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R

he realization that heterosis is due
chiefly to the dispersion of domi-
nant genes between the parents of a
cross rather than to the overdominance of
these genes has led to the important prac-
tical conclusions that, in principle, hetero-
sis should be fixable in inbred lines. It fol-
lows, therefore, that there is no longer any
genetical justification for regarding the
improvement of outbreeding species any
differently from that of inbreeding ones, so
that all crops and stock can be improved
by inbreeding programmes. In the past,
breeders have had to employ an essential-
ly empirical approach in carrying out
improvement programmes which involve
inbreeding. Recent work, however, has led
to an understanding of the theoretical
basis of the advances to be expected under
inbreeding, both with and without selec-
tion, so that it is now possible for the
breeder to design and carry out improve-
ment programmes in a systematic way
and, hence, to predict, from the early ge-
nerations of a pedigree, the likelihood of
obtaining recombinant inbred lines or
hybrids that have the desired level of per-
formance. In this paper we review this
theory and discuss its application to the

practical task of crop improvement.
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INTRODUCTION

S8 his is the third time during the last
& decade that we have had the pleasure of
addressing an audience in Malaysia on the
application of biometrical genetics to plant
and animal breeding. In our previous papers
(Jinks and Lawrence, 1979, 1983) we drew
attention to the fact that virtually all biome-
trical geneticists now agree that the chief
cause of heterosis is the dispersion of genes in
the parents of hybrids that display directional
dominance, with or without directional epista-
sis or non-allelic interaction, in the increasing
direction, rather than, as has been supposed
- in the past, to overdominance of these genes
(Jinks, 1981, 1983). This conclusion has
important implications for all breeders, for it
suggests that the performance of the best
homozygote should at least equal and, unless
dominance is complete, exceed that of the best
heterozygote that can be extracted from a
cross; and that heterosis should be fixable in
inbred lines. It follows, therefore, that there is
no longer any genetical justification of treat-
ing the improvement of outbreeding species
differently from that of inbreeding ones; it also
follows that, with the constraints imposed by
the biology of the organism in question, all
may and, indeed, can be improved by inbreed-

ing programmes, a conclusion which brings a .

very welcome unity to the practice of both
plant and animal breeding.

Now the chief breeding programme used to
improve those crop plant species that are pre-
dominantly self-pollinating is, of course, the
pedigree method, in which two or more inbred
parents are crossed to produce a segregating
F, populations from which recombinant inbred
lines are extracted by successive generations
of self-pollination. Though the way in which
the pedigree method is applied varies in detail
from one crop to another, most breeders
attempt to carry out selection during the
course of inbreeding, which usually involves
the visual selection of individuals in the early
generations, and of families (e.g. ear rows) in
the more advanced generations of the pedi-
gree. Successful breeders initiate many pedi-
grees by making many crosses between
parental inbreds. In practice, however, the
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great majority of these pedigrees are discard-
ed for one reason or another, some as early as
the F, stage and others later; that is, very few
pedigrees run full term to produce new and
improved varieties. Hence, whilst the use of
the pedigree method with self-pollinating
crops has resulted in the introduction of hun-
dreds of new varieties, from the genetical
point of view its efficiency cannot be regarded
as wholly satisfactory on a per pedigree basis.
We may ask, therefore, what can be done to

improve this efficiency? =~ .
n considering this question, it is convenient

to recognize three key stages in any pedigree.
Thus, success of any pedigree depends on the
breeder:

(i) crossing the right parental inbred
lines;

(i1) choosing the best crosses among the
many made between parental inbreds; and

(iii) exploiting the genetical variation of the
Fg generation of the handful of promising
crosses as efficiently as possible.

There is little that geneticists can say about
the choice of parents, for this obviously
depends on the judgement and experience of
the breeder and, in particular, on his know-
ledge of the various ways in which current
varieties of his crop fall short of what is desir-
able. Generally, however, the breeder will
want to choose parents the attributes of which
are complementary, the performance of which
is satisfactory, and which are not too closely
related, so as to increase the chance that they
differ at a number of loci which control charac-
ters of interest. Genetical theory, however, can
be used with advantage when considering how
to raise efficiency in stages two and three of
the pedigree method, for stage two involves
the recognition of the genetic potential of a
cross, while in stage three the question is how
best to realize this potential in the form of one
or more recombinant inbred lines that can be
extracted from the cross.

We have, of course, discussed this question
of efficiency in our previous addresses to this
audience. We make no apology, however, for
returning to the theme because, as a result of
work carried out in Birmingham over the past
twenty years or so, there is now a very exten-
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sive and detailed theory which can be used by
any breeder who wishes to obtain an answer
to this important, practical question. In the
present paper we first consider the prediction
(using information from the early generations
of a pedigree) of the properties of the distribu-
tion of recombinant inbred lines that can be
extracted by single seed descent or dihaploidy
from a single cross between a pair of parental
inbred lines, before moving on to the predic-
tion of those extracted from three and four
parent crosses. We shall then consider the pre-
diction of the properties of the second cycle
hybrids that can be obtained by crossing these
recombinant inbred lines. Finally, we shall
discuss the circumstances in which it is worth-
while practising some selection during the
production of the inbred lines.

