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This discussion will be concerned with two aspects of genetic 
variability in populations of plants: (1) the extent of genetic var
iability within the local population, and the patterns in which gene
tic variability occurs among geographically separated populations, 
and (2) the mechanisms which are responsible for the observed patterns. 
These two aspects of genetic variability will be illustrated using a 
number of specific examples taken from studies of the eight species 
listed in Table 1 . This list includes two cultivated and six wild 
species. One of the cultivated species, barley, is nearly completely 
self-pollinated and the other, maize, is an outcrosser. Among the 
six wild species there are outbreeders and inbreeders, endemics and 
introduced colonizing species, diploids and polyploids and so on. 
Hence these eight species cover a fair range among annual higher 
plant forms . 

Table 1. Mating systems of species studied. 

Species 

Hordeum vulgare (Cultivated barley) 

Zea mays (Maize) 

Collinsia sparsiflora 

Collinsia heterophylla 

Festuca microstachys 

Lolium multiflorum 

Avena barbata (Slender wild oats) 

Avena fatua (Wild oats) 

% Cross fertilization 
Range Mean 

0-2 

100 

1-50 

100 

0-0+ 

90-100 

~8 

0-4 

1 

100 

10 

100 

o+ 

98 

2 

1 

Patterns of genetic variability in most of these species have 
been studied in terms of quantitative characters, morphological 
polymorphisms,aand electrophoretic variants. Studies of all three 
types of characters lead to the same conclusions. The present dis
cussion will, however, be restricted to electrophoretic variants 
because they give the most precise results. The electrophoretic 
procedures followed have been described in detail elsewhere (KAHLER 

1supported in part by grants from the National Institutes of 
Health (GM--10476) and from the National Science Foundation (GB13213). 
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and ALLARD 1970, MARSHALL and ALLARD 1969) , Consequently it will 
merely be noted here that plants are easy to handle technically, so 
that it is possible, even with modest resources, to assay 250 or 
more individual seedlings per day for several enzyme systems, each 
governed by several loci with several alleles. Electrophoretic 
techniques therefore al l ow massive surveys of genetic variability. 

We have adopted the procedure of working out the formal genetics 
of all bands that appear for 5 or more enzyme systems in each species 
chosen for study. This is relatively easy to do in plants because, 
in taking a tissue sample for electrophoretic assay, it is not neces
sary to sacrifice the individual. Hence, whenever an interesting 
genotype appears in a starch gel, e.g. a suspected multiple hetero
zygote, the seedling can be transplanted in the greenhouse and segre
gation patterns studied in its progeny, This facilitates working out 
the genetic control of the banding patterns. An example of such a 
full anal ysis of banding patterns is given in Figure 1 . The figure 
shows, in schematic form, banding patterns obtained in a worldwide 
survey of esterases in cultivated barley and its wild ancestor. 
Bands appear in seven zones, designated A through G. In the A Zone, 
bands appear at many migrational distances from the origin, of which 
four positions are shown in Figure 1. Individuals which are single
banded in the A Zone a l ways give progeny like themselves on selfing. 
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Figure 1 . Schematic representation showing the migration distances 
of esterase electrophoretic bands observed in the parents 
of barley CC-V (from KAHLER and ALLARD 1970) , 
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Controlled crosses between individuals with singl e bands at different 
positions have always produced F1 hybrids in which both par ental bands 
appear, and good fits have been obtained to 1 : 2 : 1 ratios in F2 and 
1 :1 ratios in testcrosses. Hence banding patterns in the A Zone are 
governed by a single locus with several co-dominant alle l es. This 
pattern of inheritance is the most common one in the plants we have 
studied, regardl ess of species or enzyme systems. 

The C and D zones (Figure 1) illustrate the next most common 
pattern found in these plants . This differs from the previous one 
only in that homozygotes are double banded and heterozygotes are 
quadruple banded. Figure 1 also i l lustrates recessive null or 
silent a l leles, which are fairly common in plants . "Hybrid bands" 
occur occasionally, as do multiple-banded homozygotes which consis
tently feature codominance in heterozygotes. 

