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Summary

Selecting on a quantitatively inherited trait affects the
probability of loss of linked neutral alleles. The loss of
such alleless in small population breeding is affected by
the selection intensity, heritability, and linkage with the
quantitative gene loci. Early generation losses are most
seriously increased under linkage disequilibrium, but the
effects are quickly dissipated by moderate recombination
rates. Increased population sizes can also diminish these
effects of selection.

Key words: Linkage, Selection, Breeding, Quantitative Inheritance

Zusammenfassung

Die Selektion auf ein quantitativ ererbtes Merkmal be-
eintrachtigt die Wahrscheinlichkeit des Verlustes verkniipf-
ter, neutraler Allele. Der Verlust solcher Allele in kleinen
Zichtungspopulationen wird durch Selektionsintensitét,
Heritabilitdt und die Verknlipfung mit quantitativen Gen-
loci beeinflu3t. Frilhe Generationsverluste steigen durch
das Ungleichgewicht der Verknilipfung stark an, aber die
Effekte sind schnell durch gemifligte Rekombinationsra-
ten zerstreut. Erhohte Populationsgrofien kénnen auch die-
se Selektionseffekte vermindern.

Introduction

Recurrent selection programs often require shifts in
selection objectives as the economic or environmental
milieu changes. This is likely for trees with long generation
intervals. It is therefore important to preserve allele varia-
tion in traits that may have value in the future while
selecting for other traits of present importance. In small
population breeding, the problem is particularly acute if
the alleles to be favored in the future occur most often
with alleles at other loci which are presently disfavored.
We examine the possibilities of loss of alleles which have
no initial selective value but which are negatively cor-
related in frequency with selected alleles at other loci. We
consider a locus (locus A) with alleles that affect adapt-
ability to future environmental stress, but which have no
effect in present environments. This locus is considered to
be linked to loci which affect a trait, such as growth, which
is being improved by truncation selection.

For alleles at an initially neutral locus (locus A), as-
sociated with alleles at other loci, under present selection,
changes in frequency and probabilities of fixation are
dependent on population size, epistasis, and the degree of
association between locus A and other loci. The general
behavior of two loci with selection in finite populations
has been studied by KarLiN and McGrecor (1968). Without
epistasis and at linkage equilibrium, the theory of neutral
genes is adequate. In this article, we examine breeding
alternatives when populations are initially in disequilibri-
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um due to sampling or prior selection. If the disequilibri-
um is such that a positive correlation exists between the
trait under selection and the locus of interest, the loss
of A alleles of future value will be less than with linkage
equilibrium, and loss probabilities are not of great concern
to the breeder. However, if the disequilibrium is such that
an allele of future value at locus A is negatively correlated
with the trait of present value, its fate is of major concern
to the breeder.

Selection Model

To examine the fate of unfortunately associated alleles
in small, random mating populations, the alleles of locus
A are assumed to have no direct selection value, but other
linked loci are assumed to affect a quantitatively inherited
trait upon which truncation selection is exercised. Such a
a model is appropriate for tree breeding programs in
which truncation selection is undertaken in present envi-
ronments to improve quantitative traits such as growth.
Selection on the basis of individual merit is envisioned
as being among individuals produced by random mating
irees selected in the previous generation. The zygotes of
locus A are assumed to be initially associated with alleles
at the other loci which endow the zygotes with normally
distributed selection values. Thus, each zygotic state has
a different mean but the same variance, When truncation
selection is applied”to the quantitatively inherited trait,
the allele of interest is then selected against. Therefore, the
effect of selection on locus A is diminished to the extent
that this initial effect of linked loci is reduced by recom-
bination.

Under this model, the locus of interest has two alleles
(A, a) which have no current selection value but which
take on pseudo-selective value due to initial linkage
disequilibrium with many other loci. These other loci have
individually small but cumulatively large selective values.
The effects of environmental variations and variations at
other loci are assumed to produce a normal distribution of
values with constant variance. The disequilibria are as-
sumed to have small individual effects, but sufficient net
cumulative effect for the three genotypes (AA, Aa, aa) to
have different means.