Our chief purpose in this paper is to show
what can be done; that is, we shall be mainly
concerned with principles. In order to leave no
doubt, however, that these prediction tech-
niques can be applied to the full range of
genetical situations encountered by the breed-
er, we shall be giving a little more of the
genetical detail underlying the theory than in
our previous papers.

THE PROPERTIES OF
RECOMBINANT INBRED LINES
EXTRACTED FROM A
SINGLE CROSS

e consider, first, the properties of the
# % distribution of the recombinant inbred
lines that have been produced by single seed
descent from the F, generation of a two parent
cross without selection. If the genes for which
the parental inbreds differ display additive
and dominance effects only, and the character
in question is normally distributed, the distri-
bution of the means of the recombinant inbred
lines that can be extracted from the cross is
also normal; in the notation of Mather and
Jinks (1982), there 18 a mean m and variance
D, where D is the additive genetic component
of variance. Estimates of m and D can be
obtained from a variety of sources, but the
experiment which provides, in general, the
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most reliable estimates, and also allows tests
of assumptions about the genetical architec-
ture of the character, is one involving the basic
generations of the cross (P, Py, F, Fy, and the
backcrosses, By and By) and a set of triple test
crosses, which are produced by backcrossing
each of a random sample of, say, 25-35 F; indi-
viduals to P,, P, and the F; (Kearsey and
Jinks, 1968; Pooni and Jinks, 1976). The stan-
dard normal distribution theory may then be
used to calculate the proportion of lines the
mean performance of which equals or exceeds
that of any desired standard, St. This propor-

tion is found from tables of the one-tailed nor-
mal deviate, 2, where

St-m
D

Z=

assuming, as will generally be the case, that
the breeder is interested in selecting for
greater expression of the character (Jinks and
Pooni, 1976). The standard, St, may be an
existing commercial variety, the parent of
greater expression, P;, or, where it displays
heterosis, the F; of the cross.

In practice, the two most likely causes of
departure from the simple additive dominance
model of inheritance are epistasis, or non-
allelic interaction, and linkage disequilibrium.
Since epistasis can be easily detected in the
basic generations of the cross and, indeed, can
be accommodated by fitting an extended
model to the means of these generations
(Mather and Jinks, 1982), the breeder will be
aware of its presence in his material. While, in
the presence of epistasis, the mean of the dis-
tribution of inbred lines is still m, its variance
is no longer D, but D + I, where I is the addi-
tive x additive component of genetic variance.
It is not possible to obtain precise estimates of
D + I from the basic generations of the cross.
The estimate of D from the triple test cross
progenies, however, provides a closer approxi-
mation to the corresponding statistic for the
inbred lines than those obtained from any
other source (Pooni and Jinks, 1979; Pooni,
Jinks and Cornish, 1977). Strong directional
epistasis can also skew the distribution of
inbred line means but, in practice, this is
unlikely to give a significant departure from
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normality unless the character is also highly
heritable. Hence, the proportion of recombi-
nant inbred lines that equal or exceed any
particular standard can, in the presence of
epistasis, be calculated in the same way as
before, except that the estimate of m must be
obtained by fitting an extended model to the
means of the basic generations. Turning now
to the second most likely cause of departure
from the simple additive-dominance model,
linkage, as such, has no effect on either the
mean of the distribution of recombinant
inbred lines, nor on its variance. Linkage in
the guise of linkage disequilibrium, however,
does affect the magnitude of the additive
genetic variance, D (Jinks and Pooni, 1976,
1982). Thus, estimates of D from the early
generations of a pedigree (say the F,) are
expected to be larger than those obtained from
the more advanced generations (say Fg) when
the linkage disequilibrium is predominantly in
the coupling phase, and smaller than the lat-
ter when this disequilibrium is predominantly
in the repulsion phase. This is because there
are more opportunities for recombination with
each generation of the pedigree.

The breeder is more likely to encounter
linkage disequilibrium in the repulsion phase.
Thus, in practice, he will often choose, as par-
ents of a cross, lines the attribute of which are
complementary, with a view to combining all
the desirable attributes in one recombinant
inbred line that is to be extracted from the
cross. In other words, the genes with desirable
expression for each character are likely to be
dispersed over the two parents, rather than
being associated in one of them. In so far as
some of these dispersed genes are linked in
their inheritance, they will be linked in the
repulsion phase. With only one round of
recombination between the parental genera-
tion and the Fy, these genes will tend to be
still linked in the repulsion phase in the latter
generation. In short, the breeder’s choice of
parents will often tend to generate linkage
disequilibrium in the repulsion phase in the
Fy generation of the cross. Nevertheless, the

presence, magnitude and phase of linkage dis-
equilibrium can be determined in the early
generations of the pedigree (Perkins and
Jinks, 1970). So, as with epistasis, the breeder
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will be aware, from his data, of the presence of
this disturbance. The prediction of the propor-
tion of recombinant inbred lines of which the
performance equals or exceeds any particular
standard can be made in the same way as pre-
viously described, provided that it is borne in
mind that this prediction will slightly under-
estimate the probability of success in obtain-
ing a superior line when linkage disequilibri-
um is predominantly in the repulsion phase.

