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Are ‘Multiple Cross-multiple Pollen Hybrids’ an Answer for Productive
Populations in Brassica campestris (var.) Brown Sarson?

Part 2: Evaluation of ‘Mucromphs’

A. Bandyopadhyay and V. Arunachalam

Division of Genetics, Indian Agricultural Research Institute, New Delhi (India)

Summary. A set of 167 ‘mucromphs’ was evaluated in
their F; generation for seven ‘plant’, four ‘plot’ and five
‘ratio’ characters. Methods of characterizing the parents
and the hybrids on the basis of combining ability effects
described in the first part were found to be efficient in
identifying desirable cross combinations for pedigree
breeding or generating composite populations. Order ef-
fects of multiple-pollen combinations were found to be
potent for a number of character components. High x
Low cross-combinations were found to produce a high
frequency of heterotic crosses followed by High x High.
Selected biparental progenies, single crosses, three-way
crosses and elite varieties were successful female parents
and combinations of pollen from two varieties, one vari-
ety and three varieties were successful male parents, in
that order, in producing significant heterosis in mu-
cromphs. The relationship between general and specific
combining ability on the one hand and realised heterosis
on the other was discussed.
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Introduction

In part 1 of this paper (Arunachalam and Bandyopadhyay
1979) methods of studying hybrids between multiple
crosses and multiple polien (Mucromphs) were discussed.
167 such mucromphs were evaluated in their F, genera-
tion in a randomized blocks design in 1976 at the Indian
Agricultural Research Institute, New Delhi. The material
and methods have been described in complete detail in
part 1 of the paper. The results obtained on the seven
‘plant characters’, four ‘plot characters’ and five ‘ratio
characters’ described earlier, are discussed in this paper.

The list of abbreviations used in this article has already
been presented in Table 1 of the first part of this paper.

Results
Status of Parents Based on gca

Parents were allotted a status, high or low, on the basis of
their general combining ability (gca) for 16 characters
measured by an overall score, as described in part 1 of this
paper. It was found (Table 1) that 50% of the female
parents and only 25% of the male parents belonged to the
high category. The categorization of the females would
appear to be sound since the distribution of high (H) and
low (L) were equal. Inter-pollen interaction might be one
cause for the high proportion of male parents in the low
category.

The inter-varietal single cross, KLIB was of high status.
Of the two single crosses, 5995, derived from a cross be-
tween a line obtained through disruptive selection (for
flowering time) of the self-incompatible KL.17 (selected
for earliness) and a line obtained through stabilizing selec-
tion of the self-incompatible Pusa BST-2 (selected for
earliness), attained high status. The other, 1555, a cross
between a line derived through disruptive selection of the
self-compatible KT5907 (selected for lateness) and a line
through stabilizing selection for the self-incompatible As-
sam Local (selected for earliness), attained low status.
Two each of the triple-crosses belonged to high and low
categories. The triple cross derived from an early line of
the self-compatible KT5905 and 184-63 was a high parent.
The other one, derived from a late line of the self-incom-
patible KL17 and BS182, became a low parent. Of the
two triple crosses involving the intermediate-compatible
GBSII, the one that underwent selection for earliness and
mated to K1 was a high parent and the one that under-
went selection for lateness and mated to K1 was a low
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parent. A balanced allocation of the complex and diver-
gent triple and single crosses to high and low categories by
the methods employed was thus obvious. Of the three
biparental (F,) (BIP) progenies of the inter-varietal cross,
IB6 x DS17D, two were low and one was high in status.
This allocation was justified since they were progenies of
single plants selected from the BIP’s; as such it was possi-
ble that the three lines belonged to genetically diverse
groups. The F, progeny of the forig X ‘brown sarson BIP’,
T1842 x GBSII, was a high combiner. Again out of the
four BIP’s, two were high and two low. Of the three vari-
eties, the indigenous composite, ‘PUKA’ was high while
the two exotic varieties, ‘JS41° (‘Japanese yellow sarson’)
and ‘POLR’ (‘Canadian brown sarson’) were low com-
biners.

To sum up, the complex female parents were justifi-
ably grouped by the methods employed.

