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The present study was undertaken to assess the mor-
phological and amplified fragment length polymor-
phism (AFLP) marker-based genetic diversity, to 
estimate mid-parent heterosis and to study the possi-
ble limits of the parental divergence for the occur-
rence of heterosis for yield and its contributing traits 
in chilli hybrids. Five CMS B lines and 30 testers were 
used for morphological (9 traits) and AFLP (8 primer 
combinations) marker-based genetic divergence 
analysis. One hundred fifty hybrids were synthesized 
through line × tester (5 × 30) mating design and were 
used to estimate the mid-parent heterosis for nine 
characters. More than 50% of hybrids showed signifi-
cant mid-parent heterosis for both green and red fruit 
yield per plant. The nonlinear regression revealed  
intermediate parental divergence for the occurrence 
of higher frequency of heterotic crosses and extreme 
genetic divergence for occurrence of less heterotic 
crosses for green and red fruit yield per plant. Thus, 
the parental divergence should neither be too small 
nor very large for realizing higher frequencies of het-
erotic crosses in both green fruit yield per plant and 
red fruit yield per plant. It is worthwhile to involve 
parents with intermediate divergence than involving 
parents with extreme divergence to recover higher 
frequencies of heterotic hybrids for both green fruit 
yield per plant and red fruit yield per plant. 
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CHILLI (Capsicum annuum L.) is a leading spice-cum-
vegetable crop grown commercially in India, China, 
Ethiopia, Hungary, Indonesia, Japan, Spain, Mexico and 
other countries. India is the largest producer of chilli in 
the world, which is grown in an area of 9.15 m ha with 
production of 11 lakh tonnes. India accounts for 26% of 
global production followed by China. Although India is 
the largest producer, productivity is far less (1.1 tonnes 

ha–1) compared to the global average productivity (4.0 
tonnes ha–1). Therefore, there is strong need to increase 
the productivity of chilli. 
 Genetic resources play a pivotal role in its economical 
utilization and desirable traits improvements. Genetic  
divergence existing in the population helps in the selection 
of suitable parents for utilization in chilli crop breeding 
programmes. Identification and characterization of desir-
able parental combinations provide the basis for selection 
in the follow-up breeding process for exploitation of het-
erosis. The study of genetic diversity and phenotypic 
variability for diverse morpho-economic traits in the 
available germplasms is a prelude to potential chilli crop 
improvement. Molecular markers are used to meet a 
number of objectives, including genetic diversity analysis 
and prediction of hybrid performances in different crop 
species1. Currently, several molecular marker techniques 
are available serving various purposes in several crops. 
Amplified fragment length polymorphism (AFLP) is one 
of the well-known molecular marker systems relying on 
polymerase chain reaction (PCR) technique to estimate 
genetic diversity. It requires no prior sequence knowledge 
and can detect large number of genetic loci than restrict 
fragment length polymorphism (RFLP), random ampli-
fied polymorphic DNA (RAPD) and simple sequence  
repeat (SSR) markers. These important features of the 
AFLP marker prompted us to use it in the genetic diver-
sity analysis. The efficiency of hybrid breeding pro-
gramme could be increased if the inbred/parental lines 
could be screened for genetic diversity using molecular 
markers and superior crosses are accurately predicted 
prior to field evaluation2. Molecular markers are not  
influenced by environmental factors, and are fast and 
more efficient than field testing to detect large number of 
distinct differences between genotypes. 
 Thus, it is necessary to explore the limits of parental 
distance that ensures the frequency of higher heterotic 
hybrids which is one of the most important steps in  
developing hybrids. However, this is one of the most 



RESEARCH ARTICLES 
 

CURRENT SCIENCE, VOL. 104, NO. 6, 25 MARCH 2013 739

costly and time-consuming steps in hybrid breeding pro-
gramme as it is necessary to cross all the available paren-
tal lines and evaluate all hybrids in extensive yield trials. 
Development and evaluation of only a limited number of 
hybrids generated from a relatively fewer number of par-
ents saves substantial resources3. Thus, it becomes neces-
sary to identify relatively fewer number of parents that 
are likely to result in high frequency of heterotic hybrids. 
The selection of such fewer parents from among available 
ones is critical. The per se performance of a parent is not 
always a true indicator of its potential to exploit the hy-
brid vigour. In several crops, parental genetic diversity 
per se and parental combining ability have been success-
fully used to develop higher frequencies of heterotic  
hybrids. Parents with high general combining ability and 
a large genetic distance between them are known to pro-
duce hybrids with better yield performance4. Advances in 
genome research have generated interest in predicting 
hybrid performance using molecular markers as indicated 
by positive association between DNA marker-based  
genetic distance and heterosis5,6. The discovery of cyto-
plasmic male sterility (CMS) system provided the break-
through for heterosis breeding in chilli7–9. Concerted 
efforts were made in this direction, to develop and evalu-
ate hybrids using different CMS and fertility restorer 
lines. However, while taking the programme of hybrid 
chilli to logical ends, choice of suitable parents through 
careful and critical evaluation of current material is of 
paramount importance. This is because per se perform-
ance of a parent is not always a true indicator of its po-
tential in hybrid combinations. There are several criteria 
by which a breeder can choose suitable parents for suc-
cessful hybridization, of which the two important ones 
are (i) combining ability of parents and (ii) genetic diver-
sity between the parents. Most often, combining ability 
has been extensively used by plant breeders to select suit-
able parents for realizing high frequency of heterotic hy-
brids. However, genetic diversity of parents is equally 
important, as found in corn10. There is a close association 
between the magnitude of genetic divergence and hetero-
sis in Brassica campestris11, sunflower12 and sesame13. 
However, heterosis is not always found to occur when 
high divergent parents are crossed and lack of association 
between parental diversity and heterosis14. With this 
background, the present study was designed to elucidate 
the morphological and molecular marker-based genetic 
diversity among the parents, heterosis in F1 crosses and to 
study possible limits of parental divergence to realize het-
erotic hybrids for economic traits in chilli. 

