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Efficiency Changes Due to Use of Doubled-Haploids

in Recurrent Selection Methods

Bruce Griffing
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Summary. Efficiency comparisons are made among standard recurrent selection methods and for the same
methods modified by the inclusion of haploid and cloning techniques. These comparisons are made with re-
spect to five different gene models representing different levels of heritability and also with respect to un~

restricted versus restricted total plant numbers.

When comparisons are made either among the standard diploid or among the modified haploid selection
methods, the advantages of clonal and general combining ability selection over individual selection largely
disappear when a restriction on total plant numbers is imposed. However, the very considerable advantages
of haploid over diploid selection methods, measured on a per cycle basis, do not disappear when total plant

numbers are restricted.

When the genetic gains are measured on a yearly basis, it becomes clear that the key to the successful
inclusion of the haploid technique, as a device to increase the efficiency of standard recurrent selection meth-
ods, is the development of rapid doubled-Haploid extraction procedures.

I. Introduction

The first report identifying a haploid flowering plant
was made by Blakeslee et a. (1922). The haploid
occurred in experimental studies involving Datura
stramonium (L) . In 1924 Blakeslee and Belling re-
ported the identification of additional haploid Datura
plants. But more importantly, they also reported
the first doubled-haploid plant. These authors, and
others since 1924, realized the plant breeding po-
tential inherent in these doubled-haploid plant forms.
This recognized potential involves the production of
inbred lines. Thus, if a procedure for easily obtain-
ing doubled-haploids could be developed, it would
greatly accelerate the extraction of homozygous lines
from heterozygous breeding material. Then these
homozygous lines could be used directly as pure-line
varieties in self-fertilized crops or used as inbred
lines in the production of hybrids. A vast literature
has developed concerning various ramifications of
these concepts (see Kasha 1974).

However, the use of doubled-haploids in less ob-
vious ways to increase the efficiency of selection,
rather than to produce a homozygous end-product,
has not received sufficient attention. Although, the
suggestion that doubled-haploids ''may prove useful
as an adjunct to recurrent selection' was first made
by Chase (1952) and later reiterated by Chase (1974)

and Collins and Legg (1974); there has been no cri-
tical study of efficiency changes which would result
if standard recurrent selection methods were aug-
mented by the use of doubled-haploids. Hence, the
objective of this study is to explore some of the con-
sequences of including haploid techniques in other-
wise standard selection procedures. Also, since the
cell culture technique (which appears to be the most
promising technique for the production of doubled-
haploids) may prove valuable in the cloning process,
the utility of clonal material will also be considered
as an adjunct to standard recurrent selection meth-

ods.

1I. Characterization of the Conceptual Population

Undergoing Selection and Description of the Selection
Methods

A, Characterization of the Conceptual Population
Undergoing Selection

It is assumed that traits undergoing selection are con-
trolled by typically quantitative genetic systems. This
implies the involvement of genes at many loci which
are scattered at random over the entire chromosome
set. It is further assumed that individual gene effects
are small relative to the total phenotypic standard de-
viation. For approximations to be entirely valid, it

must be assumed that the genome can be regarded as
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Fig.1. Diagrammatic representation of the steps required to complete a cycle for the stand-
ard diploid recurrent selection schemes: D(I) = diploid individual selection; D(C) = diploid
clonal selection; and D(GCA) = diploid general combining ability selection
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Fig.2. Diagrammatic representation of the steps required to complete a cycle for
D(RRS) = diploid reciprocal recurrent selection
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HAPLOID SELECTION SCHEMES
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Fig.3. Diagrammatic representation of the steps required to complete a cycle for recurrent selection
schemes that have been augmented by the inclusion of doubled-haploids. These schemes are denoted as:
H(I) = haploid individual selection; H{C) = haploid clonal selection; and H(GCA )- = haploid general com-

bining ability selection

being composed of numerous independently segregat~

ing, non-interacting genotypic blocks of loci. These

blocks need not be reduced to the dimensions of indi- -

vidual loci. In general, a fairly large Darlington re-
combination index suffices.

The basic population undergoing selection is as-
sumed to be a random-mating population in equilib-
rium. Even if the species under consideration does
not normally mate at random, it is assumed that such
a mating system can be imposed upon the selected pop-
utation through controlled crossing in every cycle of

the selection procedure.

B. Description of Selection Methods

All selection methods discussed in this study are re-
current in the sense that selection occurs in repeated,
consecutive cycles. Each cycle consists of (i) evalu-
ation of a sample of individuals from the breeding pop-

ulation on the basis of some measure of performance,

and (ii) random mating of all individuals surviving a
truncation of the distribution of performance scores.
Progeny from these matings produce the breeding pop-

ulation to be used in the next cycle of selection.

