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ABSTRACT

Viability and fertility components of selection associated with linkage
blocks marked by four electrophoretically detectable loci were estimated in
an experimental population of barley [Composite Cross V (CCV)]. The inten-
sity of selection affecting the distribution of pollen types in the outcross pool
was also estimated and comparisons were made between the selective values of
genes in the pools of uniting ovules and pollen. The estimates show that selec-
tion was intense at various stages of the life cycle and that viability and fer-
tility components often opposed one another. Estimates of viability and
fertility components of selection were also extended to the three-locus level.
The multilocus estimates reveal large differences in viability and fertility
among homozygous genotypes. It is concluded that strong selection operates at
all life cycle stages in CCV, although often in differing directions.

DIFF ERENTIAL selection has been demonstrated repeatedly in studies of

natural and experimental plant populations. For example, in Composite Cross
V, an experimental population of barley (Hordeum vulgare L.), large changes
in genotype frequencies have been detected between single generations and over
longer term intervals, at loci governing morphological polymorphisms (JAIn and
Arrarp 1960), measurement characters (Arrarp and Jain 1962) and enzyme
polymorphisms (Arrarp, Kamrer and WEir 1972; WEIR, ArLarDp and KaHLER
1972, 1974). A major issue, yet to be resolved, is the mode of selection and the
life cycle stages at which selection is manifested.

There have been three general approaches to partitioning components of selec-
tion in animal species. The first method (using Drosophila as the experimental
organism) has involved the estimation of components of selection through a series
of essentially separate experiments (e.g., ProuT 1971a; Bunpcaarp and Curis-
TIANSEN 1972) and checking the predictive value of the estimates in population
experiments (Prout 1971b). The second approach has been to define a two-
component model of selection (viability and fertility components) and to obtain
maximum likelihood estimates of the parameters over several generations directly
from the population of interest (Awperson 1969). The third method, pioneered
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by CuristianseN and Frypenserc (1973, 1976), has uilized information con-
tained in the family structure of populations by taking mother-offspring samples
together with samples from the male population. Examination of the structure
of the data permits an hierarchical system of hypothesis testing for selection com-
ponents and for nonrandom mating. This method has been applied to eelpout
(Zoarces viviparus) populations (e.g., CaristianseN and FrypENBERG 1976).

In plant populations, CLece and Arrarp (1973) have estimated viability and
fertility components of selection in a natural population of the slender wild oat,
Avena barbata. In this case, the approach invelved obtaining multiple census data
within each generation from the population. The results indicated significant
changes in genotypic frequencies due to viability selection. The present investi-
gation extends this method in two ways; first, factors which affect pollen pool
frequencies are considered separately from viability and fertility estimates; and
second, the method of estimating components of selection is extended to the three-
locus joint distribution in order to investigate the multilocus effects of selection
components.

MATERIALS AND METHODS

The population studied, Composite Cross V (CCV), was developed from intercrosses among
thirty varieties of barley representing the major barley growing regions of the world. Details
of the method by which the population was propagated have been reported elsewhere (KaHLER
and Arrarp 1970; Arrarp, Kanrer and Weir 1972). For present purposes, it is sufficient to
note that the first generation of the newly synthesized population was grown in 1940 at Davis,
California, and that it has subsequently been grown each year at Davis following standard
agricultural practices, with no conscious selection. In addition to growing a random sample of
the seed of every generation in the following year, a random sample of seed from each genera-
tion was stored for five- to ten-year intervals and then advanced one generation to provide reju-
venated seed, which was similarly saved. At present, seed stocks are available for generations
5 to 10, 15 to 21, and 25 to 30.

The present experiments involved growing two plots, each containing approximately 10,000
adult plants, of generations 8, 19 and 28 at Davis in 1972. Plots were allocated at random in a
uniform field nursery. One plot of each generation, chosen at random, was assayed to determine
adult genotypic frequencies. The census involved taking a single spike from each of 1,100
randomly chosen adult plants in each of the three generations, germinating nine seeds per spike
in the laboratory, and assaying the resulting seven-day-old seedlings (28,950) in total). Electro-
phoretic assays were for esterase loci EA, EB, EC, and ED (EA, EB and EC are very tightly
linked and ED is located in an independent linkage group), following the procedures of Kanrer
and Arrarp (1970). The genotypic array of the progeny was used to estimate adult genotypic
frequencies and mating system parameters following the methods of APPENDIX A.

The second plot of each generation was harvested en masse at maturity to provide bulk seed
of generations 9, 20 and 29. The first plot could not be used for this seed census because sampling
of adult plants causes substantial damage to the population. Thus, the zygotic census data were
obtained from the original seed lots of generations 8, 19 and 28 harvested in 1971 and the seed
lots of generations 9, 20 and 29 from the second replicate harvested en masse in 1972. Eleven-
hundred random seeds from each of generations 8, 9, 19, 20, 28, and 29 were germinated in the
laboratory and the resulting seven-day-old seedlings (6,570 in total) were assayed electrophore-
tically for the four esterase loci. It should be noted that more than 999 of the seeds germinated
and produced assayable seedlings in a germination chamber at 20°; hence, the assays are repre-
sentative of the zygotic siage in the life cycle (see Figure 1 for a schematic representation of
the relevant life cycle stages).
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Ficure 1.—A schematic diagram of the life cycle in Hordeum vulgare in which are indicated
the points at which census data were obtained.

The data base for the analysis consists of the numbers of each genotype observed at each
zygotic census and also the numbers of genotypes observed within the progeny of each spike
(i.e., the family produced by a single maternal parent). Maximum likelihood estimates of
maternal genotypic frequencies in the adult population were made following the methods
presented in APPENDIX a.

RESULTS
Single-locus analysis

There were 4, 3, 3 and 4 alleles at loci EA, EB, EC and ED. The fourth allele
at locus EA (EA 2.6) wasrare (< 39,) and it was therefore combined with allele
EA 0.2 into a single class [see Kanrer and Arrarp (1970) for allelic designa-
tions]. A recessive null allele at the ED locus was present in moderate frequency
(heterozygous genotypes involving this allele cannot be distinguished from homo-
zygous banded genotypes). All other banding expressions at the four esterase loci
are codominant, and genotypic frequencies can be obtained directly from the
electrophoretic results. Mating system parameters [probability of an outcross is
denoted by # = (1 — s), where s is the probability of selfing] and gene frequencies
in the pool of pollen involved in outcross events (denoted pin, for the i*" allele at
a locus) are given in Table 1. The mating system analysis was not applied to the
ED locus because of complications presented by the null allele; hence, we will
restrict discussion of single-locus frequencies to the EA, EB and EC loci.

In two instances (loci EB and EC generation 8) it was necessary to consolidate
the data into diallelic classes, one class representing the most frequent allele and
the second representing a composite complementary class. This further consoli-
dation was required because the estimation program did not converge, due to very
low frequencies of the third allele at these loci. Hence, there is one degree of
freedom of the x* goodness-of-fit test under the diallelic consolidation and 15
degrees of freedom for the triallelic data (aApPENDIX A). All nine x2 values indicate
an acceptable fit of the mating system model to the observed data.

Table 2 reports triallelic, single-locus genotypic frequencies for the zygote-
adult-zygote transitions at each locus. A noteworthy feature of these data is that
genotypic frequency changes are often large, even between different life cycle
stages within a generation. For example, in generation 19, the 4,4, genotype
increased from a frequency of 0.547 at the zygote stage to a frequency of 0.697
at the adult stage, and there was a concomitant change of frequency from 0.362
to 0.224 at zygote and adult stages for genotype A.4,. It is appropriate to test
whether the vectors of relative genotypic frequencies have changed from the
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TABLE 1t

Outcrossing rate (), gene frequencies in the pollen pool (p,;i=1, 2 for triallelic loct)
and chi square goodness-of-fit statistics

Locus t Pim Pom x?
Generation 8
0.00517 0.4552 0.4027 8.10
EA (0.00097) (0.0944) (0.0915)
0.00491 0.8816 R — 1.66
EB (0.00071) (0.0471)
0.00537 0.6722 —_— 0.80
EC (0.00075) (0.0658)
Generation 19
0.01215 0.6307 0.2870 23.60
EA (0.00181) (0.0637) (0.0564)
0.00557 0.7986 0.1210 6.53
EB (0.00183) (0.0825) (0.0586)
0.01127 0.4870 0.0918 16.43
EC (0.00146) (0.0652) (0.0301)
Generation 28
0.01038 0.4429 0.4865 8.63
EA (0.00155) (0.0774) (0.0740)
0.00998 0.6350 0.2832 292.36
EB (0.00168) (0.0717) (0.0635)
0.01052 0.3906 0.1014 14.90
EC (0.00134) (0.0646) (0.0360)

Xz[l] =3.84 at P =0.05, x?15] 25.00 at P = 0.05.

