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ABSTRACT

Comments are given on several critical points regarding the merits of reciprocal
recurrent selection as a method in hybrid breeding . A review of definitions reveals that
the method utilizes general combining ability only . In simplified terms some theory of
population genetics is presented and used in comparing the effectiveness of reciprocal
recurrent selection with that of recurrent selection for specific combining ability to a
single cross . It is found that the latter method need not be inferior if at loci exhibiting
overdominance multiple alleles mutually interacting in this way may be assumed to
exist . Further comments concern the use of a constant tester, the expected interactions
of testcrosses with years and places, and the possibilities of an immediate utilization of
testcrosses in commercial hybrids .

It is concluded that reciprocal recurrent selection should not be regarded as a short-
cut but as a way to enhance the genetic diversity of breeding stocks for the future .
Other methods may be preferable if one has the twofold need for an early output of
better hybrids and a long-sighted improvement of the same material .

1 . INTRODUCTION

Reciprocal recurrent selection was proposed by COMSTOCK, ROBINSON and HARVEY
(3) as a breeding technique for improvement of commercial hybrids in diploid organ-
isms. The authors concluded from theoretical considerations that the proposed pro-
cedure, while superior to recurrent selection for general combining ability for loci
exhibiting overdominance, would be more effective than recurrent selection for spe-
cific combining ability with respect to loci at which there is partial dominance . Since in
plant breeding practice each type of recurrent selection will require high investments
of labour and time, any further information concerning the relative merits of the
methods in question should be welcome . However, critical evidence from experimental
comparisons between different schemes of recurrent selection is still lacking, at least in
cultivated plants . Therefore it may be justified to add some points to the discussion . In
the following we shall comment upon several theoretical and practical aspects of the
reciprocal recurrent selection procedure, in part by comparing it to recurrent selection
for specific combining ability . Our discussion will have a special view to the breeding
of maize, but should apply also to other crops where commercial hybrids are feasible .

1) Paper presented at the First Meeting of the "Maize" Section of Eucarpia, Rome, February
23-26, 1960 .
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RECIPROCAL RECURRENT SELECTION

2. GENERAL AND SPECIFIC COMBINING ABILITY IN RECIPROCAL SELECTION

We may anticipate some remarks concerning the terminology to be used . SPRAGUE
and TATUM (13) introduced the term "general combining ability" to designate the
average performance of a line in its crosses with a set of other lines . The term
"specific combining ability" then refers to the cross of two lines, designating the
deviation from the performance expected as the average of the general combining
abilities of the two lines crossed . These definitions are substantially equal to those
given by HENDERSON (7) . Note that the lines (or individuals) involved need not be
homozygous. The set of lines used as testers for general combining ability is usually
regarded as a random sample of some population such as a variety, and can be re-
placed by the population itself. It is customary in population genetics (see KEMPTHOR-
NE, 10) to define the general combining ability of some genotype by means of its test-
crosses to that particular population from which it had descended ; also specific com-
bining ability is then understood on an intra-population basis . In my opinion, general
and specific combining ability might equally well be defined on an inter-population
basis, i.e. with respect to the crosses of members of one population to some different
tester population and its individual members, respectively. Both cases, although
differing in their genetical consequences, would have in common the point stressed by
CAUDERON (1) that testing for general combining ability means using a tester having a
much broader genetical base than a tester appropriate for evaluating specific com-
bining ability .
Turning now to our subject we meet a somewhat paradoxical situation . With

reciprocal recurrent selection, as is well known, desirable plants in a population A are
selfed and outcrossed each to several plants of a population B. Selection is based on the
performance of bulked testcrosses which apparently provide a measure of the general
combining abilities of individual A-plants to population B . Also, on the other side,
desirable plants of population B are selfed and tested for general combining ability to
population A . Thus we see that in reciprocal recurrent selection, although it was
explicitly designed to make maximum use of both general and specific combining
ability, there is actually no utilization of specific combining ability, at least not in the
earlier cycles when both populations are still heterogeneous . Despite of this, reciprocal
recurrent selection may be very effective in enhancing the genetic diversity of two
breeding stocks. However, such effectiveness will be due to the reciprocity of the
testing scheme and not to selection of pairs of good specific combiners. On the other
hand, one could well think of a reciprocal recurrent selection procedure modified in
such a way as to base selection partly or entirely on specific combining ability ; and the
latter case is clearly involved in the recurrent selection plan proposed by HULL (8) in
which an inbred line or a single cross is used as a constant tester throughout all cycles .