1. Diploid selection methods

The four diploid selection methods considered in this .
study are given diagrammatically in Figs. 1and 2. They
include: (i) D(1) = diploid individual selection, (ii)
D(C) = diploid clonal selection, (iii) D(GCA) = dip-
loid general combining ability selection and (iv)
D(RRS) = diploid reciprocal recurrent selection.
With individual selection, the individual's pheno-
type is the criterion of selection; with clonal selec-
tion the individual's genotype is evaluated on the ba-
sis of its mean clonal performance, and with general
combining ability (hereafter abbreviated to GCA) se-
lection the individual's genotype is evaluated on the

basis of the mean performance of its half-sib proge-
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Fig.4. Diagrammatic representation of the steps required to compiete a cycle for H(RRS) =

haploid reciprocal recurrent selection

ny. Reciprocal recurrent selection is a special pro-
cedure in which two populations are simultaneously
selected in such a manner that each acts as the GCA
tester for the other. Theoretically, in D{RRS) each
cycle of selection produces a new improved varietal
cross which, over time, asymptotically becomes a

single-cross.

2. Haploid selection methods

The haploid selection methods are diagrammed inFig.
3 and 4. They are similar to their corresponding di-
ploid counterparts except that doubled-haploids are
used throughout the testing and crossing procedures.

In the case of haploid individual selection, (H(I)),
the phenotypic performances of doubled-haploids are
evaluated and subjected to truncation selection. Fol-
lowing evaluation, the selected doubled-haploids are
randomly mated to produce the breeding population
for the next cycle.

With haploid clonal selection, H(C), clones are
produced from each doubled-haploid extracted from
the breeding population. Clonal performances are

evaluated and random mating is performed among the

selected genotypes to produce the breeding population
for the next cycle of selection.

Haploid general combining ability selection,
H(GCA), implies that the progeny testing procedure
is carried out with doubled-haploids produced from
the breeding population. Each doubled-haploid is eval-
uated in terms of the average performance of its half-
sib progeny. The breeding population for the next cy-
cle is produced by randomly mating doubled-haploids
whose progeny performances exceed the point of
truncation.

Haploid reciprocal recurrent selection, H(RRS),
represents a program in which two populations are
simultaneously selected on the basis of GCA tests.
These tests involve appropriate crosses among
doubled-haploids. One of the important features of
this procedure, in contrast to D(RRS), is that each
cycle produces a new group of improved single-cros-
ses, rather than merely an improved varietal cross.

In the following analyses, attention is devoted
primarily to those selection procedures involving a
single breeding population. The reciprocal recurrent
selection methods are mentioned only briefly in the

discussion.
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Table 1. Increment changes in population mean in terms of covariances among relatives

Selection
Method Diploid Haploid
Individual 4 .
1|2 .
b= (1) (2) [Cov (PO) {7 ap = (1) (2) [Covy (PO)] 5
‘G(D) " °E 9G(H) " E
Clonal -1_ -1_
1 2 - { 2
Ap‘C:(T)c(z)[COVD(PO)] 5 Auc:(i)C(Z) [CovH(PO)] > >
°G(p)* Rle °G(u)t (F)og
GCA
bugea = (D) gea (2) [CovL (HS) T x Bugea = Mgoa (2) [Covy (HS) I x
1 1
X 1 2 “ 1 2
CovD(HS) + (%) [cli (D)~ CovD(HS)] CovH(HS) + (;11-) [oé (D)~ CovH(HS)]

III. Consequences of Diploid and Haploid Selection

A. General Considerations

Increment changes in the population mean can be de-
termined approximately in very general terms (i.e.
in terms of covariances among relatives) for each
kind of selection procedure. These changes for indi-
vidual, clonal and GCA selection are given for both
diploid and haploid methods in Table 1. The notation
involved is as follows:

= standardized selection differential,

1

CovD(PO) = diploid parent-offspring covariance,

CovH(PO) = doubled-haploid parent-offspring co-
variance,

CovD(HS) = diploid half-sib covariance,

CovH(HS) = doubled~haploid half-sib covariance,

cé(D) = diploid genotypic variance,

oé(Hz) = doubled-haploid genotypic variance,
op = environmental variance,
and n = number of propagules per clone inthe
case of clonal selection, or number
of progeny in the case of GCA selec-
tion.
For further details concerning the development of di-
ploid formulae, see Griffing (1960 and 1962). Formu-
lae for haploid selection techniques are derived in a

similar manner.

Diploid and haploid formulae for corresponding
selection schemes appear similar in that they involve
the same kinds of parameters. However, there are
important differences which become apparent when
the formulae are given as functions of genotypic var-
iance components (Table 2). These components are

defined for a random mating population as follows:

oé(D) = ci +0p
= diploid genotypic variance,
where
oi = additive genetic variance,
and, c% = dominance variance.

For purposes of making comparisons among se-
lection methods, it is assumed that the genetic model
accommodates any level of dominance but is restrict-
ed to only two equally frequent alleles. Removal of

this restriction is discussed later.