Standard errors are given in parentheses.

zygotic stage (denoted F” in generation n) to the adult stage (denoted A"). A
likelihood ratio test of the hypothesis, H,:F* = A", against the alternative,
H ,:Fn # A™, was performed and the resulting statistic is reported in Table 2. The
test statistic was computed assuming multinomial sampling. This assumption is
not met by the sampling scheme at the adult stage; however, due to the very low
outcrossing rates and the moderate sized progenies, the sampling approximates
the multinomial scheme. Reference to Table 2 shows that H, is rejected at the
59, level for all loci and generations and that all but two of the tests are signifi-
cant beyond the 19 level. The data therefore provide evidence of a strong via-
bility component of selection.

The genotypic frequencies can also be represented in terms of gene frequencies
and fixation indices as,

k
AiAi:pzi_I—pijiiij“ %5 ,7=1,2,..., k.

AiA; : 2pip;(1—F;j)

Changes in the genotypic frequency distribution might arise either from changes
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TABLE 2

Single-locus relative genotypic frequencies with x* statistics

Generation

8-9 19-20 28-29
Genotype Zygote Adult Zygote Zygote Adult Zygote Zygote Adult Zygote
EA locus
A1A1 0496 0470 0510 0547 0.697 0567 0.582 0.650 0.600
A1A2 0.002 0.007 0.012 0.001 0.011 0.013 0.016 0.012 0.008
A1A3 0.007 0.002 0.008 0.001 0.0 0.003 0.0 0.002 0.002
A2A2 0350 0388 0.335 0362 0224 0.324 0.354 0306 0332
A2A3 0.002 0.0 0.001 0.002 0.0 0.006 0.001 00 0.003
A3A3 0.143 0.134 0.134 0.086 0.067 0.088 0.047 0030 0.056
x?s]* 12.01 69.14 16.46
Nt 1243 1077 1001 1007 1097 1078 1102 1049 1139
EB locus
B1B1 0.854 0.899 0.887 0.870 0851 0.881 0.749 0.697 0.711
B1B2 0.002 0.0 0.001 0.002 0.004 0.001 0.003 0.004 0.001
B1B3 0.006 0.004 0.002 0.0 0.002 0.002 0.004 0.006 0.003
B2B2 0.044 0.048 0.047 0.080 0.074 0.061 0.175 0231 0202
B2B3 0.002 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
B3B3 0.093 0.049 0.063 0.048 0.069 0.055 0.070 0.062 0.083
x%“ 23.38 24.51 27.55
N 1243 1097 1001 1007 1094 1078 1102 1058 1139
EC locus
cict 0.615 0.646 0.636 0.661 0533 0.650 0.519 0476 0.533
ci1C2 0.0 0.001 0.003 0.0 0.001 0.001 0.008 0.003 0.001
Ci1C3 0.010 0.007 0.007 0.002 0.005 0.010 0.005 0.004 0.010
c2Cc2 0.056 0.044 0.058 0.058 0.096 0.058 0205 0256 0215
C2C3 0.0 0.0 0.001 0.002 0.0 0.001 0.002 0.0 0.0
C3C3 0.318 0.302 0.295 0277 0364 0279 0.259 0260 0240
x%s] 21.31 43.76 13.50
N 1241 1084 1001 1007 1096 1078 1102 1062 1139

* X?s] =11.07 at P = 0.05, x’f’“ =15.09 at P = 0.01.
+ N is the total number of individuals assayed per locus per generation.

in gene frequencies or from changes in the distribution of genes in zygotes. The
genotypic frequency distribution can be resolved into these two components
through the estimation of fixation indices and gene frequencies. In the present
instance, heterozygous frequencies are sometimes zero, necessitating some reduc-
tion in the parameterization. Consequently, maximum likelihood estimates of
gene frequencies and a single fixation index, F = F.,, = F13 = F;, were under-
taken. These estimates, given in Table 3, show that most of the change in geno-
typic frequencies from zygote to adult to zygote stages can be accounted for in
terms of changes in gene frequencies. The changes in F from one stage to the next
are usually nonsignificant. However, several features of the data require com-
ment. The first point to note is that for loci EA and EC, F for the adult stage is
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TABLE 3

Gene frequencies and average F staiistics with standard errors in parentheses

Generation
8-9 19-20 28-29
Statistic Zygote Adult Zygote Zygote Adult Zygote Zygote Adult Zygote
EA locus
P, 0501 0475 0.522 0547 0703 0573 0590 0.658 0.604
(0.014) (0.015) (0.016)  (0.016) (0.014) (0.015)  (0.015) (0.015) (0.014)
p, 0350 0391 0340 0364 0231 0.334 0363 0312 0337
(0.013) (0.015) (0.013)  (0.015) (0.013) (0.014)  (0.014) (0.014) (0.014)
F 0981 0986 0.965 0993 0976 0.961 0967 0972 0976
(0.005) (0.005) (0.008) (0.004) (0.007) (0.008) (0.008) (0.008) (0.006)
EB locus
P, 0.857 0901 0.889 0871 0.854 0.883 0.752 0703 0713
(0.010) (0.009) (0.010)  (0.011) (0.011) (0.010)  (0.013) (0.014) (0.013)
P, 0.046 0.047 0.047 0.082 0.076 0.061 0176 0231 0202
(0.006) (0.006) (0.007)  (0.009) (0.008) (0.007)  (0.011) (0.013) (0.012)
F 0965 0.980 0.985 0991 0979 0.987 0984 0979 0.992
(0.010) (0.010) (0.008) (0.006) (0.009) (0.007) (0.006) (0.007) (0.004)
EC locus
P, 0.620 0.650 0.641 0.662 0537 0.655 0527 0481 0540
(0.014) (0.014) (0.015) (0.015) (0.015) (0.014) (0.015) (0.015) (0.015)
p, 0.055 0.044 0.061 0.053 0.096 0.059 0211 0257 0213
(0.006) (0.006) (0.007)  (0.007) (0.009) (0.007)  (0.012) (0.013) (0.012)
F 0.979 0983 0978 0.992 0989 0975 0973 0990 0981

(0.006) (0.006) (0.007)  (0.004) (0.004) (0.007)  (0.006) (0.004) (0.005)

usually greater than F at the subsequent zygotic stage. The expected bebavior
of F, for neutral loci in infinite populations practicing a mixture of selfing and

.. s .. .
random outcrossing is F, = 5(1 + F, ), where n is time measured in genera-

tions. Comparison of the expected values of ¥, (where the adult values were used
for F,_, and estimates of s for the appropriate locus and generation are taken from
Table 1) to the actual estimates of F, reveals that five of the six £A and EC com-
parisons have estimated values of F,, that are less than the value expected based
upon the estimated selfing rate. (In the sixth case, the two estimates are equal.)
In one instance (generation 8-9, locus EA) the contrast is significant.

This result suggests an excess of heterozygotes following the mating cycle. The
excess of heterozygotes is usually small and it can, at least in part, be accounted
for by the fact that gene frequencies differ among the pool of pollen and ovules
involved in outcross events, as will be shown below. Surprisingly, the pattern at
the EB locus is different. Two of the three estimated values are greater than the
expected value, while in the remaining case the two are equal. The three loci are
very tightly linked, and in linkage disequilibrium, so that a different pattern of
change among loci is unexpected.

The second noteworthy feature of the F statistics is that no strong evidence
exists for heterozygous advantage in viability. Of the nine comparisons between
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estimates deriving from the zygotic stage generation n and the adult stage genera-
tion n, five show an increase in F and four show a decrease from zygote to adult
stages. One contrast indicates a significant decrease in F (generation 19, EA)
and one contrast reveals a significant increase (generation 28, EC).

The third and most striking feature of the data in Table 2 is the very large and
usually opposing gene frequency changes observed among the zygote to adult to
zygote transitions. In addition to the within generation changes, there are also
substantial changes in gene frequency over the 21 generation period studied. For
example, the frequency of B, changes from 0.046 to 0.202, and the frequency of
C; exhibits a similar change from 0.055 to 0.213. Gene frequency changes at the
EA locus are less pronounced. Nevertheless, the results indicate that the genetic
composition of the population has changed substantially during the period
spanned by these data.

