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Detection and estimation of trigenic and linked digenic
interaction effects in castor (Ricinus communis L.) using 21
generations

I. R. Delvadiya*, R. B. Madariya® and A. V. Ginoya

Abstract

The present investigation was undertaken with a view to generate genetic information on gene effects for seed yield and
its component traits in castor (Ricinus Communis L.). The experimental materials consisted of twenty-one generations,
namely p,P,F,F,F,B,B,B,,B,,B,,B,,B.,B,B xF,B xF,F, xP,F xP,F, xF,B, bip, B, bip and F, bip of two
crosses of castor viz., JM-6 x 48-1 (cross-1) and JI-436 x PCS-124 (cross-2). Special scaling tests such as X, Y, Z, (B,-L), (B,-L)
and (F,-L,) were significant either in cross-1 or cross-2 for most of the traits besides significance of other tests showing
the presence of epistasis. The ¥*(2) value at fifteen degrees of freedom were significant in all the traits in both the crosses
supported the presence of higher order epistasis. The y(3) value at eleven degrees of freedom were significant for all the
traits in both the crosses indicating the presence of higher order epistasis and/or linkage. The ¥*(4) value at nine degrees
of freedom were significant in all the traits in both the crosses indicating the presence of higher order linkage. Duplicate
type of epistasis was responsible for the inheritance of seed yield and its component traits in two crosses of castor. This

is the first report of higher order interaction/linked digenic epistasis using 21 generations in castor.
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Introduction

Castor crop is of great importance globally because
of its multiple uses in chemical industry including the
pharmaceutical, insecticidal formulations and other
industrial applications. It is generally grown the arid
and semi-arid regions of the world. However, its oil is
non-edible but it is the only source of hydroxylated fatty
acid and therefore, it is having vast and varied industrial
applications such as lubricants, surfactants, surface coating,
cosmetics, resins, paints, pharmaceuticals, adhesives,
waxes, polishes, varnishes, perfumes, flavors, textile dyes,
textile furnishing agents, etc (Jombog and Enenebeaku
2008; Saribiyik et al. 2010; Severino et al. 2012). Castor
also has tremendous future potential in enhancing farm
income because of its industrial importance. India is
the largest producer of castor with more than a tonne
national average productivity where very few annual
crops can match and it ranks first among the major castor
producing countries viz., India, China, Brazil and Thailand
(Anonymous 2017). In India, castor is being grown for oil
under wide range of environmental conditions. Gujarat

is pioneer in the development and release of castor
hybrid on commercial scale not only in the country but
also worldwide (Anonymous 2017). The hybrid vigor in
castor was commercially exploited in Gujarat by utilizing
pistillate line TSP 10 R introduced from USA in early 1970's
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when the first castor hybrid GCH-3, giving 124 per cent
higher yield than the checks, was release at country
and state level by Gujarat. Then after several hybrids were
developed and released for cultivation which results in
quantum jump in production from 300 kg/ha in 1970 to
about 1899 kg/ha during 2017-2018.

Comprehensive knowledge of epistatic (non-allelic
interaction) gene action and genotype and environment
interactions can contribute to determining the selection
of breeding methods that efficiently exploits the genetic
variance (Boubacar et al. 2020). The understanding of gene
effects for seed yield and its component traits in castor
is of prime importance before starting rigorous breeding
programme. Though generation mean analysis using six
generations have been extensively used to understand the
gene effectsin various crops (Kumar et al. 2008; Sumathiand
Muralidharan 2010; Sandip et al. 2013 Jatoth et al. 2014; Pujar
etal.2022) but very few reports are available on gene effects
using more than six basic generations in castor). Moreover,
the information on gene systems especially linked digenic or
higher order epistasis in other crops are also meager. There
is yet no report on the linked digenic interactions in castor
so far. Therefore, a study was conducted to determine the
higher order interaction/linked digenic epistasis for seed
yield and its component traits in two crosses of castor using
21 generations.

Materials and methods

The experimental material was comprised of four crosses
viz., JM-6 x 48-1 (cross 1), JI-436 x PCS-124 (cross 2), SKI-346
x JI-35 (cross 3) and SKI-346 x SKI 215 (cross 4) each with
twenty-one basic generations viz., P1, PZ, F1, Fz, F3, B1, BZ, B”,
B, B,,B,, BB, B xF,B,xF,F,xP,F,xP,F xF,B, bip,

B, bip and F, bip. Results will be presented for only first two
crosses 1 and 2 and their 21 generations.

