showed 
positive significant (P<0.05) effect on yield per 
plant. Sesim 1 x Sesim 2 had positive significant 
(P<0.05) effect on days to flowering, number of 
branches per plant and number of capsules on 
branches. None of the hybrids exhibited superior 
SCA effects for all the characters indicating that 
there was no any cross that was superior for all 
the traits. Ravindran and Raghinam (1996) 
recorded seeds per capsule and capsule length to 
exhibit a preponderance of non-additive gene 
effects. Non-additive gene effects are non-fixable 
and have a consequence in slowing down 
selection  progress  but  could  be  good for hybrid
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Table 3. Estimates of specific combining ability effects on yield and yield components in sesame. 
 

S/N Cross 
Days to  

flowering 
Maturity 

Height 1st  
branch 

(cm) 

Height 1st 
capsules 

(cm) 

Plant 
height 
(cm) 

Branches/ 
plant 

Capsules 
on main 

stem 

Capsules 
on 

branches 

Capsules  
zone (cm) 

Capsule 
width 

Capsule 
length 

Yield/ 
plant 

(gm) 

1 4036-1-10-2 x Renner 1-3-1-1 -0.19 0.71 1.54 5.94 5.33 -0.06 -0.08 0.02 -1.58 0.02 -0.08 0.41 

2 Ajimo A1-5 x 4 036-1-10-2 -0.13 -.0.03 -2.65 0.48 -0.02 0.134 -0.85 3.57 1.25 -0.03 -0.00 -0.5 

3 Ajimo A1-5 x Ajimo A1-6//7029 -0.12 0.21 -3.79 -3.52 1.11 -0.38 1.41 7.99 4.26 0.02 -0.01 -1.28 

4 Ajimo A1-5 x Renner 1-3-1-1 -0.02 0.01 10.83* 7.2 2.46 -0.22 -1.34 -2.06 -3.88 -0.01 0.06 0.8 

5 Ajimo A1-5 x Sesim2//5181 -0.02 -0.63 4.33 1.32 -6.09 -0.78 -4.45 -14.88* -5.3 -0.04 -0.00 -2.62* 

6 Ajimo A1-5 x SPS1438-1-6-4 1.18 1.2 -3.66 1.08 7.89 0.41 2.31 9.63 6.64 0.05 0.01 2.01 

7 Ajimo A1-6//7029 x 4036-1-10-2 0.38 0.24 -2.08 -6.46 -3.63 0.11 0.67 -0.59 3.89 -0.02 0.02 0.76 

8 Ajimo A1-6//7029 x Renner 1-3-1-1 2.17** -0.38 -1.26 -0.06 -0.14 0.09 0.19 -4.56 1.09 0.03 0.06 0.23 

9 Ajimo A1-6//7029 x SPS1438-1-6-4 -0.98 -0.20 5.71 3.83 -6.41 0.39 -5.5* -5.2 -11.06 -0.05 -0.1 -1.43 

10 Sesim 2 x 4036-1-10-2 0.37 -0.77 3.22 3.2 -4.66 -0.04 -3.04 -8.06 -7.51 0.00 0.11 -0.66 

11 Sesim 2 x Ajimo A1-5 0.37 -0.80 2.51 -2.2 -4.92 0.13 -1.63 -10.15 -6.13 -0.03 -0.02 -0.70 

12 Sesim 2 x Ajimo A1-6//7029 -1.46 0.14 1.41 6.21 9.07 -0.22 3.23 2.36 1.83 0.02 0.04 1.73 

13 Sesim 2 x Renner 1-3-1-1 -0.69 0.28 -4.63 -6.4 -3.17 -0.06 0.48 3.96 2.36 -0.01 -0.22* -1.39 

14 Sesim 2 x Sesim2//5181 0.30 0.60 8.21 6.71 5.58 0.05 1.03 2.82 -2.39 -0.04 -0.09 -0.67 

15 Sesim 2 xSPS1438-1-6-4 -0.50 0.13 -2.97 -5.18 -8.44 -0.76 -1.2 -11.67 1.21 0.05 -0.01 -0.71 

16 Sesim 1 x 4036-1-10-2 0.74 0.57 7.07 2.64 -4.56 -0.43 -2.08 -8.86 -5.65 -0.02 -0.13 -2.02 

17 Sesim 1 x Ajimo A1-5 -1.26 0.05 -7.57 -4.36 -0.42 0.70 4.55 5.9 3.16 0.04 -0.03 2.28* 

18 Sesim 1 x Sesim2 1.59* 0.41 -7.76 -2.35 6.54 0.90* 1.13 20.75** 10.63 0.02 0.18 2.42* 

19 Sesim 1 x Sesim2//5181 -0.13 -0.43 5.39 0.15 -4.22 -0.34 -4.68 -6.31 -10.54 0.04 -0.14 -1.26 

20 Sesim 1 x SPS1438-1-6-4 -0.94 -0.61 2.87 3.92 2.66 -0.82* 1.08 -11.47 2.41 -0.08 0.11 -1.40 

21 Sesim2//5181 x 4036-1-10-2 -0.86 0.39 -5.29 -2.28 6.48 0.05 3.14 7.54 10.66 0.02 0.06 1.53 

22 Sesim2//5181 x Renner 1-3-1-1 -1.07 -0.56 -9.48* -6.22 -4.73 0.36 2.33 0.57 3.86 0.01 0.19 0.97 

23 Sesim2//5181 x SPS1438-1-6-4 1.78* 0.63 -3.16 0.32 2.99 0.66 2.64 10.26 3.71 0.03 -0.03 2.07* 

24 SPS1438-1-6-4 x 4036-1-10-2 -0.33 -1.10 -1.81 -3.52 1.06 0.24 2.24 6.38 -1.06 0.04 0.10 0.49 

25 SPS1438-1-6-4 xRenner 1-3-1-1 -0.216 -0.06 3.01 -0.46 0.25 -0.12 -1.57 2.07 -1.86 -0.04 0.00 -1.02 

 SESCA 0.78 0.61 4.13 3.72 5.21 0.40 2.51 6.09 5.60 0.04 0.10 1.21 

 
 
 
production. Yield per plant exhibited almost equal 
importance of both additive and non-additive gene 
effects. Thirugnana et al. (2006) recorded higher 
SCA variance than GCA variance for number of 
branches, number of capsules, number of seeds 
per  capsule,  1000  seed  weight  and  seed  yield 

under normal conditions as compared to analysis 
under floods. They also reported that the 
magnitude of GCA variance was higher than that 
of SCA variance for days to 50% flowering and 
plant height under normal conditions, indicating 
the  predominance   of   additive   and   additive  x 

additive type of gene action. The SCA is 
considered to be the best criterion for selection of 
superior hybrids (Ahmed and Adam, 2014). From 
the results of this study, it could be concluded that 
both additive and non-additive gene action were 
important for improving seed yield in sesame.  
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Table 4. General combining ability and specific combining ability, ratios of additive (σ2gca) to non-additive (σ2sca)  gene effects on  yield and its components. 
 

Variables 
Days to 

flowering 
Maturity 

Height 1st 
branch (cm) 

Plant height 
(cm) 

Branches/ 
plant 

Capsules 
on main 

stem 

Capsules 
on 

branches 

Capsule 
zone (cm) 

Capsule 
length 

Capsule 
width 

Yield/plant 

(gm) 

GCA 31.93*** 0.65ns 144.91 105.7* 1.71*** 22.42* 178.01** 191.17*** 0.12*** 0.00* 3.01ns 

SCA 1.25 0.44 39.58 34.89ns 0.28ns 9.68ns 99.96* 45.71ns 0.01ns 0.01ns 2.97* 

Baker‟s ratio 0.96 1.0 0.70 1.0 0.89 0.82 0.44 0.96 0.91 1.0 0.23 

CGDbs 0.92 0.06 0.69 0.356 0.69 0.36 0.62 0.51 0.78 0.29 0.57 

CGDns 0.88 0.06 0.48 0.356 0.61 0.30 0.27 0.49 0.71 0.29 0.13 
 
 
 

Significant amount of dominance (non-additive) 
variance for any character is generally a 
prerequisite for exploitation of heterosis.  