As might be expected, linkage disequilibri-
um between pairs of loci displaying epistasis
affects both the mean and variance of the dis-
tribution of recombinant inbred lines. Again,
this situation can be detected in the early ge-
nerations of a pedigree by comparing the
means of the By, B, and F; families with the
L;, Ly and L3 families of the triple test cross
(Jinks, 1978). The information, from these
comparisons can indicate the likely deviation
of the mean of the recombinant inbreds from
m; however, the contribution which linkage
disequilibrium and epistasis make to the
mean and variance of their distribution is
rather complex, so that, in practice, it is not
possible to obtain precise estimates of the
magnitude of either of these effects from the
early generations of the pedigree (Jinks and
Pooni, 1981). The best that can be done in
these circumstances is to obtain estimates of
these parameters from the same source as
before, namely, m from the basic generations,
and D from the triple test cross progenies. The
proportion of recombinant inbred lines which
equal or exceed any desired standard can then
be calculated as before, though predictions in
these circumstances are naturally expected to
be somewhat less precise than those made for
characters the genetical architecture of which
is simpler.

The effect of epistasis and/or linkage dise-
quilibrium on the prediction of the properties
of the recombinant inbred lines that can be
extracted from a cross has been discussed in
some detail, not only because both are encoun-
tered in practice, but also because we wish to
make it clear that the application of this use-
ful procedure is not limited to characters
which display only additive and dominance
effects.

There is one further complication about
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which the breeder needs to be aware. The esti-
" mates of the statistics used to predict the
properties of the recombinant inbred lines are
obtained from experiments carried out at the
F, or F; stage of the pedigree, whereas the
actual performance of the lines will be
assessed in a trial carried out at the Fg stage;
that is, these experiments are necessarily car-
ried out in different seasons and, hence, in dif-
ferent environments. Provided the effects of
genotype and the environment are indepen-
dent, this causes no problem, for the breeder
can measure the effect of the environment by
including the parents, P; and Py, in the trial of
the Fg lines. If, however, the character of
interest displays genotype x environment
interaction, because different genotypes
respond differentially to a given change of
environment, prediction will no longer be very
precise; however, only rather rarely will the
relative magnitude of genotype x environment
interaction be so great as to make predictions
worthless. This problem is not, of course, pecu-
liar to the present procedure for, in the pre-
sence of genotype x environment interaction,
comparisons between experiments become less
straight forward than in its absence, though
the magnitude of the problem depends on the
nature of the interaction: see Jinks and
Lawrence (1979) for a discussion of this point.

DIHAPLOIDS

he production of recombinant inbred lines

¥ by single seed descent can be accom-

plished with relative ease in a small-grain
cereal crop like rice, in which three genera-
tions per annum can be raised without much
difficulty. In these circumstances, it is possi-
ble, if the performance of the recombinant
inbred lines is determined in an appropriately
designed trial at Fg, to complete the task in
two years. In crop like oil palm, on the other
hand, the same task would take very much
longer, even if it were possible to carry out the
single seed descent phase of the programme in
the nursery and the generation time was
reduced to two years. With crops like this, it
would clearly be advantageous to produce the
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homozygous lines by dihaploidy, rather than
by single seed descent, assuming, of course,
that this alternative was available.

In the absence of linkage disequilibrium
and selection, conscious or otherwise, lines
obtained by dihaploidy should be identical
with those produced by single seed descent.
However, the haploids, from which the diha-
ploids are derived, are usually produced from
anthers taken from the F; plants of a cross, so
that there will be only one round of recombi-
nation between the parental generation and
the inbred products, whereas, there will be
several such rounds when the latter are
obtained by single seed descent. It follows,
therefore, that, when linkage disequilibrium is
present, the products of dihaploidy and single
seed descent are not expected to be the same:
the latter display a greater range of variation
than the former when the disequilibrium is
predominantly in the repulsion phase (Jinks
and Pooni, 1981a). Hence, one is less likely to
obtain useful transgressive variation with
lines derived by dihaploidy than those
obtained by single seed descent. This problem
can be considerably alleviated, however, by
deriving the haploids from plants of the F; or
F; generation, in which case differences
between the products of dihaploidy and single
seed descent become smaller, the former now
being the offspring of two or three rounds of
recombination, rather than one. Thus, where
anther culture has been fully developed with a
crop, dihaploidy can be a very useful addition
to the array of techniques available to the
breeder.