The policy of working out all banding patterns for each enzyme 
system leads to considerable tedious work. However, it has the 
advantage of putting popul ational studies on a firm basis and in 
several instances it has prevented misclassification, particularly 
in instances where epistatic interactions occur between specific 
alleles at different loci (e.g. KAHLER and ALLARD 1 970), and for 
certain loci which produce multiple bands with very different migra
tional distances (KAHLER and ALLARD unpublished). It also has the 
advantage of allowing estimates of the proportion of loci which are 
invariant for each enzyme system. In barley, among 17 loci which 
govern all observed bands for six enzyme systems (esterase, phospha
tase, peroxidase, leucine amino peptidase, amylase, malate dehydro
genase) on l y one locus has been invariant (giving only a single band) 
in all barley plants in a worldwide samp l e, whereas the other 16 loci 
have two up to 10 or more allelic forms. This assumes that the 
singl e invariant band is governed by a single locus which has only 
one allelic form . This particular sample of l oci therefore indicates 
that only one of 17 or about 93 percent of the l oci are polymorphic 
in the barley species as a whole. In a mutation rate study of five 
of the polymorphic loci in barley, more than 60,000 individuals, 
representing more than 600,000 possible mutational events, have now 
been examined; no mutants have yet been found. Consequently, it 
appears that mutation rates are not likely to be higher than 1;105 
and hence that the loci governing these enzymatic variants are not 
unusually mutable. 

VAR IABILITY WITHIN LOCAL PO PULATIONS 

Figure 2 gives a general idea of the extent of alle l ic variabil
ity that is found within local populations of plants . This figure 
i l lustrates the sort of result that is obtained when randomly-chosen 
plants from an outcrossing population are assayed electrophoretically. 
No two individuals have the same banding pattern which shows that 
each individual is genetically different from each other individual 
in the population . This result is consistent with a great deal of 
evidence that has accumulated, particularly from studies of morph
ological polymorphisms and from directional selection experiments 
with qualitative characters, that each local outcrossing population 
contains extensive genetic variability . 

Self-pollinating populations, on the other hand, are generally 
believed to be genetically uniform. Figure 2, in fact, shows a 
photograph of a starch gel representing 16 random plants taken from 
a single local population of Collinsia sparsiflora, a heavily self
pol l inated species. As noted above, each individual in this gel is 
genetically different from each other individual. Extensive surveys 
of large numbers of individuals show this sort of result is typical 
of the great majority of predominantly self-pollinating populations 
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we have examined in several different species . Recently some mono
morphic populations have been found in inbreeding species (especially 
!• barbata) but in the other plant species monomorphism is the excep
tion rather than the rule . Electrophoretic results therefore support 
earlier studies of morphological polymorphisms and quantitative 
characters (review in ALLARD, JAIN and WORKMAN 1968) that every indi
vidual in plant populations is genetically different from each other 
individual, and that this is little less the case for inbreeders than 
for outbre § ders . 

Figure 2 . Starch gel showing 16 random plants from a natural popula
tion of Collinsia sparsiflora . 

However, a difference between outbreeders and inbreeders becomes 
apparent when starch gels such as the one shown in Figure 2 are 
analyzed locus by locus, taking advantage of codominance to identify 
homozygotes and heterozygotes . The difference is that the proportion 
of heterozygotes is higher in outbreeders . The probability that an 
individual will be heterozygous at any locus is usually about 12 per
cent in large random mating populations . The probability of hetero
zygosity at any locus falls off more or less steadily with amount of 
self fertilization until, in populations of very heavily selfing 
species such as Avena barbata and barley (see Tables 2 and 6), it is 
reduced to about2to 4 percent on the average. The effect of 
increased inbreeding is thus to cause more of the genetic variability 
to be carried as differences among homozygotes which occur in the 
population . 

PATTERNS OF GEOGRAPHICAL VARIABILITY 

Table 2 shows genotypic frequencies for five loci in two popula
tions of A. barbata located about 50 miles from each other in the 
Coast Range of California. It can be seen that Population SRB is 
polymorphic for the Esterase 1 locus whereas Population CSA is 
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f i xed at t his l ocus . The reve r se is true for the E4 locus: SRB i s 
fixed and CSA is po l ymorphic . Simi l arly for Loci E10 and P5, if SRB 
is fixed, CSA is po l ymorphic and vice versa . The Peroxidase 5 l ocus 
is the onl y one in this sample for which both populations are po l y
morphic but in this case the two populations are polymorphic for 
different al l e l es. When a study was made within Population CSA, 
which occupies a site on a hillside about 200 feet wide and 400 feet 
l ong, it was found that gene frequencies differ drastically in this 
small area . Hence, allelic differentiation between populations 
extends down to very short distances, often only a few feet . 