Effects of GCA and SCA were analyzed (Table 
4). GCA effects were found to be highly significant 
(P<0.001) for days to flowering, branches per 
plant, length of capsule zone and significant 
(P<0.05) for plant height, capsules on main stem 
and capsule width, indicating preponderance of 
additive gene action. Praveenkumar et al. (2012) 
revealed that additive gene action was pre-
dominant for plant height, number of secondary 
branches per plant, number of capsules per plant, 
1000 seed weight and number of seeds per 
capsule. SCA showed significant effect on only 
capsules on branches and yield per plant, thus 
indicating major action of non-additive gene action 
for these traits. Murty (1975) reported that general 
combining ability variance was larger than specific 
combining ability variance for all the characters 
except of oil, indicating the predominance of 
additive gene action. Saravanan and Nadarajan 
(2003) reported that the GCA variance was 
greater than the SCA variance for eight traits 
including days to 50% flowering, plant height, 
number of primary branches per plant and 
phyllody incidence, indicating preponderance of 
additive gene action for those traits, while the 
SCA variance was greater than GCA variance  for 

number of capsules per plant, number of seeds 
per capsule, single plant yield, indicating 
predominance of dominant gene action for these 
traits. Mothilal and Manoharan (2005) reported 
that non-additive gene action was involved in the 
expression of characters viz. number of capsules 
on branches, 1000 seed weight and seed yield 
per plant. They observed over dominance for 
number of branches, number of seeds per 
capsule and seed yield per plant. Thirugnana et 
al. (2006) reported the magnitude of GCA 
variance was higher than that of SCA variance for 
days to 50% flowering and plant height under 
normal conditions. Praveenkumar et al. (2012) 
also recorded that the proportion of GCA 
variances were higher as compared to SCA. Aladji 
et al. (2014) showed that the values of GCA/SCA 
ratios had SCA variance higher than GCA 
variance component except for number of seeds 
per capsule and days to maturity. They recorded 
that the SCA variance was more than GCA 
variance, indicating the role of non-additive gene 
action for the inheritance of date to flowering, 
duration of maturation, plant height, number of 
branches, number of capsules per plant and 
capsule length.  

As recorded in Table 4, additive gene action 
controlled days to flowering, plant height, branches 
per  plant,  capsules  on main  stem,  capsules  on 

branches, length of capsule zone, capsule length 
and capsule width. Non-additive gene action 
controlled capsules on branches and yield per 
plant only. For selected traits controlled by non-
additive gene action, it would therefore be 
desirable to maintain a certain degree of 
heterozygosity to exploit the additive gene effects 
and recurrent selection involving crossing 
desirable segregannts alternated with selection in 
order to increase the magnitude of additive 
genetic variance and at the same time to maintain 
heterozygosity. 

Pedigree method is applied for selection of 
desirable traits that are controlled by additive 
gene action since they are fixable. Selection of 
progenies for these traits is done at early stages 
of segregation to produce pure lines. Meanwhile, 
traits controlled by non-additive (dominance and 
epistasis) gene action are good for hybrid 
production where dominance is important. The 
selection of these traits are normally delayed to 
later stages of segregation after some selfing in 
order to reduce the number of genes that 
heterozygous and genes would then be fixed to 
homozygosity.  

Baker‟s ratio was high for most of the traits 
(Table 4) except yield per plant (0.233) indicating 
that the parents contributed much to the 
progenies.  Coefficient  of genetic determination in  
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broad sense (CGDbs) was higher for most traits except 
days to maturity, plant height, capsules on main stem and 
capsule width (0.29). Coefficient of genetic determination 
in narrow sense (CGDns) was high for most traits except 
days to maturity (0.06), capsules on main stem, capsules 
on branches, capsule width and yield per plant, implying 
that these traits have high heritability and the parents 
contributed highly to those traits. Where CGDns is low, it 
indicates non-additive (dominance or epistasis) behavior 
playing an important role. This also suggests that the 
progeny could not be predicted on the GCA values of the 
parents. 
 
 
Conclusion 
 
These results suggested that both additive and non-
additive gene actions played a greater role in these traits. 
Sesim 1 had the highest number of desirable traits 
scored for GCA effects and could be considered as a 
parent for crossing to produce desirable progeny. Sesim 
1 x Sesim 2, Sesim 1 x Ajimo A1-5 and Sesim2//5181 x 
SPS1438-1-6-4 recorded positive significant SCA effects 
for yield per plant and therefore they could be 
recommended for hybrid seed production. 
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Heritability is a basic genetic parameter for quantitative traits that may determine their selection 
generation and intensity as well as predict their selection response and efficiency in plant breeding. 
Estimation of heritability varies based on experimental design. The type 2 modified augmented design 
(MAD2) as an unbalanced experimental design, has been proposed for evaluating numerous 
unreplicated test genotypes with several replicated control genotypes to adjust for soil heterogeneity. 

Here, we define an inter-environment correlation (  ), that is, the mean Pearson’s correlation coefficient 
of trait performance for test genotypes between all pairs of environments, to approximate broad-sense 

heritability (   . Computer simulation and empirical results demonstrated that    was consistent with 

   estimates on a plot basis by ANOVA for non-missing data sets, and similar to those by the restricted 
maximum likelihood (REML)-based method for missing data sets. The    method was shown to 
generally outperform the ANOVA- and REML-based methods.  
 
Key words: Broad-sense heritability, analysis of variance, inter-environment correlation, modified 
augmented design, restricted maximum likelihood, flax. 

 
 
INTRODUCTION 
 
Heritability is a basic genetic parameter for quantitative 
traits that may determine their selection generation and 
intensity as well as predict their selection response and 
efficiency in plant breeding. Heritability estimation varies 
depending on the experimental design (Holland et al., 
2003). The  modified  augment  design  (MAD)  has  been 

proposed for square plots (Type 1) (Lin and Poushinsky, 
1983) and  specifically for rectangular plots (Type 2 - 
MAD2) (Lin and Poushinsky, 1985) for field  evaluation of 
a large number of breeding lines and used in many crops 
such as flax (Soto-Cerda et al., 2014a; Soto-Cerda et al., 
2014b;  Kumar  et  al.,  2015),  wheat  (Golparvar  et   al.,
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2015), potato (Schaalje et al., 1987), soybean (Lin and 
Voldeng, 1989), and barley (May et al., 1989; May and 
Kozub, 1995). This design can accommodate a large 
number of unreplicated test genotypes with typically only 
three control genotypes for error control (You et al., 
2013).  
    Our earlier study (You et al., 2013) demonstrates that 
soil heterogeneity can be sufficiently adjusted for traits in 
MAD2 trials. The adjusted observations for test and 
control genotypes are expected to exclude the effect of 
soil heterogeneity; thus, the variation among replications 
of each control genotypes should be solely caused by 
random errors. A method based on analysis of variance 
(ANOVA) to approximately estimate broad-sense 

heritability (  ) for this design has been developed (You 
et al., 2016b), in which genetic variance is calculated 
based on the total phenotypic variance estimated from 
test genotypes minus the error variance estimated from 
control genotypes. Because    is always overestimated 
in single trials, joint analysis over multiple environments 
for heritability estimation was proposed in which the error 
variance is jointly estimated using the three replicated 
control genotypes (You et al., 2016b). However, a caveat 
to this estimation method is the requirement for the same 
control genotypes to be used in all environments or trials, 
and this limits its potential use for joint analysis of data 
from multi-environment trials with different control 
genotypes or experimental designs.  

There are two units for measurement of phenotypic 
variances in heritability estimation: on a plot basis and on 
an entry (or genotype)-mean basis. Estimates of 
phenotypic variance on an entry-mean basis are always 
larger than those on a plot basis because the error and 
interaction variance components are divided by the 
corresponding numbers of observations (You et al., 
2016b). From the perspective of breeding, usually our 
interest is the heritability estimated from a set of trials. 
Thus, heritability is usually estimated on an entry-mean 
basis, that is, the genotype × environment variance is 
divided by the number of environments. However, we 

found from empirical results  that    on an entry-mean 
basis was overestimated in multi-environment MAD2 

trials (You et al., 2016a); thus,    estimates on a plot 
basis were put forward and used in MAD2 trials of flax 
(You et al., 2016a) and in this study.  

Herein, we define an inter-environment correlation (  ) 

to approximately estimate    in multi-environment MAD2 
trials and which does not rely on control genotype data. 

   estimates from two traditional methods, ANOVA and 
restricted maximum likelihood (REML), are compared 
with    using computer-simulated and empirical data sets 
with and without missing data.  
 
 

MATERIALS AND METHODS 
 

Simulation data 
 

For multi-environment MAD2 trials, a linear  model  for  an  adjusted 

 
 
 
 
observation (   ) of g test genotypes at e environments can be 

written as: 
 

    = µ +    +    +        +    , (i = 1, 2, …, g; j = 1, 2, …, e),         (1) 
 

Where     ~ N(µ,   
 ),    ~ N(0,   

 ),    ~ N(0,   
 ),        ~ N(0,    

 ), 

and     ~ N(0,   
 ).   

 ,   
 ,   

 ,    
 , and   

  are phenotypic, genetic 

(G), environment (E), genotype-by-environment (G × E) interactions, 

and error variances, respectively.   
  is jointly estimated based on e 

environments with t replicated control genotypes in each trial (You 
et al., 2016b). Typically, t is three in MAD2 trials.  