Development of experimental material

Two crosses viz., JM-6 x 48-1 and JI-436 x PCS-124 with their
sixgenerationsP,,P_,F,F , BC, and BC, were procured from
previous student during kharif 2017-18 and were utilized
for making further generations. These four generations
along with parents were grown at Main Oilseeds Research
Station, Junagadh Agricultural University, Junagadh during
kharif 2018-19 to develop the subsequent generations (B
B, B, B,,, B, and B,)) and also the fresh seeds of P, P,, F,
F,, B, and B, generations. These four generations i.e., F, F,,
B, and B, along with parents were grown at Main Oilseeds
Research Station, JAU, Junagadh during kharif-2019-20 to
develop subsequent generations viz, F. F, bip, F,xP,F, x
P, F,xF,B, bip, B, bip, B, x F, and B,xF,. The seeds of P,
P, F,B, and B,, were produced by selfing/sibbing, while
seedsof F,B,B,, B, (B, xP), B, (B, xP),B, (B,xP)andB,,

(B,xP,) were produced by hand pollination. The seeds of F3
were produced by selfing F,, while F, bip, B, bip and B, bip

1’

were produced by intermating randomly selected plants
of respective generations to produce biparental crosses.
On the other hand, F,x P, F,xP,and F, x F, were produced
by hand emasculation of F, plants with hand pollination of
P,P, and F, plants, respectively. Likewise, B, xF, and B,xF,
were produced by hand emasculation and pollination of B,
and B, plants, respectively.

Evalution of experimental material

Compact Family Block Design with three replications was
followed for planting the material derived from JM-6 x 48-1
and JI-436 x PCS-124 crosses during kharif 2020-21. The plots
of various generations contained different number of rows
i.e., parentsandF, insinglerow; B, and B, in tworowsand F,,
F3’ B'H’ B12’ BZ1’ BZZ' B1S' BZS’ B1 X F1’ BZ X F1’ FZ X P1' F2 X PZ’ FZ X F1'
B, bip, B, bip and F, bip in four rows. Each row was of 6 m in
length with 120 cm and 60 cm inter and intra row spacing,
respectively. All the recommended agronomical practices
and necessary plant protection measures were followed
timely to raise good crop of castor. The observations on
number of effective branches per plant, number of capsules
on primary raceme, oil content shelling out turn, 100-seed
weight and seed yield per plant were recorded on five
competitive and randomly selected plants from P, P,and F ;
ten plants from backcross (B, and B,) and twenty plants from
FZ' F3’ BH’ B]Z’ B21' BZZ’ B]S’ BZS’ B] X F1' BZ X F1' F2 X P1’ FZ X PZ’ F2 X
F.. B, bip, B, bip and F, bip generations in each replication
for seed yield and its component traits. The oil content was
estimated by Nuclear magnetic resonance (NMR) technique
(Tiwari et al. 1974). The gene effects for seed yield and its
component traits were computed through generation mean
analysis (Hayman and Mather 1955; Hayman 1958; Hill 1966
and Jinks and Perkins 1969). The data were initially subjected
to simple scaling tests A, B, C and D. Besides simple scaling
tests, special scaling tests viz., B,/ B, B,B,, B, and B, given
by Hill (1966); X, Y and Z given by Van Der Veen (1959) as well
as(B,-L,), (B,-L,) and (F,-L,) given by Jinks and Perkins (1969)
were also computed.