Tab l e 2. Genotypic frequencies in two populations of Avena barbata 
(after MARSHALL and ALLARD 1970b) . 

Locus Genotype Population SRB Population CSA 

El 11 , 76 . oo 
12 . 07 . 00 
22 , 17 1.00 

E4 11 1.00 . 30 
12 . oo . 11 
22 . 00 ,59 

El O 11 1.00 . 46 
12 . 00 , 13 
22 . 00 . 41 

PS 11 . 00 . 40 
12 . 00 , 15 
22 1.00 , 45 

APXS 11 . 86 . 48 
22 . 00 . 41 
33 .09 . 00 
12 . 00 . 11 
13 . 05 . 00 
23 . 00 .00 

This sort of result is typical of all plant species we have 
examined , i.e ., sharp geographical differentiation over very short 
distances is the rul e . Differentiation between adjacent populations 
of outbreeders appears to be somewhat less sharp than for inbreeders, 
presumab l y because greater po l len migration blurs differences over 
short distances. However , additional detai l ed studies of outbreeders 
based on a finer collecting grid are necessary before we can be sure 
this apparent difference between inbreeders and outbreeders is real . 
Such sharp microgeographical differentiation obviously pos es consid
erable sampl ing prob l ems in determining gene frequencies even for 
smal l geographical regions , and whether gene frequencies change over 
l onger distances. Howe ver, with extensive sampling, it has been 
possib l e in some cases to estab l ish that allelic frequencies fol l ow 
cl inal patterns. For example , there is a cline in all e l ic frequen
cies for several loci in A. barbata a l ong an East-West transect about 
50 miles north of San Francisco from the Pacific Ocean i n land, through 
the Coast Range , into the arid foothills of the Sierra Nevada Moun
tains . I t is significant that , in the mixed environments of the 
Coast Range in the middle of the cl ine, populations which occ upy 
mois t cool habitats, such as SRB , tend to be high in frequency for 
alle l es which are in high frequency on the cool er moister Pacific 
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Ocean end of the cline , Conversely, populations such as CSA which 
occupy relatively arid sites, tend to be fixed for alleles which are 
in high frequency on the arid inland end of the cline . This cline is 
also repeated in the hillside site occupied by Population CSA (unpub
lished data) . Coastal alleles are predominant in the lower mesic 
pa~t of the hillside and coastal and inland alleles are predominant 
on the upper arid part of the hillside . Patterns such as these are 
difficult to explain on the basis of drift of neutral alleles and 
they suggest that selection plays an important role in the development 
and maintenance of microgeographical variation . 

Table 3 shows an example of a cline of continental proportions 
determined by electrophoretic assay of about 1,500 items in the U. S . 
Department of Agriculture barley colleotion . This table shows the 
relative frequencies of 5 differen~ alleles of the Esterase B locus 
in barley . The slow migrating B1 · allele occurs in frequency of 6 
percent in Europe but falls off in frequency to the east until it is 
very rare at the eastern edge of the Eurasian land mass . The B2 , 7 
allele , which is very frequent in Europe , also falls off in frequency 
to the east . The B3 , 9 and B null alleles , on the other hand , are rare 
in Europe and increase in frequency to the east. 

Table 3 , Clinal variation in 

Alleles Europe 

B1.6 .06 

8 2 , 0 . 02 

8 2 . 7 . 86 

8 3 . 9 . 05 

BN . 01 

the esterase B locus in barley . 

Relative allelic frequencies 
Middle South Asia 

, 01 

. 03 

. 68 

. 10 

. 18 

Orient 

. oo 

. 02 

. 37 

. 29 

. 32 

Extensive variability is thus the rule both within local popula
tions and also among different populations on both micro- and macro
geographical scales . 