Material and methods 

Genetic diversity analysis 

A total of 35 parents (5 CMS B lines and 30 testers) were 
used to analyse the morphological and AFLP marker-

based genetic diversity (Table 1). The CMS A and B lines 
were received from the Asian Vegetable Research and 
Development Center (AVRDC), Taiwan. Testers were 
unrelated and have outstanding agronomic potential. The 
collected testers were maintained for 10 generations to 
get homozygous conditions at University of Agricultural 
Sciences (UAS), Bangalore. 

Morphological marker-based genetic diversity 

The experiment on genetic diversity was carried out by 
raising chilli plants of the 30 testers and 5 CMS B lines in 
kharif 2008 at UAS, Bangalore in randomized complete 
block design (RCBD). All the recommended package of 
practices were followed to raise a good crop. Ten plants 
in each genotype were tagged from each replication and 
nine characters were recorded, viz. days to 50% flower-
ing, days to first fruit maturity, plant height (cm), fruits 
per plant, fruit length (cm), fruit width (cm), hundred 
seed weight (g), green fruit yield per plant (g) and red 
fruit yield per plant (g). The D2-statistic was used for  
assessing the genetic divergence among the parents15. 
The genotypes were grouped into different clusters  
following Tocher’s method16. Statistical analysis of the 
data was carried out using Generes statistical programme 
for morphological diversity. 

AFLP marker-based genetic diversity analysis 

Genomic DNA was extracted from young and healthy 
leaves of 40–50-day-old chilli genotypes with some 
modifications17 and AFLP reactions were performed18 
with some modifications. After selective amplification, 
the PCR products were mixed with loading buffer, dena-
tured and placed on ice. Four microlitres of the mixture 
was loaded on a polyacrylamide gel. For each primer 
combination, samples of 35 parents were run on the same 
gel. After electrophoresis, the gels were fixed and dried19. 
Fragment scoring was performed as present (1) and ab-
sent (0) on white luminous light. The AFLP marker-based 
genetic distance between all possible pairs of male and 
female lines was calculated using the software NTSYS-pc 
version 2.02i. The similarity matrix based on the AFLP 
data was used to construct a dendrogram by employing 
the unweighted pair-group method with arithmetic means 
(UPGMA)20. 

Association between morphological and molecular  
clustering 

The test of association was carried out between morpho-
logical and molecular clustering to know whether a rela-
tionship is present or not. The two nominal variables 
(morphological and molecular clusters) form a contingency
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Table 1. Source/geographical locations of the chilli CMS lines and restorers used as parents of hybrids  
 in the present study 

Genotype  Source/geographical locations 
 

Testers 
 Aparna Released variety from HRS, Lamfarm, Guntur district, Andhra Pradesh 
 LCA 206 Released variety from HRS, Lamfarm, Guntur district, Andhra Pradesh 
 LCA 271 Elite line of HRS, Lamfarm, Guntur district, Andhra Pradesh 
 LCA 273 Elite line of HRS, Lamfarm, Guntur district, Andhra Pradesh 
 LCA 330 Elite line of HRS, Lamfarm, Guntur district, Andhra Pradesh 
 LAM 333 Released variety from HRS, Lamfarm, Guntur district, Andhra Pradesh 
 LCA 335 Elite line of HRS, Lamfarm, Guntur district, Andhra Pradesh 
 LCA 353 Elite line of HRS, Lamfarm, Guntur district, Andhra Pradesh 
 LCA 960 Released variety from HRS, Lamfarm, Guntur district, Andhra Pradesh 
 Vangara Prakasham district, Andhra Pradesh 
 Arka Suphal  Released variety from IIHR, Bangalore district, Karnataka 
 Chitarachamba Released variety for Bangalore district, Karnataka 
 Byadgi Dabbi Released variety from RRS, Devihosur, Haveri district, Karnataka 
 Byadagi Kaddi Released variety from RRS, Devihosur, Haveri district, Karnataka 
 D-379 Released variety from UAS Dharwad district, Karnataka 
 Chickballapur local Commercial variety from Chikkaballapur district, Karnataka 
 Gowribidanur local Commercial variety from Chikkaballapur district, Karnataka 
 Kunchangi local 1 Collected from Tumkur district, Karnataka 
 Kunchangi local 2 Collected from Tumkur district, Karnataka 
 CA 2 Received from AVRDC, Taiwan 
 CA 6 Received from AVRDC, Taiwan 
 CA 9 Received from AVRDC, Taiwan 
 CA 14 Received from AVRDC, Taiwan 
 PBC 142 Received from AVRDC, Taiwan 
 Susan’s Joy Received from AVRDC, Taiwan 
 Pant C-1 Released variety from G.B. Pant University of Agriculture and  
   Technology, Pantnagar, Uttarakhand 
 Utkal Awa Released variety from OUAT, Bubaneshvar  
 Pusa Jwaja Released variety from IARI, New Dehli 
 Pusa Sadabahar Released variety from IARI, New Dehli 
 Tiwari Released variety from IARI, New Dehli 