1. Comparisons of different diploid selection methods

It is possible to clarify the advantages of diploid clo-
nal and GCA selection methods relative to individual
selection, by the following argument. The Ap for in-
dividual selection is directly proportional to the ad-

ditive genetic variance, (oi), and inversely propor-
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Table 2. Increment changes in population mean in terms of genotypic variance components

Selection
Method Diploid Haploid
Individual 1 1
2 2
ey 2 1 s 2 1
AMI—(I)I(GA) _—’"‘—2 3 3 AMI_(I)I(Z)(OA) N 2 2
O'A+UD+GE O‘A+OE
Clonal 1 1
2 2
- 2 1 s 2 1
AHC—(I)C(OA) Z 2 (_1_) 5 Auc—(l)C(Z)(GA) 52—(1)—2’
A*°D* % AT\ B
GCA 1 1
2 2
iy 1y,.2 1 e 2 1
WgeaMgealz) (o)) @3y, 2 (1) 2 712 Mgeoa®@gealon) oy 2 1y )
4n '°AT\n/9D \n/%E 2n A \n’°D*\n’°E

tional to the phenotypic standard deviation (cP ). There~
fore, the value of Ap increases as the value of oi in-
reases relative to cé,. Since

2 . 02 + 02 + 02
9p %A+ ID g
it is clear that those selection methods that diminish

the contribution of o2 and/or o2 tend to make se-

lection more efficienlt). As can bg seen from Table 2,
clonal selection diminishes the contribution of the
environmental variance, GE:' However, it leaves the
contribution from 012) unchanged. Therefore, clonal
selection is particularly useful when most genotypic
variance is additive and the environmental variance
is relatively large. In the case of GCA selection, the
contributions of both dominance and environmental ef-
fects are reduced. Hence for any given level of selec-
tion intensity and with a sufficiently large number of
progeny, the theoretically satisfying result occurs in

which Aw for GCA selection becomes only a function
2

of Op-

2. Comparisons of different haploid selection methods

Comparisons of different haploid selection methods
can also be made from appropriate formulae in Table
2. The advantages of clonal and GCA selection proce-
dures are similar to those of the corresponding di-
ploid procedures. The desirability of clonal selection,
due to its ability to reduce the contribution of Ué, and
GCA selection, due to its tendency to eliminate both

0123 and oé, are again clearly demonstrated.

3. Comparisons of diploid and haploid selection

methods

For the genetic model involving two equally frequent
alleles at a single locus, the phenotypic variances for

diploid and doubled-haploid populations are:

Diploid: cé(D) =0, g% v o2
Doubled-Haploid: cé(H) - Zci N Gé

There are two important differences between these
phenotypic variances: (i) the amount of additive ge-
netic variance generated in the doubled-haploid pop-
ulation is twice that in the random-mated diploid pop-
ulation, and (ii) the dominance component is eliminat-
ed from the doubled-haploid phenotypic variance.

With regard to the covariances between relatives,
it can be shown that the covariances for the doubled-
haploid population are twice the magnitude of their
corresponding counterparts in the diploid population,

i.e.

CovH(PO) = (2)C0VD(PO),

and

CovH(HS) = (Z)COVD(HS).

Therefore, the theoretical advantages of haploid over
diploid selection methods are that (i) the variance on
which selection operates, 012&’ is doubled in all para-
meters associated with the haploid Ap in comparison
with similar parameters for diploid selection, and

(ii) the dominance variance is eliminated from all
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Table 3. Increment changes in population mean for diploid selection methods with

regard to five genetic models

Selection Methods

Individual Clonal GCA
— - - n
I{ — (Do (Doq Dgealnsoa
O =0, 1
P-4
OB OdFl el
iH 2 2_g) (1)1(2 A Dl Joa Dgealm7oa
On =0 oo =0
A’ OB
11 (1) (E)o o P [ (V) gea Vo o
2.2 2 ) \z /oA cla1ca Gealne7 %a
O =0 o =0
E-% °D
- VE) (V—
IV2 ) 1)1('6‘ ST\ Ocls ) 94 Dgea 71
{0D=170A,c -O}
- V_Z—) - 0 - n
v (1)1(6— o4 Oelat7oa Dgealmrroa

2 2 a
{OE_17GA, cD—O}

Table 4. Increment changes in population mean for haploid selection methods with

regard to five genetic models

Selection Methods

Individual Clonal GCA
Model (ae) (ang) (8kioa)
- — = 2n
I{ 22, SOMEEN SOYEEN Dgealntoa
a =0
P=%a
~ - - 2n
1112 2 2, (DV2 0, DV2o, Daeal iz oa
On=0 on=0
D=%4» 9 = 0!
- (23 - n - 2n
1{112 2 2 g (1)1< 3 )"A (1)C2L2n+1 o4 Dgealmzoa
Cmm =0 =0
E>%" °p
- - 2n
I{VZ 2 2, SOEEN SORLEEIN Dgealn3s %A
on=170 om =0
D= 1704,
— {2V19 - n - 2n
‘{[2 2 2 o) (1)1( 19 )"A 1)CZV2n+17 oA Dgealniss oa
oo =170, 0. =0
B A’ D

parameters associated with haploid Ap for indivi-

dual and clonal selection procedures.

From these considerations it is clear that H(I) is

especially powerful in cases of high heritability (i.e.
small oé), and that H(C) has considerable theore-
tical advantage when the environmental variance be-
comes relatively large. These and other specific de-
tails will now be illustrated with a range of genetic

models.

B. Comparisons of Selection Methods with Respect to

Five Specific Gene Models
1. Characterization of the responses to selection

In this section comparisons among the selection meth-
ods are made with respect to five different gene mo-

dels chosen to represent different levels of heritabili-

ty in the narrow sense (i.e. the ratio,

).