THREE AND FOUR PARENT
CROSSES

itherto, our discussion has been confined
¥ & to the case where a pedigree is initiated
by a single cross betwen two parental inbred
lines. In practice however, the breeder may be
unable to find a pair of lines which, between
them, possess all the attributes required in a
new and improved variety; or he may feel that
the F, from a single cross is unlikely to con-
tain sufficient genetical variation to allow him
a reasonable chance of success in meeting the
objectives of the breeding programme. In these
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circumstances, the breeder will want to initi-
ate pedigrees from three or four parent cross-
es, so that the foundation cross is of the type
(P; x Py) x P; or (P x Py) x (P3 x Py), rather
than P; x Py, when only two parents are
involved.

The genetics of three and four parent cross-
es is considerably more complex than that of
two parent crosses: in these only two alleles
can be segregating among the descendants,
whereas three may be segregating among
those of three parent crosses, and four among
those of four parent crosses. Despite this com-
plexity, however, it is still possible to predict
the parameters of the distribution of the
recombinant inbred lines that can be extracted
from such crosses using estimates obtained
from the basic generations of the related sin-
gle crosses; or from the first two generations
obtained by self-pollinating a random sample
of individuals of a four parent cross (Pooni and
Jinks,1985b; Pooni, Jinks and Yohannes,
1985;1986).

PREDICTIONS INVOLVING TWO
OR MORE CHARACTERS
SIMULTANEOUSLY

¥ he breeder will nearly always have to take
. into account several characters, rather
than one, when attempting to improve a crop.
The procedures we have discussed so far will
lead to useful joint predictions for two or more
characters simultaneously only if these char-
acters are independent. In practice, this will
rarely be the case. We need, therefore, to be
able to predict the probability of obtaining a
recombinant inbred line from a cross that is
superior for all of the characters of interest to
the breeder, allowing for the fact that many, if
not all, of these characters will not be indepen-
dent. The procedure described in the section
entitled ‘The Properties of Recombinant
Inbred Lines Extracted from a Single Cross’
above can be easily extended to handle two or
more characters simultaneously, provided that
estimates of the additive genetic correlation
between pairs of these characters are avail-
able (Pooni and Jinks, 1978). Estimates of
these correlations can be obtained from the
triple test cross progenies.
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SECOND CYCLE HYBRIDS

& & e have so far assumed that the end-
W product of a breeding programme is an
inbred line the performance of which is, in one
way or another, superior to that of any exist-
ing variety. For reasons given earlier, there
are no genetical grounds for doubting that this
is possible, even if the best existing variety is
an F; hybrid; however, in practice it may turn
out difficult to obtain a superior inbred line
from just one cycle of inbreeding.

There are two chief reasons why the breeder
may find himself in this position. First, as
explained earlier, it is likely that some of the
genes with high expression for the characters
of interest are dispersed over the parents of
the cross and that some of these dispersed
genes are linked in their inheritance: in this
case, they will be linked in the repulsion
phase. If, furthermore, this linkage is quite
tight, it may be difficult to produce a suffi-
ciently large number of lines by single seed
descent from a cross to ensure that, at a rea-
sonable probability, at least one of these lines
is recombinant for these pairs of tightly linked
genes. Indeed, it is worth pointing out that
pairs of genes tightly linked in the repulsion
phase are arguably more frequent in crops
that have been greatly improved in the past
than in those which have received less atten-
tion. This is because genes which assort freely
or are only loosely linked will be the first and
those which are tightly linked in the repulsion
phase will be the last to be fixed during the
course of selection.

The second reason why it may be difficult to
obtain an inbred line that has the desired
level of performance after only one cycle of
inbreeding is that, while the breeder may be
able to recover lines that excel for each of the
characters of interest, none of them may be
satisfactory when these characters are consi-
dered jointly. For independent characters, the
probability of obtaining a line of the desired
multiple or aggregate phenotype is equal to
the product of the probabilities of obtaining
lines that are superior for each character of
the aggregate phenotype considered in turn.
Unless these individual probabilities are quite
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large, their product will be small; and for
characters that are negatively correlated,
which are not infrequently encountered in
practice, the probability of obtaining a line
with the desired aggregate phenotype is even
smaller. This is, of course, exactly the same
problem that the breeder has to face when
using the method of independent culling levels
in a population of an outbreeding organism
(Simmonds, 1979).

Now the obvious solution to both of these
problems is to cross the best lines produced by
the first cycle of inbreeding, thereby producing
superior second cycle hybrids from which a
second cycle of recombinant inbred lines can
be extracted. Provided that the parents of this
second cycle of inbreeding are chosen with
care, so that they differ in at least some genes
of interest, the probability of obtaining the
desired combination of genes and/or charac-
ters in at least one line should be greater than
in the first cycle; and, of course, this probabili-
ty can be calculated on information from the
early generations of the second cycle pedi-
grees, just as it can for the first cycle. This is,
however, a long-term solution to the problem,
and the breeder may well have to justify his
activities in the short term. The short-term
solution is to use the best of the second cycle
hybrids as intermediate end-products of the
breeding programme, until such time as supe-
rior inbred lines are available.