The model of selection presented in APPPENDIX B permits the estimation of
ovule frequencies in the pool of uniting gametes (denoted pi;), following fertility
selection. Comparison of the ovule pool frequencies, given in Table 4, with the
corresponding pollen pool frequencies (Table 1) reveals some instances where
pollen and ovule gene frequencies differ significantly (e.g., C; generation 19, C,
generation 28 and C, generation 28). Evidently selection has affected the gene
frequencies among male and female gametes differently.

TABLE 4

Ovule pool frequencies together with ovule and pollen selective values

Gene frequency Selective values
Generation Locus Py, b,, im 1f 2m of

8 EA 0.52 0.34 0.96 1.10 1.02 0.87
(0.02) (0.01) (0.20) (0.05) (0.24) (0.05)

EB 0.89 0.05 0.98 0.99 1.21 0.98
(0.01) (0.01) (0.05) (0.01) (1.03) (0.19)

EC 0.64 0.06 1.03 0.99 0.94 1.32
(0.01) (0.01) (0.10) (0.03) (1.79) (0.25)

19 EA 0.57 0.33 0.90 0.82 1.25 1.45
(0.02) (0.01) (0.09) (0.03) (0.25) (0.10)

EB 0.88 0.06 0.94 1.03 1.59 0.81
(0.01) (0.01) (0.10) (0.02) (0.79) (0.13)

EC 0.66 0.06 0.91 1.22 0.95 0.61
(0.01) (0.01) (0.12) (0.04) (0.38) (0.09)

28 EA 0.60 0.34 0.67 0.92 1.56 1.08
(0.01) (0.01) (012) (0.03) (023) (0.07)

EB 0.71 0.20 0.90 1.02 1.22 0.87
(0.01) (0.01) (0.10) (0.03) (0.28) (0.07)

EC 0.54 0.22 0.81 1.13 0.39 0.84
(0.01) (0.01) (0.14) (0.05) (0.14) (0.06)

Standard errors are in parentheses.
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We can parameterize the effects of selection on the pool of uniting gametes by
comparing gene frequencies in the adult population contributing gametes (Table
3) with the frequencies in the pool of uniting gametes. Thus, we estimate the
weight (“selective value”) that transforms the gene frequency among adults into
the frequency among uniting gametes as [i; = pi;/p; and lim = pim/pi. (It should
be noted that the weights Iy and £y, are frequency dependent because they are
estimated relative to Eipilri,f = .Eipilim =1.) Values of these maximum likelihood
estimators are also given in Table 4. An estimate of unity implies no change from
adult frequencies, while values greater than unity imply an increase and values
less than one imply a decrease in gene frequency, as compared to the adult popu-
lation. The estimates for pollen and ovule pool frequencies have a slight negative
correlation because they derive from the same sample. Nevertheless, there is a
tendency for pollen and ovule pool frequencies to differ, and this is reflected in
their respective selective values. This tendency is most pronounced for the C,
allele, where the weighted average selective values are 0.941 = 0.067 and 1.084 *
0.022 for the pollen and ovule pools, respectively.

The factors that could account for differences between pollen and ovule fre-
quencies are: (1) differential production of male and female gametophytes
according to genotype; this alternative seems highly unlikely because the main
determinants of gamete production are number of spikes and number of florets per
spike, and each of these affects ovule and pollen production in the same direction;
(2) differential contribution of pollen to the outcross pool independent of actual
pollen production due to unequal release of pollen by different plants; there is no
suggestion that this occurs in Composite Cross V; (3) differential gametophytic
selection; this is the most plausible alternative, particularly because gametophytic
selection may occur among the pollen involved in outcross events.

To quantify the impact of selection at each of the life cycle stages, we have
estimated viability and fertility components of selection (Table 5). The models
of selection adopted, together with the maximum likelihood estimators for the
selection parameters, are presented in ApPENDIX B. Viability selection is assumed
to occur through differential survival, according to genotype, from zygote to adult
stages. Fertility selection estimates apply to the average number of zygotes pro-
duced by each maternal genotype. (See Figure 1 for a schematic representation
of stages in which viability and fertility selection was measured.) In computing
fertility selection estimates, the mating cycle must be properly accounted for by
using the appropriate mating system estimates from Table 1. Both viability and
fertility selection estimates are defined relative to the most frequent genotype
which is assigned fitness of unity. In interpreting viability and fertility estimates
for a particular genotype within a generation, it should be borne in mind that
these estimates are negatively correlated (in a statistical sense) relative to the
overall fitness of the genotype in question, and relative to the genotype to which
they are normalized. This negative correlation arises because the two estimates
share the adult census data (AnpeERsoN 1969).
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TABLE 5

Single-locus estimates of selective values with standard errors in parentheses

773

Generation
8-9 19-20 28-29 x2
Genotype 3 ? 1'; ’l\ 1’; ? Il\J '2
EA locus
A1A1 1.00 1.00 1.00 1.00 1.00 1.00
A1A2 2.99 2.99 8.64 2.37 0.64 1.03
(2.05) (1.23) (9.00) (0.80) (0.24) (0.38)
A1A3 0.27 7.63 —_— -— —_— 1.40
(021) (5.77) (1.11)
A24A2 1.17 0.79 0.49 1.73 0.77 1.17 53.4 282
(0.09) (0.08) 0.04) (017) (0.06) (0.11)
A3A3 0.98 0.91 0.61 1.53 0.56 1.99 74 9.1
(0.12) (0.12) 0.10) (0.26) (0.13) (0.45)
EB locus
B1B1 1.00 1.00 1.00 1.00 1.00 1.00
Bi1B2 —_— - 1.86 0.26 1.54 0.00
(1.62) (0.28) (1.17) (0.29)
B1B3 0.62 1.02 - 1.60 1.67 0.70
(0.38) (0.65) (1.33) (1.08) (0.39)
B2B2 1.04 0.97 0.94 0.79 142 0.85 5.9 05
(0.20) (0.20) (0.15) (0.14) (0.14) (0.09)
B3B3 0.50 1.26 1.49 0.74 0.95 1.29 16.0 6.3
(0.08) (0.24) (0.28) (0.14) (0.16) (0.22)
EC locus
cict 1.00 1.00 1.00 1.00 1.00 1.00
c1cz e 5.11 - 0.75 0.39 0.08
(5.64) (1.12) (0.24) (0.26)
C1C3 0.63 1.58 3.43 2.33 0.79 3.87
(0.29) (0.81) (2.80) (1.07) (050) (1.97)
c2C2 0.75 1.31 2.06 0.49 1.36 0.75 171 115
(0.14) (027) (0.35) (0.08) (0.14) (0.08)
C3C3 0.90 0.98 1.63 0.62 1.09 0.82 21.9 10.7
(0.07) (0.10) (0.14) (0.06) (0.10) (0.08)

* .2 e . o — O
X%, 5.99 at P=0.05; x, =921 at P=0.01.

Heterogeneity chi-squares for viability and fertility estimates over generations for 22 and 33
genotypes are also given.

Selection estimates for heterozygous genotypes are not particularly informa-
tive because of their high standard errors. Among homozygous genotypes the
components of selection are significantly different from unity in many cases;
thus viabilities of B;B; in generation 8, A,4,, C.C, and C,C, in generation 19,
and A.A4,, A,A,, B,B, and C,C, in generation 28 all differ significantly from
unity. The impact of selection is greatest in the intermediate generation, as
judged by the likelihood ratio test (Table 2). Estimates of fertility and viability
selection among the 22 and 33 homozygous genotypes are usually heterogeneous
over generations (Table 5) ; the only exception is the B,B, estimate. Evidently the
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pattern of viability and fertility selection is not constant over time. Differences
in the pattern of selection are especially noteworthy because the three genera-
tions were replicated in the same euvironment and year. Changes in the archi-
tecture must reflect changes in the distribution of selective effects over the
evolving genetic organization of this population. In addition, fertility differences,
which are also intense among the homozygous genotypes, tend to cancel the
viability effects. Consequently, overall selective values among homozygous geno-
types (given approximately by the product of viability and fertility estimates)
are small, but usually in accord with long-term directions of genotypic fre-
quency change. A further point to note is the absence of any clear-cut evidence
of frequency dependent selection at either of the two life cycle stages. However,
failure to detect frequency dependent selection is not surprising because a very
strong dependence of fitness on gene frequency would be necessary to produce
detectable effects. This is a consequence of the restricted range of gene frequen-
cies over which the estimates were obtained and also of the limited number of
samples.