For a typical multi-environment MAD2 trial, the data set includes 
observations for g unreplicated test genotypes and three control 
genotypes at each of e environments (representing individual trials 
in multiple years or/and locations). For the three control genotypes, 
one main plot control has m replications and each of two subplot 
controls are replicated n times. The values of g, m, n and e depend 
on the design. Thus, a total of (g + m + 2*n)*e data points will be 
generated from a typical multi-environment MAD2 trial. For 
example, an individual MAD2 trial with a grid of 10 rows by 10 
columns contained 100 whole plots with each whole plot being split 
into 5 subplots, resulting in a total of 500 subplots. The main plot 
control was placed in the center subplot of each whole plot and so 
m = 100. Two additional subplot controls were randomly assigned 
to two subplots of 5 randomly selected whole plots and thus n = 5 
or 2n = 10. Test genotypes were accommodated to the remaining 
390 subplots (g = 390), and the ratio of m to g and that of m to all 
subplots were 25.6 and 20%, respectively (see Figure 1 in You et 
al., 2013). To simplify the process, all simulations comprised the 
same percentage of test genotypes for the main plot control 
replicates (m = 0.25 * g) and the same number of subplot control 
replicates (n = 5). 

To assess the effect of the number of environments (e), number 
of test genotypes (g), and theoretical heritability of a trait on    
estimation, simulation data sets for a total of 180 parameter 
combinations of    (0.1 to 0.9 with an interval of 0.1), e (2, 4, 6, 8, 
and 10), and g (50, 100, 200, and 300) were generated. For each 
parameter combination, 500 simulations were replicated, which was 
sufficient to represent the sampling distribution of a parameter 
combination based on results of different simulation runs.  

Data sets with 5, 10, 15 and 20% missing data for test genotypes 
were constructed from each complete data set generated for 
parameter combinations. Missing data were distributed in all 
environments at random. The R sample function was applied to all 
simulated observations from e environments to randomly assign 
NULL as missing values. Consequently, a total of 450,000 data sets 
were generated for analysis. 

According to empirical results, plot-based    estimates were 
more accurate than entry-mean-based estimates in MAD2 trials 
(You et al., 2016a). Accordingly, heritability estimates on a plot 

basis were used in this study. Given   ,    
 , and   

  for a trait,   
  

can be estimated as   
  =     

    
             on a plot basis. 

Because traits may have different    
  and   

 , these two variances 
were randomly and independently generated. In addition, the 

environmental variance (  
 ) was also randomly generated. Thus, 

the effects of G, E, G × E, and random error can be simulated 
according to Equation 1 for a multi-environment MAD2 trial. Similar 
simulation procedures for data generation have been described 
previously (You et al., 2016b). The R pipeline program for 
simulation is available at 
http://probes.pw.usda.gov/bioinformatics_tools/MADPipeline/index.
html. 

 
 
Empirical data 
 
Three flax  biparental  genetic  populations,  namely  243 F6-derived 



 
 
 
 
recombinant inbred lines (RILs) generated from a cross between 
CDC Bethune and Macbeth (BM), 90 F6-derived RILs from a cross 
between E1747 and Viking (EV), and 78 F1-derived doubled haploid 
lines from a cross between SP2047 and UGG5-5 (SU), plus a core 
collection (CC) of 391 accessions, were field evaluated at two 
locations in Canada (Morden, Manitoba and Kernen Farm near 
Saskatoon, Saskatchewan) from 2009 to 2012. The same MAD2 
design was employed with the same population in all environments 
but the designs differed across populations. The experimental 
designs and phenotyping for the  22 traits in CC, 14 in BM, 19 in EV, 
and 11 in SU over six to eight environments have been previously 
described (Cloutier et al., 2010; Soto-Cerda et al., 2014b; Kumar et 
al., 2015; You et al., 2016b). The adjusted observations in each 
environment were used for    estimation and evaluation.  
 
 

Traditional estimation of    
 

The simulated and empirical adjusted observations were used to 
estimate    on a plot basis (You et al., 2016a; You et al., 2016b). 

   was estimated as  ̂  =  ̂ 
  /( ̂ 

 +  ̂  
  +  ̂ 

 ), where  ̂ 
 ,  ̂  

 , and  ̂ 
  

are the genetic, G × E, and error variance, respectively. These 
variance components were estimated using the method of moments 
based on both ANOVA (You et al., 2016b) and REML (Holland, 
2006; Piepho and Möhring, 2011). The R (https://www.r-
project.org/) package lme4 (Bates et al., 2015) was used to 
calculate the REML-based variance components.  A test for 
homogeneity of error variance across environments was performed 
before parameter estimations to satisfy the assumption of the 
model (Equation 1). 
 
 

Inter-environment correlation as a    statistic 
 
Based on Equation 1, the inter-environment correlation of adjusted 
observations (y) for two environments (E1 and E2) was defined as: 
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  =   .                 (2) 

Here,            is the covariance of adjusted observations 

between two environments. It is equal to   
  because G, E, and 

random error are hypothesized to be independent of each other and 

thus the covariance between them is zero, whereas    
   

=   
  

because, for a single environment, the environmental variance   
   

0. Therefore,           corresponds to an   estimate. To validate 
this definition, independent observations were simulated in two-

environment MAD2 trials at given    values (0.1 to 0.9 with 0.1 
intervals) and for a number of test genotypes (50, 100, 200 and 
300). 
    For a multi-environment MAD2 trial,    was defined as the mean 
inter-environment correlation coefficient of all possible pairs of 

environments to estimate the    of a trait: 
 

   ∑      
 
         

      

 
  (i, j = 1, 2, …, e),                 (3) 

 

Where e is the number of environments and    = 0 if    < 0. 
 
 

Standard error of    estimates 

 
The delta method was implemented for MAD2 (You et al., 2016b) 

and used to estimate the standard error (SE) of  ̂  by ANOVA and 
REML for the empirical data sets. For simulation data, the standard 
deviation of  500  replicates  for  each  parameter  combination  was  
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calculated to represent the SE of three    estimates (    ̂   or 

     ).  
Owing to the properties of    as a mean Pearson’s correlation 

coefficient, the SE of    can also be approximated based on the SE 
formula of Pearson’s correlation (Bowley, 1928; Kendall and Stuart, 
1977) using: 

    

       
     

 

    
  

      

 
    ,                                             (4) 

 
Where e is the number of environments and g is the number of test 
genotypes.  

The bootstrap method (Efron, 1979; Xie and Mosjidis, 1997) was 
also used to estimate the standard error of three heritability 
estimates for either simulated or empirical data. Bootstrapping was 
performed by resampling test genotypes with replacement from the 
original population, and each bootstrap sample had the same size 
as the original population. The R sample function was used to 
generate the bootstrap samples. The standard deviation of    in 
500 bootstrap samples was calculated to represent the standard 

error of   , denoted as      ) to distinguish from and compare with 

SE(  ) in Equation 4,    ̂  , or       estimated by simulation.  
An R pipeline program was developed to automate the 

simulations and, consequently, the    estimation for three 
heritability estimation methods. A separate R program for 

calculating    and its SE (bootstrap method) for empirical test 
genotype data was also created and is available at 
http://probes.pw.usda.gov/bioinformatics_tools/MADPipeline/index.
html.  
 
 

Statistical power  
 

Statistical power (P) of three heritability estimation methods (  , 
ANOVA, and REML) was calculated for all parameter combinations 
to determine the minimum number of environments and test 
genotypes required for heritability estimation and for method 
comparison. The power of a trait heritability estimate is the 
probability of correctly rejecting the null hypothesis that heritability is 
zero when the true heritability of the trait is greater than zero. First, 
the Z score for the power of a heritability estimate was calculated 
using (Klein, 1974): 
 

         ̂     ̂ ,                 (5) 

 
Where    is the Z score of the significance level α used for a one-

tailed test (             ;    ̂   is the expected value of the 
heritability, here the given or parametric heritability value; and   ̂  

is the SE of the expected  ̂  value, estimated by the standard 
deviation of 500 simulated samples. The one-tailed test was 
adopted to test whether a heritability estimate is greater than 0 
because heritability should be always equal to or greater than zero. 
The statistical power was defined as the area under the standard 
normal curve from Z to plus infinity, and can be calculated using an 
R function: 
 

P = 1 - pnorm(-Z),                                (6) 
 

Where pnorm is the R function for calculating the cumulative 
density of the normal distribution. 
 
 

RESULTS 
 

Genetic and phenotypic variance estimation in the 

definition of    
 
Simulation    results    showed    a    perfectly    consistent 
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Figure 1. Covariances (   ̂   ,   )) of trait performance between two environments in relation to genetic variances (  
 ) 

estimated by ANOVA (A), and the product of standard deviations of trait performance from two environments ( ̂   ̂  ) in 

relation to phenotypic variances (  
 ) on a plot basis estimated by ANOVA (B).   

 
 
 

relationship between    ̂   ,   ) and  ̂ 
  (r = 1.000) 

(Figure 1A) and between  ̂   ̂   and  ̂ 
  (r = 0.999) 

(Figure 1B) for the ANOVA-based method, confirming the 
definition in Equation 2.  
 