"UQN| :t>qz\:
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Table 5. Increment changes in population mean for diploid selection methods

5 Model I Model II Model III Model IV Model V
election
Method (012’:0120 (gé:gz’ 0§=O) (G§=0§’ 0;:0) (0§=l7ci, 0;:0)(0;:170&, OI§=O)
Individual 2.66 (OA) 1,88 (oA) 1.88 QOA) .63 (0,) .63 (cA)
Clonal
Restricted 'nt 2.66 (GA) 1.88 (cA) 1.98 (oA) .63 (cA) 1.07 (oA)
(n=1) (n=1) (n=2) (n=1) (n=12)
Large 'n! 2.66 (ap) 1.88 (oy) 2.66 (op) .63 (0,) 2.66 (0,)
aca
Restricted 'n' 1.63 (cA) 1.36 (cA) 1.36 (OA) .66 (oA) .66 (UA)
(n=5) (n=8) (n=8) (n=19) (n=19)
Large 'n' 2.66 (g,) 2.66 (o,) 2.66 (UA) 2.66 (0,) 2.66 (0,)

Model I, (01% = oi), represents the extreme exam-
ple of high heritability in which all phenotypic variance
is additive genetic. Heritability in this case is 1.0.
Model II, (o2 = 02, 62 =0), and Model III, (o2 =

> D A’ E B
2 2 .
Ops Op = 0), represent examples of moderate herita-
bility (0.5). However, a distinction is made between
the two models as to whether the lowered heritability

is due to non-additive genetic (dominance) or envi-
2 2

ronmental variances. Model IV, (62 = 1752, 6% = 0),
2 2 5 D A’ TE
and Model V, (cyE = 170, , op = 0), represent exam-

ples having low heritability (.06). Again, in these
cases a distinction is made between whether the dis-
turbing influences are due to dominance or environ-
mental effects. The two different models at moderate
and low heritabilities are included so that the power
of clonal selection will become obvious, and to make
clear the differences in response of clonal and GCA
selection.

Tables 3 and 4 give the mean changes (Ar's) for
different diploid and haploid selection methods oper-
ating within the framework of each of the five gene
models. It is clear from these results that most clo-
nal and GCA responses to both diploid and haploid
selection are functions of 'n" (i.e. the number of
propagules in a clone or the number of progeny in

a half-sib family) . Hence before comparisons can

be made among selection methods, values must be
assigned to ''n'".

Two situations which relate to ''n'' are considered.
The first situation is one in which there are no re-
strictions placed on total plant numbers, so that'n"
is taken to be a 'large' number. In this essentially
infinite case, the proportion saved for breeding is as-
sumed to be the same (P = .01) for all selection meth-
ods. This implies a common standardized selection
differential, 1 = 2.67.

The second situation is that of restricted plant
numbers. In this situation, the magnitude of 'n'" is
determined so as to maximize Ap under the restric-
tion (Robertson, 1957). For this study the following
population numbers are chosen:

T = Nn = 5000 = total number of plants that can be ac-
commodated in the particular breed-

ing program,

where N = number of different genotypes tested,
and
n = number of propagules (or progeny)
used for testing each genotype.
Also, Ne = 50 = number of different genotypes

included in the breeding population.
The value of Ne is held constant in all selection

methods and is chosen to be a sufficiently high value
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Table 6. Increment changes in population mean for haploid selection methods

Model I Model II Model III Model 1V Model V
Selection
Method (og=oi) (o§=oi, offo) (c§=ci, 012,=0) (0123=17c§, o§=0) (c§=l7o§, 012)=0)
Individual 3.77 (UA) 3.77 (GA) 3.08 (UA) 3.77 (UA) 1.22 (GA)
Clonal
Restricted 'n' 3.77 (g,)  3.77 (g,) 3.08 (g,) 3.77 (o) 1.83 (o))
{(n=1) (n=1) (n=1) (n=1) (n=8)
Large 'n' 3.77 (o) 3.77 (o,) 3.77 (o) 3.77 (o) 3.77 (GA)
GCA
Restricted 'n' 2.80 (oA) 2.31 (oA) 2.31 (oA) 1.20 (oA) 1.20 (oA)
(n=2) (n=5) (n=5) (n=16) (n=16)
Large 'n' 3.77 (g,) 3.77 (g,) 3.77 (g,) 3.77 (o,) 3.77 (o)

so as to reduce the random fixation of genes due to
genetic drift to an acceptable level (Robertson 1960).
It is obvious that as the numbers (N,n) change,
the proportion (P) of the total number of plants which
survive truncation varies. The resulting consequence
is that the value of the selection differential changes.
Thus an 'n' increases, N decreases, Ne remains
constant, P increases and i decreases. As an exam-

ple, consider clonal selection for different values of

'n'.
Ne _
n N Ne P= 5 i
1 5000 50 .01 2.67
2 2500 50 .02 2.42
5 1000 50 .05 2.06
10 500 50 .10 1.76

The problem, then (with diploid clonal selection,
as an example), is to chose 'n' so as to maximize,
1/2

—_— .

e 2
Auc=(1)(0A)(02+02 3.2
AY°DT W %R

Results for unrestricted and restricted plant num-

bers are given in Tables 5 and 6 for diploid and ha-

ploid selection methods. It isapparent, especially for
GCA selection, that values of 'n' vary considerably
with different gene models. In both diploid and ha-
ploid situations, the number of progeny required for
maximum genetic gain increases as heritability de-

creases.