Multilocus analysis

We turn now to consideration of the multilocus effects of the intense selection
thus far demonstrated. Tables 6 to 9 give the three-locus genotypic frequency
distribution for each census point where heterozygous frequencies have been
consolidated into single classes. These data are based on diallelic frequency
classes. The diallelic consolidation was achieved by taking the most frequent
allele as one class and combining all other alleles into a single synthetic class,
following the procedures of WeIr, Arrarp and Kauarer (1972). The reduction
of the data is essential because even three triallelic loci would produce 378 dif-
ferent genotypes; however, a consequence of combining genotypic classes with

TABLE 6

Three-locus joint genotypic frequencies for the ABC combination and x* statistics

Generation
8-9 19-20 28-29

Genotype Zygote Adult Zygote Zygote Adult Zygote Zygote Adult Zygote
111/111 0276 0.274 0292 0309 0318 0314 0.191 0.170 0.180
211 /211 0.294 0325 0.284 0300 0211 0.279 0310 0283 0.295
121/121 0.020 0.014 0.032 0.010 0.003 0.022 0.010 0.026 0.049
112/112 0.101 0.129 0.124 0.161 0233 0.161 0.142 0.186 0.142
221 /221 0.018 0.032 0.019 0.042 . 0.004 0.022 0.001 00 0.002
212/212, 0.170 0.158 0.164 0.097 0.081 0.105 0.085 0.055 0.083
122/122 0.096 0.054 0.057 0.066 0.139 0.068 0230 0.259 0.226
299 /92929, 0.004 0.001 0.001 0.010 0.001 0.004 0.003 0.001 0.004
Hets.} 0.021 0.014 0,028 0.006 0.010 0.025 0.028 0.022 0.020
x2 * 30.41 111.00 28.57

81

+ All heterozygous genotypes were combined into a single class.

* 2 = = 2 = = 0.01.
X2, = 1551 at P =005, x2, =20.09 at P =0.01
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TABLE 7

775

Three-locus joint genotypic frequencies for the ABD combination and x* statistics

Generation

8-9 19-20 28-29

Genotype Zygote Adult Zygote Zygote Adult Zygote Zygote Adult Zygote
111/111 0200 0.172 0212 0.264 0311 0302 0203 0.190 0.194
211/211 0252 0204 0.240 0233 0.174 0267 0223 0.176 0.239
121/121 0.085 0.033 0.060 0.060 0.117 0.080 0220 0267 0240
112/112 0.175 0215 0.201 0206 0228 0.174 0.133 0.159 0.132
291 /221 0.018 0.022 0.010 0.024 0.004 0.016 0.001 0.001 0.004
212/212 0211 0266 0.206 0.165 0.112 0.119 G172 0.157 0.137
122/122 0.030 0.034 0.025 0.015 0024 0.010 0.021 0.022 0.036
209 /292 0.005 0.007 0.009 0.028 0.002 0.009 0.0 0.0 0.002
Hets. 0.023 0.043 0.038 0.005 0.028 0.024 0.028 0.029 0.018
X 54.06 110.30 14.59

[s]

+ All heterozygous genotypes were combined into a single class.
* x?s] =15.51 at P =0.05, x?s] =20.09 at P =0.01.

potentially unequal selective values is to render the selective values of synthetic
genotypes frequency dependent. The frequency dependency arises because the
selective value of a synthetic genotype is simply the mean selective value taken
over all genotypes contained in the synthetic class. Changes of genotype fre-
quencies within these classes will therefore cause changes in the selective value
attributed to the class as a whole. The ED locus data have also been included to
provide comparisons between combinations involving the tightly linked EA-EB-
EC triplet and triplets involving a locus that is inherited independently of the
other two (KamrER and Arrarp 1970). Inclusion of the ED locus leads to errors

TABLE 8

Three-locus joint genotypic frequencies for the ACD combination and x? statistics

Generation
8-9 19-20 28-29

Genotype Zygote Adult Zygote Zygote Adult Zygote Zygote Adult Zygote
111/111 0.155 0.136 0.172 0.198 0216 0.227 0.112 0.114 0.132
211/211 0.168 0.152 0.146 0204 0.126 0210 0.173 0.142 0.182
121/121 0.132 0.074 0.097 0.129 0211 0.154 0312 0341 0298
112/112 0.140 0.142 0.148 0.122 0.095 0.110 0.090 0.077 0.096
221/221 0.102 0075 0.103 0.052 0.052 0.071 0.049 0.035 0.060
212/212 0.146 0.198 0.154 0.137 0.084 0.088 0.135 0.136 0.111
122/122 0.065 0.108 0.079 0.099 0.154 0.074 0.064 0.105 0.070
229 /229 0.070 0.076 0.060 0.056 0.030 0.037 0.037 0.020 0.028
Hets.+ 0.021 0.045 0.038 0.004 0.031 0.029 0.028 0.031 0.024
x2 * 54.66 103.70 24.23

sl

+ All heterozygous genotypes were combined into a single class.
* x?s] = 1551 at P =0.05, xfs] =20.09 at P = 0.01.
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TABLE 9

Three-locus joint genotypic frequencies for the BCD combination and x?# statistics

Generation
8-9 19-20 28-29

Genotype Zygote  Adult Zygote Zygote Adult Zygote Zygote Adult Zygote
111/111 0.297 0.262 0.292 0378 0.338 0.408 0.283 0240 0286
211/211 0.026 0.026 0.032 0.025 0.004 0.034 0.004 0.017 0.031
121/121 0.155 0.119 0.164 0.119 0.147 0.166 0.143 0.128 0.144
112/112 0273 0323 0.289 0231 0.176 0.191 0.220 0.206 0.188
221 /291 0.076 0.030 0.039 0.060 0.116 0.061 0.215 0247 0213
212/212 0.012 0017 0.017 0.027 0.003 0.009 0.005 0.008 0.020
122/129 0.113 0.157 0.122 0.139 0.165 0.101 0.085 0.112 0.081
222 /299 0.022 0.025 0.017 0.016 0.024 0.010 0.015 0.014 0.017
Hets.+ 0.025 0.042 0.029 0.004 0.026 0.018 0.029 0.028 0.021
x2 * 51.74 94.54 20.79

sl

1 All heterozygous genotypes were combined into a single class.
* X?g] = 1551 at P = 0_06’ x?s] —90.00 at P — 0.01.

in the estimated genotypic frequency distribution due to the presence of the
null allele. While the error is small, its effect is to bias estimates of heterozygous
frequencies among zygotes downwards.

Many of the features noted for the single-locus distributions are also apparent
at the three-locus level. The likelihood ratio test yields highly significant x*
statistics for all three-locus combinations except one (ABD, generation 28) and
there are substantial changes in genotypic frequencies between life-cycle stages
among the eight homozygous genotypes for each three-locus combination.
Changes in frequency between zygotic and adult stages within a generation were
most pronounced in generation 19. Some three-locus genotypes show a long-term
increase in frequency and others decrease. The increase was especially large for
homozygous genotypes involving the 1221 gametic type (for loci EA, EB, EC
and ED, respectively), the gametic type shown to be in great excess by Crece,
Arvarp and Kamrer (1972).

Quantification of the relative viabilities is achieved in the same manner as
described for single loci in appEnDIX B. Three-locus fertility estimates are ob-
tained by comparing relative genotypic frequencies among the adult population
to the distribution of post-selection frequencies estimated by the methods of
APPENDIX C. In computing post-selection frequencies the average estimate of 7
obtained over loci within a generation was applied to the data of the appropriate
generation. A complete parameterization of the mating cycle, as done for single
loci, is not feasible for the joint three-locus distribution. This results from the
fact that there are now eight independent parameters to estimate and, because
outcrossing is infrequent, the eight-dimensional likelihood surface is often too
poorly defined to locate maxima. We have therefore estimated gametic fre-
quencies in the effective pollen pool from the census data using methods described
in appENDIX c. Fven though the single-locus mating system analysis assures us
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that these estimates are different from the true values, the error introduced is
less than the order of the outcrossing rate (< 0.01) and it thus has only trivial
effects on the estimates of fertility selection.