Theresults of simple scaling tests were further confirmed
by joint scaling test (Cavalli 1952), which effectively combines
the whole set of simple scaling tests. Thus, it offers a more
general, convenient, adoptable and informative approach
for estimating gene effects and also for testing adequacy
of various models. The y*(1) of joint scaling test under
three-parameter model (18 d.f.) gives idea about fitness
of additive-dominance model. In addition, six-parameter
model based on weighted least square technique of Cavalli
(1952) was performed; the data were further subjected to
ten-parameter model as per notations given by Hill (1966).
He proposed estimation of first order and second order
epistasis utilizing twelve generations including double
backcross generations. The ¥%(2) and x(3) values were
estimated under six-parameter model at 15 degrees of
freedom and for ten-parameter model at 11 degrees of
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freedom, respectively. To detect the presence of linked
digenic epistasis and to estimate gene effects for seed yield
and its component traits, a model proposed by Jinks and
Perkins (1969) was also used. The y*(4) value were estimated
under twelve-parameter model at 9 degrees of freedom.
This is an additional advantage of using 21 generations
under twelve-parameter model (for linked digenic model) as
it provides sufficient degree of freedom for testing validity
and goodness of fit for different models.

Results and discussion

Out of all the scaling tests, it revealed that scaling tests viz,
A D,B,B.,B,,B,BXYZ and (F,-L,) were significant
in cross-1 and B, B, B, B, and Y in cross-2 indicating the
presence of digenic and/or trigenic interactions for seed
yield per plant. The trend in mean yield (g) per plant in 21
generations of 21 generations derived from both the crosses
is depicted in Fig. 1. The scales B,C, B, B, B,,, B,,, B, B,., X,
Z,(B-L) (B-L))and (FZ-L3) incross-1andB, D, B, B, B,,, B
B, Y, (B,-L) and (F,-L,) in cross-2 were significant showing
the presence of epistasis for oil content. The trend of 21
generations means for oil content (%) is shown in Fig. 2. For
shelling out turn, the scales namely A, B, C, D, B,/ B,, B, B
X, Y, (B-L) and (B,-L,) in cross-1 and scaling tests B, C, B,/
B, B, B,,B,BXYas well as special scales (B-L). (B,-L)
and (F,-L,) in cross-2 were significant showing the presence
of epistasis. For 100-seed weight, A,D,B,,B,,, B,,, B, B,., X,
Y, (B,-L,) and (B,-L,) in cross-1 and all scaling tests except B
and Y in cross-2 were significant indicating the presence of
digenic and trigenic epistasis. On the other hand, the scaling
testsD,B,,B,, X, (B,-L) and (F2-L3) in cross-1 and all the scales
except B, and (F-L)) in cross-2 were significant showing
the presence of digenic and trigenic gene interaction for
number of effective branches per plant, while scales A,
B.CDB,B,B, B, B,Xas well as special scales (B-L)
and (F,-L,) in cross-1 and A, B, C, BB, B,,B,,B.B,XZ
(B,-L,). (B,-L) and (F,-L,) in cross-2 were significant showing
the presence of epistasis for number of capsules on primary
raceme. For total length of primary raceme, B,C,D, B, , B,
B, B,,, B, X, Y as well as special scale (F-L,) in cross-1 and
scaling tests B,, B, B,., X, Y, (B,-L,) and (B,-L,) in cross-2
were significant indicating the presence of digenic and
trigenic epistasis, while scales A, B, C, D, B, B,,, B,,, B, B
X,Y,Zand (F,-L)) were significant in cross-1 and B,, B.s Byos
X, Y, (B-L) and (B,-L,) in cross-2 were significant showing
the presence of epistasis for effective length of primary
raceme. All the three parameters ie. ‘m’, additive [d] and
dominance [h] of three parameter model were significant
either in cross-1 or cross-2 for all the characters under study.
The ¥*(1) values with 18 degrees of freedom of joint scaling
test was significantin all the characters indicating the failure
of additive-dominance model, which indirectly pointed out
the presence of epistasis. Cockerham (1959) postulated that
the epistatic gene action is common in the inheritance of

quantitative traits and there is no sound biological reason
why this type of gene action should be less common for
these traits.