CMS lines 
 CMS 1B Received from AVRDC, Taiwan 
 CMS 2B Received from AVRDC, Taiwan 
 CMS 3B Received from AVRDC, Taiwan 
 CMS 5B Received from AVRDC, Taiwan 
 CMS 8B Received from AVRDC, Taiwan 

 
 
table of cells. The contingency table (6 × 7) was prepared 
based on the common genotypes in both the morphologi-
cal (6) and molecular (7) clustering. Each of the 35 geno-
types was categorized by both morphological and 
molecular clustering and placed into one of 42 cells. The 
genotypes in cluster I of the morphological clustering and 
those that were common in cluster I of the molecular 
clustering were placed in the first cell of 6 × 7 contin-
gency table. Similarly, 42 cells (6 × 7) were constructed 
by involving the 6 morphological clusters and 7 molecu-
lar clusters. The chi-square test serves both as a goodness 
of fit test, where the data are categorized along one  
dimension, and as a test for the more common contingency 
table, in which categorization is across two or more dimen-
sions. The expected frequencies were computed as 
Ri × Cj/N, where Ri and Cj represent row and column mar-
ginal totals and N is the grand total. The value of the test-
statistic was computed according to the formula 
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Fitting the model of independence reduces the number of 
degrees of freedom by p = r + c − 1. The number of  
degrees of freedom is equal to the number of cells rc,  
minus the reduction in degrees of freedom p, which re-
duces to (r − 1)(c − 1). For the test of independence, also 
known as the test of homogeneity, a chi-squared probabil-
ity of less than or equal to 0.05 (or the chi-squared statis-
tic being at or larger than the 0.05 critical point) is 
rejecting the null hypothesis, i.e. morphological cluster-
ing is independent of the molecular clustering. The man-
tel test for molecular (A) and morphological (B) distance 
matrices was also carried out and p-value calculated from 
10,000 permutations. 
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Line × tester (heterosis) analysis 

The 30 testers were crossed manually with the 5 CMS A 
lines in line × tester mating design. The resulting 150 
single cross hybrids were used for estimation of heterosis. 
The experiment for heterosis was carried out by raising 
chilli plants of the 30 male lines, 5 female lines and 150 
hybrids in kharif 2008 at UAS, Bangalore in RCBD.  
Heterosis over mid-parent (average heterosis) was com-
puted by taking the mean values of hybrids and parents 
using the formula 
 

 1Mid-parent heterosis 100,
F MP

MP
−

= ×  

 
where 1F  the mean value of F1 hybrid and MP  the mean 
value of both the parents. Mid-parent heterosis was calcu-
lated21 and statistical analysis of the data was carried out 
using the statistical program Windowstat 8.0. 

Parental divergence for the occurrence of heterosis 

The linear regression was estimated between the pairwise 
total genetic divergence of the parents and mid-parent 
heterosis of the F1 hybrids22. The coefficient of determent 
(R2) of the linear regression of the relationship between 
genetic divergence of the parents and mid-parent heterosis 
of the F1 hybrids was also estimated. The nonlinear re-
gression of the total genetic divergence of the parents and 
mid-parent heterosis of the F1 hybrids was estimated 
through Gaussian model using the SAS package. 

Results and discussion 

Genetic diversity analysis 

Morphological marker-based genetic diversity: All 35 
chilli genotypes were grouped into 6 clusters based on  
9 morphological traits D2 values. Cluster VI was the larg-
est comprising 19 genotypes followed by cluster I with 8 
genotypes, whereas clusters II–V had 2 genotypes each. 
Most of the chilli genotypes were collected from Guntur 
and all the CMS B lines grouped together in cluster VI 
(Table 2). The genotypes included were found to be  
diverse in the nature with maximum inter-cluster distance 
(D2) of 30,412.29 between clusters I and VI, and the 
minimum D2 value between clusters III and IV (3,643.71). 
All the clusters showed more intra-cluster distances and 
constituted more than one genotype. Intra-cluster distance 
was the highest in the cluster I (29,621.86) followed by 
cluster VI (23,296.37), cluster V (2,324.31), cluster IV 
(2,313.16), cluster III (1,212.97) and the lowest intra clus-
ter distance was found in cluster II (596.40). The geno-
types CMS 1B, CMS 2B, CMS 3B, CMS 5B and CMS 