The selection estimates, normalized to the selective value of the 111/111 homo-
zygous genotype, are reported in Tables 10 to 13, Selective values often differ
significantly from unity among the eight homozygous genotypes, e.g., among the
24 values for homozygotes estimated for the EA-EB-EC combination, ten are
significant and six of the significant values occur in generation 19, in which there
is a 24-fold difference between the viabilities of genotypes 221/221 and 122/122.
The maximum values are commonly four tc six or more times greater than the
minimum values among homozygous genotypes. Although fertility estimates
tend to diminish the overall effect of these drastic frequency changes, large dif-
ferences in selective values remain. Infrequent homozygous genotypes tend to
be characterized by large and erratic fluctuations in fitness over generations,
probably due to sampling variation. There is also no clear-cut evidence for
frequency-dependent selection at the three-locus level; again, however, these
data provide only a weak test of frequency dependency. Because heterozygotes
were rare, components of fitness are reported only for the observed singly het-
erozygous and doubly heterozygous classes (triply heterozygous classes were not

TABLE 10

ABC combination selection estimates relative to Wj ﬁ =1

Generation
8-9 19-20 28-29

Genotype ?) ? 1:) 1; i 1:1 :) Al :0

111/111 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

211 /211 1.111 0.823 0.914 0.684 1.324 0.905 1.031 0.990 1.020
(0.112) (0.074) (0.125)

121/121 0.693 2.193 1.520 0268 8.300 2.225 2.893 1.870 5.411
(0.231) 0177 (1.069)

112/112 1.285 0.880 1.131 1.407 0.707 0.994 1472 0722 1.062
(0.181) (0.168) (0.208)

221 /921 1.758 0552 0971 0.106 4.952 0527 _ — 2,072
(0.487) (0.051) (——)

212/212 0936 0970 0.908 0.812 1.279 1.038 0.727 1.420 1.033
(0.115) (0.130) (0.139)

122/122 0936 1.001 0.563 2.058 0.505 1.040 1272 0.8414 1.070
(0.098) (0.331) (0.161)

222 /929 0.231 0.854 0.197 0.089 4217 0377 0393 3.508 1.378
(0.254) (0.094) (0.455)

Single hets. 0513 5604 2.862 0.447 12.603 5.800 0.737 1.887 1.230
(0.216) (0.325) (0.261)

Double hets. 0.722 1564 1.123 0.004 0.118 0.000 0.725 1.009 0.648
(0.408) (0.002) (0.287)

Standard errors of viability estimates are in parentheses.
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TABLE 11

ABD combination selection estimates relaiive to W; ﬁ =1

Generation
8-9 19-20 2829

Genotypa v 1 w b ) w » b w

111/111 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

211/211 0913 0.993 0.907 0.636 1.558 0.991 0.843 1.324 1.115
(0.113) (0.076) (0.110)

121/121 0441 1498 0.661 1.642 0.714 1.171 1299 0.893 1.160
(0.093) (0.280) (0.160)

112/112 1.388 0.783 1.088 0945 0.795 0.751 1.274 0819 1.044
(0.178) (0.110) (0.182)

221/921 1.355 0.347 0.469 0130 4.268 0.557 1.114 3515 3.917
(0.412) (0.071) (1579)

212/212 1.422 0.658 0.936 0.580 1.082 0.627 0.979 0848 0.830
(0.173) (0.080) (0.135)

122/122 1.298 0.562 0.729 1.356 0.458 0.621 1.114 1.649 1.838
(0.322) (0.450) (0.343)

229 /299, 1.731 1.006 1.742 0.056 5.115 0286 —_— —— —
(0.947) (0.041) (—)

Single hets. 1.943 1.793 3.001 3.912 1587 7.306 0930 1.292 0.883
(0.414) (2.246) (0.200)

Double hets. 3895 ——— — 0005 —— — 8915 —— —
(3.978) (0.002) (8.848)

Standard errors of viability estimates are in parentheses.

observed) ; even then the components are often not estimable (indicated by a
dash in the tables) due to observed frequencies of zero. When estimable, het-
erozygous viabilities fluctuated over a wide range of values; however average
viabilities over generations usually exceeded one.

One way of examining the distribution of selective effects at the three-locus
level is to compare marginal single- locus estimates to joint three-locus estimates.
If we denote joint three-locus frequencies by a"(z,y,z) and f*(x,y,z) for adult
and zygotic stages in generation n, where the arguments z, y and z denote the
genotypic state at the first, second and third loci, respectively, then the viability
component, v(z,y,z) = a"(z,y,z)/f*(x,y,z). Marginal frequencies can be
obtained from appropriate sums, e.g., a(z,y) == a(zry,z) and a(x) = > p>
a(x,y,z). Similarly, marginal selective values can "be obtained by comparmg
marginal frequencies so that v(z) =a"(x)/f*(x), etc. The same arguments
apply to obtaining marginal fertility estimates from marginal adult and post-
selection frequencies. A natural comparison of joint to marginal values is
v(z,y,2) — v(x)v(y)v(z). It can be shown that this quantity is equal to

F@) () f(2)Da(z,y:2) — a(x)a(y)a(Z)Df(r,}’,Z)
() () f(2)f(z,y.2)
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TABLE 12

ACD combination selection estimates relative to w;ﬁ =1

Generation

8-9 — 28-29

Genotypa ;1 Ii z;) 1: 2 l:l ; Q 1'}1

111/111 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

211/211 1.025 0.763 0.782 0565 1548 0.875 0811 1.106 0.897
(0.149) (0.079) (0.132)

121/121 0.637 0.997 0.635 1498 0.698 1.045 1.081 0765 0.827
(0.108) (0.209) (0.154)

112/112 1.148 0.836 0.960 0.719 1.106 0.795 0.845 1.098 0.929
(0.172) (0.114) (0.163)

291 /221 0.833 1.088 0.906 0924 1273 1.176 0.708 1.476 1.045
(0.145) (0.194) (0.174)

212/212 1544 0624 0.964 0562 0.958 0.539 0.999 0.701 0.701
(0.221) (0.090) (0.168)

122/122 1.887 0563 1.062 1425 0467 0.666 1.615 0590 0.953
(0.333) (0.217) (0.313)

229/299, 1.231 0.624 0.769 0497 1.147 0570 0.554 1.183 0.656
(0.227) (0.117) (0.161)

Single hets. 2,539 1.233 4,990 6.746 1.786 13.151 1337 1421 1.919
(0.641) (4.498) (0.432)

Double hets. 1.143 0.666 0.669 8.432 0313 2.881 0.6890 0328 0.228
(0.519) (9.646) (0.316)

Standard errors of viability estimates are in parentheses.

where D,(2.7,2) = a(zy2) — a(x)a(y)a(z) and Dilzy,s) = f(z.y,8) —
f(x)f(y)f(z) are the deviations of the joint genotypic frequency distributions
from independence. If complete independence prevails at both census points
(i.e., Do = D;=0), the joint estimates are identical to the products of the
margina) estimates. If D, = D; 7 0 then the difference v (z,y,z) — v{z)v(y)v(2)
is directly proportional to the difference in products of marginal genotypic fre-
quencies at the two census points. Therefore, the quantity of interest in com-.
paring marginal to joint estimates is the change in genotypic identity distribu-
tions (D,, Dy) from zygotic to adult stages. Changes in these distributions reflect
how selection has altered the structure of the joint genotypic frequencies. Table
14 gives the ratios D,/D; for some representative homozygous genotypes. A ratio
of one implies D, = Dy, while ratios greater than one mean that the departure
of the adult distribution from independence (randomness) is greater than that
of the zygotic distribution; conversely, values less than unity imply an adult
distribution that approaches independence more closely than the zygotic distribu-
tion. Negative values imply a reversal of the direction of deviation from defi-
ciency to excess or excess to deficiency.