It might be objected against our point of view that nevertheless there is some kind of
specifical testing in the method of reciprocal recurrent selection . Such a claim would
probably be based on the idea that both populations involved may be regarded as
individual members of some super-population comprising all existing varieties of the
species in question . Undoubtedly, general and specific combining ability might be
defined with respect to the populations forming the members of this super-population .
However, specific combining ability operating on such a level of genetic breadth would
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hardly be comparable to that kind of specific combining ability which is utilized in
HULL'S method as well as in customary hybrids .

3 . EFFECT OF CHANGING GENE FREQUENCIES ON COMBINING ABILITY

Going one step further we have to remind that the general combining ability of some
genotype, even under specified environmental conditions, is not a stable property of
that genotype but has an exact meaning only with respect to a given set of other geno-
types serving as testers. Consequently, the general combining ability of a plant may
change if the gene frequencies in the tester set change by selection or by other causes .
For simplicity, we shall examine the situation for a random mating population derived
from one segregating locus . It should be mentioned that in this case there is a direct
correspondence of additive gene effects with general combining ability values . See
GRIFFING (6) for the case when two or more loci are involved .

We assume a population segregating for two alleles, B and b, which occur with
respective frequencies p and q adding to unity, as depicted in table 1 . Using a notation
similar to that employed by COMSTOCK and ROBINSON (2) we symbolize the expected
phenotypic expressions of the two homozygotes, BB and bb, by (c + u) (and c - u),
respectively, and the expression of the heterozygote, Bb, by (c -I au) . Thus c stands
for a constant, and 2u is the difference between the two homozygotes, while a reflects
the degree of dominance operating at this locus .

TABLE 1 . GENOTYPIC VALUES IN A RANDOM MATING POPULATION DERIVED FROM ONE LOCUS SEGREGA-
TING FOR TWO ALLELES (genotypic frequencies are the products of corresponding marginal
frequencies)
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Now consider the general combining abilities of two gametes (or inbred lines) one of
which carries the allele B whereas the other one has allele b . The two gametes (or
genotypes, respectively) are expected to differ in their general combining abilities by
the amount of

[p(c + u) + q(c + au)] - [p(c + au) + q(c - u)] = u + (q -p)au ,

which is half the difference between the two homozygotes plus the term (q - p)au
arising from the heterozygotes . This term, being positive or negative according to
which allele is more frequent in the population, will affect the general combining
ability difference proportionally to the value of a which specifies the level of dominance
operative at the locus in question . The way in which the general combining ability ex-
pectations of B-gametes and b-gametes change with changing gene frequencies in the
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tester population is shown for three different levels of dominance in figs . 1-3. In all
cases the superiority of the "more favourable" allele B over b is greatest when its fre-
quency, p, is zero in the tester population. However, with p approaching unity, the
superiority of B, while still extant for loci with only partial dominance, vanishes for
loci with complete dominance, and is even converted to inferiority of B in relation to b
if there is overdominance at the locus in question .
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FIGS. 1-3 . GENE FREQUENCY AND EXPECTED GENERAL COMBINING ABILITY (g .c .a .) OF TWO GAMETES,
B AND b, FOR THREE LEVELS OF DOMINANCE

The relations illustrated have obvious significance as to the effectiveness of reci-
procal recurrent selection. In both populations under selection that part of genetic
variability which can be . utilized by the method consists of genotypic differences in
general combining ability to the other population, and these differences are largely
made up of "general combining ability"-differences between the alleles available at
individual loci. In each cycle of selection such allelic differences, being reciprocally fixed
in size by the momentary frequencies of corresponding alleles in the opposite popula-
tion, will determine the speed of advance by selection regarding the respective loci .
Non-allelic interactions may also be operating, but will probably not seriously modify
the general outcome. However, loci linked in the repulsion phase could show "pseudo-
overdominance" even though dominance were less than complete at individual loci .
For a discussion of the latter points see COMSTOCK and ROBINSON (4) .