When the simple additive dominance model failed to explain
the variation among generation means, a six parameter
model involving three digenic interactions ([i], [j1 and [I])
based on weighted least square technique proposed by
Hill (1966) was tested, which had provision of testing the
adequacy of model with 15 degrees of freedom besides
being utilizing means of all the twenty-one generations.
According to the six parameter model, the *(2) value at 15
degrees of freedom were significant in all the traits in both
the crosses indicating the presence of higher order epistasis.
In ten parameter model, significant estimates of ‘m’,
dominance [h], additive x additive [i], additive x dominance
[jl, dominance x dominance [1], additive x additive x
dominance [x], additive x dominance x dominance [y] and
dominance x dominance x dominance [z] gene effects
in cross-1 and ‘m’, dominance [h], additive x additive [i],
dominance x dominance [1], additive x additive x dominance
[x] and dominance x dominance x dominance [z] in cross-2
were significant for seed yield per plant. For oil content, ‘m’,
additive [d], dominance [h] and additive x additive x additive
[w] gene effects in cross-1 and ‘m’, dominance x dominance
[11and dominance x dominance x dominance [z] gene effects
in cross-2 were significant (Table 1). All the gene effects
except [j] were found significant in cross-1 and ‘m’, additive
[d], additive x additive [i], additive x dominance [j], additive
x additive x additive [w], additive x additive x dominance
[x] and additive x dominance x dominance [y] in cross-2
were significant for shelling out turn. For 100-seed weight,
the estimates of ‘m’, additive [d], dominance [h], additive
x dominance [j], dominance x dominance [1], additive x
additive x additive [w], additive x additive x dominance [x]
and dominance x dominance x dominance [z] gene effects in
cross-1 and all the gene effects except additive [d] and [w] in
cross-2 were found significant (Table 2). All the gene effects
were found significant in cross-1 and cross-2 for number of
effective branches per plant. For number of capsules on
primary raceme, all the gene effects except additive [d] in
cross-1 and ‘m’, additive x dominance [j], additive x additive
x dominance [x], additive x dominance x dominance [y] and
dominance x dominance x dominance [z] in cross-2 were
significant (Table 3). The gene effects viz., ‘m’,dominance [h],
additive x additive [i], additive x dominance [jl, dominance x
dominance [1], additive x additive x dominance [x], additive
x dominance x dominance [y] and dominance x dominance
x dominance [z] were found significant in cross-1 and only
the estimate ‘m’ and additive x dominance x dominance [y]
were significant in cross-2 for total length of primary raceme.
For effective length of primary raceme, significant estimates
were observed for ‘m’, dominance [h], additive x additive
[i], additive x dominance [j], dominance x dominance [1],
additive x additive x dominance [x], additive x dominance
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Table 1. Estimation of gene effects for seed yield per plant and oil content in two crosses of castor

Scaling tests/gene effects Seed yield per plant

Oil content

JM-6 x 48-1 (cross 1)

JI-436 x PCS-124 (cross 2)

JM-6 x 48-1 (cross 1) JI-436 x PCS-124 (cross 2)

Ten-parameter model (Trigenic interactions model)

m 110.83** + 28.58 95.67%* + 2231 49.71%* + 038 48.30** + 031
(d) 13.89 + 29.21 -2.31 + 2323 1.23** + 046 -0.24 + 037
(h) 460.54** + 138.38 436.99** + 110.35 -5.04* + 207 2.95 + 172
(i) 82.60** + 28.71 65.93** + 2234 -0.66 + 038 -0.15 + 032
0); -171.16* + 7578 2.72 + 6042 -1.31 + 129 -042 + 1.05
(0] -980.87** + 21593 -788.48** + 17037 6.72 + 350 -7.27*% + 298
(w) 23.17 + 28.88 -15.28 + 2321 -1.33%* + 045 0.14 + 036
(x) -194.65%** + 7257 -174.18%* + 5839 1.07 + 113 0.36 + 093
(y) 155.71% + 66.89 -35.03 + 5669 -0.82 + 1.28 -0.36 + 1.00
(2) 654.15%* + 111.01 424.51%* + 8351 -2.03 + 187 5.20** + 170
sz (11df) 113.72%* 25.36%* 126.15%* 91.01**