The trend among homozygous genotypes is noteworthy. In generation eight
all ratios for the ABC combination are smaller than unity (in absolute value),
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TABLE 13

BCD combination selection estimates relative to w;ﬁ =1

Generation
8-9 -~ 28-29

Genotype ’1\1 ? l’l\) {1 ll l:) ; Al ;)

111/111 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

211/211 1.106 1.080 1.195 0206 6.098 1.256 4439 1564 6.944
(0.294) (0.102) (2.267)

121/121 0876 1200 1.051 1.382 0.935 1.291 1.054 0.934 0.984
(0.116) (0.185) (0.145)

112/112 1.342 0.808 1.084 0.853 0.899 0.767 1.106 0.765 0.847
(0.136) (0.097) (0.131)

221/221 0439 1.159 0509 2144 0.444 0.952 1358 0.735 0.998
(0.094) (0.357) (0.157)

212/212 1.565 0.855 1.338 0114 2.745 0.314 1.850 2.037 3.767
(0.557) (0.070) (0.984)

122/122 1583 0.676 1.070 1.331 0509 0.678 1.548 0.614 0.951
(0.210) (0.169) (0.242)

229 /992 1257 0551 0.693 1.673 0365 0.611 1.008 1.065 1.159
(0.349) (0.541) (0.393)

Single hets. 1.889 1.381 2.298 8.238 1.069 7.875 0.822 1549 1.078
(0.396) (4.498) (0.199)

Double hets. 2.608 —— —— 4119 ——— — 0008 —— ——
(2.813) (4.113) (0.003)

Standard errors of viability estimates are in parentheses.

while in generations 19 and 28 only two ratios are smaller than one. Viability
selection has thus restructured the joint genotypic frequency distribution for
the tightly linked triplet from the earlier to the later generations. Combinations
involving those triplets that include the unlinked ED locus show a similar trend,
as illustrated by the ABD combination in Table 14; however, in these cases there
is a more pronounced tendency for |D,/Ds]| to exceed one. It is therefore apparent

TABLE 14
D,/D; ratios for ABC and ABD combinations

Generation
8 19 28
Genotyps T ABC ABD " aBc  aBD ABC ABD
111/111 -—0.13 0.23 —0.12 3.30 1.44 1.17
211/211 069 —0.02 1.85 5.65 1.09 1.02
121/121 0.77 0.27 1.44 2.80 1.02 117
112/112 0.29 1.92 —54.78 1.19 070 —0.45
221/221 0.06 0.04 —5.43 2.31 0.95 0.97
212/212 0.03 0.64 0.97 6.67 1.17 1.05
122/122 0.53 18.55 2.20 1.00 1.00 1.63
292 /229, 0.78 0.83 200 —3.65 1.13 1.04
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that the multilocus selective effects are not predictable from knowledge of mar-
ginal effects alone.

DISCUSSION

The data of this experiment demonstrate that selection operates during each
of the life cycle stages studied and that the intensity of selection, and even the
direction, is often not the same in different stages. The demography of natural
selection is thus not simple in annual plant populations and studies that describe
only changes in allelic frequencies will perforce fail to describe this diversity of
selective modes. This issue is not a minor one. Overall selective values taken by
themselves would, in the present population, lead to a serious underestimate of
that fraction of the reproductive potential of the population that is absorbed in
differential mortality; this in turn bears directly upon arguments involving the
concept of genetic load and the maintenance of genetic variability.

It is necessary to confront the problem of assignment of selective effects to
gene substitutions at particular loci. To approach the problem, consider a pair
of loci, one of which is selected and the other neutral, according to the following
model:

a(z,y) =w(x)f(zy) .

As before, the arguments x and y denote genotypic state and the census data are
assumed to come from two stages in the life cycle separated by an episode of
selection. The apparent selection at the neutral locus is given by

3 w(z)Ds(z,y)
f() ’

which, in general, is not equal to one. For two neutral loci associated with a
selected locus, the joint fitness at the neutral loci is

f(.'y)f(z) +§‘ w(x)Df(x,y,z)

f(y.2)

Weir and Cockeruam (1973) have shown that genotypic identity [D;(z,y) =0
for all x,y] does not generally occur at equilibrium for mixed mating systems,
even without selection. Consequently, selective effects are transmitted through-
out the genome in these species; thus, even if the enzyme loci were selected, an
issue that cannot be resolved with population data of this kind, measurements
of selection at these loci would be confounded with the forces of selection playing
over the entire genome. What is measured at the marker loci is the selective flux
transmitted throughout the genome by the correlational structure of the entire
multilocus distribution. We can conclude that there is substantial selection, but
we can isolate neither the phenotypic structures nor the genetic loci causally
related to the selection. This point is further reinforced by the changes in the
architecture of selection observed between generations for both the single-locus

w(y) =1+

w(y,z) =
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and the three-locus data. Because these generations were replicated and random-
ized in the same environment, the observed reversals in the structure of selection
are most easily explained by noting that the genetic organization of the popula-
tion has changed and, therefore, that the distribution of selective effects has also
been altered.

Predominantly inbreeding populations like CCV can be thought of as a poly-
morphic collection of largely homozygous lines. In the case of CCV, genetic
exchanges among different lines occur relatively infrequently, so that each line
maintains its genetic integrity through many generations. Electrophoresis allows
us to identify many of the lines that exist in the population. In general, each line
associated with a particular electrophoretic identification will still be a genet-
ically heterogeneous assemblage, because the technique most probably detects
only a small fraction of the genetically based variation in the population. We
can, however, ask how the variance in selection changes as we divide the popula-
tion into more and more classes. We expect that if only one locus (or very few
loci) is under selection in the population, most of the variance in fitness will be
revealed by a few classes. If, on the other hand, many loci are selected, we expect
the variance in fitness to increase as we increase the partition of the population.
Unfortunately, it is impossible to quantify these hypotheses in the absence of any
information on linkage disequilibrium between the observed genetic markers and
selected factors that we cannot observe. It is, nevertheless, instructive to examine
the variance in selection associated with fitness components.

Table 15 reports the variance of the distribution of fertility estimates for

TABLE 15

Variance in fertility selection

Geuneration Triplets Pairs Singles
ABC 0.075 AB 0.115 A 0.079
ABD 0.053 AC 0.026 B 0.001
8 ACD 0.130 AD 0.261 c 0.013
BCD 0.025 BC 0.047 D 0.032
BD 0.049
CcD 0.121
ABC 0.407 AB 0.209 A 0.095
ABD 0.129 AC 0.147 B 0.009
19 ACD 0.118 AD 0.222 C 0.065
BCD 0.282 BC 0.331 D 0.030
BD 0.047
CcD 0.091
ABC 0.071 AB 0.049 A 0.011
ABD 0.108 AC 0.035 B 0.012
28 ACD 0.087 AD 0.059 C 0.010
BCD 0.045 BC 0.202 D 0.015
BD 0.052

CD 0.051
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triplets of loci, pairs of loci and marginal single-locus estimates. Three-locus
estimates were made relative to [ = 233 a(x,y,z)-z (z,y,z) = 1; marginal one-
and two-locus fertility estimates were obtained from marginal one- and two-locus
frequency distributions in the manner described earlier. Thus Athe variance
for a particular triplet, say ABC, is V(ABC) = %%‘Ea(x,y,z)lz(x,y,z) —1.
Similarly, the variance for a marginal two-locus pair, say AB, is V(AB) =
%% a(z,y) I*(z,y) — 1.

The single-locus distributions partition the population into three distinct
classes, two of which are the frequent homozygous classes and the third is the
infrequent heterozygous class (recall that the three-locus distributions were
based on diallelic classes, so that the marginal single-locus distributions are also
diallelic). The two-locus distributions consist of four relatively frequent homozy-
gous classes and six infrequent heterozygous classes, while the three-locus dis-
tributions partition the population into eight homozygous classes with most of
the remaining classes having observed frequencies of zero. Hence, the number
of frequent classes increases from 2* to 2% to 22 as the level of the distribution
increases. Examination of Table 15 shows that the variance of the fertility
estimates more than doubles from the single-locus to the two-locus level; how-
ever, there is no apparent increase thereafter. Failure of the variance to continue
to grow can in part be explained by the intense multilocus associations already
know to characterize this population (CLEGG, ALLARD and Kamrer 1972). For
example, allele C, is strongly associated with the diatype 4.B;; hence, adding C
partitions the population further only to the extent that C is uncorrelated with
AB. Tt may also be that nearly all the variance in fertility selection has been
revealed by a partition into four classes, although this seems implausible to us.

A second feature brought out by Table 15 is the very large variance in fertility
associated with the estimates. This is particularly striking for generation 19.
Part of the larger variance observed in generation 19 can be accounted for by
the fact that linkage disequilibrium is somewhat lower in intermediate genera-
tions than in the early or late generations (CLEGG, ALLARD and KauLER 1972).
However, we have no explanation for the bulk of the increase in variance asso-
ciated with this generation.

The variance in the viability component of selection follows a pattern similar
to the fertility component. The size of the variance in selection is striking, par-
ticularly if we consider the sum of the viability and fertility components. We
take these data to indicate that the variance in fitness among the lines that com-
pose the population is large, and, therefore, that a substantial fraction of the
reproductive potential of the population is absorbed in differential survival and
differential fertility.