MAINTENANCE OF VARIABILITY 

In discussing experiments which bear on the factors responsible 
for the observed patterns of variability, we will focus attention on 
barley Composite Cross V (CC- V), an experimental population which 
will be used as a base line from which to make comparisons with vari
ous natural populations . CC- V was developed by the late H. V. HARLAN 
and his associates (SUNESON 1956) from intercrosses among 30 varie
ties of barley representing the major barley growing areas of the 
world . In 1937 the 30 parents were crossed in pairs and during the 
next 3 years the F1 hybrids of each cycle were pair crossed to pro
duce a single hybrid stock involving all 30 parents . The first 
selfed generation, designated F2, was grown _in 19 41. The F3 and all 
subsequent generations were grown at Davis , California from random 
samples of seeds taken from the harvest of the preceding generation. 
The plot was managed according to normal agricultural technique, 
with no conscious selection practiced at any time . Viable seed of 
the various generations has been maintained by keeping seed in storage 
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and growing this reserve at about 10 year intervals. The F4 gen
eration is now the earliest generation for which viable seed is 
available. 

15 . 

The extent of allelic variability within and among the parents 
of CC-V was determined by assaying about 100 individuals of each of 
the 30 parents. Table 4 summarizes the data for four Est.erase l oci, 
from which it can be seen that two or more different alleles occur 
within each parent for most loci . Only three of the parents are 
monomorphic for all four loci, whereas six are polymorphic for one 
locus, six for two loci, six for three loci, and nine for all four 
loci . Further, many individuals within polymorphic parents are 
heterozygotes. It is therefore apparent that a high proportion of 
the 30 parents of CC-V are not uniform pure lines . Rather they are 
heterogeneous populations which carry substantial genetically deter
mi ned variability, part of which is maintained in heterozygous condi
tion. 

Table 4. Alle l ic variability within the 30 parents of barley 
Composite Cross V (modified from KAHLER and ALLARD 1970) . 

Locus Alleles Monomorphic Polymor2hic parents 
parents 2 alleles 3 al l eles li alleles 

A 0.2, 1.0, 1.8, 2.6 12/30 12/30 6/30 

B 1. 6, 2 . 7, 3,9 21/30 6/30 3/30 

C 4.4, 4. 9, 5,4 6/30 15/30 9/30 

D 6.4, 6.5, 6.6, Null 10/30 5/30 12/30 3/30 

Table 5 gives data for one of the loci that has been monitored 
in CC-V. The parents contributed three different alleles to the 
population, and the frequencies of these alleles in the initial 
generation of the population, as inferr6d from their frequency in 
the 30 parents, are 6.8% for allele B1 · , 90.5% for B2 -7 and 2.7% for 
a llele B3-9, These frequencies correspond closely to those of the F4 
generation (the earliest for which viable seed is still available) . 
However, over the next 22 generations the Bl. 6 and B3 • 9 alleles both 
more than doubled in frequency at the expense of the B2 ,7 allele . 
Changes of more or less comparable magnitude occurred for all other 
loci which were monitored . Sample sizes were large in each genera
tion (1,390-4,802 individuals), and the standard errors of gene 
frequency estimates are very small . Hence there is no doubt that 
allelic frequencies changed over time in CC-V. 

Because of the structure of this experiment it can be stated 
with confidence that the observed changes in allelic frequencies 
were not due to genetic drift, migration or mutation . Genetic drift 
can be eliminated on the basis that population size was far too 
l arge in each generation for sampling accidents to have had any 
measurable effect on gene frequencies in the 22 generation interval 
involved. Migration can be eliminated on the basis that no new 
alleles appeared in the popul ation. Many alleles other than the ones 
contributed by the parents exist at each locus monitored; hence 
migration into CC-V from the outside is most unlikely to have escaped 
detection. Mutation can be eliminated on two counts: first, the 
mutation study mentioned above shows that mutation rates at these 
loci are too low to affect the short-term dynamics of the population 
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Table 5. Change in allelic frequencies over generations at Esterase 
locus Bin Composite Cross V (unpublished data ALLARD, 
KAHLER and WEIR). 

Generation N 

Initial 2892 

Early (F4) 1390 

Intermediate (F15) 2 841 

Late (F26) 4802 

Bl.6 

.068 

. 061 

. 077 

, 179 

B2. 7 

,905 

.904 

.842 

,741 

.027 

.035 

.081 

. 083 

and second, because although each locus is known from a worldwide 
survey of barley to be capable of mutating to numerous allelic forms, 
none not present originally was found in any generation. By elimina
tion this leaves selection (or some yet undiscovered evolutionary 
force) as the factor responsible for the observed rapid changes in 
allelic frequencies in this population. 