2. Relative efficiencies for different selection meth-

ods as measured by the ratio of Au's

a) Relative efficiencies among diploid selection meth-
ods

i. Unrestricted plant numbers

Relative efficiencies for different diploid selection
methods as measured by ratios of Au's are given in
Table 7 for the situation of unrestricted plant num-
bers. These ratios result in a numerical value which
is multiplied by a constant (k). This constant repre-
sents the inverse ratio of numbers of years required
to complete the cycles for the particular selection
methods involved. For example, in comparing D{GCA)
and D(C) with the ratio, —D(ﬁ%%?—) ,

_ number of years to complete clonal cycle

3 number of years to complete GCA cycle °
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Table 7. Relative efficiencies of different diploid selection schemes. Unrestricted plant numbers

Model Individual Clonal GCA
Individual D(I)/D(I) D(C)/D(I1) D(GCA)/D(I)

I (o2=02) 2:86., 2:88 (1)x, 2:88- (1)x,

IT (02=0Z, 05=0) .88, 188 1)k, 2-88(1.42)x,

IIT(o5=05, 05=0) 188, 2:88(1.n2)1) 2:B8-(1.u2)x,

IV (05=170%, 05=0) '63-1 :—2—%(1&1 2—%(14.22)142

v (0g=1707, 02=0)  p=1 288 (. 223k, 288 (u.22)x,
Clonal D(Cc)/D(C) D(GCA)/D(C)

1 2.86., %—:—2%(1)1{3

11 1.88.) 2.80-(1.42)K,

111 %:—2—%1 —g—f%g:(l)k3

Iy 53 288 (u.22)x,

v 2-86.y 288 (1),
_GCA D(GCA)/D(GCA)

I %%:1

11 %—:-%%—-1

111 2-86.,

v 2:66.,

¥ %:—2%1

If, for example, the comparison involves model V,

D(GCA) _ (4,22)k, implies that if
D(C)  ~ \Freei3 P

both selection methods require the same length of

then the ratio

time, GCA would be 4.22 times as efficient as clo-
nal selection.

From the ratios —g—(ﬁg)l in Table 7, it is clear that
clonal selection is more efficient than individual se-
lection for those models (III and V) in which the
phenotypic variance is greatly influenced by cé. Val-
2%%%& for models II, III, IV and
V, illustrate that progeny testing tends to eliminate

ues for the ratio

the disturbing effects of both dominance and the en-

D(GCA)
D(C) °

for models II and IV illustrate the advantage of prog-

vironment. Finally values for the ratio,

eny testing over clonal selection when dominance is
the primary disturbance.

The general conclusions for diploid selection meth-
ods with unrestricted plant numbers are as follows.
For traits of high heritability, individual selection is
superior because it is simplest and takes a minimum
amount of time per cycle. For traits of moderate her-~

itability, individual selection is still preferable unless
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the length of time per cyle for clonal or progeny
testing is not appreciably greater than that for indi-
vidual selection. Finally, for traits of low heritabili-
ty, considerable advantage can be realized by use of
clonal or progeny testing if the differences between
cycle lengths for these methods and individual selec-

tion are not too great.

ii. Restricted plant numbers

Table 8 presents relative efficiencies for different di-
ploid selection methods when the total plant number is
restricted. The effect of this retriction is clear and
drastic. Advantages of clonal and GCA selectionover
individual selection tend to disappear even if cycle
lengths are similar. The only exception might be the
use of clonal selection for traits of extremely low
heritability when disturbing effects are largely en-

vironmental .

b) Relative efficiences among the haploid selection
methods

i. Unrestricted plant numbers

Table 9 presents relative efficiencies among haploid
selection methods for the situation of unrestricted
plant numbers. As with diploid selection procedures,
clonal selection exhibits an advantage over individual
selection when the environmental variance is an im-
portant component of the phenotypic variance. How-
ever, the most interesting result is that GCA selec-
tion shows no advantage over individual selection for
models in which the dominance variance plays a ma-
jor role. The reason is that the dominance variance
component does not influence Ap with haploid indivi-
dual selection. This strengthens the position of ha-
ploid individual selection even in the situation of un-
restricted plant numbers. Clonal selection would be
used only for iraits that are highly subject to envi-
ronmental disturbances; GCA selection would not be
recommended, except when it is an integral part of

a reciprocal recurrent selection program.

ii. Restricted plant numbers

As with diploid selection the relative advantages of
haploid clonal and GCA selection methods tend to
disappear when restrictions are placed upon the total

plant numbers (see Table 10). If haploid clonal and

individual selection cycles are similar in lengths of
time, clonal selection might be advantageous for

traits highly influenced by environmental disturbances.

c. Efficiencies of haploid relative to diploid selection

methods

The most important comparisons from the standpoint
of this study are those which compare efficiencies of
haploid relative to diploid selection methods.