8B which are from the same geographical region fell in 
cluster VI. Gowribidanur local and Chickballapur local 
also fell in cluster VI. These two genotypes are from the 
same geographical region. The genotypes, viz. LCA 206, 
LCA 273, LCA 330, LAM 333, LCA 335 and LCA 960 
which are from the same geographical region also fell 
into a same cluster (cluster VI). Thus, genotypes which 
share genetic background by virtue of their development 
from similar pedigree or because of their trait similarity 
driven by human or natural selection pressure in a par-
ticular geographical region. Similarly, Byadagi Kaddi and 
Byadagi Dabbi which are from the same geographical  
region fell in cluster I. Therefore, the present results sup-
port the findings in rice23, cowpea24 and chilli25,26. 
 
AFLP marker-based genetic diversity: A total of eight 
AFLP primer combinations (with three selective nucleo-
tides) were used to amplify genomic DNA of 35 parental 
lines. The AFLP marker being dominant, locus was con-
sidered to be polymorphic due to presence or absence of 
the band. The 8 AFLP primer combinations generated a 
total of 335 amplicons, of which 316 were polymorphic 
with an average of 41.87 bands (Table 3). Among eight 
AFLP primer combinations, EcoRI + AGC and MseI + 
GCT primers showed the highest percentage of polymor-
phic information content (PIC) of 94. Hence, these AFLP 
primer combinations are useful for analysis of divergence 
in chilli. Thirty-five chilli genotypes were grouped into 
seven clusters by Jaccard’s similarity coefficient (Figure 
1). Cluster IV had the largest number of 15 genotypes and 
cluster VII included all 5 CMS lines (CMS 1B, CMS 2B, 
CMS 3B, CMS 5B and CMS 8B). All CMS B lines were 
grouped into one cluster, which is confirmed with known 
geographical location. Among the testers, chilli genotypes 
collected from Taiwan were grouped into same cluster, 
except Susan’s joy and PBC 142, which grouped with 
genotypes collected from Karnataka in two different clus-
ters. Chilli genotypes collected from Guntur district, An-
dhra Pradesh were grouped in the same cluster, except 
Aparna genotype which was grouped with Arka Suphal 
genotype collected from Karnataka. This indicates that 
the grouping of genotypes collected from different locations 
in one group may be possible due to cross-fertilization at 
the location27. There are factors other than regional 
boundaries and taxonomic characters which are also res-
ponsible for divergence. The pairwise AFLP maker-based 
genetic distances between CMS B lines and testers 
ranged from 0.08 to 0.22. The two parental lines CMS 3B 
and Kunchangi local 2 were 22% different in terms of the 
portion of the genome surveyed by eight AFLP primer 
combinations. The parental lines CMS 3B and CA 6 were 
8% different in terms of the portion of the genome surveyed 
by eight AFLP primer combinations. Similarily, seven geno-
types were analysed using 53 RAPD markers and it was 
found that the pairwise RAPD maker-based genetic dis-
tances between parents ranged from 0.16 to 0.87 (ref. 28). 
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Table 2. Intra- (bold) and inter-cluster divergence (D2 values) among six clusters in chilli 

Clusters I II III IV V VI Mean D2 Genotypes included in the clusters 
 

I (8) 29621.86 16587.21 21895.67 17716.72 22657.00 30412.29 23148.46 Aparana, Arka Suphal, Byadgi dabbi,  
  (172.11) (128.79) (147.97) (133.10) (150.52) (174.39)   Byadgi kaddi, CA 2, CA 6, PBC 142 and  
          Pusa Jwala 
 
II (2)  596.40  7052.52  4857.41  15237.09  23106.92  11239.59 Kunchangi local 1 and Vangara 
  (24.42) (83.98) (69.70) (123.44) (152.01) 
III (2)   1212.97  3643.71  10915.90  28489.90 12201.78 CA 14 and LCA 271 
   (34.83) (60.36) (104.48) (168.79) 
IV (2)    2313.16  5631.87  22719.08  9480.325 LCA 353 and Susan’s Joy 
    (48.10) (75.05) (150.73)   
V (2)     2324.31  24937.84  13617.34 Tiwari and Utkal Awa 
     (48.21) (157.92)   
VI (19)      23296.37  25493.73 CA 9, Chickaballapur local, Chitara Chamba,  
       (152.63)   D-379, Gowribidanur local,  
         Kunchangi local 2, LCA 206, LCA 273,  
          LCA 330, LAM 333, LCA 335, LCA 960, 
         Pant C-1, Pusa Sadabahar, CMS 1B, CMA 2B,  
          CMS 3B, CMS 5B and CMS 8B 

 
 
 
 