4. COMPARISON BETWEEN TWO SCHEMES OF RECURRENT SELECTION

The theoretical grounds outlined above provide a suitable basis for a comparison
between reciprocal recurrent selection and recurrent selection for specific combining
ability. In the latter method the tester used can be an inbred line as was assumed in the
comparison presented by COMSTOCK, et al. (3) . However, a single cross tester could
much easier be handled and utilized in a practical corn breeding program . Therefore
it may be of interest to give some results of a comparison between reciprocal recurrent
selection and recurrent selection for specific combining ability to a single cross tester .

For loci at which dominance is far less than complete, reciprocal selection will
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clearly be the better method with regard to the limit of improvement, since both popu-
lations could be changed so as to contain the more favourable allele only . On the other
side, selection for specific combining ability does not provide for an improvement of
the constant tester . If the tester is chosen so as to be a high yielding single cross, it
would probably be heterozygous for the majority of the loci involved .

The matter should be different for loci at which dominance is complete or nearly
so. At the outset, both methods might be about equally effective. However, as in later
cycles of reciprocal selection the frequency of the dominant allele increases in one or
both populations, the speed of advance will slow down more and more, as is evident
from fig . 2. On the contrary, selection for specific combining ability should have high
efficiency from the first to the last cycle, if the tester single cross carries the dominant
allele only with frequency 0 .5 at most loci . It would be ineffective, of course, as to such
loci at which the tester is homozygous for the dominant allele. This, however, would
be the same with the other method .

As regards loci at which there is overdominance, reciprocal selection tends to fix
different alleles in the two populations involved . Which allele will be fixed in which of
the two populations depends on the initial gene frequencies, and if the latter are about
equal for both populations (i.e. if there is but little genetic diversity at the outset),
selection may have poor or even zigzag effects, till finally a clear diversity of gene
frequencies is reached in some way, thereby raising the efficiency of further selection .
Here is one of the reasons why COMSTOCK, et al. (3) require that the two populations to
start with should be as genetically different as possible .

Turning again to selection for specific combining ability, an interesting problem
arises with respect to loci exhibiting overdominance . Apparently, space for improve-
ment would be extremely limited concerning such overdominance loci at which there
are only two alleles available both of which are present in the tester single cross . But
improvement as to such loci would surely be possible if more than two alleles inter-
acting with each other in the overdominance fashion were available . Thus it is an im-
portant question whether at certain loci multiple alleles mutually interacting in this
way do exist or not. It may be mentioned that the same problem plays a critical role
in the genetical theory of breeding synthetic varieties .
HULL (9), in commenting on the explanation of heterosis proposed by EAST (5),

makes the following statement : "He apparently did not accept that heterozygote
superiority might be general, with multiple alleles affecting vigor . I do not accept it
either as a likely proposition ." In opposition to this, I cannot see any reason why the
ability of producing overdominance, if occurring at all, should be confined to only two
alleles per locus . EAST's very idea of one allele developing by successive steps of mu-
tation into another allele suggests to me that such step-by-step diverging from each
other in function could well go in more than one direction at any given locus . Even
with only one line of divergence, two alleles at hand must not necessarily represent the
two extremes possible. Finally it is beyond all dispute that within a block of several
linked loci there can occur more than two different gene constellations all of which
would show "pseudo-overdominance" with each other .