Table 11 presents all possible efficiency ratios in-
volving haploid and diploid selection schemes for the
situation of unrestricted plant numbers. It is clear
from these results that if cycle lengths are not too
different, the advantages of haploid over diploid se-
lection procedures can be enormous (up to approxi-
mately six times as efficient).

The question naturally arises as to whether or not
these advantages tend to disappear when the more re-
alistic condition of restricted plant numbers is im-
posed. The very interesting answer to this question
appears in Table 12. The advantages of haploid over
diploid selection methods are retained in essentially
all respects.

Another way to study the advantages of haploid over
diploid selection schemes is to determine the situa-
tions (or models) in which maximum change in the
population mean can be obtained.

The maximum Ap produced by diploid selection
schemes is fp = (i_)c:A = (2.66)0A, and the maxi-
mum Ap that haploid selection schemes can produce
is dp o= ) (V§)0A = (3.77)0A. Genetic models
for which these maximum values are obtained are
given in Table 13 (unrestricted 'n'), and in Table 14
(restricted 'n').

For unrestricted 'n', haploid individual and clonal
selection schemes have the advantage over corres-
ponding diploid methods for those models (II and IV)
in which dominance exists. This is due to the fact that
the dominance component does not enter into haploid
Ap's but does enter into diploid Ap's.

For restricted 'n', the advantages of haploid over
diploid for individual and clonal selection are main-
tained. Furthermore, although GCA selection does
not yield maximum Aw's for either haploid or diploid
selection schemes, advantages of haploid over di-
ploid GCA are enhanced with restricted 'n' because
haploid GCA requires fewer progeny than diploid
GCA for every genetic model.
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Table 8. Relative efficiencies of different diploid selection schemes. Restricted total plant
numbers [T=Nn=5000, N.=50 (Constant)]

Model Individual Clonal GCA
Individual D(I)/D(I) D(C)/D(I) D(GCA)/D(I)

I (02=02) 250 S8 (1, L8361k,

II (012)=cf\, c§=0) i—:g—%—l %fg-%(l)kl %(.72)1&2

17102202, of=0)  1:88 138 (1.05)K, L3672k,

IV (03=1702, 02=0)  *g3=1 23 (1), 8- (1.05)x,

Vo (0g=1703, of=0)  +f3a1 100 (1. 700k, 88 (1.05)x,
Clonal D(C)/D(C) D(GCA)/D(C)

: 2.66., 383 (.61)x,

I1 1.88.1 %—:3—%(.72)1{3

IIT 125 135600,

v %1 f%—63—=(1.05)k3

v ! T 620k
GCA D(GCA)/D(GCA)

I %;—2%1

IT %—%1

11T %I—%%l

v :_g_g:l

v .66_1
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Table 9. Relative efficiencies of different haploid selection schemes. Unrestricted plant numbers

Model Individual Clonal GCA
Individual H(I)/H(I) H(C)/H(I) H(GCA)/H(I)

Iz (02=0§, o§=0) gﬂ‘l %';;'(1“{& % ;; (1)k

I1I(og=0", 02=o) %%—g:l %(1.22)1{” %:(1.22)1(5

v (2 —170A, o -o) g:%-l 3 77 (1)144 g :ﬂ"(l)k
Clonal H(C)/H(C) H(GCA)/H(C)

I 3 37 (1%

v 371 % = 1)k,
GCA H(GCA)/H(GCA)

I 3711

I L1

111 ﬂ—l

v A

v na
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Table 10. Relative efficiencies of different haploid selection schemes. Restricted total plant

number [T=Nn=5000, N.=50 (Constant)]

Model Individual Clonal aca
Individual H(I)/H(I) H(C)/H(I) H(GCcA)/H(T)
2_2 3.77_ 3.7 2.80_
I (op=0y) 37t =1 (l)ku 3o (- Tk
2_ 2 2_ 3.77_ 3.77. 2.31_

II (UD—OA, qE—O) S 1 37T (l)k“ 377 (.61)k5
2 o2 3.08_ 3.08 2.31_
III(OE A’ UD-O) é—-—o—g—l —TH)RM T(?S)k

) 2_ 3.77. 3.77. 1,
IV (o5=113, oF 377 377 (D > 77 =(-32)ks
2.2 2 1.20_ 1.83_ .20
V. (og=17oy, op=0) 115571 T53=(1.54)K, 2 —(.98)k5
Clonal H(C)/H(C) H(GCA) /H(C)
377 2.80_
1 Tt .77 77 (. TH)kg
- 2.
I | 3 77 =(.61)k
111 3.08_; 31 .75k
3.08 8 . 6
3.77._
w 377t 3 77
v 1834 220 (.66)k
1,85 1“8_. 3= (. 6
GCA H(GCA)/H(GCA)
2.80_
1 380t
2,31
I .37
2.31_
111 o
.20
TV 20 1
. .20_,




Bruce Griffing: Use of Doubled-Haploids in Recurrent Selection Methods

381

Table 11. Efficiencies of haploid relative to diploid selection schemes. Unrestricted plant numbers

Model Individual Clonal GCA
Individual H(I)/D(I) H(I)/D(C) H(I)/D(GCA)
2_2 3.77_ 3.77_ 3.77_
I (GP—OA) —63—(1.142)1(7 m(l.ll.?)ks '2—.63—(1.42)1{9

II (02=0i, o§=0)
ITI(a2=02, 05=0)
v (o -170A, o '-O)
A (c —170A, 9 -O)

Clonal

II
III

Iv
GCA
i1

III

v

———8-8- (2. Ol)k

—'8-8—(1 6}4)1{
§4%1=(5.98)k

222190k,

H(C)/D(I)
"%%=(l'”2)k10

3.
2
3.77.