Table 3. Selective primer combinations, number of polymorphic amplicons and polymorphic information content in amplified  
 fragment length polymorphism analysis of parents in chilli 

EcoRI primer MseI primer Total bands Polymorphic Per cent  
selective nucleotides selective nucleotides obtained bands obtained polymorphic bands Per cent PIC* 
 

+AAT +GTG 35 34 97.14 89.66 
+AAT +GCG 40 34 85.00 75.76 
+AAT +GCT 40 37 92.50 79.28 
+AAT +GAG 60 60 100.00 94.06 
+AAT +GCA 26 20 76.92 93.30 
+AGC +GCC 33 33 100.00 92.38 
+AGC +GCG 32 31 96.88 90.48 
+AGC +GCT 69 67 97.10 94.96 
Total  335 316 94.32 

*PIC, Polymorphic information content. 
 
 
 
Association between morphological and molecular  
clustering 

The association of morphological and molecular cluster-
ing was estimated by chi-square test through 6 × 7 con-
tingency table. The calculated chi-square value was 40.39 
with a probability of 0.097 and was compared with the 
table chi-square value (43.77 at probability of 0.05  
and 50.89 at probability of 0.01) at 30 error df. The chi-
square value of the test was non-significant (calculated chi 
square value was more than the table chi-square value) 
and the probability was 0.097, which is greater than 0.05. 
Therefore, the null hypothesis was accepted, i.e. the mor-
phological and molecular clustering were independent. 
The association between molecular distance matrix (A) 
and morphological distance matrix (B) was also estimated  
using Mantel test (Figure 2). We noticed that the estimated 

p-value (0.35) was greater than the significance level 
α = 0.05 hence, the both matrices were not correlated. 
The p-value was calculated using the distribution of 
r(AB) estimated from 10,000 permutations (Figure 3). 
The Mantel r statistic (0.041) indicates that there is rela-
tively weak correlation between molecular distance  
matrix (A) and morphological distance matrix (B). Hence, 
both genetic distance matrices were combined to get the  
total genetic distance of parents for exploring the limits of 
parental divergence to get the more frequency of heterosis. 

Heterosis analysis 

Heterosis over mid-parent (average heterosis) was com-
puted by taking the mean values of hybrids and parents 
for nine characters. There was significant and wide range 
of mid-parent heterosis for all nine characters. Among the
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Figure 1. UPGMA dendogram of 35 chilli genotypes constructed based on AFLP marker data generated from eight  
selective primer combinations. 

 
 

 
 

Figure 2. Scatter plot of molecular distance matrix (A) and morpho-
logical distance matrix (B) of 35 parents in chilli. 
 
 
150 hybrids, 82 and 43 registered positive and negative 
significant mid-parent heterosis respectively, for green 
fruit yield per plant (Table 4). Majority of crosses, 142 
out of the 150, exhibited significant mid-parent heterosis, 
of which 86 were positive and 56 were negative for red 
fruit yield per plant. More than 50% of hybrids showed 

significant mid-parent heterosis for both green and red 
fruit yield per plant. Hence, there is great potential for 
development of high yielding hybrids. The results indi-
cated the variation on fruit yield and other characters in 
hybrids. Longest and widest fruits were observed in the 
hybrids compared to parental genotypes and the highest 
fruit width and fruit numbers per plant were also noticed 
in chilli hybrid29. Among the hybrids, some manifested 
higher positive heterosis and others exhibited low posi-
tive or negative heterosis. This is mainly due to the vary-
ing extent of genetic diversity between the parents of 
different crosses for fruit characters. For the most eco-
nomically important character, green fruit yield per plant 
about 50% of the crosses were identified to be the desir-
able specific combinations. Among those crosses, CMS 
8A × Pusa Sadabahar, CMS 8A × Tiwari, CMS 8A × 
LCA 273, CMS 2A × LAM 333, CMS 8A × Arka Suphal, 
CMS 3A × CA 9 and CMS 8A × Vangara exhibited the 
highest significant positive mid-parent heterosis. It is  
interesting to note that five out of the seven above-
mentioned crosses involve CMS 8A as one of the  
parents. Expression of heterosis in F1 hybrids of Capsi-
cum species depends upon the involvement of the par-
ents30. The observed positive heterosis for fruit number 
and fruit yield per plant in this study may be a breeding 
advantage to get higher yield. The highest amount of  
heterosis manifested in F1 hybrids for the fruit yield  
indicated the prevalence of dominant gene action.
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Table 4. Range and number of hybrids showing significant mid-parent heterosis among 150 hybrids and correlation between morphological and  
 AFLP marker-based parental diversity and mid-parent heterosis for nine characters 

 Number of hybrids showing  
  significance over mid-parent heterosis 
     Correlation between total genetic 
Characters Range Positive Negative Total divergence of parents and mid-parent heterosis 
 

Days to 50% flowering 78.5–88.5 38 21 59 0.02 
Days to first fruit maturity 108.5–133.5 38 63 101 0.16* 
Plant height (cm) 49.0–136.5 83 54 137 0.03 
Fruits per plant 12–249.45 78 52 130 0.15* 
Fruit length (cm) 4.5–16.75 98 28 126 –0.03 
Fruit width (cm) 0.75–2.0 21 96 117 –0.13* 
100 seed weight (g) 0.37–1.11 88 57 145 0.24** 
Green fruit yield per plant (g) 105.1–796.5 86 56 142 –0.08 
Red fruit yield per plant (g) 53.15–867.65 82 43 125 –0.01 

*Significant at p = 0.05; **Significant at p = 0.01. 
 