Of the four single pollens, ‘DS17D’ and ‘BELE’ were
high combiners, the former of which was a homozygous,

Table 1. General combining ability status of parents and their ef-
ficiency in producing heterosis
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indigenous variety bred by disruptive selection and the
latter a Swedish variety. The other Swedish variety,
‘TORP’ and the Indian composite, ‘PUKA’ were low com-
biners as pollen parents. But ‘PUKA’ (as a female parent)
was a high combiner. The double-pollen combinations,
DSPK and BEPK, involving ‘PUKA’ attained low status
regardless whether the companion variety of ‘PUKA’ was
Indian or exotic. On the other hand, BEDS, an Indian-
exotic combination, was found to be high and the exotic-
exotic combination TP71 a low combiner. Of the four
triple-pollen combinations, all involving ‘PUKA’, three
were low and one was high and the latter, BDP3 contained
the high combination BEDS. It was thus observed that the
pollen parents showed an edge towards low status.

The Relationship Between GCA and SCA

It was statistically tested whether the mean value of a
mucromph differed significantly from that of its superior
parent for each character. Such significantly superior mu-
cromphs were only evaluated for overall heterosis by the
methods described earlier (Arunachalam and Bandyopad-

Parents t s h hl hyay 1979). It was found that only 35 crosses were heter-

otic by this criterion (Table 2) and that their frequency
ii’;‘;les ) u 3 . was highest in the HL gca group, followed by HH and LL.
5995 1 - 3 5 However, the number of crosses made in each group was
1555 2 L 3 2 not constant. Further, only 20.9% of the 167 crosses were
7618 0 H 4 3 heterotic, of which a maximum number was found in the
35Kl -2 L 0 0 HL category. Given a heterotic cross, the probability of
73BS —4 L 1 0 finding it was higher under HL than under HH or LL.
26Kl 3 H 3 1 Significantly enough, all the heterotic ‘mucromphs’ had
ID91 -2 L 3 3 . . . . .
D92 6 H 4 1 uniformly high sca. While 2 maximum proportion of het-
D21 -7 L 2 0
TG73 0 H 2 2
PUKA 2 H -2 1 Table 2. Distribution of heterotic ‘mucromphs’ among different
J1S41 -1 L 3 0 categories
POLR -4 L 2 1
NORM -0.43 g HH HL LL Total
Males H n 10 31 20 61
BELE 5 H 1 0 h 7 17 8 32
TORP -1 L 4 1 HN n 9 24 16 49
DS17 4 H S 2 h 2 1 0 3
PUKA -5 L 2 1 HC n 1 4 3 8
BEDS 7 H 6 3 h 0 0 0 0
DSPK -1 L 3 2
BEPK -5 L 1 0 Total n 20 59 39 - 118
TP71 -3 L 3 2 9 18 8 35
BDP3 3 H 3 1
DPI3 -1 L 2 1 L n 8 25 16 49
TLP3 -1 L 3 2 h 0 0 0 0
TIP3 -2 L 2 2
NORM 0.33 Total n 28 84 55 167

h 9 18 8 35

t = total score over 16 characters; s = overall status; h = number
of heterotic ‘mucromphs’ produced by the parent; hl = number of
heterotic ‘mucromphs’ under HL category only

g = category based on gca; s = category based on sca;
n = number of crosses made; h = number of heterotic crosses
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erotic crosses had high sca with scores greater than zero
(Table 2), three of them were found to have zero scores
due to non-significant sca for all the characters (two of
which were found under HH and one under HL). The LL
category recorded heterosis on the strength of high sea
with scores greater than zero only.

Efficiency of Seed and Pollen Parents in Producing
Heterosis

Varying efficiencies of the seed and pollen parental
groups (Table 3) were recorded. For instance, single cross
(SC) seed parents were successful in producing the maxi-
mum of heterotic crosses under HH while they were the
least efficient under LL. On the other hand, VR, failing to
produce appreciable heterosis under HH and HL proved to
be otherwise under LL. DP proved to be the successful
pollen combination under HH and HL and SP under LL.
However, interaction of pollen and seed parents played
their role in the manifestation of heterosis. For example,
BP obtained the highest score as seed and DP as pollen
parents under HL; but BP x DP did not produce the
highest frequency of heterotic crosses. By the same analo-
gy TC, which was only second in merit as a seed parent
under HL, did produce the highest frequency of heterotic
crosses when pollinated by DP. Such interactions were
located in other categories as well. Based on overall per-
formance BP, SC, TC and VR as female and DP, SP and