Just as it is possible to predict the proper-
ties of the recombinant inbred lines that can
be extracted from a cross on information
obtained from the early generations of the
pedigree, so it is also possible to predict those
of the second cycle hybrids produced by cross-
ing these lines (Toledo, Pooni and Jinks,
1984a,b; Pooni, Jinks and Yohannes, 1985). In
the absence of selection, the array of gametes
produced by these inbred lines should be iden-
tical with the array of gametes produced by
the first cycle F;. It follows, therefore, that the
population of second cycle hybrids produced by
crossing the inbred lines in all possible ways
should have the same mean and variance as
the Fy generation of the pedigree; that is,
assuming that the genes controlling the char-
acter in question display additive and domi-
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nance effects only, the mean of the distribution
of second cycle hybrids is expected to be m +
1/, [h] and its variance, when each hybrid
combination is represented by just one plant,
/oD + 1/ H + E, where [h] is the dominance
component of generation means and H and E
are, respectively, the dominance and environ-
mental components of phenotypic variance
(Mather and Jinks, 1982). If, as will usually be
the case, each hybrid combination is repre-
sented by a plot of plants, rather than just
one, the environmental component can be
ignored and the expected variance of the dis-
tribution of second cycle hybrids becomes
1/sD + 1/,H. The standard normal distribu-
tion theory can then be used as before to cal-
culate the proportion of second cycle hybrids
the performance of which equals or exceeds
any particular standard from the equation:

_ St-(m+1/h)1/2
(1/3D - 1/ 4H)

In the presence of epistasis, the mean and
variance of the distribution of the means of
second cycle hybrids are no longer m + 7/,[h]
and 1/,D + 1/,H, respectively. However,
because the genetical composition of the popu-
lation of second cycle hybrids is, in the
absence of linkage disequilibrium and
selection, identical with that of the F, genera-

tion from which they were derived, the mean
and variance of the latter can be used to pre-
dict the corresponding parameters of the for-
mer (Toledo, Pooni and Jinks, 1984 a,b).
Linkage disequilibrium has a similar effect
on the variance of the distribution of second
cycle hybrids as on that of the distribution of
the inbred lines from which they are obtained:
that is, if such disequilibrium is predominant-
ly in the repulsion phase in the cross giving
rise to the pedigree, the genetic variance of
the F, generation is expected to be smaller

than that of the second cycle hybrids, so that,
in using the equation above, the breeder will
tend to underestimate the proportion of
hybrids that equal or exceed any particular
standard (Toledo, Pooni and Jinks, 1984 a,b.)
In the presence of both epistasis and link-
age disequilibrium, the mean and variance of
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the distribution of second cycle hybrids
become quite complex and can no longer be
very easily estimated by statistics obtained
from the early generations of the pedigree.
But because, as previously mentioned, the
method of prediction is based on standard nor-
mal distribution theory, it is quite robust, so
that the breeder is unlikely to be seriously
misled, even when both of these disturbances
are present in his data.

Our discussion on the uses of second cycle
hybrids has so far been confined to the first of
the problems mentioned at the beginning of
this section, namely, the difficulty of obtaining
inbred lines which are recombinant for genes
linked tightly in the repulsion phase. Crossing
a pair of inbred lines in which tightly linked
genes are dispersed is one obvious and direct
way of collecting them in one hybrid genotype.
If, furthermore, these genes display domi-
nance in the increasing direction, we expect
that their F, will display heterosis for the
character in question. Indeed, it is worth
pointing out that, until pairs of such genes
recombine, they will behave as a single segre-
gational unit or effective factor (Mather and
Jinks, 1982) which, even if dominance at each
locus is less than complete, will apparently
display overdominance. However, since in
these circumstances, the apparent overdomi-
nance is a property of two loci, rather than
one, it is better described as pseudo-overdomi-
nance (Simmonds, 1979).

A second point worth making about second
cycle hybrids is that they can be produced by
crossing the inbred lines to the F; of the cross

founding the pedigree, as an alternative to
crossing them among themselves in diallele
fashion. While this alternative is a more eco-
nomical way of producing these hybrids, it suf-
fers from the disadvantage that they cannot
be replicated, as they can when produced by
crossing inbred lines, because the F, is, of
course, heterozygous (Pooni, Jinks and Toledo,
1985). With some crops, however, it may be
possible to replicate genotypes by vegetative
propagation,

The second problem mentioned in the earli-
er part of this section concerned the difficulty
of obtaining a satisfactory level of performance
for each of the characters that contribute to
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the aggregate phenotype in one inbred line.
The obvious way of tackling this problem is to
cross two or more parents that, between them,
exhibit the desired level of expression for each
of the component traits. Having done this,
however, the breeder will wish to ascertain the
probability of obtaining a second cycle hybrid
of the required level of performance with
respect to the desired aggregate phenotype;
this can be calculated in essentially the same
way for hybrids as for inbred lines.

