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INTRODUCTION

Maize is an important cereal food crop of the world with
highest production and productivity as compared to rice and
wheat. It is the most versatile crop which is being grown in
more than 166 countries across the globe.

Development of high yielding three-way and double cross
hybrids in maize could be a better option as compared to
single cross hybrids owing to their low variation in
performance over series of environments particularly under
unfavorable ecologies, besides being cost effective. Single
crosses had large hybrid x environmental interaction than
double crosses (Sprague and Federer, 1951). Single crosses
may not perform as stable as double and three-way crosses
because single crosses being uniform they lack population
buffering and possess only individual buffering, whereas three-
way and double crosses have both population as well as
individual buffering (Allard and Bradshaw, 1964).Under
normal conditions in semi-arid zone, single crosses had no
special advantage over three-way and double crosses
(Petrenko, 1977; Oyekunle and Badu-Apraku, 2014).

Rawlings and Cockerham (1962) defined double-cross hybrids
as the first generation progeny of the cross of two unrelated F,
hybrids, symbolized as (AB) (CD), where, A, B, C and D are the
four parents and (AxB) and (Cx D) are the two F,s. Actually,
the double-cross hybrids are the diallel crosses among the F s

Maize is the third most important cereal crop after rice and wheat in India. Seven inbreds were utilized for
crossing programme to produce twenty one single crosses and 105 each three-way and double crosses in half
diallel fashion and evaluated during kharif 2015 at three locations. Quadriallel analysis was conducted to study
1-line general, 2-line, 3-line and 4-line interaction effects, gene action and order effects for grain yield of double
crosses. BML-51 had the highest 1-line general effect, BML-51 x BML-14 showed highest 2-line general effect.
(BML-13 x BML-7) (- -) had the highest 2-line specific effect of (ij) (- -) type and (BML-32 x -) (BML-13 X -) had
the highest 2-line specific effect of (i-) (j-) type. (BML-32 x BML-14) x (BML-51 X -) had the highest 3-line
specific effect of (ij) (k-) type and (BML-51 x BML-6) x (BML-14 x BML-7) had the highest 4-line specific effect
of (ij) (kl) type. Cross (BML-51 x BML-14) x (BML-10 x BML-7) showed high grain yield and had high 1-line
general line and 2-line general effects. Additive and additive type of epistatic interactions and additive x dominance
interactions were predominant in expression of grain yield.

(which, in turn, are also diallel among parents) with the
restriction that no parent can appear twice in the same cross.
Quadriallel analysis has some advantage over other designs
in providing more estimates of components of epistatic nature
and also in giving the information on the order effects of parents
in double-cross hybrids. Order in which the parents go into a
double cross hybrid is a deciding factor for its high or low
performance (Singh and Chaudhary, 1977; Chaudhary, 1984).

Nature of gene action in the inheritance of character helps in
the selection of breeding method for improvement of that
character. Additive and non additive gene action plays a major
role in control of yield in double crosses (Elshakhess et al.,
2009; El-Hashash, 2013). Therefore, the present investigation
was planned to derive the information on gene action and
importance of order effects for grain yield in double crosses of
maize.

MATERIALS AND METHODS

To study the 1-line general, 2-line, 3-line and 4-line interaction
effects, gene action and order effects of double crosses, seven
promising inbred lines of maize viz., BML-51, BML-32, BML-
14, BML-13, BML-10, BML-7 and BML-6 developed at Maize
Research Centre, Rajendranagar, Hyderabad were crossed in
diallel fashion (Griffing, 1956 Method | Model 1) and obtained
twenty one crosses during kharif, 2014. Later these F,’s were
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involved in crosses with inbreds such that no parent appears
twice in the same cross and obtained 105 three-way crosses.
Similarly, single crosses were involved in diallel set with
restriction that only unrelated crosses were involved in crossing
programme and obtained 105 double crosses. Single crosses
were obtained during kharif 2014 while three-way crosses
and double crosses were obtained during rabi 2014-15 at
ARS, Karimnagar.