 

 
 

Figure 3. Histogram of Pearson correlation of molecular distance 
matrix and morphological distance matrix (rAB) with their frequecncy. 
 
 
Accumulation of favourable dominant alleles and mask-
ing of deleterious effects of recessive alleles by their 
dominant alleles in the F1 hybrids31 and superiority of 
heterozygotes at some of the loci to both the relevant  
homozygotes were indicated in the heterosis32,33. Similar 
results were noticed for crosses with high and positive 
significant mid-parent heterosis for green fruit yield per 
plant in chilli34–36. 

Genetic divergence for the occurrence of heterosis 

In the present study, pairwise genetic divergence of  
female to male parents was measured using nine morpho-
metric traits and eight primer combinations of AFLP 
markers. Both genetic distance matrices were combined 
to get the total genetic distance of parents for exploring 
the limits of parental divergence to get the more fre-
quency of heterosis. The estimated linear regression was 
mid-parent heterosis of hybrids (H) = 30.32 + 0.0416 × 
GD (total genetic divergence of the parents) for red fruit 
yield per plant and H = 43.95 + 0.0058 × GD for green 
fruit yield per plant. The correlation of the determinant 
was very low, i.e. 0.0012 (red fruit yield per plant) and 

0.0042 (green fruit yield per plant). Hence, nonlinear  
regression was estimated and H = 397.73 × exp(–(GD – 
238.53)2/(2 × 75)2) for red fruit yield per plant and 
H = 256.83 × exp(–(GD – 171.89)2/(2 × 35)2) for green 
fruit yield per plant. These results suggest that higher fre-
quency of hererotic crosses was in the intermediate  
parental divergence of the parents for both green fruit 
yield and red fruit yield per plant (Figure 4 a and b) res-
pectively. It is increasingly being realized that crosses  
between divergent parents usually produce higher hetero-
sis than those between closely related ones. However, 
when divergent parents are crossed, heterosis was not  
always found to occur. It has also been demonstrated that 
genetic diversity is necessary for significant levels of het-
erosis, but is not sufficient to guarantee it37. Establishing 
the possible limits to parental divergence within which 
there are reasonably high chances for the occurrence of 
heterosis, therefore, is an important issue that needs to be 
addressed. The highest number of heterotic crosses fell 
under intermediate divergence of parents compared to the 
extreme divergence of parents, suggesting the crosses  
derived from parents with intermediate genetic diversity 
between them were more often heterotic than those  
derived from parents with extreme levels of genetic  
divergence between them for green and red fruit yield per 
plant. Thus, the parental divergence should neither be too 
small nor very large for realizing higher frequencies of 
heterotic crosses both in green fruit yield and red fruit 
yield per plant. The concept that there are limits to paren-
tal divergence for optimum expression of heterosis was 
also evident by past studies on crosses between divergent 
geographic races in chilli38,39, maize40, Triticale41, 
groundnut42 and sunflower43. Thus, the present study re-
veals the existence of limits to parental divergence for the 
occurrence of heterosis. It is worthwhile to involve par-
ents with intermediate divergence than involving those 
with extreme divergence to recover higher frequencies of 
heterotic hybrids for both green fruit yield per plant and 
red fruit yield per plant. 



RESEARCH ARTICLES 
 

CURRENT SCIENCE, VOL. 104, NO. 6, 25 MARCH 2013 745

 
 

Figure 4. Relationship between parental total (morphologi-
cal + AFLP-based) genetic divergence and mid-parent heterosis for (a) 
red fruit yield and (b) green fruit yield in chilli. 

Conclusions 

The crosses, viz. CMS 2A × LAM 333, CMS 3A × CA 9, 
CMS 3A × Pusa Jwala, CMS 3A × Arka Suphal, CMS 
8A × Arka Suphal, CMS 8A × LCA 330, CMS 8A × Ut-
kal Awa, CMS 8A × LCA 271, CMS 8A × Pusa Sadaba-
har, CMS 8A × Tiwari, CMS 8A × LCA 273 and CMS 
8A × Vangara exhibited the highest significant positive 
mid-parent heterosis for fruit yield. Hence there is a great 
potential for development of good yielding hybrids. 
These crosses could be used for commercial exploitation. 
Studies of possible limits to total parental divergence for 
the occurrence of heterosis revealed the existence of  
limits to parental divergence. The nonlinear regression  
revealed that intermediate parental divergence for the  
occurrence of higher frequency of heterotic crosses and 
extreme genetic divergence for occurrence of less het-
erotic crosses. Parents with intermediate divergence bet-
ween them than those with extreme divergence were 
useful to recover heterotic hybrids at a higher frequency 
for both green fruit yield and red fruit yield per plant. 