 

   estimates for simulated data sets without missing 
data  
 

   estimates by   , ANOVA ( ̂ (A)), and REML ( ̂ (R)) 

were calculated for all complete simulated data sets.    

was perfectly correlated with the given    values (r = 
1.000) independent of the number of environments 
(Figure 2A) or test genotypes (Figure 2C). However, 
standard errors of    (      ) declined with increasing 
number of environments or test genotypes (Figure 2B 

and D). For a trait with    equal to or greater than 0.5, 
the heritability can be correctly estimated at as few as 
two environments with 50 test genotypes at a statistical 
power of > 0.999 (Table 1). For traits with low heritability, 
a larger number of environments and test genotypes 

contribute positively to more reliable    estimates 

through increasing statistical power. For an    estimate 
of 0.2, a statistical power in excess of 0.95 can be 
achieved from data sets with 300 test genotypes at two 
environments, 100 test genotypes at four environments, 
or 50 test genotypes at ≥ six environments when there 
was no missing data (Table 1). 

   was consistent with  ̂ (A) for different numbers of 

environments and test genotypes (Table 2) (r = 1.000).    

also highly correlated with  ̂ (R) (r > 0.993) (Table 2). 

High similarity between  ̂ (A) and  ̂ (R) (r > 0.993) was 
observed (Table 2). 

   estimates for simulated data sets with missing 
data 
 

   estimates by   , ANOVA, and REML were calculated 
for all simulated data sets with missing data of 5 to 25%. 

The SEs of    estimates by all three methods increased 
with the rate of missing data. Among the three estimation 
methods, REML yielded smaller SEs than the   - and 
ANOVA-based methods for both non-missing and 

missing data sets (Table 3).  ̂ (A) had SEs consistent 

with    for non-missing data sets (R
2
 = 1.000) but larger 

SEs for missing data sets (Figure 3A);    had more 

consistent REs with  ̂ (R) (R
2
 =  0.974) for missing data 

sets (Figure 3B). 

The statistical power of    estimates was markedly 
affected by missing data rates (Tables 3 and 4). Owing to 

the small SEs,    estimates by REML had higher power 
than those by   , which was also higher than those by 

ANOVA. The power of    and  ̂ (R) was relatively less 

affected by missing data. For an    estimate of 0.2 in 
data sets with a missing data rate of ≤5%, a statistical 
power over 0.95 can be achieved from data sets with 300 
test genotypes at two environments, 100 test genotypes 
at ≤ four environments, or 50 test genotypes at ≤ eight 
environments for all three estimation methods (Table 4). 

Estimates of    and  ̂ (R) were less affected by missing 
data, remaining largely constant with increasing missing 

data rate at different given    values (Table 3).    was 

consistent with  ̂ (R) for different numbers of 
environments and test genotypes (Table 5) (r = 0.995-

0.999) but less correlated with  ̂ (A) (r = 0.955-0.996) 

(Table 5). Bias of  ̂ (A) and  ̂ (R) from their true 

heritability values  was  observed.  At  a  given      ≤ 0.3,  
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Figure 2. Inter-environment correlations (  ) and their standard deviations (    )) in terms of heritability (  ) for different numbers of 
environments (A and B) and test genotypes (C and D), respectively.   

 
 
 

 ̂ (A) was overestimated (Table 3). However, at a given 

   ≥ 0.4 for  ̂ (A) and ≥ 0.2 for  ̂ (R),  ̂  values were 
slightly underestimated (Table 3). A negligible deviation 
of    estimates from their true values was also observed 

when given    ≥ 0.3 (Table 3). 
 
 

   estimates for empirical data 
 

As a case study,   ,  ̂ (A), and  ̂ (R) and their SEs were 
estimated for 22 traits in the CC, 14 in the BM population, 
19 in the EV population, and 11 in the SU population 
(Table S1). These traits varied greatly in estimated 
heritability (0.00-0.94), were phenotyped in a different 
number of environments ranging from two to eight, and 
evaluated in different populations, that is, one natural and 

three biparental populations of varying size (Table 6). 
Here, heritability of some traits was estimated to be 0 due 
to large experimental errors in data and the ANOVA 
based model used which resulted in negative genetic 
variances. The negative genetic variance was treated as 
0 in calculation although the real genetic variance should 

be greater than 0.    was highly correlated to both  ̂ (A) 

(r = 0.948-0.998) and  ̂ (RP) (r = 0.974-0.998) in 
individual populations (Table 6). Similar relationships 

among    ,  ̂ (A), and  ̂ (R) were observed in different 
populations despite different numbers of test genotypes 
(Table 6). Figure 4 depicts the similar overall relationship 

of    with  ̂ (A) and  ̂ (R) for all 66 data points. In 

addition, a strong correlation between  ̂ (A) and  ̂ (R) (r 
= 0.995-1.000), similar to the results in the simulation 
data sets, was also observed in the different populations 
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Table 1. Statistical power (P) of broad-sense heritability estimates (  ) by inter-environment correlation (  ), ANOVA and REML for α = 
0.05 (one-tailed test) as a function of number of environments and test genotypes.  
 

No. 
environments 

No. test 
genotypes 

Method 
P for    

0.1 0.2 0.3 0.4 ≥ 0.5 

2 50    0.765 0.533 0.769 0.940 ≃1 

  ANOVA 0.715 0.533 0.786 0.935 ≃1 

  REML 0.699 0.544 0.795 0.951 ≃1 

 100    0.692 0.686 0.940 0.998 ≃1 

  ANOVA 0.670 0.685 0.941 0.998 ≃1 

  REML 0.652 0.711 0.947 0.999 ≃1 

 200    0.555 0.890 0.999 ≃1 ≃1 

  ANOVA 0.549 0.889 0.999 ≃1 ≃1 

  REML 0.540 0.899 0.999 ≃1 ≃1 

 300    0.551 0.977 1.000 ≃1 ≃1 

  ANOVA 0.558 0.977 1.000 ≃1 ≃1 

  REML 0.543 0.974 1.000 ≃1 ≃1 
        

4 50    0.549 0.872 0.986 ≃1 ≃1 

  ANOVA 0.567 0.872 0.983 0.999 ≃1 

  REML 0.535 0.875 0.989 ≃1 ≃1 

 100    0.685 0.986 ≃1 ≃1 ≃1 

  ANOVA 0.698 0.986 ≃1 ≃1 ≃1 

  REML 0.692 0.990 ≃1 ≃1 ≃1 

 200    0.912 ≃1 ≃1 ≃1 ≃1 

  ANOVA 0.892 ≃1 ≃1 ≃1 ≃1 

  REML 0.896 ≃1 ≃1 ≃1 ≃1 

 300    0.979 ≃1 ≃1 ≃1 ≃1 

  ANOVA 0.981 ≃1 ≃1 ≃1 ≃1 

  REML 0.981 ≃1 ≃1 ≃1 ≃1 
        

6 50    0.649 0.962 0.996 ≃1 ≃1 

  ANOVA 0.673 0.964 0.995 ≃1 ≃1 

  REML 0.673 0.969 0.997 ≃1 ≃1 

 100    0.908 0.999 ≃1 ≃1 ≃1 

  ANOVA 0.905 0.999 ≃1 ≃1 ≃1 

  REML 0.909 0.999 ≃1 ≃1 ≃1 

 200    0.991 ≃1 ≃1 ≃1 ≃1 

  ANOVA 0.990 ≃1 ≃1 ≃1 ≃1 

  REML 0.992 ≃1 ≃1 ≃1 ≃1 

 300    0.999 ≃1 ≃1 ≃1 ≃1 

  ANOVA 0.999 ≃1 ≃1 ≃1 ≃1 

  REML 0.999 ≃1 ≃1 ≃1 ≃1 
        

8 50    0.757 0.990 ≃1 ≃1 ≃1 

  ANOVA 0.779 0.990 ≃1 ≃1 ≃1 

  REML 0.805 0.994 ≃1 ≃1 ≃1 

 100    0.958 ≃1 ≃1 ≃1 ≃1 

  ANOVA 0.953 ≃1 ≃1 ≃1 ≃1 

  REML 0.959 ≃1 ≃1 ≃1 ≃1 

 200    ≃1 ≃1 ≃1 ≃1 ≃1 

  ANOVA 0.999 ≃1 ≃1 ≃1 ≃1 

  REML 0.999 ≃1 ≃1 ≃1 ≃1 

 300    ≃1 ≃1 ≃1 ≃1 ≃1 

  ANOVA ≃1 ≃1 ≃1 ≃1 ≃1 
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Table 1. Contd. 
 