Table 3. Percentage of heterotic crosses produced under different
categories

HH HL LL Overall

SC X SP 11.11 5.55 - 5.71

TC X SP 11.11 5.55 - 5.71

BP X SP 11.11 11.11 25.00 14.29

VR X SP 11.11 - 25.00 8.57

Sp 44.44 22.22 50.00 34.29

SC X Dp 11.11 11.11 — 8.57

TC X DP 11.11 16.66 12.50 14.29

BP X DP 11.11 11.11 - 8.57

VR X DP — 5.55 12.50 5.71

DP 33.33 44.44 25.00 37.14

SC X TP 11.11 11.11 12.50 11.43

TC X TP - 5.55 - 2.86

BP X TP 11.11 11.11 — 8.57

VR X TP - 5.55 12.50 5.71

TP 22.22 33.33 25.00 28.57
Overall 100 100 100 100

SC 33.33 27.77 12.50 25.71

TC 22.22 27.77 12.50 22.86

BP 33.33 33.33 25.00 3143

VR 1111 11.11 50.00 20.00

TP as male parents were found to be potential in that
order (Table 5).

A study of the frequency of heterotic crosses produced
by specific parental groups revealed the relatively higher
importance of eight female and three male parents in con-
tributing to heterosis (Tables 1, 4). It was found that the
crosses made between parents which produced a high fre-
quency of heterotic crosses, were not always heterotic,
implying important interaction between particular par-
ents. Even then, it was possible to identify potential fe-
male parents like 7618, ID92 and male parents like BEDS,
DS17 and TORP for heterosis (Table 4).

Order Effects of Pollen Combinations

Of all the pollen combinations, only ‘PUKA’-BELE-DS17,
was examined in depth since, in this case, all possible
combinations were used. It was found that the ‘PUKA’-
BELE effect worked significantly in the negative direction
for SV, SQ, SBP, SLP and YLP including MF (which acted
towards bringing lateness) (Table 5). The ‘PUKA’-DS17

Table 4. Order of importance of different parents in producing
heterosis

HH HL LL Overall
P cC P cC P cC P c

Females 2SC, BP BP VR BP
ID92 3 ID91 3 JS41 3 ID92 4
ID91 3

KLIB 2 TG73 2 BP sc
D21 2 KLIB 3
asc,TC 5995 3
7618 3 ?TCSC 1555 3

26K1 2 - - TC
5995 2 7618 4
1555 2 26K1 3

VR VR
_ Is41 3

Males  SP DP SP DP
DS17 3 BEDS 3 TORP 3 BEDS 6

DSPK 3

DP TP App,TP SP
BEDS 3 TLP3 2 — — DS17 5
TORP 4

TP SP TP

BDP3 2 DS17 2 ——

P = order of importance; C = number of heterotic crosses
produced by the parent
3 of the same importance; for other details, see text



Table 5. Estimated order effects of pollen combinations
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Character SV MF HT PB SB SQ SBP SLP YLP YDS
Order effect? x10-2 x1072
I ~0.06 2.542 0.15  —-0.04 -1.86 ~14.27 0.16 ~0.10 0.16 1.022
1 0.10 4.90% 14.552 093 0.64 ~15.46% -0.09 -0.11 0.12 0.30
11 —0.18? 6.97° 5.55 0.79 -1.57 -22.75%  -0.29* —0.21* _0.83%  —0.01
v 0.17 ~1035* _15.24 -038 2.81 24.50 0.28 0.22 047 -0.57
A 0.03 ~739% _16.562 —0.91 —443*  _11.19 -0.14 —0.08 0.23 0.372
A% ~0.01 ~ 1.07 2.56 0.18 0.51 0.65 —0.00 0.02 ~0.04 0.31
VII 0.08 0.58 6.93 1.052 4.18° 7.32 0.23% 0.08 0.09 -0.20
vIII 0.00 2.95 5.77 0.56 1.92 4.86 0.07 0.05 0.10 ~0.17

2 significant at 5% level

b for explanation, see part 1 of the paper, Theor. Appl. Genet. 54, (1979) p. 206

effect was significantly positive for HT and MF and nega-
tive for SQ. The BELE-DS17 effect was significant and
positive for MF and YDS. However, the third-order effect,
BELE-‘PUKA’-DS17, was not significant for any character
except MF for which it was desirable and significant. Thus
it may be possible to exploit desirable pollen-order effects
on quantitative characters in mucromphs.

The performance of pollen parents must, therefore, be
considered in the light of the observed pollen interaction
or order effects. The double-pollen combination BEDS (=
BELE + DS17) was the top scorer to produce the maxi-
mum number of heterotic ‘mucromphs’ (Table 1). While
DS17 occupied the second rank, BELE occupied the sixth
and last rank. The double pollen combination BEPK (=
BELE + ‘PUKA’) occupied the last rank while ‘PUKA’
occupied the fifth rank. The combination DSPK (= DS17
+ ‘PUKA’) occupied the fourth rank. The triple pollen
combination BDP3 (= BELE + ‘PUKA’ + DS17) also oc-
cupied the fourth rank. Thus complex interactions pro-
ducing reinforcing effects (as in BEDS) or otherwise could
be noticed in pollen-combinations. Of the two triple pol-

_len-combinations, DPI3 and TIP3, in which ‘PUKA’ and
184-63 were common, one contained KT5907 and the
other its derivative DS17, obtained fifth rank.