SELECTION DURING THE COURSE
OF INBREEDING

22 itherto, we have confined discussion to
§ & circumstances where inbreeding is car-
ried out without selection, conscious or other-
wise. The advantage of the single seed descent
procedure is that, because only a small
amount of seed is required from each plant in
each generation during the inbreeding phase
of the pedigree and no attempt is made to
carry out selection, plants can be raised at a
high density in conditions in which the sole
purpose is to ensure that the interval between
successive generations is as short as possible.
However, once the material has been advanced
to the F5 generation, one or two plants of each

line can be raised at a lower density and
encouraged to set sufficient seed for a trial at
agricultural density in the following genera-
tion. Provided that each line is adequately and
appropriately replicated in this trial, differ-
ences between their means should be largely
genetic, so that the breeder has no difficulty in
identifying those with the desired level of per-
formance.

Many breeders, however, carry out selection
during the inbreeding phase of the pedigree
for two related reasons. First, it is argued that
to defer selection until the advanced genera-
tions of a pedigree results in the retention of
much material that is of little commercial
value, and that the limited resources available
to the breeder would be better employed in
raising material that shows, in his opinion,
some promise. Second, many breeders feel
that it is possible to carry out effective selec-
tion during the course of inbreeding. In the
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early generations of the pedigree, when segre-
gation of the genes for which the parental
lines differ is at its greatest within families,
individuals of superior phenotype are often
selected by eye; later, when most of the geneti-
cal variation occurs between, rather than
within, families, selection, again by eye,
involves families (e.g. ear-rows) rather than
individuals. Direct selection for yield, however,
is usually deferred until F4 or F5 when enough
seed can be produced for a small-scale trial at
agricultural density.

Now the accuracy with which the breeder
can identify plants of superior genotype by
choosing those of superior phenotype depends,
of course, on the heritability of the character
for which selection is being practised. Where
the parents of a cross differ for genes that
have a major effect on the phenotype, such as
those determining dwarfism or single gene
resistance in some cereal crops, there is little
doubt that the breeder can identify individuals
of superior genotype from their phenotype,
because the variation produced by the segre-
gation of such genes in the Fy generation of
the cross is discontinuous; in other words,
characters of this kind have heritabilities
which are equal or close to unity.

The great majority of characters for which
the breeder practices selection are, of course,
not of this kind, because they are determinied
by many, rather than one or two genes, the
individual effect of which on the phenotype is
small, and modifiable by the environment. The
variation produced by the segregation of these
genes in an F, family is continuous, rather
than discontinuous, and the breeder can no
longer accurately identify individuals of supe-
rior genotype from their phenotypes, because
the heritability of these quantitative charac-
ters is typically much less than one. We may
ask, therefore, whether there is any genetical
justification for attempting to carry out selec-
tion for such characters during the inbreeding
phase of a pedigree?

This question about the efficiency of selec-
tion in the early generations of a pedigree has
been investigated in some detail in two very
diverse crosses of Nicotiana rustica. While it is
of little commercial value, more is probably
known about the inheritance of quantitative
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characters in this species than in any other,
because it has been used to test ideas and pro-
cedures in biometrical genetics for nearly 50
years. The empirical evidence from expen-
ments carried out with this species suggests
that, for characters of low to intermediate he-
ritability, the value of selection in the early
generations of a pedigree is low (Brumpton,
Boughey and Jinks, 1977; Jinks, Jayasekara
and Boughey, 1977; Boughey and Jinks, 1978;
Jinks and Pooni, 1981b). More recently, Pooni
and Jinks (1985a), have examined the value of
applying a single cycle of selection in the Fy,
F;, F, or F; generation of a pedigree for each
of the seven characters the narrow-sense heri-
tabilities of which ranged from 0.34 (leaf
width) to 0.69 (flowering time). They found
that, although selection was effective in every
generation, its efficiency increased steadily
the later the generation in which it was
imposed, and that this increase was greatest
for characters of low heritability. They also
took account, however, of the extra labour
involved in carrying out this selection and
came to the conclusion that single seed
descent was the most cost-effective method of
producing superior lines from a cross.