During kharif, 2015, the experimental material comprised of
seven parents, twenty one single crosses and 105 each three-
way and double crosses and eighteen public /private checks
were evaluated at three locations viz., MRC, ARI,
Rajendranagar, ARS, Karimnagar and RARS, Palem. All these
256 entries were laid out in balanced lattice (16 x 16) in two
replications at each location and all the intercultural operations
were carried out in accordance with the recommended
schedule (Vyavasaya panchangam, 2015).

Grain yield was recorded plot-wise (kg plot") and was corrected
for stand variation using the methodology of covariance
(Mendes, 2015). Further, this hand harvested shelled corn of
each entry was adjusted to 15.5 moisture in kg ha™' similar to
grain yield in bushels per acre at 15.5 moisture (Lauer, 2002).
The statistical analysis for grain yield (kg ha') for double-cross
hybrids was done using quadriallel analysis, each environment
separately (data not shown) and combined over the
environments using the model of Rawlings and Cockerham
(1962) with INDOSTAT software. The general and specific
line effects of various arrangements were estimated as per the
formulae given by Singh and Chaudhary (1977). The criterion
of per se performance was followed to compare the order
effects in double crosses (Ganga Rao, 1997).

RESULTS AND DISCUSSION

The analysis of variance showed that 2-line and 3-line

Table 2: One- line general (gi) and 2-line interaction (sij), t(ij)(- -), t(i -)(j -), effects for grain yield at pooled environments

arrangement effects were significant (Table 1). The effects
arising due to the arrangements of lines are exclusively the
results of dominance effects or interactions involving
dominance components (Rawlings and Cockerham, 1962).
The 1-line general effects are given in Table 2. As indicated by
the data, BML-51 must be used as one parent, because it
provides the highest effect. As four lines are used to produce
a double cross hybrid, BML-51, BML-13, BML-14 and BML-
32 and can be used with the same efficiency. The 2-line effects,
with and without respect to their particular arrangement are
also given in Table 2.

With regards to 2-line general effects, parents BML-51 and
BML-14 in various combinations did the best followed by
BML-14 and BML-7 and BML-51 and BML-13. About 50 per
cent of the 2-line general effects were negative. The specific
combination (BML-13 x BML-7) (- -) had the highest 2-line
specific effect of (ij) (- -) type followed by (BML-32 x BML-6) (-
-)and (BML-32 x BML-10) (--). The 2-line specific effect of (i-)
(j-) type was highest in case of (BML-32 x -) (BML-13 x -)
followed by (BML-10 x -) (BML-7 x -) and (BML-51 x -) (BML-
10 x -). Inbreds BML-51, BML-13 and BML-7 which did well
in 2-line general effects were also included in the best 2-line
specific combinations. Another very important point to be

Table 1: ANOVA of the Quadriallel analysis for grain yield (kg ha™)
across locations

Variation sources df Mean square
Locations 2 38254028.00™
Hybrids 104 925147.81"

1 - line general 6 869804.00™

2 - line specific 14 704179.50 "™

3 - line specific 14 790416.06 "™

2 - line arrangement 14 1154984.13"
3 - line arrangement 35 1082105.13"
4 - line arrangement 21 763273.81"™
Error 208 633171.81

*,""Significant at p< 0.05 and p < 0.01, respectively; “Not significant.

Table 2 : Continued

Lines appear gi Lines appear  sij.. Lines appear sij.. Lines appear  sij..
together together together together

1 65.768 12.. -6.118 24.. 20.632 37.. -59.218

2 7.946 13.. 72.543 25.. 43.715 45.. -70.357

3. 19.113 14.. 53.365 26.. -54.257 46.. 17.237

4. 44.49 15.. 7.887 27.. 27.687 47.. -0.902

5 -14.382 16.. -45.868 34.. 24.515 56.. 16.943

6 -61.426 17.. -16.04 35.. -48.596 57.. 36.026

7.. -61.51 23.. -23.713 36.. 53.582 67.. -49.063
1=BML-51, 2=BML-32, 3=BML-14, 4=BML-13, 5=BML-10, 6=BML-7, 7=BML-6; gi= one-line general effects, sij= 2-line interaction effect of i and j lines irrespective of arrangement