Trgg=(2-010ky g
3.
1
3.

——%%=(2.0l)k

371 (5.98)ky

—:—6—3'=(5.98)k10

H(GCA)/D(I)

3.77
———EF-(l.ll2)kl3

-3—%%=(2 Ol)k

3.77_
TTEE'(Z'Ol)k13

3.77_
ijgg—(2.01)k8

3.08
g (1. 16)kg
3.77.
311 (5. 98)kg

1.22
m—( .146)k8

H(C)/D(C)
3.77_
'—3'6“(1.112)1{

—8'8—(2 Ol)k
3.77_ )
—_E'E_(l‘MZ)‘{ll

—6' =(5. 98)1{11
3.77_
m—(l.UZ)kll

H(GCA)/D(C)

3.77_

5735—(1.u2)k14
3.77_
88 (2.01)kqy,

3.77.
5= (1.112)1(1“
3.77_
215,980k,

3.77.
2opem (L 420Ky

= (1. u2)Kg
7—6_(1 16)k
Ef%%=(l.42)k9
F22=( 46)kg
H(C)/D(GCA)
31l (1n2)k
3112k,
%f%%=(1.u2)k12
%f%%=(1.u2)k12
31l (1u2)ky,
H(GCA)/D(GCA)
%f%%=(1.u2)k15
:ll=(1.82)k
=120k,

3.77, |
m—(l.k2)k15

3.77.
2,56 (142K g
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Table 12. Efficiencies of haploid relative to diploid selection schemes. Restricted total plant

number [T=Nn=5000, N.=50 (Constant) ]

Model Individual Clonal GCA
Individual H(I)/D(I) H(I)/D(C) H(I)/D(GCA)
2_ 2 3.77- 3.77-
I (GP OA) ?TEE_(l'u2)k7 5766—(1.M2)k8 __6——(2 31)k9
1 (o °A’ 65=0) %f%%=(2.01)k7 %f%%=(2.01)k8 %f%%=(2.77)k9

III(O =0)

2

E % C
2_

v (o —170A, op 0)

v (0E=170A, 0D=O)

Clonal
1T

11T

Iv

GCA

A

II

II1

Iv

3 o= 1.6k,
i'—%1=('5.98)1«:
222 (1,900,
H(C)/D(I)
%f%%=(1.uz)klo
3:-0=(2.01)ky
388 (1.60)x,
3:10=(5.98)x
L83 (2.90)ky

H(GCA)/D(I)

2:90-(1.05)k, 4
351,230k 4
21,23k
lf%%=(1.9o)k13

1.20_
—_—6'3:-(1.90)1{13

3.08_
m(l.56)k8

3.77.

1.22
1.07

-(1.1u)k8

H(C)/D(C)

3.77.
m—(l.ﬂE)kll

3,77
g (2.01)ky

3.08_
Ti9g"(1-560)ky,
3.77.
5375980k

1.83_
o7 (1-T)kyq

H(GCA)/D(C)

S (1.05)ky,
__88‘(1 230k

~%€§=(1-9O>klu

20_
i (1.12)klu

3.08_
T35 (2-26)kg
3.77_
—'63—(5.71)149

1.22_
—.6_6_(1'85)k9

H(C)/D(GCA)

3.77.
163 (2 3Dk
3.77.
136 (2.77)k5

3.08_
T3 (2:26)k,
3.77.

=" (5.71)1{12

1.83_
T5p=(2: 7Dk

H(GCA)/D(GCA)

g 1720y
——6—(1 7O)k15
£3=(1.700ky g
L:82-(1.82)k,

1.20_
“e=(1.82)k g
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Table 13. Models for which maximum Ap is obtained for unrestricted total

plant numbers

Selection Diploid Haploid

Method (Bupay = (2.66)0,) (Bupay = (3.7T)0,)
Individual I I, II, IV

Clonal I, IIT, V I, II, III, IV, V
GCA I, II, III, IV, V I, II, III, IV, V

Table 14. Models for which maximum Ap is obtained for restricted total

plant numbers

Selection Diploid Haploid

Method (Aumax = (2.66)0A) (Aumax = (377)O-A)
Individual I I, 11, IV

Clonal I I, II, IV

GCA None None

C. Considerations of More General Models

1t should be emphasized that comparisons made inthis
study are completely valid for gene models in which
there exists at each locus either (a) an arbitrarynum-
ber of additive alleles, or (b) two equally frequent
alleles exhibiting any degree of dominance. When more
complex models are considered, problems of non-
orthogonality make algebraic analysis difficult. This
section extends somewhat the two-allele dominance
gene model to accommodate arbitrary gene frequen-
cies, and in so doing illustrates some of the difficul -
ties involved. However, before making comparisons,
some general results can be stated regarding the
composition of various genetic parameters.