Types of epistasis Duplicate Duplicate Duplicate Duplicate
Twelve-parameter model (Linked digenic interactions model)

d 35.33% + 3.80 -16.82** + 158 -0.02 + 0.06 -0.22%* + 0.07
m-+h+| 212.65** + 5.68 166.51** + 1.82 49.34%* + 0.09 48.72%* + 0.10
m-+i 201.48** + 391 163.29%* + 1.58 49.05** + 0.06 48.33%* + 0.07
pi -9.16 + 10.19 12.97 + 795 -0.29* + 0.14 -0.13 + 0.12
pai -47.17%* + 1147 5.22 + 794 -0.82%* + 0.18 -0.14 + 0.15
pj -73.00%* + 743 -4.54 + 469 0.60** + 0.14 -0.44** + 0.13
[o3]] -48.28** + 1254 -20.52* + 818 1.08%* + 024 -0.49*% + 020
pl 63.56** + 1447 -7.65 + 924 0.89%* + 023 -0.49% + 022
pal 67.72%* +  13.11 -2.40 + 8.68 0.29 + 020 -0.87** + 0.19
psl 91.20%* + 18.12 -22.79 + 13.11 0.42 + 024 -1.22%* + 0.21
pal 159.05** + 2277 -31.20 + 17.26 1.41** + 0.26 -1.11** + 022
X2(4) (9df) 129.53** 44 .44%* 51.41%* 81.07**

x dominance [y] and dominance x dominance x dominance
[z] gene effects in cross-1 and ‘m’, additive x dominance [j]
and additive x dominance x dominance [y] in cross-2 (Table
4). The %*(3) value at 11 degrees of freedom was significant
in all the (Table 4). The y(3) value at 11 degrees of freedom
was significant in all the traits under study for both the
crosses indicating the presence of higher order epistasis
and/or linkage.

The twelve-parameter model showed significant
estimates for all the gene effects except [pi] in cross-1 and
the gene effects viz,, d, m+[h]+[l], m+[i] and [p?] in cross-2
for seed yield per plant. For oil content, the gene effects
viz., m+[h]+[l], m-+[il, [pil, [p%l, [pjl, [p?], [pll and [p*l] in cross-1
and d, m+[h1+[1], m+(il, [pj], [p?j], [pll, [p?l], [p°l] and [p4l] gene
effects in cross-2 were significant (Table 1). All the gene
effects were found significantin cross-1 and the gene effects
viz., d, m+[h]+[11, m+[i], [pil, [p?l, [pjl, [p?j] and [pl] in cross-2
for shelling out turn. For 100-seed weight, the estimates of

d, m+[h]+[l1, m+[il, [p?il, [pjl, [P, [pll, [p?] and [Pl] gene
effectsin cross-1 and the gene effects viz., d, m+[h]+[l], m+i],
[pil, [p?l, [pjl, [p?] and [p?l] in cross-2 were found significant
(Table 2). The gene effects d, m+[h]+[1], m+[il, [pil, [pjl, [p3],
[P?lland [p*l]in cross-1 and the gene effects viz., d, m+[h]+[l],
m-+[il, [pZl, [p?], [P3l] and [p*l] in cross-2 were found
significant for number of effective branches per plant. For
number of capsules on primary raceme, the gene effects viz.,
d, m+[h]+[l], m-+il, [p?], [pj], [pl] and [p?l] in cross-1 and the
gene effects viz.,, m+[h]+[i]l, m+[i], [p?], [pl], [p?l] and [p*l] in
cross-2 were significant (Table 3). The gene effects viz., d,
m-+[h]+[1], m+[i], [p3l] and [p*l] were found significant in
cross-1 and only four gene effects viz., d, m+[h]+[l], m-+[i]
and [p?i] were significant in cross-2 for total length of primary
raceme and effective length of primary raceme (Table 4).
The y2(4) value at 9 degrees of freedom was significant in
all the traits under study for both the crosses indicating the
presence of higher order linkage.
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Table 2. Estimation of gene effects for shelling out turn and 100-seed weight in two crosses of castor

Scaling tests/gene effects Shelling out turn

100-seed weight

JM-6 x 48-1 (cross 1)

JI-436 x PCS-124 (cross 2)

JM-6 x 48-1 (cross 1) JI-436 x PCS-124 (cross 2)