We thank JeannNErTE Davies for carrying out the technical aspects of the electrophoretic
assays. We also thank TimoTEY ProuT and Wyarr Anperson for helpful criticisms of an earlier
version of the manuscript.
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APPENDIX A

Estimation of mating system parameters and adult genotypic frequencies: The
sampling procedure at the adult stage involved drawing random spikes from
separate mature plants in the field. Each spike contained a large number of seeds;
an average of nine seeds per spike were germinated and the resulting seedlings
were assayed electrophoretically when seven days old. Suppose there are % alleles
at a locus, and therefore, g = 0.5 k(£+1) genotypes. Each seedling is classified by
genotype, resulting in a vector, N=[rn,, n,, ..., n,], of the numbers of each

genotype observed within a family, where R = E n; is the total number of seeds

assayed per family (R need not be constant over families, although we will
assume so for simplicity). A total of m families are drawn from the population
so that the entire data set consists of a g X m array classified by family and
genotype.

Every member of a family will have received one gamete from the same
maternal parent. We assume that the second gamete derives from self-fertiliza-
tion with probability s or from a random outcross with probability z(=1—s). It
is further assumed that pollen type frequencies (denoted pin) are uniformly
distributed over the population of maternal plants and that the probability of an
outcross does not depend on the maternal genotype. Under these assumptions,
the conditional probabilities of observing the various progeny genotypes, given
the maternal genotype are:

Progeny genotype

Maternal genotype A A 4,4, A’A, A,Al 4,4,
AA; s+ tPim tpim 0 0 tpum
s t Y t s 4 4 t
AiAJ' "4‘ + "Q'pwm _2 + —g(sz’!‘P;m) -Z + 7P;m —2—sz 2_plm

where i #j#1;4,7,1=1,2,...,k
In applying the model to data, it is also necessary to assume that selection has
not intervened between mating and the determination of progeny genotype
distributions. ,

For ease of discussion denote the above conditional probabilities by 8;; (1,7 =1,
2,....,8); ie., 0;; is the probability that a maternal parent of genotype j gives
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rise to a progeny of genotype i. Now the probability of observing a particular
vector of progeny for the y'* family given the maternal genotype, is

; 9 0ijniy
P(N,|j) R! iy , y=1,2,...,m.

Tliy!

Suppose P; is the probability of drawing the j*t maternal genotype; then the joint
probability of drawing a particular maternal genotype and observing the progeny
vector Ny is,

0«; § iy

g
P(N,j) =R!P; TL

Niy!
To estimate maternal genotypic frequencies we compute the probability of the j*
maternal genotype given the observed vector N, as,

0i5 iy

g
R!P; ']‘—Il
1=

ni,,!

P(jIN,) = 7 =Ty -

2 P(N|)P;

Because we do not know the P;, we must begin with a provisional estimate. New
estimates are obtained from

m
3 Il
r=—1

and

P;= -
the procedure is repeated until convergence is obtained. This is the gene counting
method of CeppeLLINI, SINISCALCO and SmiTH (1955).

Our second objective is to estimate the parameters which enter the mixed
mating model. There is a g X g array of the probabilities §;; and we seek to
classify the progeny distributions into a corresponding g X g array, whose i, j*
element, e;;, is the total number of progeny of genotype i whose maternal parent
was of type j. Because we do not know the maternal parent of each array, the
classification is performed as,

€ij :TEI NirTir o
where ¢;; is the expected number of progeny of type i produced by maternal
parents of type j. Maximum likelihood estimates of the mating system param-
eters (s, Pim, - - - » Pxm) are obtained by finding the maximum of the log likeli-
hood equation,

InL=C+ EUEei,-lnBH ’

where C is a constant. Estimates are obtained following standard numerical
techniques.

After the mating system estimates are obtained the procedure for estimating
maternal frequencies is repeated. This modifies the array [e;;], hence new esti-
mates of the mating system parameters are obtained. This two-stage process is
repeated until convergence has occurred at both steps.
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A test of goodness of fit of the estimated parameters to the data was also per-
formed after each iteration. The test statistic is
(Eij—eij)*
where E;; = MP;0;; and where M is the total number of seeds assayed. The test
statistic is approximately distributed as Chi square with k(£A*—k—1) degrees of
freedom for £ > 2; for £ =2 there is one degree of freedom. All the analyses
indicated an acceptable fit of the data to the model (Table 1).

Variance estimates attached to the P; estimates have two components. One
component is due to multinomial sampling of families and the second component
arises from the variance in probable maternal parents associated with each
progeny array. In the present case, this second variance component is small
because the vast majority of progeny arrays consisted of a single homozygous
genotype. Consequently, only the variance component associated with multi-
nomial sampling of families has been used in subsequent calculations.

The estimation procedure outlined above is a modification of the procedure of
Brown and Arvarp (1970) and Kanrer, CLEcs and Arrarp (1975). The esti-
mates given in Table 1 differ from those reported earlier by Kauver, CLEGG and
Arvarp (1975); however, these differences result from assigning correct geno-
types to a few progeny that were misclassified in the original data set. The
modification avoids the classification step of the earlier procedures; actual esti-
mates for this heavily self-fertilizing population are, however, virtually the same
using either method.

Estimates of three-locus maternal genotypic frequencies were made using the
single-locus outcrossing estimates and gametic frequencies were estimated as
described in appPENDIX 3. Thus, only the stage involving the estimation of the =,
was employed in determining three-locus maternal frequencies. The problem is
still formidable though, because the array of 8,; involve 1,296 elements. A com-
plete listing of all 1,296 conditional probabilities can be obtained from M. T.
CLEGG on request.

x* =33
47

APPENDIX B

Single-locus selection estimates: In deriving single-locus selection estimates,
we seek to take account of information on pollen pool gene frequencies (denoted
pim for the frequency of the it* allele in the pollen pool), and also to estimate
viability and fertility components of selection separately. We, therefore, adopt a
model of fertility selection which assumes that maternal genotypes differ in
expected numbers of viable seed produced, and denote the average number of
viable seed produced by a maternal genotype carrying the i** and j** alleles at a
locus by I;;. The usual assumptions of the mixed mating model are also invoked;
specifically, it is assumed that the probability of an outcross z(=1—s) is constant
and independent of maternal genotype and that pollen and ovules are united
randomly in the outcross pool. Denoting the frequency of homozygotes carrying
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the i*" among £ alleles by a;; and fi; for adult and subsequent zygotic stages,
respectively, and the frequency of heterozygotes carrying the i** and j*" alleles

by 2a;; and 2f;;, the general recurrence formulae connecting adult to zygotic
stages are,

(1)

S

f’i'l}—‘l—_‘

(lisaii + 0.5 jiiluau) + t(pispim) , i=1,2,...,k
s 17

2fi; = — lijaij + t(pispim + PirPim)

§7 7 i PiiPj PitPim) ii=1,92,... k
where 1= 3 l;;a;; and p;; = —1: 3 lijai; is the frequency of ovules carrying the

k¥ 7

it allele after fertility selection. A further assumption implicit in the equations
(1) is that ovule production is the only factor that limits fertility among selfed
genotypes. This assumption is in accord with the reproductive biology of plants
because vastly more pollen than ovules are produced by adults.

To estimate p;;, we define /=1 so that /;; will be estimated relative to unit
mean fitness and consider the quantity p; = > fiss

pPi= sla;; _;-jgi lijaij + ¢ pitPim + —g_jii li.’iaii

t
— = ifMim ifFim) -
t i3 (PiPim T PirPim)

Collecting terms gives

2pi_"tpim

ot t t N . g
Pi = Pis (s + —2—) + 5 Pims therefore p;; 53

The quantities pi», are known from the mating system analysis (APPENDIX A)
and the p; are observable from the zygotic census; hence, the p;; are estimable.
Moreover, because the p;; are functions of maximum likelihood estimates, they
also are maximum likelihood estimates.

Solutions to equations (1) for the ;; are,

L — 2fii —tpir(s + 2 pim)

i=1,2,...,k
Qi
1., = 2fis = t(pimpis T pimpis) i7j
? sai; ii=1,2,....k

These solutions are the maximum likelihood estimators for the /;; (BAiLEY 1951).