  REML ≃1 ≃1 ≃1 ≃1 ≃1 
        

10 50    0.876 0.996 ≃1 ≃1 ≃1 

  ANOVA 0.869 0.997 ≃1 ≃1 ≃1 

  REML 0.867 0.996 ≃1 ≃1 ≃1 

 100    0.992 ≃1 ≃1 ≃1 ≃1 

  ANOVA 0.991 ≃1 ≃1 ≃1 ≃1 

  REML 0.990 ≃1 ≃1 ≃1 ≃1 

 200    ≃1 ≃1 ≃1 ≃1 ≃1 

  ANOVA ≃1 ≃1 ≃1 ≃1 ≃1 

  REML ≃1 ≃1 ≃1 ≃1 ≃1 

 300    ≃1 ≃1 ≃1 ≃1 ≃1 

  ANOVA ≃1 ≃1 ≃1 ≃1 ≃1 

  REML ≃1 ≃1 ≃1 ≃1 ≃1 
 

Data sets had no missing data. 
 
 
 

Table 2. Correlation of broad-sense heritability ( ̂ ) estimated by three methods inter-environment correlation (  ), ANOVA (A), and 
REML (R) for simulated data sets without missing data. 
 

No. of environments No. of test genotypes         ̂
 (A))       ̂

 (R))     ̂      ̂ (R)) 

2 50 - 300 1.000 0.992 0.992 

4 50 - 300 1.000 0.997 0.997 

6 50 - 300 1.000 0.998 0.998 

8 50 - 300 1.000 0.998 0.998 

10 50 - 300 1.000 0.998 0.998 

2 - 10 50 1.000 0.991 0.991 

2 - 10 100 1.000 0.997 0.997 

2 - 10 200 1.000 0.999 0.999 

2 - 10 300 1.000 0.999 0.999 

2 - 10 50- 300 1.000 0.997 0.997 
 

 ̂ (A):  ̂  on a plot basis estimated by ANOVA;  ̂ (R):  ̂  on a plot basis estimated by REML. Simulated data includes data points generated 
from combinations of environments (2, 4, 6, and 8), test genotypes (50, 100, 200 and 300), and heritability (0.1-0.9 in 0.1 increments) with 500 
replicates for each combination. 

 
 
 

Table 3. Effects of missing data on estimation of broad-sense heritability (  ) and statistical power (P). 
 

   MDR (%) 
 ̂  s P 

   ANOVA REML    ANOVA REML 

0.1 0 0.101 ± 0.047 0.101 ± 0.047 0.100 ± 0.045 0.835 0.836 0.836 

 5 0.101 ± 0.049 0.121 ± 0.063 0.100 ± 0.047 0.821 0.792 0.821 

 10 0.101 ± 0.051 0.136 ± 0.081 0.100 ± 0.048 0.830 0.823 0.831 

 15 0.102 ± 0.053 0.150 ± 0.095 0.101 ± 0.050 0.812 0.749 0.815 

 20 0.102 ± 0.057 0.163 ± 0.108 0.101 ± 0.053 0.806 0.710 0.811 

0.2 0 0.200 ± 0.054 0.200 ± 0.053 0.199 ± 0.052 0.944 0.945 0.948 

 5 0.200 ± 0.056 0.212 ± 0.064 0.198 ± 0.054 0.931 0.913 0.935 

 10 0.200 ± 0.058 0.221 ± 0.077 0.198 ± 0.055 0.936 0.935 0.940 

 15 0.201 ± 0.061 0.229 ± 0.088 0.199 ± 0.057 0.926 0.893 0.931 

 20 0.200 ± 0.064 0.235 ± 0.099 0.198 ± 0.060 0.911 0.866 0.918 

0.3 0 0.298 ± 0.057 0.298 ± 0.057 0.296 ± 0.056 0.984 0.984 0.985 

 5 0.298 ± 0.059 0.303 ± 0.063 0.296 ± 0.057 0.977 0.972 0.980 
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Table 3. Contd. 
 

 10 0.298 ± 0.062 0.306 ± 0.072 0.296 ± 0.059 0.982 0.981 0.984 

 15 0.298 ± 0.064 0.308 ± 0.081 0.296 ± 0.061 0.973 0.963 0.978 

 20 0.298 ± 0.067 0.310 ± 0.089 0.296 ± 0.064 0.968 0.951 0.973 

0.4 0 0.398 ± 0.055 0.397 ± 0.054 0.395 ± 0.053 0.998 0.997 0.998 

 5 0.398 ± 0.057 0.397 ± 0.058 0.395 ± 0.055 0.995 0.996 0.996 

 10 0.398 ± 0.060 0.395 ± 0.064 0.394 ± 0.057 0.996 0.997 0.998 

 15 0.398 ± 0.062 0.393 ± 0.071 0.395 ± 0.058 0.993 0.993 0.996 

 20 0.397 ± 0.066 0.389 ± 0.078 0.394 ± 0.061 0.989 0.989 0.994 

0.5 0 0.499 ± 0.052 0.498 ± 0.051 0.494 ± 0.051 ≃1 ≃1 ≃1 

 5 0.499 ± 0.053 0.493 ± 0.054 0.494 ± 0.052 ≃1 ≃1 ≃1 

 10 0.499 ± 0.056 0.488 ± 0.058 0.494 ± 0.053 ≃1 ≃1 ≃1 

 15 0.499 ± 0.059 0.482 ± 0.063 0.494 ± 0.055 0.999 ≃1 ≃1 

 20 0.498 ± 0.061 0.475 ± 0.069 0.493 ± 0.057 0.999 0.999 ≃1 

0.6 0 0.598 ± 0.048 0.597 ± 0.048 0.591 ± 0.047 ≃1 ≃1 ≃1 

 5 0.598 ± 0.050 0.590 ± 0.050 0.591 ± 0.048 ≃1 ≃1 ≃1 

 10 0.597 ± 0.051 0.582 ± 0.053 0.591 ± 0.050 ≃1 ≃1 ≃1 

 15 0.597 ± 0.054 0.574 ± 0.056 0.591 ± 0.051 ≃1 ≃1 ≃1 

 20 0.597 ± 0.056 0.566 ± 0.060 0.591 ± 0.052 ≃1 ≃1 ≃1 

0.7 0 0.698 ± 0.039 0.697 ± 0.039 0.688 ± 0.040 ≃1 ≃1 ≃1 

 5 0.698 ± 0.040 0.689 ± 0.040 0.688 ± 0.041 ≃1 ≃1 ≃1 

 10 0.698 ± 0.041 0.681 ± 0.043 0.688 ± 0.042 ≃1 ≃1 ≃1 

 15 0.698 ± 0.043 0.672 ± 0.045 0.688 ± 0.042 ≃1 ≃1 ≃1 

 20 0.698 ± 0.045 0.663 ± 0.048 0.689 ± 0.043 ≃1 ≃1 ≃1 

0.8 0 0.799 ± 0.028 0.797 ± 0.028 0.784 ± 0.034 ≃1 ≃1 ≃1 

 5 0.799 ± 0.029 0.791 ± 0.030 0.784 ± 0.034 ≃1 ≃1 ≃1 

 10 0.798 ± 0.030 0.783 ± 0.031 0.785 ± 0.034 ≃1 ≃1 ≃1 

 15 0.798 ± 0.032 0.775 ± 0.033 0.785 ± 0.034 ≃1 ≃1 ≃1 

 20 0.798 ± 0.033 0.767 ± 0.036 0.785 ± 0.035 ≃1 ≃1 ≃1 

0.9 0 0.899 ± 0.016 0.898 ± 0.016 0.877 ± 0.030 ≃1 ≃1 ≃1 

 5 0.899 ± 0.016 0.894 ± 0.017 0.878 ± 0.030 ≃1 ≃1 ≃1 

 10 0.899 ± 0.017 0.889 ± 0.018 0.878 ± 0.030 ≃1 ≃1 ≃1 

 15 0.899 ± 0.018 0.884 ± 0.019 0.878 ± 0.030 ≃1 ≃1 ≃1 

 20 0.899 ± 0.018 0.879 ± 0.020 0.879 ± 0.030 ≃1 ≃1 ≃1 
 

MDR, Missing data rate on an entire multi-environment trial basis; H^2 was calculated based on 10,000 data points generated from combinations of 
various numbers of environments (2, 4, 6, 8 and 10) and test genotypes (50, 100, 200 and 300) with 500 replicates for each combination; Statistical 
power was the average of power estimates from 20 parametric sets of different numbers of environments and test genotypes. 
 
 
 

(Table 6). Because the empirical data had missing values 
in some environments (Table S1), a slightly weaker 

relationship among   ,  ̂ (A) and  ̂ (R), and a stronger 

relation between    and  ̂ (R) than that between    and 

 ̂ (A) (Table 6) were observed, which resembled the 
results obtained in missing data sets.  

 
 

Standard error of    
 

To perform a significance test for    estimates, the SEs of 

   determined by Eq. 4 (      ) and by the bootstrap 
method (      )) were compared to the corresponding 

simulated SEs (     ). Although a strong correlation of 

      to        was observed (R
2
 = 0.815)  (Figure 5A),  a 

high correlation (R
2
 = 0.995) was obtained for       with 

     ) (Figure 5B) indicating the bootstrap method yielded 

SE estimates for    that were highly consistent with those 
obtained by simulation. The SE estimates obtained by the 
bootstrap method were systematically smaller (by 0.0015 
on average) than those obtained by simulation. A linear 
regression equation,        1.0802*      ) - 0.0017 
(Figure 5B), may be used to adjust the bootstrap 
estimates. 
 