Ten-parameter model (Trigenic interactions model)

m 53.47%* + 1.80 67.98%* + 181 30.22%* + 125 38.77%* + 097
(d) 11.58%* + 201 -9.25%* + 221 -6.17%* + 1.51 0.85 + 1.28
(h) 67.50%* + 935 -6.27 + 9.19 19.65%* + 640 -56.94**  + 499
(i) 7.26%* + 181 -9.23** + 183 0.39 + 125 -13.43** +  0.97
0); -0.78 + 558  2529% + 598 13.36%* + 382 -7.71% + 330
(0] -11036** + 15.18 8.39 + 1472  -53.17* + 1033 85.08** + 8.07
(w) -9.271** + 199 7.19%* + 218 8.38** + 149 0.75 + 127
(x) -49.20** + 503 22.95%* + 4389 8.43* + 341 41.14%* + 271
(y) -14.17%* + 542 -23.26%* + 5.61 1.15 + 357 14.79%* + 297
(2) 53.75%* + 785 -6.83 + 750 37.07*%* + 530 -40.07** = 416
sz (11df) 227.03** 297.71%* 223.63** 586.47**

Types of epistasis Duplicate Duplicate Duplicate Duplicate
Twelve-parameter model (Linked digenic interactions model)

d 3.54** + 032 -1.41%* + 036 1.65%* + 020 1.12%* + 0.16
m-+h+| 63.51** + 032 63.06%* + 024 32.50** + 022 26.73** + 017
m-+i 60.30** + 032 59.49%* + 037 32.35%* + 0.21 25.44** + 0.16
pi 2.33%* + 067 2.97** + 0.68 -0.82 + 052 -2.72%* + 039
pai 3.34%* + 0.82 8.85%* + 0.67 -1.91%* + 046 3.14%* + 041
pj 4.74** + 0.63 -2.66** + 0.66 1.91** + 035 1.09** + 033
[o3]] 6.37%* + 101 -6.72%* + 096 3.08** + 055 3.15%* + 054
pl 3.46%* + 094 -7.04%* + 092 -2.03** + 0.64 -1.00 + 053
pal 10.54** + 0.82 -1.17 + 078 -3.69%* + 046 -3.28%* + 043
psl 11.94** + 1.09 -0.07 + 091 -3.30%* + 063 -0.91 + 055
pal 12.39%* + 1.29 -1.12 + 1.16 0.17 + 084 -1.27 + 067
Xz(a)(9df) 113.28** 65.06** 357.04** 582.78**

The present findings are in accordance with previous
reports based on investigations done by several researchers
in different crops, who also found gene effects in mostly
up to the digenic and trigenic interactions. Jatoth et al.
(2014) reported significant epistatic gene action for seed
yield and its related traits viz., days to 50% flowering, days
to maturity, plant height, number of branches per plant,
number of capsules per plant in sesame. Sandip et al.
(2013) also reported epistasis of additive x additive (aa) and
dominance x dominance (dd) in different crosses of sesame
in which duplicate type epistasis played a greater role than
complementary epistasis. However, there is no report on
linked digenic interactions in castor so far. Bhapkar and
D'cruz (1967) reported that epistasis played a major role
in castor beans with high oil content. There are only a few
reports on trigenic interactions in castor, however, the
results on digenic interactions in other crops have been
reported by several researchers (Solanki et al. 2017). Most of
the agronomic and economic traits such seed yield, No. of

branches, No. of capsules, 1000 seed weight and oil contents
areinherited in a quantitative manner. Additive gene effects
are important that are determining the number of recemes
per plant and seed oil contents (Swarnlata and Rana 1984)
and the No. of capsules per primary branch and the seed
weight, earliness and plant height have also been shown to
be additively inherited in castor (Solanki and Joshi 2000).
Very limited studies on gene effects of oil content
in castor (Ricinus communis L.) using more number of
generations are meagure. Similarly reports on trigenic
interactions are also limited but linked digenic interactions
have been reported by Solanki et al. (2017) for oil content
in cotton. For seed yield and its components trait in castor
generally, there is evidence of both [i] and [I] types of
interactions but not of the [j] types (few case). Further, the [i]
and [l] type effects had opposite sign in most cases. Where
many pairs of genes of unknown distribution between the
parents were involved in the interactions, the interpretation
of the estimates rests on the relative sign of the [h] and [I]
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Table 3. Estimation of gene effects for number of effective branches per plant and number of capsules on primary raceme in two

crosses of castor.