A consequence of estimating the ;; relative to /=1 is that, even if the true
selective values are constants, the estimates will give the appearance of frequency-
dependent selection. To remove this frequency dependency, we express the
selection estimates relative to some standard genotype, say L as ¥i; = L/l
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Viability selection estimates were obtained by the method described by Crece
and Arrarp (1973). This method rests on finding a set of weights that transform
the observed zygotic frequencies into the observed adult frequencies. Thus, if

%, and af. denote relative zygotic and adult genotypic frequencies in generation
n then,
ar, =viift, Li=1,2,...,k

v

and therefore
v =a /1y

These estimates are general for any number of alleles per locus and they also may
be extended to any number of loci. As in the case of the fertility estimates, the
v;; may be expressed relative to some standard genotype. The total selection over
the transition from zygotic stage generation 7 to the same zygotic stage in gener-
ation n + 1 (denoted w;;) is equal to the product v;;l;; only when pin = Sdig;
however for £ = 19, as in the present experiment, the w;; are closely approxi-
mated by U@jlij.

Variance estimates: There are three sets of random variables involved in com-
puting the [i;. These are the adult frequencies, zygotic frequencies and mating
system parameters. To take proper account of these sources of variation, we have
computed large sample variance estimates which, to the order of accuracy of the
variances of genotypic frequencies and mating system parameters, are,

alii )( al“ ) Cov (aqgr, azy) +

oaq, Ay

Var (I;) =s333 (

vt (afli)(ZZL) oo oo fo)

%% (:Z” )( al” ) Cov (pam» prm) + — lﬁ Var (2).
Pam~ OPrm
grxy=12,...,k

When g=zx, r=y or g=y, r=x then, for instance, Cov{(a,, a,,) = Var(a,). We
have neglected covariance terms between mating system parameters and adult
frequencies which are small relative to other sources of variation. As noted by
Avvrarp, Karrer and Werr (1972), the stochastic nature of the outcrossing rate,
?, does not affect estimates of standard errors to two decimal place accuracy;
hence, the variance of # was neglected in the actual computation. Variances and
covariances of genotypic frequencies are obtained from multinomial sampling of
genotypes. Variances and covariances of mating system parameters are maxi-
mum likelihood estimates and they are obtained from the information matrix
(KauLER, CLEGG and ArLLARD 1975).
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The v;; involve only two sources of variation, the a}; and the f7,, because they
are computed independent of the mating system. Thus, approximate variance
formulae for the v;; are,

Var (v;;) = 2333 (av”) aI)"’)Cov(a” a )

r ey a’n amy
; i
+ .'023:(;:) al;])c (]m f” q7r7x7y:1927~’-7k
qr Y

APPENDIX C

Estimation of joint three-locus selective values: Although there has been recent
interest in investigating equilibrium states for three-locus models (e.g. FELpMAN
et al., 1974; StroBeck 1973) and TeEmPLETON et al. (1976) have developed a
method for estimating three-locus fitness values in parthenogenetic populations
of Drosophila mercatorum, no attempt has yet been made to estimate three-locus
selective values in plant populations. Here we develop the estimation theory for
the three-locus case under the mixed mating model. The methods involve a
straigtforward extension of the estimation procedure given by WEIR, ALLARD
and Kaurer (1972).

The assumptions include the usual postulates of the mixed mating model
listed in aAPPENDIX B and we also assume no interference between loci, although
this assumption is not necessary. In particular, we assume that the probability of
recombination between loci A and B is ry, between loci B and C is 7, and between
loci A and C is ry (=ry+r, — 2rir, for r; < 0.5, otherwise r; = 0.5) where the
loci are arranged in the order A — B — C. It is further assumed that census data
are obtained from zygotes in generation n followed by selection, mating cycle and
a zygotic census prior to any selection in generation n + 1 [i.e., the assumptions
of Model II, WorkmaN and Jain (1966) ]. Following WEIR, ALLARD and KAHLER
(1972), we seek to obtain a new vector of relative genotypic frequencies, M which
represents the frequencies prior to the uniting of gametes but after all selection
has occurred. In order to estimate M consider the transition equations which
connect M to the vector of observed n -+ 1 generation relative frequencies, F,

Triple homozygote

f“k =g {m”k - [ mi* 4+ = mik+ = km“k] + — 3 = [(1—ry)?

ijk 4 ljk nkj ink P ijy l;&w n=j

mik A m”‘"]+—1— p [(A—ra)? mi* +ry° m“f’]—l--— > s
Q I#i pq&k Q nskj pEk

_— iik 2 o ink L _ — ijk
[ rz)zmmp—l—rz mm]—f— lin#”’# [((1—r)2 (1 r)sz -+

2 (1—ry)? miir+r,? ry? mm’f +r2 (1—rp)2 m%’;)]} + 1 (gije)? &
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Single heterozygote

2f;;’7: =s {mx’; +r (1—r1) 2,2 (m“’“ + m“”‘) +rs(1—ry) = 22

ijk i —_ _— ik 17k
(m’ +ml;;c))+l;§é:@n§]p;&k [ry (1—r) (1—ry)2 (m7 +m;)

+r (1—r1) 72 (m”" + m””‘)]} + 9¢ Ziik 8lik for i#l

ink lip

Double heterozygote

2]"17]’;‘—5{ 2,2, [(1—~r3)2m”’° +rs m“"] + riry (1—r1) (1—13)

22,2 (m;;’; +mir m”‘" + m”")} + 21 gijx uip for i#l, p7k

(3)

Triple heterozygote

ik — ¢ _ . ik . .
2fljm {Z;Ewn;egp¢k [(A—r)= (1 rz)sz + 72 (1—ry) m“’-—l—

ri® r? mi - rd (=) mik]} -+ 2t gije gunp for i#l, j#n, k#p,
where gij; =3 PP f;;’; is the gametic input into generation n+1. We have adopted
the notation of Cockeruam and Werr (1974) denoting the relative frequency of
heterozygous individuals receiving a gamete bearing genes A; B; C from one
parent and a gamete bearing genes A; B, C, for the other by 2 fi* (2m]/") and
the relative frequency of triple homozygous individuals receiving a gamete

bearing genes A; B; Cx from both parents by fifk (mj#¥). The transformation

Inp Imp
Because A" is a function of observable quantities, it too is known and the new

system of linear equations can be solved for the mi/*. In matrix notation the
new system becomes,

A B . .
hifk = ’ (fik — t gijx Ginp)s s 7 0, produces a new system of linear equations.

H=RM.

It should be noted that the general system of recurrence equations is not com-
pletely defined by the equations (3) because actual recombination probabilities
depend on the particular loci held heterozygous. The elements of the matrix R
are therefore also not explicitly defined. In general, if there are z, ¥ and z alleles
at the first, second and third loci, respectively, there are xyz triple homozygotes,
0.5 zyz (xz+y+z—3) single heterozygotes, 0.5 zyz (zy+xz+yz—2x—2y—2z+3)
double heterozygotes and 0.5 zxyz (z—1)(y—1)(z—1) triple heterozygotes.
Hence, H and M are of dimension 0.5 zyz (zyz+1). A listing of the elements of
the matrix R for the diallelic case may be obtained from M. T. CLecG upon
request.
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In the present investigation, there were three vectors of observations spanning
each generation (F7, A" F»+1 zygote, adult and zygote census, respectively, for
generations n to nt1). The elements of A were estimated by the methods
described in ApPENDIX A and A is therefore of dimension 36. The elements of F
were estimated from direct electrophoretic assay of seedlings. Because the true
frequency of multiple heterozygotes which differ only in their phase relationships
cannot be determined without progeny testing, F is of dimension 27. It is there-
fore necessary to impose some additional assumptions on the system of equations
(3); in particular it is assumed that multiple heterozygotes which differ only in
phase relationships have equal frequency (e.g., fi/x=fi"= ip = fi* = 0.25f
(il, jn, kp) where f(il, jn, kp) denotes half the observed frequency of triple
heterozygotes, etc.). The consequence of this assumption is an error in the esti-
mation of the g;;; and therefore an error in all elements of M. The estimates can
be improved by computing the gametic output of M and using the new g to
compute a new vector H and solving the system of equations successively. In the
present instance, however, multiple heterozygotes are rare (< 29, and t =~ 1%,
so that errors in the estimation of g, are negligible. Moreover, successive itera-
tions will not converge to the true post-selection frequencies because the initial
assumption about F (i.e., phase equality) remains dominant. Hence, the first
solution was used in subsequent selection estimates. WEIR, ALLARD and KAHLER
(1974) have demonstrated that the assumption of phase equality has negligible
effects in the two-locus case and their arguments carry over to the three-locus
case as well.

Estimates of selective values are obtained by comparing pre- and post-selection
frequencies as described for the viability estimates in APPENDIX B.