Theory

We examine the expected changes at the A locus as
they are influenced by selection on an associated quanti-
tative trait. Selection is assumed to affect gene frequencies
at loci affecting the quantitative trait according to Grir-
FING’S (1960) model. We examine the effects of initial dise-
quilibrium between locus A and one of these other loci
exemplified by (locus B) and extend the results to multiple
“B” loci as they are expected to behave under quantitative
inheritance.

If allele B is favored by selection on the quantitative
trait, its expected advance in frequency is a function of
its frequency, its average effect, and the per locus selection
intensity. Considering only the pairwise disequilibrium



with the A locus to be significant, the effect of the changes
at the B loci on the disequilibrium can be derived. Consider
that the frequency of allele A (q,) is changed by the
amount 6 which is apportioned among the gametes AB
and Ab in proportion to the frequency of the alleles at the
B locus, and the frequency of the alleles of the locus (gp)
is changed by an amount ¢ If the four initial genetic fre-
quencies fap, fap,, f,p, f,, are in linkage disequilibrium
D = fap f,;, — fa, f,5, then the gametic frequencies in
the next generation can be written as'in Formula 1:

Tlap = Tag = 1D + dag + €/2
f‘Ah = fpp * D+ sqp, - e/2
g = fap * 1D - 8ap + ¢/2
fap = fap - ™0 - Sap - €/2,

where r is the recombination fraction.

The new disequilibrium is then (See Formula 2):

D' = f'AB f'ab - f.Ab f'aB =(1-r) 0 - e(qA - qa) /2 - 8e.

The average pairwise disequilibrium between the A locus
and each of many other “B” loci is thus the original D
less the portion of disequilibrium dissipated by recombi-
nation plus an average remainder term for each “B” locus
which is dependent on changes in qp. The expected value
of the remainder is small since it is the product of small
per locus selection intensities, gene frequencies, and aver-
age affects. ¢ is directly affected by selection and 4 is af-
fected indirectly through the disequilibrium. The terms
involving ¢ and & are therefore small and we hereafter
ignore this bias.

If the above approximations are valid, it can also be
shown that selection has little effect on average effects as-
sociated by linkage with the A locus. Taking a measure of
genotypic value Z: for BB, Zifor Bb and ZXofor bb, the ge-
netic values of individuals with the AB gamete can be
defined as in Formula 3:

Xpg =] 2fap Xag * Tag *as * Tag *as * s *as /ZfAB
A AE b Ab aB aB ab ab | -

= 21-'ﬁ+fAll X, + fﬂﬁi fﬁ@ X ZfAB
AB aB Ab ab

Assuming random genetic combinations and hence (Form.
4):

Tag = Tag ~ Tag> Tap = 2fas " Tane

AB aB
Tap = 28 > T = 2fap * Tab.
Ab ab

Then since (see Form. 5):

ap = Xpg = Xup = Xp» Yo = ¥ap = ¥ag = Xap = Xy
AB a8 aB ab ab A A
Xap = ¥pp = Xap = ¥po

A  ab ab
the gametic values can be expressed as in Form 6.

X = (fpg + fag) X + (fp + ) %
Xpg =95 Xty X,
We define an average effect of alleles at the A locus
under this model as in Form. 7.
o, [0]
A

g gty Xgpliay [0

[o]

sa = (fyp Tpg + fp Xyhg, [0

Since the B locus is in Hardy-Weinberg equilibrium in the
initial generation, (see Form. 8):

(qB[ol)Z X, + 2,qB[0] qb[01 X, + (qb[o])z Xp = 0
and these average effects can be expressed as in Form 9.

fo] _ [0
a7 = ol tag 1 Uy - 1) + 4, 0 - %9174, L]
o [0 ;Lo

, = -D 1 {(qB[O] (X, - X))+ qu (X - xo)}/qam

where the subscript [0] refers to the generation 0.