After all, it does not seem to be a constraining expectation that recurrent selection
for specific combining ability to a single cross would be inferior to reciprocal recurrent
selection concerning loci at which the heterozygotes surpass the homozygotes . Of
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course, which of the two breeding methods is more efficient on the whole depends on
what degree of dominance prevails in the material used. If for instance only partial
dominance were the rule, reciprocal recurrent selection would offer greater potentiali-
ties .

5 . PRACTICAL CONSIDERATIONS AND CONCLUSIONS

Incidentally some more practical aspects of the methods in question will be com-
mented upon . As pointed out by SPRAGUE (14) recurrent selection for specific com-
bining ability implies the assumption that the tester used will be equally valuable in
commercial seed production at the end of the procedure as it is at the outset . After a
period of years it might well happen that the constant tester is surpassed by new lines
with respect to seed production qualities or disease resistance, etc . However, the same
event could happen even more to the improved populations, in that method as well as
in reciprocal recurrent selection. In order to prevent such an outcome, each cycle
should include a special selection of the selfed strains concerning the desired charac-
ters, besides the evaluation of their corresponding testcrosses . In this respect the bree-
der has not only to make compromises in selecting the strains but also to overcome a
difficulty which forms a common (though seldom discussed) problem in most in-
breeding programs : in as far as the value in commercial seed production depends on
characters which are partly subjected to heterosis but required to be on some desirable
level also in the more or less homozygous condition, efficiency of selection may be
poor owing to masking effects of different heterozygosity levels of the selfed families .
Examples of such characters include germination ability, tolerance to adverse climatic
conditions, resistance to various diseases, etc .

Another point raised by SPRAGUE (15) concerns the "hybrid x location" and "hy-
brid x year" interactions which are expected to be smaller with reciprocal selection, at
least in earlier cycles, than with selection for specific combining ability. This may be
regarded as a disadvantage of the latter method in as far as testing subjected to higher
interactions must be extended over more locations and years in order to gain infor-
mation of some desired degree of reliability . On the other hand, this disadvantage is
perhaps partly balanced out by the fact that testing for specific combining ability
furnishes that sort of information which is anyhow needed before the improved strains
can be utilized in customary hybrids . In selection for specific combining ability to a
single cross the testcrosses are equivalent to double crosses, and should therefore be
subjected to interactions of similar size as to which double hybrids are subjected when
grown in yield trials or in farming . If testing has been done on an adequate scale of
environments, the very best testcrosses of each cycle could immediately be released
for use as commercial hybrids, with the involved S I-lines being propagated and main-
tained by sibbing, as described by WELLHAUSEN, WORTMAN, and PETERNIANI (16) . In
reciprocal recurrent selection a similar use of the best S,-lines would at least require
some additional evaluation of specific combinations which then also would be subject-
ed to interactions as high as are usually connected with double crosses .

It can be reasoned, of course, that reciprocal recurrent selection is not intended for
such an immediate use of selected strains in commercial hybrids . This argument con-
firms the point of view that reciprocal recurrent selection is not a short-cut method of
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breeding. Rather it should be regarded and used as a very promising way of enhancing
the genetic diversity of the breeding stocks of to-morrow. However, reciprocal recur-
rent selection may not be the most suitable method for a breeding program in which
restricted investments have to serve the twofold need for an early output of better
hybrids and a long-sighted improvement of the same material. Where this is the task to
be accomplished, recurrent selection for specific combining ability to a single cross
may prove to be an efficient procedure over a certain number of cycles, depending on
the desirability of the constant single cross used. Of course, still other methods are
possible in such situations . Several modified schemes of reciprocal selection have been
proposed, and are being practised, in the new breeding work for hybrid maize in
European and Mediterranean countries . Some examples can be found in publications
by CAUDERON (1) and LASCOLS (11) . As concerns a recent proposal of this sort we may
mention a breeding scheme named "alternating reciprocal improvement" (SCHNELL,

12) which, although entirely based on specific combining ability, provides for a con-
tinuous improvement of both components of a hybrid, and still permits an immediate
commercial utilization in improved hybrids after each four-year-period forming a half
cycle .
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