 

DISCUSSION 
 

   is the ratio of genetic variance to total phenotypic 
variance, representing  the  extent  with which  genotypes 



You et al.          265 
 
 
 

 
 

Figure 3. Relationship of standard errors (SEs) of inter-environment correlation (  ) with SEs of   estimates by 

ANOVA (A) and REML (R). (A) SEs of    estimated from simulations (    )) vs. SEs of   estimates by ANOVA 

(   ̂    ) using all data sets (missing and non-missing data) (blue) and non-missing data only (red). (B)     )) vs. 

   ̂    ) using all data sets.  

 
 
 

Table 4.  Statistical power (P) of broad-sense heritability estimates ( ̂ ) at a given heritability of 0.2 by inter-environment correlation (  ), ANOVA, 
and REML for α = 0.05 (one-tailed test) as a function of the number of environments, and test genotypes, and missing data rates. 
 

No. of 
environments 

No. of test 
genotypes 

Method 
P for missing data rate (%) 

0 5 10 15 20 

2 50    0.533 0.503 0.518 0.543 0.571 

  ANOVA 0.533 0.527 0.507 0.500 0.528 

  REML 0.544 0.516 0.502 0.523 0.543 

 100    0.686 0.640 0.606 0.611 0.534 

  ANOVA 0.685 0.673 0.653 0.619 0.557 

  REML 0.711 0.666 0.643 0.623 0.563 

 200    0.890 0.859 0.837 0.818 0.733 

  ANOVA 0.889 0.812 0.705 0.639 0.596 

  REML 0.899 0.875 0.858 0.835 0.755 

 300    0.977 0.959 0.953 0.929 0.908 

  ANOVA 0.977 0.889 0.775 0.703 0.642 

  REML 0.974 0.956 0.947 0.929 0.903 
        

4 50    0.872 0.849 0.821 0.793 0.733 

  ANOVA 0.872 0.886 0.835 0.807 0.741 

  REML 0.875 0.859 0.832 0.832 0.763 

 100    0.986 0.976 0.976 0.955 0.913 

  ANOVA 0.986 0.982 0.960 0.918 0.858 

  REML 0.990 0.984 0.982 0.969 0.947 

 200    ≃1 ≃1 ≃1 0.999 0.998 

  ANOVA ≃1 0.999 0.979 0.942 0.888 

  REML ≃1 ≃1 ≃1 ≃1 0.999 

 300    ≃1 ≃1 ≃1 ≃1 ≃1 

  ANOVA ≃1 ≃1 0.993 0.966 0.917 

  REML ≃1 ≃1 ≃1 ≃1 ≃1 
        

6 50    0.962 0.946 0.934 0.916 0.894 

  ANOVA 0.964 0.957 0.929 0.897 0.866 

  REML 0.969 0.959 0.949 0.939 0.925 

 100    0.999 0.998 0.997 0.994 0.992 
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Table 4.  Contd. 
 

  ANOVA 0.999 0.996 0.976 0.938 0.903 

  REML 0.999 0.999 0.998 0.997 0.996 

 200    ≃1 ≃1 ≃1 ≃1 ≃1 

  ANOVA ≃1 ≃1 ≃1 0.999 0.994 

  REML ≃1 ≃1 ≃1 ≃1 ≃1 

 300    ≃1 ≃1 ≃1 ≃1 ≃1 

  ANOVA ≃1 ≃1 0.999 0.988 0.960 

  REML ≃1 ≃1 ≃1 ≃1 ≃1 
        

8 50    0.990 0.988 0.979 0.971 0.958 

  ANOVA 0.990 0.985 0.970 0.960 0.929 

  REML 0.994 0.992 0.990 0.987 0.977 

 100    ≃1 ≃1 ≃1 ≃1 ≃1 

  ANOVA ≃1 ≃1 0.999 0.995 0.986 

  REML ≃1 ≃1 ≃1 ≃1 ≃1 

 200    ≃1 ≃1 ≃1 ≃1 ≃1 

  ANOVA ≃1 ≃1 ≃1 0.999 0.995 

  REML ≃1 ≃1 ≃1 ≃1 ≃1 

 300    ≃1 ≃1 ≃1 ≃1 ≃1 

  ANOVA ≃1 ≃1 ≃1 ≃1 0.999 

  REML ≃1 ≃1 ≃1 ≃1 ≃1 
        

10 50    0.996 0.995 0.990 0.988 0.988 

  ANOVA 0.997 0.994 0.988 0.983 0.971 

  REML 0.996 0.996 0.994 0.992 0.994 

 100    ≃1 ≃1 ≃1 ≃1 ≃1 

  ANOVA ≃1 ≃1 ≃1 0.999 0.995 

  REML ≃1 ≃1 ≃1 ≃1 ≃1 

 200    ≃1 ≃1 ≃1 ≃1 ≃1 

  ANOVA ≃1 ≃1 ≃1 ≃1 ≃1 

  REML ≃1 ≃1 ≃1 ≃1 ≃1 

 300    ≃1 ≃1 ≃1 ≃1 ≃1 

  ANOVA ≃1 ≃1 ≃1 ≃1 ≃1 

  REML ≃1 ≃1 ≃1 ≃1 ≃1 

 
 
 
 

are affected by environments and random error.    also 
represents the repeatability of trait performance in 
different environments. For highly heritable traits, the 
performance of genotypes in one environment has a high 
repeatability in other environments; in other words, the 
trait performance of the genotypes is strongly correlated 
between any pair of environments. In contrast, low 
heritability traits display low correlations of trait 
performance between any two environments. As such, 
the inter-environment correlation (  ) of trait performance 
should be an indicator of trait heritability. The theoretical 
derivation confirms that the    between two environments 

corresponds to    (Equation 2). Both simulation and 
empirical results demonstrate that    is an accurate and 

stable estimate of    on a plot basis.  

The    method has two significant advantages. First, 

because    is a mean correlation coefficient between 
pairs of environments, its calculation is simple. Second, 
only the test genotype data is required for calculation of 
  , eliminating the prerequisite for the use of the same 
control genotypes across all trials and hence permitting 

flexible field designs. Thus, the    method allows joint    
estimation over multiple environments for genetic 
populations that may differ in their MAD2 designs and 
which may not necessarily include the same control 
genotypes. The    method is equally applicable to trials 
with the same test genotypes but where different control 
genotypes are used in the different environments. A 

practical example was the joint   estimation for three flax 
biparental populations: BM, EV, and SU. These three 
populations were evaluated in the same six to eight 
environments using MAD2 designs but with different  
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Table 5. Correlation of broad-sense heritability ( ̂ ) estimated by three methods inter-environment correlation (  ), ANOVA (A), and 
REML (R) for simulated data sets with missing data rates of 5 to 20%. 
 

No. of  

environments 

No. of test  

genotypes 
        ̂

 (A))       ̂
 (R))     ̂      ̂ (R)) 

2 50 - 300 0.955 0.988 0.945 

4 50 - 300 0.984 0.995 0.980 

6 50 - 300 0.991 0.997 0.989 

8 50 - 300 0.995 0.998 0.993 

10 50 - 300 0.996 0.998 0.994 

2 - 10 50 0.980 0.998 0.970 

2 - 10 100 0.982 0.986 0.979 

2 - 10 200 0.984 0.998 0.983 

2 - 10 300 0.985 0.999 0.984 

2 - 10 50 - 300 0.983 0.995 0.979 
 

 ̂ (A):  ̂  on a plot basis estimated by ANOVA;  ̂ (R):  ̂  on a plot basis estimated by REML. Simulated data includes data points generated 
from combinations of environments (2, 4, 6, and 8), test genotypes (50, 100, 200 and 300), and heritability (0.1-0.9 in 0.1 increments) with 500 
replicates for each combination. 

 
 
 

Table 6. Correlation of broad-sense heritability ( ̂ ) estimated by three methods inter-environment correlation (  ), ANOVA (A), and 
REML (R) for empirical data. 
 

Population 
No. of test  

genotypes 

No. of  

traits 
        ̂

 (A))       ̂
 (R))     ̂      ̂ (R)) 

CC 391 22 0.986 0.992 0.995 

BM 243 14 0.982 0.982 1.000 

EV 90 19 0.948 0.974 0.980 

SU 78 11 0.998 0.998 1.000 

Total - 66 0.975 0.985 0.989 
 

CC, Core collection; BM, CDC Bethune/Macbeth; EV, E1747/Viking; SU, SP2047/UGG5-5;  ̂ (A):   ̂  on a plot basis estimated by ANOVA; 

 ̂ (R):   ̂  on a plot basis estimated by REML. The estimate for each trait was used as a single data point to calculate the correlation 

among   ,  ̂ (A), and  ̂ (R). No. of traits in each population represent the number of data points used for calculation of correlation between 
any two methods. Total represents all 66 data points from four individual populations for correlation calculation. 