 

1. Melchinger, A. E., Genetic diversity and heterosis. In Genetics 
and Exploitation of Heterosis in Crops (eds Coors, J. G. and 
Pandey, S.), American Society of Agronomy, Madison, Wiscon-
sin, USA, 1999, pp. 99–118. 

2. Melchinger, A. E., Messer, M. M., Lee, M., Woodman, W. L. and 
Lamkey, K. R., Diversity and relationships among US maize  
inbreds revealed by restriction fragment length polymorphisms. 
Crop Sci., 1991, 31, 669–678. 

3. Bernardo, R., Relationship between single cross performance and 
molecular marker heterozygosity. Theor. Appl. Genet., 1992, 83, 
628–634. 

4. Dier, B. W., McVetty, P. B. E. and Osborn, T. C., Relationship  
between heterosis and genetic distance based on restriction frag-
ment length polymorphism markers in oilseed rape (Brassica 
napus L.). Crop Sci., 1996, 36, 79–83. 

5. Betran, F. J., Ribaut, J. M., Beck, D. and Leon, D. G., Genetic  
diversity, specific combining ability and heterosis in tropical 
maize under stress and nonstress environments. Crop Sci., 2003, 
43, 797–806. 

6. Krystkowiak, K., Adamski, T., Surma, M. and Kaczmarek, Z.,  
Relationship between phenotypic and genetic diversity of parental 
genotypes and the specific combining ability and heterosis  
effects in wheat (Triticum aestivum L.). Euphytica, 2009, 16, 419–
434. 

7. Petterson, P., Cytoplasmically inherited male sterility in capsicum 
(Capsicum annuum L.). Am. Nat., 1958, 92, 111–119. 

8. Hirose, T. and Takashima, S., The production of F1 red pepper  
hybrids by means of male sterility. Morphology of male sterile 
strains. Sci. Repo Kyoto Agric. Univ. Jpn, 1963, 15, 21–26. 

9. Diki, S. P. and Anikeenko, V. S., Forms with cytoplasmic male 
sterility in pepper (Capsicum annuum L.). Trpiki Bot. Genet. Sci., 
1973, 50, 20–21. 

10. Hayes, H. K. and Johnson, I. J., The breeding of improved selfed 
lines of corn. J. Am. Soc. Agron., 1939, 31, 710–724. 

11. Arunachalam, V. and Bandyopadhyay, A., Are multiple cross–
multiple pollen hybrids an answer for productive populations in 
Brassica campestris variety brown sarson? Theor. Appl. Genet., 
1980, 54, 203–207. 

12. Joshi, S. S., Ramesh, S., Gangappa, E., Jagannath, D. P. and Chik-
kadevaiah, Limits to parental divergence for the occurrence of 
heterosis in sunflower (Helianthus annuus L.). Helia, 1997, 20, 
95–100. 

13. Lalitha Reddy, S. S., Sheriff, R. A., Ramesh, S. and Mohan Rao, 
A., Exploring possible limits to parental divergence for the occur-
rence of heterosis in sesame (Sesamum indicum L.). Crop Res., 
2000, 19, 305–309. 

14. Dixit, U. N. and Swain, D., Genetic divergence and heterosis in 
sesame. Indian J. Genet., 2000, 60, 213–219. 

15. Mahalanobis, P. C., On the generalized distance in statistics. Proc. 
Natl. Acad. Sci., USA, 1936, 2, 55–79. 

16. Rao, C. R., Advanced Statistical Methods in Biometrics Research. 
John Wiley, New York, 1952, pp. 357–369. 

17. Prince, J. P., Zhang, Y., Radwanski, E. R. and Kyle, M. M., A 
versatile and high yielding protocol for preparation of genomic 
DNA from capsicum species. Hortic. Sci., 1997, 32, 937–939. 

18. Vos, P. et al., AFLP: a new technique for DNA finger printing. 
Nucleic Acids Res., 1995, 23, 4007–4414. 

19. Benbouza, H., Jacquemin, J. M., Baudoin, J. P. and Mergeai, G., 
Optimization of a reliable, fast, cheap and sensitive silver staining 
method to detect SSR markers in polyacrylamide gels. Biotechnol. 
Agron. Soc. Environ., 2006, 10, 77–81. 

20. Jaccard, P., Nouvelles recherches sur la distribution florale. Bull. 
Soc. Vaudoise Sci. Nat., 1908, 44, 223–270. 

21. Fonesca, S. and Patterson, L., Hybrid vigour in seven parental  
diallel crosses in common winter wheat. Crop Sci., 1968, 8, 85–
88. 



RESEARCH ARTICLES 
 

CURRENT SCIENCE, VOL. 104, NO. 6, 25 MARCH 2013 746 

22. Panse, V. G. and Sukhatme, P. V., Statistical Methods for Agricul-
tural Workers, ICAR, New Delhi, 1967, p. 476. 

23. Misra, C. H., Pandey, N. and Chaubey, G. S., Genetic divergence 
in rain fed semi-deep water rice germplasm. Indian J. Agric. Res., 
2004, 38, 273–277. 