Linesarran t(ij) 9 Linesarran  t(ij) (- Linesarran t(ij) (-9

Linesarran  t(i-)(j-) Linesarran t(i-)(j-) Linesarran  t(i-)(-)

gement effect gement effect gement effect gement effect gement effect gement effect

(12)(..) 8.539 (24)(..) -447.433 37)(..) -82.05 (1.)2.) -4.269 (2.)4.) 223.717 3.)7.) 41.025
(13)(..) 25.311 (25)(..) 150.589 (45)(..) 106.633 (1.3.) -12.656 (2.)(5.) -75.294 4.)(5.) -53.317
(14)(..) 104.111 (26)(..) -80.094 (46)(..) 316.683 (1.)4.) -52.056 (2.)6.) 40.047 4.)6.) -158.342
(15)(..) -128.222 (27)(..) 270.928 “47)(..) -43.411 (1.)(5.) 64.111 (2.)(7.) -135.464 4.)(7.) 21.706
(16)(..) 95.261 (34)(..) -36.583 (56)(..) -208.117 (1.)6.) -47.631 (3.)4.) 18.292 (5.)6.) 104.058
(17)(..) -105 (35)(..) 22.817 (57)(..) 56.3 (1.)(7.) 52.5 (3.(5.) -11.408 (5.)(7.) -28.15
(23)(..) 97.472 (36)(..) -26.967 67)(.) -96.767 (2)3.) -48.736 (3.)(6.) 13.483 6.(7.) 48.383

12=BML-51 x BML-32, 13 =BML-51 x BML-14, 14=BML-51 x BML-13, 15=BML-51 x BML-10, 16 =BML-51 x BML-7, 17=BML-51 x BML-6,24 =BML-32 x BML-13, 25=BML-32 x BML-10,
26=BML-32 x BML-7, 27 =BML-32 x BML-6, 34 =BML-14 x BML-13, 35=BML-14 x BML-10,36 =BML-14 x BML-7, 37=BML-14 x BML-6, 45=BML-13 x BML-10, 46 =BML-13 x BML-7,

47 =BML-13 x BML-6, 56 =BML-10 x BML-7,57=BML-10 x BML-6, 67 =BML-7 x BML-6;t(ij) (--) =

2-line interaction effect of lines i and j due to the particular arrangement both as grand parents