Discussion

The science of plant breeding has taken such rapid strides
in the past few decades that old concepts are rapidly being
replaced to suit the present-day requirements of a faster
rate of yield improvement in crop plants. Emphasis is
placed more and more on starting with a productive and
diverse gene pool so that desirable and high yielding deriv-
ative-complexes can be obtained in a reasonably short
time. The question naturally arises as to how a breeder
can devise means of generating such a productive gene
pool. As breeding experience in crops like wheat, barley,

pearl millet and maize (as far back as 1939) has shown
(Mangelsdorf 1939; MacKey 1965; Jensen 1970; Redden
and Jensen 1974; Arunachalam and Srivastava 1980;
Arunachalam and Reddy 1980), it is profitable to start
with multiple in preference to single crosses. It be-
comes necessary then to identify ways and means of
generating such multiple crosses. Brassica campestris
offered a wide scope in being used as a test material.
Multiple crosses could easily be made using complex
crosses as females with mixed pollen from a number
of varieties. A study of such crosses has brought out in-
teresting results.

Characterization of Parents

The basic aim was to pool information over all the inter-
acting characters. Of the various possibilities, a method
which characterises the relative potential of a parent in a
repeatable manner was preferred. The parents were cate-
gorized into two groups, one consistently far superior to a
chosen norm, and the other inferior. These two situations
were designated as high (H) and low (L) purely as a matter
of convenience. Since the main interest was on heterosis,
parents were classified based on a total score, over the
characters, of tested gca effects and the crosses on sca
effects. Again the choice of a norm for deciding the high
and low status is an open question. The mean of the gca
effects is constrained to be zero. Situations would arise
where all gca effects, other than non-significant ones, are
in one direction. Zero as a norm would then classify all’
parents in one category, high or low. But our interest was
to identify even the extremes in such cases. Therefore, the
mean of the significant effects was used as the norm to
identify the extremes, in any given range of gca and sca
effects. This approach has been found to be a viable one
as the follow-up study in further generations has shown
(Das 1979).

An analysis of the status of female parents revealed



A. Bandyopadhyay and V. Arunachalam: Evaluation of ‘Mucromphs’ in Populations of Brassica campestris 9

that, of each of the four triple crosses and biparental en-
tries, two were high and two were low; of the three single
crosses, one was low and of the three varieties, one was
high; thus a balanced distribution of high and low status
was obtained even between groups within females, in addi-
tion to such an overall distribution among female parents.
However, the bias towards L in classifying male parents
could be explained. The manner in which the pollen were
applied on the stigmatic surface, would have allowed a
non-uniform pollen interaction since, competition be-
tween pollen would occur only at some places on the
stigma (see Part 1 of the paper) and hence the resulting
seeds could exhibit preferential discrepancies in the ex-
pression of quantitative characters, for simple to complex
combinations of pollen. In fact, of the four single pollens
two occupied high and two low status; but only one each
of the four DP and four TP was high showing a tilt of
balance towards L.

But the method of categorizing a parent as high or low
general combiner was found to be of high repeatability
under a variety of situations. For example, ‘PUKA’ was of
high status as female and low as male. This could be due
to the possibility that the plant which was used as female
was high while that used for pollen was low, as ‘PUKA’, a
composite population, contained a number of diverse
genotypes. The three single plant BIP parents, derived
from a single inter-varietal cross, ‘IB6’ (‘yellow sarson”) X
‘DS17D’ (‘brown sarson’) were found to occupy different
categories. The repeatability meant here was solely that of
the method, and not the status of a particular parent over
space, time or any other environment. Studying diallel
crosses and synthetics of alfalfa for forage yield, Theurer
and Ellig (1964) observed that some parents were high
combiners in one spacing and low in the other, resulting in
differential hybrid performance. They concluded that
there was no consistent association between combining
ability components and the hybrid or synthetic perfor-
mance. From the concepts set forth here, this statement
would need revision as, obviously, a parent could be a
high combiner in one and a low combiner in another agro-
nomic environment and could thus influence the stability
of hybrid performance.