Scaling tests/gene effects Number of effective branches per plant

Number of capsules on primary raceme

JM-6 x 48-1 (cross 1)

JI-436 x PCS-124 (cross 2)

JM-6 x 48-1 (cross 1) JI-436 x PCS-124 (cross 2)

Ten-parameter model (Trigenic interactions model)

m 8.16** + 083 1.46 + 077 74.53%* + 1072 61.05** <+ 487
(d) -5.09%* + 0.89 -3.68%*w + 0.90 13.34 + 1212 -9.13 + 563
(h) -28.20%* + 401 16.61** + 3.98 156.68** + 5191 6.80 + 2456
(i) -4.52%* + 0.83 4.17%* + 077 40.81** + 1073 874 + 489
) 15.00%* + 236 11.59%* + 233 -74.69% + 3029 41.96** + 14.80
(0] 42.91%* + 634 -29.97*%* + 6.50 -285.28** + 80.20 -50.50 + 3839
(w) 2.82%* + 0.88 2.72%* + 0.89 30.88* + 1209 742 + 5.60
(x) 15.28%* + 2.00 -10.11%** + 212 -14456** + 2755 -33.02* + 13.50
(y) -18.28*%* + 218 -12.45%* + 210 146.39%*  + 2527 -55.16"* + 13.34
(2 -20.05%* + 331 16.90%* + 349 167.25** + 40.73 57.03* + 19.04
Xz(s) (11df) 84.61** 74.90%* 54.02** 142.38**

Types of epistasis Duplicate Duplicate Duplicate Duplicate
Twelve-parameter model (Linked digenic interactions model)

d -1.62%* + 013 -0.71%* + 012 41.86** + 0.82 -0.42 + 063
m+h+l 2.51** + 017 4.46** + 0.19 109.47**  + 1.92 73.96** + 056
m+i 3.23** + 013 5.69** + 012 114.98** + 0.83 70.98** + 0.64
pi -1.10%* + 028 0.15 + 030 343 +  3.92 -2.73 + 179
p2i -0.53 + 030 -1.25%* + 029 -11.02* + 432 -15.97**  + 198
pj -0.58* + 024 -0.16 + 023 -1833* + 297 1.01 + 155
[o3]] -1.59** + 037 -0.99%* + 035 -2.17 + 548 3.55 + 262
pl 0.60 + 042 0.62 + 044 22.00** + 546 24.01** + 237
p2l 0.25 + 037 -0.13 + 035 10.01* + 485 1044%  + 221
psl 1.76%* + 047 -1.17% + 046 -7.93 + 6.30 2.29 + 284
pal 2.93** + 059 -1.45% + 0.58 -10.89 + 764 9.81** + 337
sz (9df) 87.16%* 77.51%* 184.66** 97.24%*

effects (Jinks and Jones 1958). While the sign of [I] type of
interaction is negative, one cannot direct estimate of the
sign or magnitude of [h] because it is compounded with
those of ‘m” and [l]. The three unsatisfactory models in all
the traits in two crosses, however, provide estimates of [h]
and all were mostly positive in most of the cases. Since there
were no significant differences among those three estimates
of [h]. It was safe to assume that it would take similar value
in the linked digenic interaction model. Therefore, the
[h] and [I] effects had opposite signs and that the gene
interactions were duplicate epistasis in nature (Jinks and
Jones 1958). The distribution of the genes between the
parental lines affects the magnitude of [d] and [j] effects and
the magnitude and sign of [i] effects. Since diverse parents
were used in two crosses of castor, it was quite clear that the
genes of increasing and decreasing effect were dispersed
between two parental lines. In the presence of dispersion,
[j1 type of interactions between different pair of loci cancel

out when summed over all pairs of interacting genes and
[il may have the opposite sign to that of the individual i's
(Jinks and Jones 1958). Both of the above consequences of
dispersion can be recognized in the estimates of [i] and [j]
parameters in linked digenic interaction model. Thus, the
estimates of [j] were small and non-significant in most of the
cases with few expectations, while [i] had opposite sign to
those of [j] and [I] and the opposite sign to that expected
for duplicate interactions (Jinks and Perkins 1969). Linked
digenic model showed that the magnitude of combination
of three gene effects i.e. m+[h]+[l] as well as combination
of two gene effects viz, m+[i] were equally important to
explain variation in generation means for all the traits in
two crosses and both were superior over additive [d] gene
effects for seed yield and its component traits in two crosses.
While comparing linkage v/s non-linkage parameters, it was
inferred that absolute totals of non-linkage parameters
exceeded 2 to 8 times higher than that of absolute totals of
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Table 4. Estimation of gene effects for total length of primary raceme and effective length of primary raceme in two crosses of castor