t (i -)(j -) = 2-line interaction effect of lines i and j due to the particular arrangement one as grandparent and another as half parent.
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Table 6: Estimates of genetic components of variance for grain yield
§ - at pooled environments
§ %_Q § é § § § S’l; Components Estimate
© NN oo Additive 1223057.464
Dominance -1390234.187
s Gar Additive x additive -4248790.085
S0 AN Additive x dominance 5127913.372
g g g g g g Dominance x dominance -1727046.050
X X X X X X Additive x additive x additive 12227119.348
nee nee
SHL 3ol . .
82> =22 noted here is the order effect of the parents. For instance, the
g X X g X X specific combination (BML-13 x BML-7) (- -) which had the
The one highest 2-line specific effect (316.683), gave the negative effect,
>SS S>> when used in another combination, i.e. (BML-13 x -) (BML-7
= I AR X -) (-158.342). Similarly, parents BML-32 and BML-6, which
S LR IIC2D were good in specific combination of (BML-32 x BML-6) (- -)
£ ‘:;_2 Zlgsss3ss ¢ (270.928), showed the negative 2-line specific effect when
G Olesaszasy used in combination as (BML-32 x -) (BML-6 x -) (-135.464).
Obviously, the order in which the parents were involved in
= double-crosses was important. This means that due
e 4::1 LQEN FBE K2R consideration should be given to this parameter while
GS¥ [BRR REI KR35 attempting multiple crosses. The evidence of order effects in
quadriallel analysis was reported by Chaudhary (1984) and
E f 3 E E S s350 Singh and Chaudhary (1977) in barley crop for spikes per
g g 3 g g 3 3‘ 3‘ 3‘ plant and grain yield, respectively. Similarly, ?n trial!el analys'is
XX 2 x X © soo also the order effects were reported by Rajamani (2014) in
——h S e—hn N, cotton, Chaudhary et al. (1978) in barley and by Ponnuswamy
I3 I3 3 DD et al. (1974) in maize.
FBS MM b= Sy o
X8 YXX9 (2@ Considering the specific order effect of three out of four parents,
moX @moX &XxXx i.e., (ij) (k-) type in double crosses, we found that (BML-32 x
330 L8 333 BML-14) x (BML-51 x ), (BML-14 x BML-10) x (BML-32 x
22z 22> =323 5), BML-51 x BML-7) x (BML-13 x -) and (BML-51 x BML-
SIX XXX X Xen XXX 10) x (BML-32 x -) combinations were the best (Table 3). All
g N A -SR-S these crosses had either BML-51 or BML-32 or both in different
8 P339 903=>= arrangements in different triplets and the best triplet included
o CIEEEoEE20EEE the parents BML-51, BML-32 and BML-14. However, on the
= basis of the overall performance of any three parents in all
g T 4::1 g g g g 5 % g '§r § possible gombinations, without respect to arrangement Sy
053 |[RR® BOR RNKN the best triplet was (BML-32 x BML-10) x (BML-6 x -) followed
by (BML-10 x BML-7) x (BML-6 x -) and (BML-14 x BML-13)
o X (BML-7 x -). How the order of these parents in a cross
L2 S8R ToR matters can be seen by changing the arrangement of the parents
g g 3‘ 3‘ 3‘ 3‘ 3‘ 3‘ 3‘ of a particular cross. For example, a change in the arrangement
X x@ @MmMoa @moaq of the parents of the best combination of three parents (BML-
=2 - i o o i 33 32 x BML-14) x (BML-51 x -) which had highest desirable
I3 Iol 3Ll positive effect (418.689) into another combination, i.e. (BML-
xm> @22 =22 51 x BML-32) x (BML-14 x -) had the specific effect (42.464).
é é E % E E g E E Another combination, in which the same three parents were
A A involved, but in some other order, i.e. (BML-51 x BML-14) x
g g g g g g g g g (BML-32 x -) had a specific combination effect of -461.153
X X X X X X XXX and sum of all the three alternate forms is zero. This observation
DeE mmm @me clearly shows the significance of the order in which the parents
S5 335 sSs3S are involved in multiple crosses.

. - —== —== The 4-line interactions with and without respect to particular
‘E: arrangements of the parents in double crosses are given in
S © = = Table 4. A critical perusal of the data in this table clearly showed
a8 oy & & that best combinations were (BML-51 x BML-6) x (BML-14
2|8 3 3 3 x BML-7), (BML-51 x BML-14) x (BML-10 x BML-7) and
SO Ol—maom 0O —amO—am (BML-51 x BML-7) x (BML-32 x BML-14). What it exactly
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means is that the four parents say, BML-51, BML-14, BML-7
and BML-6 in a specific order given above, i.e. (BML-51 x
BML-6) x (BML-14 x BML-7) form the most effective
combination (496.392) but not in other orders. For instance
the same parents in a cross (BML-51 x BML-14) x (BML-7 x
BML-6) in this order, had in contrast the negative value (-
270.467). Similarly, the best 4 line combination (BML-51 x
BML-14) x (BML-10 x BML-7) in this order when combined
in another order, such as (BML-51 x BML-7) x (BML-14 x
BML-10) produced the negative effect (-239.439).These results
again confirm that the order in which the parents go into a
double cross hybrid is a deciding factor for its high or low
performance. Hence for each cross combination the particular
arrangement should be given due importance (Chaudhary
and Rai, 1982). Considering the general effect of a set of any
four parents (the data in the parenthesis in Table 4) in various
combinations, irrespective of the order, it is obvious that the
parents BML-32, BML-13, BML-10 and BML-6 formed the best
combination for grain yield which is evident in cross (BML-32
X BML-6) (BML-13 x BML-10) with grain yield of 8223 kg ha'.