It can also be derived that (see Form. 10):

SHPRP I SRRV L

o A IYYAT
RN} (qBU] (Xy - X)) + qb[]] (X - Xo))/qA[]]

+ (g2 1, + 20,07 0,117 x 4 (g, 112 x,.

Making substitutions for gene frequencies and linkage
disequilibrium in terms of values in the previous gene-
ration (see Form. 11):

aA[]] = {(1-r) D[DJ [QB[OJ (Xz - X]) + qb[OJ (X'I - XO)]
+efi-r) 0lO0 (x, - 2+ X))
v ez 10yl %, - 1)+ 0,000 (x) - x)1 (1 2,100+ £ 0, - 20+ xp)

+ 8¢ [CIB[OJ (XZ - X]) + qb[ol (X] - XO)]} 5 qA[l]~

In the expression that follows we ignore the products
containing ¢ and take a,'!l to be (see Form. 12):

apt = (1or) 000 1 T0T (x, - x)) + g, 100 (x, - x) 17, 1),

‘There are now two cases to determine: (see Form. 13):

(1) 1f qA[OJ = qA[]] , then uAU] = (1-r) uA[OJ
(2) but if q,l% 4 qu, then uAU] = (1-r) aA[OJ qA[O]/qAU].

In the latter case, however, to determine the relationship
between a effects when gene frequency changes, consider
the average effect of the A allele defined in terms of the
gene frequency in the initial generation, where i indicates
the generation number. Thus, (see Form. 14):

g 00 . [01 0] . [0]

= oy and

[01,

; similarly,

o3

BAU] - “AU] qA[l]/qA[OJ -

o110 1 D (0]

“-V‘) uA
(1-r) o, For the nth generation

(see Form. 15):

BA[n] - aA[n] qA[n]/qA[OJ and Ba[n] - “a[n] qa[nl/qa[ol.

Hence, for any change in gene frequency, we can predict
the change in average effect on the basis of the initial
gene frequency q,l°l. If C, is defined as in Form. 16 and
17:

0 [o0] [0], then from the definition
Cy - R A S R N R YN

of g7 and 5,11,
sAm = (1-r) 0f0] Cye

Similarly, see Form. 18:

sa[]] = -(1-r) D[O:| C, where C_ = C, qA[OJ/qa[O].



For the nth generation see Form. 19:
“A["] . qA[0] (GA[OJ - o-0-m™ o fo] cA)/qA[":| and thus
gyt" = (1-r) ot ¢,

Also, see Form. 20:
IO A R R L R R A
ﬁa["] « -(1-r) 0™ Ca

The genotypic values change in each generation and the
differences will eventually approach zero as D decays to
zero. In a linear model for the mean of a genotypic dis-
tribution, with the alleles A; and A;, the mean of AjA; is
u+ oo+ a; + 6ij where u is the general population mean,
a; is the average effect measure as a deviation from ux, and
d;; is a dominance deviation due to nonadditivity of ef-
fects.

In the following developments, the special case of ad-
ditivity of all gene actions and no epistasis is assumed,
hence 7, —x; = x1 — Xo and it can be derived that the
genotypic value of the homozygotes AA and aa will al-
ways lie symmetrically about the value of the heterozy-
gotes. Then genotypic values expressed in terms of initial
gene frequencies can be expressed as in Form. 21:

XM["] = (1-r)" plo] C/qA[O] qa[O] and

- [o 0 [o
Xoa M = -1 0E0T 7,100 o 101,
where C = X2 - X].

The change in value in the nth generation, as shown in
Form. 22, is:

g™ - 1y 0711 < g1 gy 100 0]

xaa[n] . xaa[nﬂ] = ppln-11 c/qA[OJ qa[0]_

In the following, the genotypic values are taken as the
means of phenotypic distributions of the genotypes and
are allowed to change according to the above functions.
Initial values of C, D, and the gene frequencies are as-
sumed in order to examine the process for various levels
of gene effects and recombination frequencies.