 
 
 
control genotypes. In each MAD2 design, CDC Bethune 
was used as the main plot control but the subplot controls 
were the two parents of each of the three biparental 
populations to improve error control because the two 
parents shared the genetic background of their offspring. 
As a consequence of the use of different control 
genotypes in the three population trials, neither ANOVA- 

nor REML-based methods could estimate joint    values, 
but this was achievable with the    method using pooled 
data. The results will be reported separately.  

In the ANOVA-based    estimation, the error variance 
of unreplicated test genotypes is estimated by duplicated 
control genotypes. This is based on the assumption that 
control genotypes share the same random error variance 
with all test genotypes. Theoretically, the total mean 
square (MS) of the test genotypes will be greater than the 
error MS in a single trial or the G × E interaction variance 
in a multi-environment trial. As such, the genetic variance 
of the test genotypes can be  estimated  as  the  total  MS 

minus the error MS of a single trial or by the total 
variance minus the G × E interaction MS in a multi-
environment trial. However, the sampling bias caused by 
a limited number of control genotypes (typically three in 
MAD2) may occasionally result in negative genetic 
variance estimates and failure to correctly estimate 
genetic parameters, especially when the heritability of a 
trait is very low. In this case, the    method can avoid this 

potential drawback because the genetic variance in    
corresponds to the covariance of trait performance 
between two environments (         )) (Equation 2 and 

Figure 1A). If the          ) is less than zero then the 
genetic variance can be considered zero, whereas 
negative or null genetic variance obtained by ANOVA or 
REML might be an incorrect estimate in some cases. In 
the core collection, for example, both oil and linolenic 

acid contents have    estimates of zero because their 
genetic variances were estimated to be zero by both 
ANOVA-   and   REML-based   methods.   This   result   is  
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Figure 4. Relationship of inter-environment correlations (  ) with broad-sense heritability ( ̂ ) estimated 

from empirical data by ANOVA and REML. Data points include estimates for    and  ̂  from 22 traits in the 
core collection, 14 in the CDC Bethune/Macbeth, 19 in the E1747/Viking, and 11 in the SP20147/UGG5-5 
populations.   

 
 
 

 
 

Figure 5. Relationship of standard error (SE) of inter-environment correlation (  ) with SE estimates by other methods. (A)     ) vs. SE 
of    calculated by Equation 4 (      ). (B)    ) vs. SE estimated by the bootstrap method (     )). All data sets including missing and 
non-missing data) were used. 

 
 
 
obviously incorrect because oil and linolenic acid content 
are traits of moderate to high heritability (You et al., 

2016a). However,   -based    estimates for the two traits 
were 0.387 and 0.661, respectively, although these 
estimates are still smaller than expected.  

The  REML-based  method,  as  an  alternative   to   the 

more traditional ANOVA techniques, has been widely 
used for estimation of heritability and genetic correlations 
(Holland, 2006; Piepho and Möhring, 2011). The 
advantages compared to ANOVA methods are that 
REML estimates of variance and covariance components 
have known asymptotic distributional properties  and  can  



 
 
 
 
efficiently handle both unbalanced data and complex 
experimental designs (Meyer, 1985; Holland, 2006). 
REML’s main drawback is that it is much more 
computationally intensive than ANOVA, a disadvantage  
that is exacerbated with large data sets. In this study, 
these two    estimation methods were compared to the 

   method using both simulation and empirical data of 
multi-environment MAD2 trials. All results corroborate the 
agreements between the ANOVA- and REML-based 
methods with r > 0.99 in the simulated data sets without 
missing data, especially in the empirical data of BM and 
SU populations where their estimates are nearly identical 
(Table 2). The ANOVA-based   estimates are consistent 
with the    estimates when no missing data exist in the 
data sets. Nevertheless, when missing values occur, the 
  - and REML-based methods show higher power than 
the ANOVA-based method, confirming that the REML-
based method is efficient for tackling unbalanced data. 
Overall,   -, ANOVA-, and REML-based methods can be 

used for non-missing data sets; the   - and REML-based 
methods are suitable for missing data sets; and the 
   method is versatile for all cases of practical data sets in 
multi-environment MAD2 trials.  

A significance test for    estimates requires SE values. 

Generally, SEs (     ) estimated by simulation with a 
large sample size (500 in this study) provide a good 
estimate of the sampling error. Thus, they were used as a 
relative standard for comparisons. Two potential methods 
were assessed: the approximate standard error (      ) 
of mean simple correlation coefficients (Equation 4) and 
bootstrap. The non-parametric bootstrap is an effective 
alternative for determining distribution of an estimator 
with an unknown probability density, and has been used 
to estimate standard errors for heritability (Xie and 
Mosjidis, 1997). Results demonstrate that the bootstrap 
method outperforms the SE formula of simple correlation 
coefficient (Equation 4), and provides perfectly consistent 
SE estimates with      . However, a systematic difference 

between       and sb(rE) was observed; adjustments may 

be done using the regression equation in Figure 5B, 
which was constructed using 900 data points generated 
from different numbers of environments (2, 4, 6, 8, and 
10), test genotypes (50, 100, 200 and 300), and missing 
data rates (0, 5, 10, 15 and 20%) at given heritability 
values ranging from 0.1 to 0.9. Therefore, the bootstrap 
method is recommended to estimate the standard error of 
   in significance tests. The bootstrap estimation of SE 
has been implemented in the R pipeline program 
(http://probes.pw.usda.gov/bioinformatics_tools/MADPipe
line/index.html).   

To find the effective sample size for estimating    in 
multi-environment MAD2 trials, the statistical power of 

three    estimation methods was calculated. As 
expected, the power is affected by the number of 
environments and test genotypes, and missing data 

rates. For traits with    equal to  or  greater  than  0.5,  
50  test genotypes at two environments were sufficient 
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to achieve a statistical power over 0.95 (Table 1); for 
traits with lower heritability (e.g., 0.2), 300 test genotypes 
at two environments, 100 test genotypes at four 
environments, or 50 test genotypes at greater than or 
equal to six environments are required to obtain the same 
statistical power (Table 1). Increasing the missing data 
rate decreased the statistical power (Table 4), but an 
increase of the number of environments and/or test 

genotypes markedly improved the statistical power of    
estimates.  

Notably, heritability estimates in the simulation data 
sets were slightly biased from their true values when 

true    values were greater than 0.2 (Table 3). This bias 

was observed in all three   estimation methods, 
especially when the ANOVA-based method was used for 
missing data sets. However, the    method has less 
deviation than other two for both missing and non-
missing data sets. This bias may be inherently owing to 
the MAD2’s unbalanced feature. Piepho and Möhring 
(2007) discussed how estimation of broad-sense 
heritability in unbalanced trials differs from that in the 
case of a balanced design. The    proposed here, as well 
as the ANOVA- (You et al., 2016b) and REML- (You et 

al., 2016a) based methods, provide an approximate    
estimate for MAD2 trials. This approximation is due to not 
only unbalanced data but also approximate assumption 
of independence for adjusted observations from an 
MAD2 trial.  

For adjustment of observations in an MAD2 trial, there 
are four different cases for quantitative traits: (1) 
significant additive soil variation due to row or column 
effects (M1); (2) significant non-additive soil variation due 
to row × column interaction effects (M3); (3) M1+M3, and 
(4) no additive or non-additive soil variation (You et al., 
2013). For case 4, as no data adjustment is required, 
their estimates of heritability  will be unbiased, while for 
the first three cases, data adjustment are needed and the 
adjusted data may be correlated to some extent, resulting 
in biased estimates. In this study, the simulation data was 
completely independent of each other, but the empirical 
data of some traits were unnecessarily completely 
independent due to data adjustment. However, we found 
that highly similar or consistent results were obtained in 
both data sets, indicating small effect of defective 
independence assumption to heritability estimation. In our 
actual trials, especially those with good quality, most of 
the traits would not need data adjustment or have minor 
row or/and column or their interaction effects, the bias 
due to defective independence would be small and may 
be disregarded in breeding applications.      
 
 

Conclusion 
 

A    statistic, rE, representing an inter-environment 
correlation of a quantitative trait, was presented for multi-
environment MAD2 trials. The    method provides a 

simple   approach   to   approximate       in    any    multi- 
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environment MAD2 trial without the limitations of ANOVA- 
or REML-based methods that require the use of the same 
control genotypes across trials and/or environments.  
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Supplementary data 
 
Table S1. Broad-sense heritability estimates ( ̂ ) determined by inter-environment correlation (   , ANOVA (A), and REML (R), and their 
standard error (SE) for traits for three flax biparental populations (BM, EV, and SU) and the flax core collection (CC). 
 