The haploid parameters of interest for a single-
locus gene model which includes any number of al-
leles having arbitrary frequencies and arbitrary dom-

inance values are:

2 .2 2
GG(H)‘ZGAJAZi piaiéii+zipi(1"pi)sii' igj PiP; 836550

_ 2
CovH(PO) =0, + ; piaibii s

1,2
and, COVH(HS)“(E)UA’

where the additive and dominance gene effects and the
additive genetic variance are defined for a random-
mating population in equilibrium with the same gene
frequencies.

For the case of two alleles, these parameters can

be formulated as:
o2 =2[2p.p, (o, -a )2]+4p (o, -0, )(8,,-6,,)
G(H) 1P2'17%3 1P ¥ =¥ 017000/ *

2
+PyPa(8147622)"
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)2

CovH(PO) = 2p1p2(ozl—oz2 +

+pPylay-ap)(8,-8,5),
and, Cov,,(HS) =p,p, (o, -a )2
» Covy Polay-ay) ™.

Parenthetically, it should be noted that when the
two alleles are equally frequent (or, of course, if
there is no dominance) the parameters reduce to

2 _ 2 _ 2 _
G(H) © 207 CovH(PO) = oy, and CovH(HS) =

(1/2)0i. These are the values used for comparisons

(o]

among selection methods in this study.
The mean change for haploid individual selection,
is
_ (2)CovH(PO)
ap = (D) —
2

2
OG(H) +O'E

which, for the two-allele model, becomes

2
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desirable gene frequency is less than one-half, and

increased when the frequency is greater than one-half.
It is clear that computer simulation studies need

to be conducted for a more thorough investigation of

this and other more complex models.

IV. Discussion

In this study efficiency comparisons are made within
and between haploid and diploid individual, clonal and
GCA selection methods using five different gene mod-
els for situations of unrestricted and restricted total
plant numbers. In comparisons made among diploid
selection methods, the advantages of clonal and GCA
selection over individual selection, operating with un-
restricted plant numbers, largely disappear when the
total plant number is restricted. However, the very
considerable advantages of haploid over diploid se-
lection schemes, measured on a per cycle basis, do

not disappear when total plant numbers are restricted.

1

2 2 2
{ EZUA +4p1p2(01—02)(611—622) +p1p2(611-622) 1+ UE}

Cases in which (i) the desirable gene is dominant
and (ii) the desirable gene is recessive, need to be
considered separately. In both cases the sign associ-
ated with the crossproduct term, p1p2(a1—a/2)
(611—622), and the ngnitude of this term, as well
as the magnitude of Op, may change as the frequen-
cy of the desirable gene changes.

When the frequency of a dominant desirable gene
is less than one-half, the additive genetic variance
is greater than the same variance generated by gene
frequencies of one-half. However, the cross-product
term is negative. The opposite is true when the de~
sirable gene frequency is greater than one-half. The
end result is that the efficiency of haploid individual
selection is increased when the frequency of the dom-
inant gene is less than one-half. Conversely, the re-
lative efficiency of haploid selection is reduced for a
dominant desirable gene whose frequency is greater
than one-half.

When the gene model involves a recessive desir-
able gene, the results are reversed. The relative ef-

ficiency of haploid selection is decreased when the

The results also show that efficiency comparisons
between haploid and diploid selection schemes criti-
cally depend on the relative lengths of time (k values)
required to complete a selection cycle. Hence, the
key to successful inclusion of the haploid technique,
as a means of increasing the efficiencies of recur-
rent selection methods, is the development of rapid
doubled-haploid extraction procedures. In this re-
spect the most promising doubled-haploid extraction
method appears to be the pollen culturing technique
which leads directly to doubled-haploid plants. Nitsch
(1974) states thai for Datura innoxia (Mill.) and
Nicotiana tabacum (L.) only five months are required
to produce an array of doubled-haploids from a gen-
etically heterozygous source. It is hoped that this
method can be extended widely to other plant species.

In augmenting diploid selection methods by use of
doubled-haploids, it must be realized that the basis
for selection is shifted from that of operating on a
heterozygous population to that of operating on a pop-
ulation of completely homozygous genotypes. Thus,

although heterozygotes are generated every cycle,
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they do not enter into the selection process. This im-
plies that selection ultimately results in the produc-
tion of a single elite genetically homogeneous variety.
If there is considerable heterosis exhibited when
doubled-haploids are crossed, then use of hybrids as
an end-product rather than an elite variety may be
desirable. In this case, reciprocal recurrent selec-
tion should be considered. The incorporation of
doubled-haploids (as illustrated in Fig.4) not only
may make the selection procedure more efficient, but
also provides the additional advantage that the pro-
ducts of every cycle are directly usable as single-
crosses. In fact, theoretically, each succeeding cycle
produces a new wave of improved single-crosses which
can be immediately evaluated and used for commer-
cial purposes. In diploid reciprocal recurrent selec-
tion (as illustrated in Fig.2), this is not the case.
Consecutive cycles merely produce improved varie-
tal crosses which asymptotically result in one, and

only one single-cross.
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