In small population breeding with random mating of
selected parents, the probability of attaining any of the
possible gene frequencies can be treated as a Markov pro-
cess with transition probabilities dependent on the relative
selective advantage of each genotype, the number of par-
ents and progeny, and the error distribution of individuals
around their genotypic means (HiL, 1969). If the relative
selective advantages remain constant over generations,
then various statistics of allelic fixation rates, effects of
dominance, etc., can be studied as functions of the tran-
sition matrix (Carr and Nassar, 1970). To study the fixation
rates and transition probabilities for a finite number of
generations with variable selection effects, the transition
matrices for sequential generations must be computed.

For a very large number of loci affecting the quantitative
trait, the effect of finite population size on the average
disequilibrium effects are expected to be negligible. For any
particular “B” locus, the pairwise disequilibrium is sub-
stantially affected by finite population sampling and there
is a probability distribution for the variations of the as-
sociated effect around the expected average effect. How-
ever, for many such “B” loci, the average effect is assumed

to be more nearly deterministic when taken over all loci
for every gamete.

If M monoecious parents are chosen and randomly mated
to produce a progeny population of N individuals, from
which M parents are subsequently chosen, and if the pro-
cess is iterated, two stages of sampling are engendered.
The gene frequency of the initial M parents defines the
sampling populations for the possible gene frequencies of
the N progeny. For any mating system, the probabilities
of each possible gene and genotypic frequency can be com-
puted, For random mating with a large number of gametes,
the probabilities can be computed that N, progeny of
genotype AA, N, of Aa and N, of aa are generated as-
suming a multinomial distribution. The probability of
selecting M, individuals of AA, M, of Aa and M, of aa as
parents of the succeeding generation is conditional on N,,
N, and N,. This conditional probability is given by HiuL
(1969) as demonstrated in Form. 23:

o 3N N, M, 3
i i iy -1
(Fy{x)) 1-F; 1 -
j M(M) i{x (1-F;(x)) jf] M5 (x)) e (1)

i

where: fi(x) is the density function for genotype i, i = 1,
2, 3, and F; (%) is the distribution function for geno-
typei,i =1,2,3.

The product of this conditional probability and the pro-
bability of generating the N; progeny array is the transition
probability for change in gene frequency in a single gene-
ration. From an initial gene frequency of 2M,0l+ M,/
2M"!, where M is the parental population size, the pro-
bability of achieving the next generation’s gene frequency,
(2M, "t 4+ M, 11)/2M 1], can then be computed.

Tree Breeding Models

For many situations, a normal distribution of individual
performances around their genotypic means can be ex-
pected. The cumulative distribution function, F;, and the
probability densities, f;, in (1) can then be taken to be those
of normal distribution with appropriate means. The para-
meters of those functions are assumed to be the mean of
the genotype and a common variance (6?) around their
respective means. The mean effects of the genotypes under
an additive, two-allele model in this discussion are deter-
mined for several initial conditions of C and initial gene
frequencies to simulate populations with different herita-
bility levels for the trait under direct selection. To provide
a scale for these effects, C values are determined as if D'?!
= —0.25, g, = 0.5, gz = 0.5, and ¢* = 1, for heritabilites
of h? = .010, .026, .50. For these conditions C = ¥V h%.5 and
h? .026, which is in the reported range for growth rates of
some tree species (NamxooNG et al. 1966), corresponds to
C = 0.23, In each subsequent generation, the selective dif-
ferences are dissipated by recombination and the dis-
equilibrium is reduced. Both free recombination (r = 0.50)
and tighter linkage (r = 0.25, 0.125, 0.0625) are examined.
The difference between homozygotes is reduced by 2rDC/
q,'"g,!! in each generation. This value is r times the dif-
ference that occurred in the previous generation.