Criterion of per se performance was followed to compare the
order effects in double crosses.105 double crosses were
classified in to thirty five groups of three crosses each. Crosses
of each group involved four parents in different orders (Table
5). Among the thirty five groups, twenty nine groups exhibited
superior per se performance of double crosses with particular
order arrangement in that particular group. For example in the
group 7, double cross (BML-51 x BML-32) x (BML-13 x
BML-6) had superior per se performance with a grain yield of
8044 kg ha' than other arrangements namely (BML-51 x
BML-13) x (BML-32 x BML-6) with 7063 kg ha' and (BML-
51 x BML-6) x (BML-32 x BML-13) with 7045 kg ha™. While
the parents involved in the groups viz., 15,16,20,21,22,31
and 34 had given the double crosses with comparable
performance irrespective of arrangement in that particular
group. Out of 105 double crosses, five crosses belonging to
various groups expressed superior performance. They are
namely (BML-51 x BML-14) x (BML-10 x BML-7), (BML-32
X BML-6) x (BML-13 x BML-10), (BML-14 x BML-6) x (BML-
13 x BML-7), (BML-51 x BML-10) x (BML-32 x BML-7) and
(BML-51 x BML-13) x (BML-32 x BML-14). Further, it is
interesting to note that parent BML-51 as one of the grand
parent and parents BML-32, BML-14, BML-10, BML-13 and
BML-7 either as grand parent or immediate parent were
involved in three out of five superior crosses. Cross (BML-51
x BML-14) x (BML-10 x BML-7) had superior per se
performance for grain yield (8362 kg ha') and exhibited high
1-line general effects for BML-51, BML-14, high 2-line
interaction effect irrespective of arrangement for BML-51 x
BML-14, high 3-line arrangement effect of (ij) (k -) type and
high 4-line arrangement effect of (ij) (kl) type suggesting that
there is possibility of getting promising double crosses by
involving good general combiners and good specific
combining single crosses as parents.

Gene action involved in the expression of grain yield has
been reported to be additive as well as non- additive. Hence,
it was considered to partition the digenic component of epistatic
variation. Additive variance was found to be more than
dominance variance (Table 6). Among the epistatic

interactions, Additive x additive type of epistatis was least
and additive x dominance and additive x additive x additive
interactions were high. Contrary to this, El-Hashash (2013)
reported that additive x additive type of epistatic interaction
was high followed by additive x dominance in double cross
hybrids of Cotton, while Elshakhess et al. (2009) noticed all
types of epistatic interaction in double crosses of Sesame. As
the additive and additive type of epistatic interactions and
additive x dominance interactions were predominant, there
is a possibility of exploitation through heterosis breeding by
identifying promising hybrids for cultivation and deriving
potential inbreds through pedigree breeding.

Finally, the high yielding double crosses viz., (BML-51 x BML-
14) x (BML-10 x BML-7) and (BML-32 x BML-6) x (BML-13
x BML-10) with grain yields of 8362 kg ha' and 8223 kg ha
', respectively were also tested in multilocation trials during
kharif 2016 and found promising. However, depending upon
the consistency in performance, these hybrids will be released
for commercial cultivation.

For successful plant breeding, to combat deficiencies in
genotypes, it is essential to bring the effect of several genotypes
into unified action in one component genotype. The quadriallel
analysis helps in identifying the gene action involved in the
population and it also provides information from which genetic
parameters can be estimated. Thus, in a double cross hybrid
several desirable characteristics can be successfully combined
by crossing selected parents in a particular order without any
reduction in yield. This aspect needs to be exploited.
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