Another feature of genetic change in CC-Vis shown in Table 6, 
which gives the observed percentage of heterozygotes for three repre
sentative loci in three early, four intermediate and three late gen
erations. In the fourth generation, the earliest available for 
study, the percentage of heterozygotes varied from about 4 percent 
for Esterase Locus B to more than 9 percent for Esterase Locus C. 
The frequency of heterozygotes decreased rapidly during the fift.h 
and sixth generations, as expected in a population which is more than 
99 percent self-fertilized. Then, in intermediate and later genera
tions, it fluctuated about apparent equilibrium values of about 2 
percent for loci A and Band 3,5 for Locus C. These three loci are 
typical in CC-V. Hence the probability that an individual is hetero
zygous at any locus is of the order of two to four percent, which 
appears to be high considering that barley is more than 99 percent 
self-fertilized. 

Table 6. Percentage of heterozygotes in various generations of 
Composite Cross Vat loci A, B, and C ( unpublished data 
ALLARD, KAHLER and WEIR). 

Generation Locus A Locus B Locus C 

4 7 . 12 3,83 9,24 

5 4,31 1.34 5. 72 

6 3,29 0 1. 89 

14 2.44 1. 87 7,20 

15 2.78 4.36 2.33 

16 1.48 1.14 3 , 17 

17 0 . 65 o. 08 0 . 61 

24 2.50 2.10 7,62 

25 1.61 1. 06 1. 48 

26 1.30 0.64 1.56 
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One way to determine whether heterozygotes are in excess is to 
compute theoretical one-locus inbreeding coefficients (Fe), which 
assume that only mating system affects the relationship between gene 
and genotypic frequencies , and compare Fe values with fixation 
indices (1), which are computed from observed genotypic frequencies. 
Computations of theoretical inbreeding coefficients require precise 
estimates of the proportion of selfing versus outcrossing . Estimates 
based on electrophoretic assay of 17,702 progeny of plants taken from 
10 generations of CC-V, were homogeneous over loci, generations and 
years. They also agree closely with earlier estimates made using 
morphological polymorphisms . Hence, it seems safe to use the mean 
observed outcrossing rate of 0 . 57 percent to calculate the theoreti
cal inbreeding coefficient . 

Values of the theoretical inbreeding coefficient are given in 
the second column of Table 7,, With more than 99 percent selfing Fe 
is expected to increase from 9 in the initial randomly crossed gener
ation to 0 . 92 in generation 4, and to approach its equilibrium value 
of 0.99 by the sixth or seventh generation. Table 7 also gives a 
representative sample of fixation indices which are computed from 
observed gene and genotypic frequencies. In virtua l l y all cases, the 
theoretical inbreeding coefficient is larger than the fixation 
indices, which shows there is a consistent excess of heterozygotes 
over levels expected on the basis of mating system alone . The sim
plest explanation appears to be selection involving some sort of net 
heterozygote advantage in reproduction . Thus balancing selection 
appears to be an important factor in maintaining allozyme poly
morphisms in CC-V. 

Table 7, Theoretical inQreeding coefficients (F) and observed fixa
tion indices (F) in Composite Cros s V (unpublished data 
ALLARD , KAHLER and WEIR) . 

Generation 

Initial 

4 

15 

26 

F 

Theoretical 

F 

0 

. 92 

, 99 

, 99 

Observed fixation indices (F) 

. 88 

, 95 

, 97 

, 77 

,97 

. 98 

,,95 

, 96 

, 97 

At this point compari s ons between CC-V and natural populations 
are in order . The two populations of -A. barbata discussed earlier 
are typical of natural populatLons and-hence they can serve as an 
example. In present context the point to note in Table 2 is that 
the level of heterozygosity for the polymorphic loci in these two 
populations ( 7 . 7 percent for SRB and 12 . 5 percent for CSA, on the 
average) seems high for a heavily self-fertilizing species . Table 8 
gives comparisons between theoretical inbreeding coefficients and 
fixation indices for these two populations . In both there is an 
excess of heterozygotes over expectations based on mating system 
alone, which, as in CC~V, suggests ~ome sort of balancing selection. 
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Table 8 . Outcross ing values (t), inbreeding coefficients (Fe) and 
fixation indices (F) for two populations of Avena barbata 
(after MARSHALL and ALLARD 1970b) . --