A feasible lower limit to population sizes in tree breeding
is four. While most breeding populations are projected to
be somewhat larger, subdivisions of even larger populations
are not likely to be less than four. Subdivision of the
breeding populations as recommended by Baker and Cur-
Now (1969) would require a fairly low upper limit for each



subpopulation. The number of progeny for recurrent
selection per population will seldom be smaller than 15 and
may often be many times larger. For larger progeny popu-
lations, with finite numbers of progeny, parameters for
common breeding plans can be estimated. The number
of progeny that can be grown is often proportional to the
number of parents that can be used in a breeding popu-
lation. In such cases, the selected population can be nearly
fixed, and with some reasonably large progeny populations,
the truncation point is approximately fixed. Then the pro-
bability of selecting the M; parents can be computed as
multinominal events.

The probabilities are proportional to the relative areas
of the genotypic distributions of the M; genotypes which
lie beyond that truncation point. For these investigations,
a selection proportion of 10% is arbitrarily chosen, With
restricted progeny population sizes, however, the truncation
point is a variable and the probabilities are computed by
equation (1).

The effects of small population sizes on the probability
distribution for gene frequencies can therefore be examined
for different parental and progeny population sizes when
the selection effects decline as linkage disequilibrium de-
clines, In this paper, parental population sizes M of 4, 8
and 16 are tested with progeny populations N of 16 and
32. In addition, several cases of a large number of progeny
with constant selection proportion are examined.

Results

The effects of parental population size on early fixation
or loss probabilities are substantial, even without selection
(KarunN and FeLpman, 1969). With 4-parent breeding, and
no selection, the loss of alleles in the first few generations
can be high, especially for genes with low (0.125) initial
frequencies (Fig. 1). With 8- and 16-parent breeding and
no selection, the probabilities of losing alleles of low
initial frequencies are still substantial, though perhaps of
slightly less concern, and they climb less rapidly. For all
population sizes the ultimate probability of loss is the
same and equals 1 — g,
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Fig. 1. — Probabilities of loss where M = 4, 8 and 16; h? = 0.026;
and ql°l = 0.125 for selection without recombination (r = 0) against
the allele and for no selection.
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Fig. 2. — Probabilities of loss where M = 4, 8 and 16; h* = 0.026;
and q/*! = 0.125 for selection with r = 0.5 against the allele and
for no selection.

When selection is directly against the allele at locus A,
which is of some future value, selection substantially in-
creases the probability of loss at all initial gene frequencies.
This effect is demonstrated in Fig. 1 for a gene frequency
of ql*! = 0.125 where A is linked without recombination
(r = 0) to loci under direct selection which have a herita-
bility (h?) of .026.

Under the same conditions but with r = 0.5, the effects
of selection are quickly dissipated (Fig. 2). These results
indicate that a simple expedient for overcoming the effects
of selection on probability of loss of alleles is to double
the size of parent population (M). This loss probability
with selection is much higher than without selection for
the first four generations. After that, transition matrics
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Fig. 3. — Probability of loss where M = 4, 8 and 16; h? = 0.026;
and ql°!! = 0.5 for selection at r = 0.5 against the allele and for
no selection.
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Fig. 4. — Comparisons across recombination rates and gene fre-

quencies for eight parents and infinite numbers of progeny, where
ql*l = 0.5 or 0.125 and h = 0.026.
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Fig. 5. — Comparisons across reeombination rates and gene fre-

quencies for 16 parents and infinite numbers of progeny, where
ql*l = 0.5 or 0.125 and h? = 0.026.

with and without selection are similar, and by the eighth
generation they are virtually identical. Progress to ultimate
fixation is at the same rate for both cases but at a higher
level for the case of selection. Doubling the parental popu-
lation size to avoid increased probability of loss is highly
effective in this instance. The effect of selection with M =
8 overcomes the drift effect, and probabilities of loss are
slightly greater than with M = 4 and no selection after six
generations. Similarly, the loss probabilities for 16-parent
breeding with selection are but slightly greater than those
for 8-parent breeding without selection after the first six
generations. When 'l is increased to 0.5, the effects of
selection are not greatly different than for gl*l = .125

(Fig. 3). Again, it appears that loss of neutral genes from
early selection can be approximated by doubling the size
of the parental population which is undergoing selection
of loosely linked loci.