Combinations Producing Heterosis

The unique superiority of HL crosses was brought out by
the study on mucromphs, and also by studies of similar
nature on triticale (Arunachalam and Srivastava 1980),
pearl millet (Arunachalam and Reddy 1980; Reddy and
Arunachalam 1980) and barley (Fejer and Jui 1979). The
concept of obtaining heterosis by mating divergent geno-
types is not new and literature is abundant where the
superiority of hybridizing contrasting genotypes — which

we have chosen to designate as H and L — has been amply
demonstrated. By hybridizing cultivated Triticum aesti-
vum with the wild species Aegilops bicornis, highly suc-
cessful variety derivatives were obtained (Riley, R. lec-
tures delivered at I.A.R.I., New Delhi, 1976). By utilizing
exotic (and temperate) X Indian (and tropical) and dwarf
X tall crosses, several hybrids and varieties were evolved in
sorghum (Rao 1972; Rao and Rana 1978). The mating of
lines with contrasting attributes generated by disruptive
and stabilizing selection produced potential derivatives in
‘brown sarson’. From three-way crosses like (original x
productive recombinants) X productive cultures, high
yielding populations could be obtained in ‘brown sarson’
(Arunachalam and Katiyar 1978). The high-low method
of breeding was described in excellent detail by Langham
(1961).

On the Relationship Between GCA, SCA and Heterosis

Theoretical analysis (Arunachalam 1977) of the compo-
nents of heterosis in two-gene system indicated a possibil-
ity of realizing heterosis on the strength of additive effects
and additive type of interaction only. This was borne out
by this study too, where about 10% of the heterotic mu-
cromphs were found to have non-significant sca effect for
every character, Two of these crosses were found under
HH and one under HL categories. None of these crosses
could be found under LL, as reinforcing additive X addi-
tive interactions would not alone be expected to produce
heterosis under LL. But heterotic mucromphs with non-
significant sca for every character would be preferred for
population breeding as it would be possible to sustain
their F, superiority over the generations.

Thus a knowledge of sca alone would not be adequate
to form an idea of the necessary conditions for obtaining
heterosis. As such, the hypothesis of heterosis stressing
the role of dominance and dominance-based interactions
needs revision. Studies relating sca effects with hybrid per-
formance without caring for the gca of the parents con-
firmed the above observation. For example, a one-to-one
relationship between the magnitude of sca effect and
hybrid yield (Singhania 1972; Singh and Jain 1971) was
observed in some cases and no relationship at all (see, for
example, Singh and Singh 1974) in some others. The am-
biguous conclusions arrived at by considering the parental
combinations as HH, HL etc., on the basis of gca for one
chosen component character, discussing the presence or
absence of heterosis and relating it further to the sca com-
ponents (Gill et al. 1974) would only confirm the superi-
ority of the methods and the results of our study.

Would, then, the established superiority of H x L
crosses, in producing heterosis, be of practical utility to a
breeder? This question can have, partly at least, an un-
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ambiguous answer. It may not be possible to predict the
percentage of crosses that would prove to be heterotic,
though this would normally be expected to be small. For
instance, only 35 out of the 167 mucromphs proved to be
heterotic in our study. But given a heterotic cross, the
probability of finding it to be a H x L combination was
high (in our study, 18 of the 35 heterotic crosses, were
found under HL, Table 2). So when a breeder has to at-
tempt successful hybridization economically (in terms of
time, cost and number of crosses), it is worthwhile to start
with the H x L type of crosses followed by H x H for
realizing heterosis. This statement is in perfect agreement
with the well established concept of making crosses be-
tween divergent genotypes (in terms of geographic origin,
genetic potential etc.). This was further borne out by a
casual phenotypic assessment of the F; mucromphs in the
field, three weeks before harvest. Of the 40 crosses, show-
ing productive phenotypic appearance, 3, 26 and 11 be-
longed respectively to the HH, HL and LL categories,
which was in tune with the observations made earlier.
However, the distribution of the groups like SC, DP etc.,
in the productive crosses did not exactly follow the pat-
tern arrived at earlier. This would only emphasize the in-
adequacies of visual assessment, when a large number of
mucromphs with varying potential were simultaneously
growing in the field with obvious differences in their
growth attributes.

The results discussed so far Jead us to the next impor-
tant topic: how can one organize an investigation with a
view to identifying a strategy for increasing the rate of
yield improvement? What characters should be considered
and with what weightage? and finally the strategy ‘itself.
These will be considered in depth in the next and con-
cluding part of this paper.
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