Population Trait MDR (%)    ± SE 
 

 ̂     ± SE  ̂     ± SE 

CC Bolls (m
-2

) 6.07 0.319 ± 0.051 
 

0.313 ± 0.022 0.337 ± 0.023 

CC Cellulose content (%) 2.23 0.306 ± 0.046 
 

0.178 ± 0.014 0.284 ± 0.020 

CC Cell wall content (%) 2.23 0.173 ± 0.050 
 

0.111 ± 0.012 0.170 ± 0.017 

CC Fiber content (%) 2.23 0.331 ± 0.052 
 

0.253 ± 0.018 0.312 ± 0.021 

CC Days to 5% flowering 2.05 0.643 ± 0.043 
 

0.548 ± 0.020 0.595 ± 0.020 

CC Days to 95% flowering 2.40 0.662 ± 0.038 
 

0.546 ± 0.020 0.619 ± 0.019 

CC Plant height (cm) 2.05 0.594 ± 0.033 
 

0.608 ± 0.019 0.650 ± 0.019 

CC Iodine value 3.11 0.800 ± 0.026 
 

0.769 ± 0.014 0.780 ± 0.014 

CC Lignin content (%) 2.23 0.324 ± 0.051 
 

0.247 ± 0.018 0.307 ± 0.021 

CC Linoleic content (%) 3.11 0.934 ± 0.050 
 

0.919 ± 0.006 0.921 ± 0.006 

CC Lodging 1.98 0.104 ± 0.048 
 

0.060 ± 0.010 0.081 ± 0.014 

CC Days to maturity 2.23 0.212 ± 0.055 
 

0.185 ± 0.017 0.212 ± 0.019 

CC Mildew score 5.53 0.522 ± 0.038 
 

0.411 ± 0.028 0.466 ± 0.031 

CC Oleic content (%) 3.11 0.768 ± 0.028 
 

0.722 ± 0.016 0.736 ± 0.016 

CC Palmitic content (%) 3.11 0.822 ± 0.027 
 

0.791 ± 0.013 0.806 ± 0.012 

CC Pasmo score 3.02 0.253 ± 0.042 
 

0.256 ± 0.022 0.288 ± 0.025 

CC Plant branching score 9.85 0.000 ± 0.053 
 

0.004 ± 0.013 0.006 ± 0.018 

CC Shive content (%) 2.23 0.332 ± 0.052 
 

0.254 ± 0.018 0.312 ± 0.021 

CC Protein content (%) 3.46 0.723 ± 0.061 
 

0.631 ± 0.021 0.680 ± 0.020 

CC Stearic content (%) 3.11 0.845 ± 0.023 
 

0.817 ± 0.012 0.822 ± 0.011 

CC Thousand seed weight (g) 0.38 0.770 ± 0.028 
 

0.629 ± 0.030 0.641 ± 0.030 

CC Seed yield (T H
-1

) 2.84 0.405 ± 0.044 
 

0.306 ± 0.020 0.386 ± 0.022 

BM Cell wall content (%) 0.29 0.091 ± 0.064 
 

0.089 ± 0.020 0.089 ± 0.020 

BM Iodine value 0.46 0.783 ± 0.032 
 

0.769 ± 0.018 0.769 ± 0.018 

BM Linoleic content (%) 0.46 0.756 ± 0.030 
 

0.755 ± 0.019 0.755 ± 0.019 

BM Linolenic content (%) 0.46 0.783 ± 0.032 
 

0.774 ± 0.018 0.773 ± 0.018 

BM Days to maturity 0.00 0.427 ± 0.050 
 

0.432 ± 0.031 0.432 ± 0.031 

BM Oil content (%) 0.36 0.564 ± 0.047 
 

0.494 ± 0.027 0.494 ± 0.027 

BM Oleic content (%) 0.46 0.777 ± 0.029 
 

0.764 ± 0.018 0.764 ± 0.018 

BM Palmitic content (%) 0.46 0.803 ± 0.029 
 

0.763 ± 0.018 0.762 ± 0.018 

BM Seeds per boll 0.55 0.366 ± 0.056 
 

0.234 ± 0.028 0.235 ± 0.028 

BM Protein content (%) 0.00 0.215 ± 0.061 
 

0.328 ± 0.029 0.328 ± 0.029 

BM Stearic content (%) 0.46 0.852 ± 0.028 
 

0.822 ± 0.015 0.823 ± 0.014 

BM Straw weight (g) 0.51 0.340 ± 0.055 
 

0.266 ± 0.035 0.266 ± 0.035 

BM Thousand seed weight (g) 0.55 0.324 ± 0.071 
 

0.261 ± 0.028 0.261 ± 0.028 

BM Seed yield (T H
-1

) 0.26 0.029 ± 0.061 
 

0.016 ± 0.013 0.016 ± 0.013 

EV Cellulose content (%) 0.00 0.383 ± 0.087 
 

0.329 ± 0.045 0.368 ± 0.043 

EV Cell wall content (%) 0.00 0.052 ± 0.099 
 

0.034 ± 0.027 0.033 ± 0.028 

EV Fiber content (%) 0.00 0.429 ± 0.084 
 

0.344 ± 0.045 0.368 ± 0.048 

EV Days to flowering 0.00 0.000 ± 0.083 
 

0.024 ± 0.089 0.004 ± 0.115 

EV Plant height (cm) 0.00 0.310 ± 0.090 
 

0.506 ± 0.047 0.330 ± 0.078 

EV Iodine value 0.00 0.916 ± 0.031 
 

0.916 ± 0.012 0.917 ± 0.013 

EV Lignin content (%) 0.00 0.465 ± 0.086 
 

0.304 ± 0.048 0.352 ± 0.050 

EV Linoleic content (%) 0.00 0.928 ± 0.029 
 

0.913 ± 0.013 0.912 ± 0.013 

EV Linolenic content (%) 0.00 0.936 ± 0.026 
 

0.918 ± 0.012 0.918 ± 0.012 

EV Days to maturity 0.00 0.230 ± 0.105 
 

0.226 ± 0.045 0.237 ± 0.048 

EV Oil content (%) 0.00 0.587 ± 0.072 
 

0.612 ± 0.041 0.536 ± 0.055 

EV Oleic content (%) 0.00 0.408 ± 0.092 
 

0.419 ± 0.046 0.409 ± 0.050 
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Table S1. Contd. 
 

EV Palmitic content (%) 0.00 0.758 ± 0.048 
 

0.775 ± 0.029 0.754 ± 0.036 

EV Protein content (%) 0.00 0.664 ± 0.056 
 

0.680 ± 0.040 0.573 ± 0.059 

EV Shive content (%) 0.00 0.486 ± 0.086 
 

0.262 ± 0.043 0.301 ± 0.046 

EV Stearic content (%) 0.00 0.843 ± 0.042 
 

0.756 ± 0.030 0.773 ± 0.026 

EV Straw weight (g) 0.00 0.198 ± 0.085 
 

0.302 ± 0.086 0.171 ± 0.086 

EV Seed yield (T H
-1

) 0.00 0.414 ± 0.098 
 

0.227 ± 0.041 0.172 ± 0.053 

SU Plant height (cm) 0.00 0.278 ± 0.101 
 

0.245 ± 0.055 0.245 ± 0.055 

SU Iodine value 0.00 0.934 ± 0.033 
 

0.921 ± 0.013 0.921 ± 0.013 

SU Linoleic content (%) 0.00 0.939 ± 0.031 
 

0.935 ± 0.011 0.935 ± 0.011 

SU Linolenic content (%) 0.00 0.939 ± 0.033 
 

0.932 ± 0.012 0.932 ± 0.012 

SU Days to maturity 0.00 0.547 ± 0.078 
 

0.537 ± 0.054 0.537 ± 0.054 

SU Oil content (%) 0.00 0.738 ± 0.049 
 

0.685 ± 0.042 0.685 ± 0.042 

SU Oleic content (%) 0.00 0.752 ± 0.052 
 

0.724 ± 0.039 0.724 ± 0.039 

SU Palmitic content (%) 0.00 0.902 ± 0.020 
 

0.878 ± 0.020 0.878 ± 0.020 

SU Protein content (%) 0.00 0.481 ± 0.089 
 

0.450 ± 0.054 0.450 ± 0.054 

SU Stearic content (%) 0.00 0.888 ± 0.031 
 

0.854 ± 0.023 0.854 ± 0.023 

SU Seed yield (T H
-1

) 0.00 0.214 ± 0.105 
 

0.136 ± 0.044 0.136 ± 0.044 
 

MDR, Missing data rate; BM, CDC Bethune/Macbeth; EV, E1747/Viking; SU: SP2047/UGG5-5; CC, core collection. The population sizes of BM, 

EV, SU, and CC are 243, 86, 70, and 391, respectively.  ̂ (A):  ̂  on a plot basis estimated by ANOVA;  ̂ (R):  ̂ on a plot basis estimated by 

REML. The standard error (SE) for   was estimated using the bootstrap method and the SE for  ̂ (A) and  ̂ (R) was calculated based on the Delta 
method implemented in You et al. (2016b). 
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