24. Narayanankutty, C., Sunanda, C. K. and Jaikumaran, U., Genetic 
divergence in pole type vegetable cowpea. Indian J. Hortic., 2005, 
62, 354–357. 

25. Sreelathakumary, I. and Rajamony, L., Genetic divergence in 
chilli (Capsicum annuum L.). Indian J. Hortic., 2004, 6, 137–139. 

26. Thul, S. T. et al., Estimation of phenotypic divergence in a collec-
tion of Capsicum species for yield-related traits. Euphytica, 2009, 
168, 189–196. 

27. Thul, S. T., Shasany, A. K., Darokar, M. P. and Khanuja, S. P. S., 
AFLP analysis for genetic diversity in Capsicum annuum and  
related species. Nat. Prod. Commun., 2006, 1, 223–228. 

28. Garcia, B. F. et al., Estimation of genetic distances among green 
pepper (Capsicum annuum L.) lines using RAPD markers and its 
relationship with heterosis. In Proceedings of the 16th Interna-
tional Pepper Conference Tampico, Tamaulipas, Mexico, 2002,  
pp. 5–8. 

29. Prasad, N. B. C., Madhavi Reddy, K. and Sadashiva, A. T., Het-
erosis studies in chilli (Capsicum annuum L.). Indian J. Hortic., 
2003, 60, 69–74. 

30. Greenleaf, W. H., Line breeding as a method of improving the  
pimento peppers. Proc. Am. Soc. Hortic. Sci., 1947, 49, 224. 

31. Hill, J., Beckerm, H. C. and Tigerstedt, P. M. A., Quantitative and 
Ecological Aspects of Plant Breeding, Chapman and Hall,  
London, 1998, p. 275. 

32. Singh, B. D., Plant Breeding Principles and Methods. Kalyani 
Publishers, New Delhi, 1993, p. 89. 

33. Sprague, G. E., Heterosis in maize: theory and practice. In Hetero-
sis: Reappraisal of Theory and Practice (ed. Frankel, R.), 
Springer, Berlin, 1983, pp. 47–70. 

34. Kumar, L. R., Sridevi, O. and Salimath, P. M., Combining ability 
studies in chilli. J. Asian Hortic., 2007, 3, 141–147. 

35. Prasath, D. and Ponnuswami, V., Heterosis and combining ability 
for morphological, yield and quality characters in paprika type 
chilli hybrids. Indian J. Hortic., 2008, 65, 441–445. 

36. Reddy, M. G., Kumar, H. D. M. and Salimath, P. M., Combining 
ability analysis in chilli (Capsicum annuum L.). Karnataka J.  
Agric. Sci., 2008, 21, 494–497. 

37. Cress, C. E., Heterosis of the hybrid related to gene frequency dif-
ferences between two populations. Genetics, 1966, 53, 269–274. 

38. Geleta, L. F., Labuschagne, M. T. and Viljoen, C. D., Relationship 
between heterosis and genetic distance based on morphological 
traits and AFLP markers in pepper. Plant Breed., 2004, 123, 467–
473. 

39. Legesse, B. W., Myburg, A. A., Pixley, K. V., Afriyie, S. T. and 
Botha, A. M., Relationship between hybrid performance and 
AFLP based genetic distance in highland maize inbred lines. 
Euphytica, 2008, 162, 313–323. 

40. Moll, R. H., Lonnquist, J. H., Fortuno, J. W. and Johnson, E. C., 
The relationship of heterosis and genetic divergence in maize.  
Genetics, 1965, 52, 139–144. 

41. Srivastava, P. S. L. and Arunachalam, V., Heterosis as a function 
of divergence in Triticale. Pflazenzuchtung, 1977, 78, 269–275. 

42. Arunachalam, V., Bandyopadhyay, A., Nigam, S. N. and Gibbons, 
R. W., Heterosis in relation to genetic divergence and specific 
combining ability in groundnut (Arachis hypogaea L.). Euphytica, 
1984, 33, 33–39. 

43. Rao, M., Reddy, G. L., Kulkarni, R. S., Ramesh, S. and Reddy,  
S. S. L., Prediction of heterosis based on genetic divergence of 
parents through regression analysis in sunflower (Helianthus  
annuus L.). Helia, 2004, 27, 51–58. 

 
 
 
ACKNOWLEDGEMENTS. We thank Sir Edwin Southern, Chairman 
of Kirkhouse Trust, UK, for support during the AFLP molecular diver-
sity study which was carried out at the Plant Molecular Biology Unit, 
Department of Genetics and Plant Breeding, UAS, Bangalore; this unit 
is supported by Kirkhouse Trust. We also thank the Indian Council of 
Agricultural Research, New Delhi, for financial support. 
 
 
 
Received 19 January 2012; revised accepted 10 January 2013 

 

 
 
 
 