Population SRB Population CSA 

t .0 75 t .014 

F .86 F , 97 e e 

A 

F F 

Locus E1 , 78 Locus E4 . 76 

APX5 . 76 ElO . 74 

P5 . 70 

APX5 . 78 

This point is brought out more clearly in Table 9, which gives selec
tive values of the two homozygotes, relative to t0e heterozygote 
taken as unity. These se lective values indicate that heterozygotes 
are at an advantage in both populations, but that their advsi.ntage is 
greater in CSA than in SRB. Differences among selective values 
between populations, and similarities of selective values within 
populations, such as occur in these tw.o populations, show up fre ,
quently in inbreeders. This suggests that the heterosis of enzyme 
loci is a mani fe s t ation of a general heterosis, i.e . that the entire 
genotype is the unit of select;ion rather than single loci, or linkage 
blocks, or even who l e chromosomes. Interestingl y, in studies of out
breeding populations, single- locus genotypic frequencies haye al ways 
fit Hardy-Weinberg expectations very well, i.e., there has been no 
indication of an excess of heterozygotes in any of the experimental 
(maize) or natural populations (Loli um multifl orum) we have studied . 

Table 9 , Selective values of homozygotes (allele ii=x, allele jj=y) 
relative to hete rozygotes (ij) taken as unity (after 
MARSHALL and ALLARD 1970b). 

Population SRB Po2ulation CSA 
Locus X y Locus X y 

El .so , 78 E4 ,51 . 53 

APX5 . 76 ,73 ElO , 51 . 51 

P5 , 50 ,50 

APX5 . 49 .48 

The notion that the entire population genotype may be tied 
together in inbreeders is supported by studies of pairs of loci . In 
all heavily inbreeding popul a tions we have studied, epistatic inter
actions between l oci, inc l uding unlinked loci, are the rule . This is 
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best il l ust r ated in CC-V because the bui l d-up of such interaction 
systems can be fo l lowed in this experimental population. 

Tab l e 1 0 gives deviations of two-locus homozygous genotypic 
numbers from numbe r s predicted f r om single- l ocus frequencies. I n 
gener at i on 6 departures f r om expectations based on marginal frequen
cies are small and non-significant. By generation 17 there is indi
cat!on that ijertain comb i nations of alleles at the two loci £e.g. 
Bl , and D6. ) interact favorably, and that others, e.g. Bl. and 
D6.4 interact unfavorab l y wi th each other. Inspecting this table it 
can be seen that each of the three alleles of the B locus interacts 
favorably in at l east one of its homozygous combinations with the 
four al l eles at the D locus and unfavorab l y with at least one other 
D locus a l le l e. Similar epistatic interact i ons, both favorable and 
unfavorable, a l so · occur for heterozygous combinations of alleles at 
the two loci, but these 48 heterozygous types have been omitted from 
the table to keep it in bounds. This sort of epistatic interaction 
on the fitness scale l eads to a balancing type of se l ection which pro
motes the development and maintenance of polymorphism at both loci. 
By generation 26 these departures from products of marginal frequen
cies have become very l a r ge. This point is brought out by x2 val ues 
which show that departures had become highly signifi cant by generation 
17 and that they continued to bui l d up through the twenty-sixth 
generation. 

Table 10. Deviations from products of one locus numbers for loci B 
and Din generations 6, 17 and 26 in Composite Cross V 
(unpubli shed data WEIR, ALLARD and KAHLER). 

Locus D 
Locus B Db.4Db.4 DEi.5DEi.5 DEi.EiDEi.Ei DNDN 

Generation 6 Bl.6Bl.6 5 1 + 6 + 1 

N = 1006 B2'7B2.7 + 4 + 2 5 1 

x2 = 5.1 (NS) B3.9B3.9 + 1 1 1 1 

Generation 17 Bl.6Bl.6 + 19 + 4 - 21 2 

N = 2461 B2.7B2.7 - 46 6 + 17 + 19 

x2 = 49.5 B3.9B3.9 + 8 + 2 + 4 - 17 

Gener ation 26 Bl.6Bl. 6 +139 - 27 - 77 - 29 

N = 3083 B2.7B2.7 -166 + 29 + 62 + 42 

x2 = 240.8 B3.9B3.9 2 3 + 10 - 14 

The Band C loci, shown in Table 11, give an example of the 
bui l d-up of a specific interaction system between two tightly linked 
loci (crossove r val ue = .0059 + .0010). By generation 6 there is 
already an indication that each of the three alle l es at the B locus 
interacts favorably in at l east one homozygous combination with the 
thr ee a lleles at the C locus, and unfavorably in other homozygous 
combinat i ons. The depar tures from expectations based on marginal 
frequencies have become very large by generation 17 and they are 
larger still by generation 26. 
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Tab l e 11. Deviations from products of one l ocus numbers for loci B 
and C in generations 6, 17 and 26 in Composite Cross V 
(unpublished data WE I R, ALLARD and KAHLER). 