In the past, it has not been possible to
obtain answers to the question of the efficien-
cy of selection in the early generations of a
pedigree by other than empirical methods,
because the theory of response to selection in
selfing programmes had remained undeve-
loped, unlike that concerning outbreeding po-
pulations of individuals (see, for example,
Falconer, 1981). Very recently, however,
Cornish (1988) has derived equations which
describe the effects of selection during
inbreeding on both the means and the geneti-
cal variance of subsequent generations. By
simulating selection for characters with a
range of heritabilities (0.50, 0.25, 0.10, 0.01°
on the computer, it has, for the first time, been
possible to find the optimum strategy for one-,
two- and multi-stage selection. The results
obtained so far show that, while optimum sin-
gle stage selection in the Fy or F3 generation of
the pedigree is less efficient than single-seed
descent, that applied at F, or Fyis very nearly
as good, though never better than the latter.
This is consistent with the empirical evidence
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from experiments on N. rustica. However, the
response obtained from optimum multi-stage
selection, where selection is practised in each
of the four segregating generations of the pedi-
gree, turns out to be approximately 20% better
than single seed descent, which is, of course, a
very worthwhile gain in efficiency. It must be
emphasized, though, that to obtain this
increase in efficiency, the breeder would need
to raise the individuals of every segregating
generation in a randomized experiment at
agricultural density, and to score individual
plants for the character in question. For most
crops (but perhaps not rice), this requirement
could be met only if the breeder was prepared
to allocate more resources to the experiment
than one involving single-seed descent.

This important theoretical investigation is
still at an early stage and more need to be
done before a clear picture emerges about the
circumstances in which it is worthwhile apply-
ing selection in the early generations of a pedi-
gree. If, however, this theory is supported by
the results of actual breeding experiments, it
should be possible to help breeders improve
the efficiency of selection in their selfing pro-
grammes.

DISCUSSION

ﬁ:; arlier in this paper, we pointed out that,
Siw although there can be little doubt that
the use of the pedigree method has been very
successful, in that it has resulted in the intro-
duction of hundreds of new and improved vari-
eties, it cannot be regarded, from the genetical
point of view, as very efficient. This is because,
in practice, it appears that the majority of
pedigrees are discarded and that only a very
few turn out to be successful. So long as the
breeder had no objective way of assessing the
potential of a cross and, hence, of forecasting
the value of the recombinant inbred lines that
could be extracted from it, little could be done
to improve the efficiency of the pedigree
method. This situation has changed, however,
because it is now possible to assess the value,
of a cross by predicting the properties of these
inbred lines from information obtained from
the early generations of the pedigree. Provided
that their distribution is approximately nor-
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mal, it is a simple task to calculate the proba-
bility of obtaining a recombinant inbred line
or a second cycle hybrid of the desired level of
performance. If this probability turns out to be
reasonably high, in terms of the number of
lines that can be raised, the breeder will know,
at the Fy or F3 stage of inbreeding, that the
pedigree is worth retaining. If, on the other
hand, this probability is unacceptably low, the
cross may be discarded in the knowledge that
nothing of value has been thrown away. In
other words, the procedures described in this
paper allow the breeder to recognize systema-
tically and, hence, choose, the best crosses
among the many made between the parental
inbreds; this is the second of the three key
stages of the pedigree method that we identi-
fied earlier.

The information required to predict the like-
ly success of a cross demands, of course, a
greater input of resources, for each cross fully
assessed, than the conventional procedure.
The breeder may feel, therefore, that the extra
cost of these resources outweighs the value of
the information obtained. There is no doubt
that, in some crops, the cost of producing the
seed of triple cross families is high, in terms of
the requirement for skilled labour. It is worth
pointing out, however, that in these circum-
stances these families could be replaced by a
set of F3 families, produced by selfing a ran-
dom sample of F, individuals, from which an
alternative estimate of D can be obtained
(Jinks and Pooni, 1980). Though F; families
are generally less informative than those of
the triple test cross, if the breeder neverthe-
less decides to substitute the former for the
latter, the only families that he would need to
raise, over and above those raised with the
conventional procedure, are the backcrosses,
B, and B,. Hence, the extra cost involved in
raising the families required to provide the
information needed to predict the parameters
of the distribution of recombinant inbred lines
that can be extracted from a cross need not be
very great.

The individuals of these families must, how-
ever, be grown in the same randomized experi-
ment, and care must be taken to ensure that
the seed from which they are raised is of the
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same age and quality. The second requirement
arises from the fact that, in many species,
seed produced by emasculation and hand polli-
nation is of a different quality from that pro-
duced by natural pollination. In barley, wheat
and rice, for example, such seed is of lower
quality than that produced naturally; hence,
seedlings raised from it are less vigorous than
those raised from self-set seed. In onions, on
the other hand, the reverse is the case: seed
from hand pollination is larger, and the
seedlings and plants raised from it are better
than those raised from natural seed. Because
the seed of the F, and backcross generations
has to be produced by hand, the seed of all
families must be produced in this way. If this
requirement is not met, the families of the
basic generations and the triple test cross or
F3, could well turn out to be incapable of sup-
plying the information that the breeder
requires for prediction. The requirements that
the families raised for this purpose should be
grown in a single randomized experiment and
that the seed from which they are produced
should be of the same age and quality are per-
haps, the most demanding. Accordingly they
represent the largest additional costs that the
breeder has to meet if he wishes to assess the
value of his crosses in a systematic way.