Scalingtests/gene effects  Total length of primary raceme

Effective length of primary raceme

JM-6 x 48-1(cross1)

JI-436 x PCS-124(cross2)

JM-6 x 48-1(cross1) JI-436xPCS-124(cross2)

Ten-parameter model (Trigenic interactions model)

m 38.46%* + 726 57.15%* + 462 37.37%* + 7.6 54.10%* + 437
(d) 12.34 + 848 -7.84 + 5.04 7.88 + 845 -8.82 + 482
(h) 253.18** + 3555 -29.30 + 23.10 244.57** + 3555 -2940 + 2181
(i) 38.55%* + 7.28 0.09 + 465 38.26** + 7.8 0.72 + 440
0); -60.20%* + 20.65 23.19 + 1343 -46.50* + 2087 27.70* + 1282
(0] -450.23** + 5513 56.59 + 36.05 -441.18** + 5590 56.66 + 347
(w) 2.38 + 842 5.21 + 499 7.65 + 838 6.55 + 478
(x) -117.44%* + 1930 -2.11 + 1252 -115.01%* + 1933 -1.06 + 1180
(y) 126.31** + 17.25 -27.80* + 12.24 111.81** + 17.82 -33.26** + 11.54
(2) 255.13** + 2777 -3333 + 18.09 255.10** + 2854 -3254 + 1733
sz(l 1df) 49.48** 51.32%* 51.85%* 57.87%*

Types of epistasis Duplicate Duplicate Duplicate Duplicate
Twelve-parameter model (Linked digenic interactions model)

d 10.14** + 084 -2.16%* + 072 11.56** + 0091 -1.38% +  0.69
m-+h+| 88.28** + 123 52.82%* + 074 87.15%* + 134 50.74** + 0.78
m-+i 80.56** + 0.86 56.52** + 074 78.49** + 093 54.04** + 071
pi 1.41 + 281 1.42 + 1.59 2.00 + 278 0.87 + 154
pai -2.22 + 3.04 -5.81%* + 174 -2.46 + 3.09 -6.53%* + 1.66
pj 4.09 + 228 -1.29 + 140 1.34 + 235 -2.23 + 133
[o3]] 3.80 + 396 -3.11 + 221 -0.05 + 403 -4.05 + 212
pl 2.99 + 3.87 -0.72 + 218 4.63 + 394 0.11 + 216
pal -1.60 + 352 -1.49 + 190 -1.49 + 359 -1.38 + 185
psl -11.39*% + 451 -4.61 + 246 -12.84** + 455 -3.98 + 237
pal -16.79** + 532 -0.83 + 3.2 -17.27** + 527 0.22 + 299
X2(4) (9df) 266.65** 44.11%* 229.46** 47.77%*

linkage parameters which revealed that there will be very
less possibility of presence of linkage than the absence of
linkage at digenic level. However, significant 5?,, value at 9
degree of freedom revealed possibility of linkage at higher
order epistasis which was beyond the scope of the present
investigation. Seed yield per plant and its component
traits recorded in two crosses of castor were governed by
additive, dominance, digenic and trigenic epistasis and/or
linked digenic epistasis gene effects along with duplicate
type of gene action. Sharmila et al. (2007) reported duplicate
epistasis between additive- and dominance-increasing
alleles and further elabnorated that the epistatic gene
effects may be considered either complementary or

duplicate depending on whether the additive x additive and
dominance x dominance interactions are all significant and
positive/negative or all significant with one negative and the
other positive.In the present study non-additive type of gene
action was predominant in the inheritance of seed yield and
its components traits. Therefore heterosis breeding can be
fully exploited in castor for genetic improvement in term
of seed yield and its components. When additive as well as
non-additive gene effects are involved, a breeding scheme
efficient in exploiting both types of gene effects could be
employed. Biparental mating could be followed which would
facilitate exploitation of both additive and non-additive
gene effects simultaneously for genetic improvement of
seed yield and its component traits in castor.
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