Comparisons of different recombination rates for the
same heritabilities, gene frequencies, and population sizes
follow expectations. Tighter linkages shift the results from
the cases of free recombination towards those of no recom-
bination. Similarly, comparisons of different heritabilities
for the same recombination rates, gene frequencies and
population sizes merely shift the results from cases of
selection with h? = 0.026 towards that of no selection (h? =
0), or towards more rapid loss with h? = 0.5, It is somewhat
surprising, however, that tighter linkages can strengthen
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Fig. 6. — Comparison across gene frequencies (q/’l) and for num-

bers of parents (M) where r = 0.0625, h* = 0.026, and numbers of
progeny are infinite.
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Fig. 7. — Probability of loss for M = 4 under declining selection
pressure with restricted progeny populations.
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Fig. 8. — Probabilities of loss for M = 8 under declining selection
pressure with restricted progeny populations.
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the effect of selection and can overcome drift even when
initial gene frequencies are low. For example, if M = 8§,
the probability of loss for g/ = 0.125 and r = 0.5 is
eventually lower than for r = 0.0625 (Fig. 4). This effect
is more noticeable for M = 16, since the larger population
sizes allow the selection effects of the linkage to be more
influential (Fig. 5).

The effect of tight linkage in increasing the likelihood
of losing the allele of future interest can also be seen with
alleles at higher initial gene frequencies, g/ = 0.5 (Fig. 6).
Selection effects for the larger population sizes (M = 8)
do overcome the inertia of drift for M = 4 and hence more
strongly force the loss of the allele of interest.

When the progeny population size is restricted and
selection of the next parental generation is consequently
limited, the effectiveness of selection is reduced. When this
selection is indirect and of rapidly diminishing strength
(r = 0.5), the loss of alleles is also slower. In 4-parent
breeding, restricting the progeny population to 16 for a

selection proportion of 0.25 instead of 0.10 almost halves
the differences in loss probabilities between the cases of
selection vs. no selection when g/l = 0.5, but the reduction
in the effectiveness of selection is less when q!®! = 0.125.
For 8-parent breeding with a progeny population size of
32, the loss probabilities are similarly affected (Fig. 8).

Breeding Alternatives

When it is necessary to breed in small or subdivided
populations, the loss of alleles of a neutral locus (locus A)
is rapid and is substantially increased if the alleles are
under negative selection pressure. For parental populations
of 8 or more, the short-run loss of alleles is a serious
problem mainly for low frequency alleles. However, simple
expedients such as doubling the parental population size
or reducing the progeny population size can diminish the
effects of selection. In later generations, however, tight
linkage and large parental population size can increase
the ultimate probabilities of loss of the alleles of interest.

If subdivided or otherwise small breeding populations
are planned, it therefore seems wise to approximately
double the size which would give acceptable risks of allelic
loss as would be accepted under no selection. For the h?
and r levels studied, M = 8 gives reasonable probability of
loss for early and late selection. Some economies in main-
taining these programs may be affected by limiting the
progeny population size but at some cost in selection ad-
vance.
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Changes in the Protein Bands in Pollen grains of Populus ciliata
during Storage and its effect on their Viability and Germination
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Summary

Disc electrophoresis studies on the pollen grains of Popu-
lus ciliata revealed the presence of a variety of protein
bands depending on the pH of the buffer. Pollen grains on
storage at 4°C started losing their viability after three
months which also coincided with the simultaneous ap-

pearance of new protein bands. It seems that the loss of
pollen germinability depends on the appearance of one or,
a few inhibitory principles which are probably protein-
like.

Key words: Populus ciliata, Pollen grains, Proteins, Storage, Ger-
mination, Viability.
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