Now it is obvious that the breeder is unlike-
ly to be able to assess more than a small num-
ber of crosses fully. We may ask, therefore,
what can be done by way of a preliminary
assessment, so that attention can be concen-
trated on a handful of potentially the most
promising crosses among the much larger
number that have been made? The answer 1is
that the best strategy is to choose those cross-
es of which the parents have a high average
score for the character in question and of
which the F; is also high scoring because it
displays heterosis. The reason for the first
requirement is simply that the breeder will be
choosing parents with a high m. The reason
for the second requirement is that, other
things being equal, parental inbreds which
differ for many genes that are dispersed
between them and display dominance in the
increasing direction are expected, when
crossed, to give an F; which displays more he-
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terosis than a hybrid from parents that differ
for a smaller number of genes with the same
properties. In other words, the magnitude of
heterosis in the F,; serves, in a relative sense,
as a rough and ready measure of the number
of genes for which the parents differ. In gener-
al, those crosses which segregate for a large
number of genes are more valuable to the
breeder, in terms of the transgressive varia-
tion they can engender, than those in which a
smaller number of genes is segregating.
Hence, if the breeder chooses high performing,
heterotic crosses for full assessment, he will be
choosing those in which his chance of success
in extracting a superior recombinant inbred
line or second cycle hybrid is greatest. In order
to carry out a preliminary assessment of cross-
es, it would, of course, be necessary to raise
each F; and its parental inbreds in a random-
ized experiment; however, because none of the
families involved are segregating, this experi-
ment, would not need to be very large.

There are two further points that are worth
making about the procedures advocated in
this paper. One of these concerns the third of
the key stages of the pedigree method that
requires critical evaluation, i.e. the efficient
exploitation of the genetical variation for cha-
racters of interest to the breeder that is pre-
sent in the F, family of a cross. The empirical
evidence from experiments on Nicotiana rus-
tica suggests that there are very few circum-
stances in which selection carried out during
the course of inbreeding gives a better or
quicker response than that obtained with sin-
gle seed descent, unless the character in ques-
tion has a very high heritability. The very
recent theoretical investigation of the effect of
selection, on the other hand, indicates that a
worthwhile gain in response can be obtained,
over a fairly wide range of heritabilities, if
selection is practised in every generation. It
must be emphasized, however, that this gain
is obtained only with that combination of
number and size of families which gives the
optimum response to multi-stage selection;
and that it is assumed that it is possible to
score individuals raised in a randomized
experiment in every generation during the
course of inbreeding. In the light of this evi-
dence, it is difficult to believe that the
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widespread practice whereby breeders
attempt to select by eye for yield in the early
generations of a pedigree, on material which is
not randomized, can be justified on genetical
grounds; it is thus unlikely to be very efficient.
Hence, if the breeder is not able to apply the
optimum strategy of multi-stage selection to
his material, he would be better off deferring
selection until the Fg generation, as in single
seed descent. On the other hand, the availabi-
lity of this new theory and the opportunity it
provides for finding the optimum strategy in
any given situation, suggests that in the near
future it may be possible to offer a service to
the breeder which could advise him about the
best strategy for his own particular circum-

stances. .
The final point that we wish to make about

the prediction procedures described in this
paper concerns their validity and their appli-
cation to situations of practical interest. As
regards their validity, virtually all of the theo-
ry we have discussed has been thoroughly
tested in experiments with N. rustica. The
results obtained from these experiments show
that, while predictions have nearly always
turned out to be reliable, the actual proportion
of lines or hybrids the performance of which
equals or exceeds any given standard is usual-
ly greater than that predicted, even in crosses
where it is known that complications like epis-
tasis and linkage are present. These tests
show, therefore that these prediction proce-
dures are both robust and conservative. Of
greater interest to the breeder, however, is
that these procedures have been applied and
continue to be applied to a wide range of crop
species including barley (Thomas and Tapsell,
1983; Tapsell and Thomas, 1983), rice (Perera,
Senadhira and Lawrence, 1985), onions
(Werner et al., 1988; Werner, Kearsey and
Crowther, 1988) and the self-incompatible out-
breeders, rye grass (Kearsey et al., 1987;
Devey et al. 1989) and brussels sprouts
(Werner, Smith and Kearsey, 1986; Rogers,
Kearsey and Smith, 1987; Werner et al., 1989).
The results from these investigations have
shown that while, in general, it is relatively
easy to obtain recombinant inbred lines that
are superior for each character of interest to
the breeder, it is much more difficult to extract
lines that excel for each of these characters
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simultaneously — this problem will, of course,
be very familiar to many experienced breed-
ers. The range and volume of this work, how-
ever, leave little doubt that the procedure
described in this paper are being actively
applied to problems of practical importance in
crops which span the full range of breeding
systems and that there is no reason, of which
we are aware, why they should not be applied
to others, regardless of whether they are
inbreeders or outbreeder>
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