Locus C 
Locus B c4·4c4.4 c4·9c4 . 9 c5 , 4c5.4 

Generation 6 Bl. 6Bl. 6 + 17 5 - 11 

N = 1006 B2 . 7B2 . 7 - 28 + 1 + 27 

x2 = 1 24.9 B3 . 9B3.9 + 10 + 4 - 15 

Generation 17 Bl.6Bl. 6 + 65 - 37 - 28 

N = 2461 B2 . 7B2 . 7 -130 + 45 + 84 

x2 = 12 36. 5 B3.9B3 . 9 + 65 8 - 56 

Generation 26 Bl.6Bl.6 +387 -133 -247 

N = 3083 B2 . 7B2.7 -492 +145 +354 

x2 = 2187 . B B3 . 9B3 . 9 +107 9 - 1 00 

The development of such interaction systems is depicted for six 
pairwise comparisons of l oci in terms of the gametic unbalance or 
linkage disequilibrium parameter, D (defined as D = gl . g4 - g2 . g3, 
where g1 , g2 , g 3 and g4 are the frequencies of the gametic ditypes 
AB, Ab, aB, ab , respectively) in Table 12 . CC- V started in near 
linkage equilibrium (D = 0) for all six pairs of loci but D had 
become very large by the twenty-fifth and twenty-sixth generations . 

Table 12 . IJ (gametic unbal ance or linkage disequilibrium) val ues for 
loci A, B, C and D in Composite Cross V (unpublished data 
WEIR, ALLARD an d KAHLER) . 

Generation 
Linked loci Unlinked loci 

AB AC BC AD BD CD 

5 . 02 .02 . 02 . 00 . oo . 02 

6 . 02 .01 . 03 . 01 .00 . 01 

16 .02 . 05 .03 .01 .02 . 01 

17 . 02 . 05 .03 .01 . 01 .02 

25 .09 . 08 . 11 . 02 . 06 .04 

26 .10 . 10 .11 . 02 .05 .03 

For such striking interaction systems to have developed in such a 
short time imp l ies that selection must have been of great intensity . 
This is par ticularly the case for l ocus pairs A-B, A- C, and B-C since 
the very tight linkage (B + - . 0023-->- A +- . 0048-->- C) between 
t.hese three loci is expected to be a powerful force in preserving 
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their original linkage equilibrium in CC-V. On the basis of results 
such as these, we conclude that the genotypic array, and evolutionary 
changes in that array, cannot be described adequately in terms of 
gene frequencies at single loci, -- at least in predominantly self'
f'ertilizing populations . Such / descriptions apparently must be in 
terms of larger units, s~h as linkage blocks, whole chromosomes, or 
even the entire population genotype, if they are to be consonant with 
the observations. 

In cross-pollinated species we have the extensive data required 
to test such pairwise interactions in only a single experimental 
population of maize, and in three natural populations of Lolium 
multiflorum. In these populations observed two-locus frequencies 
have agreed remarkably well with predictions made from single-locus 
frequencies. This is not surprising because the linkage between any 
of' the pairs of loci studied is 6 crossover units. This is f'ar 
looser linkage than theory (FRANKLIN and LEWONTIN 1969) indicates is 
necessary f'◊r stable linkage disequilibrium under random mating. The 
linkage requirement f'or heavily inbreeding populations is lower than 
for outbreeders because, on a populational basis, heavy inbreeding 
has much the same effect as tight linkage in curbing recombination 
between loci. 

There is still another aspect of selection that appears to 
yield even more favorable conditions f'or stable polymorphisms than 
balancing selection. This is selection involving interactions 
between genotypes such that reproductive capacity is often higher 
when individuals compete with genotypes other than their own. 
Figure 3 summarizes the results of' an experiment to test such inter
actions. This experiment was based on eight largely-homozygous 
families developed from eight single plants randomly chosen f'rom an 
advanced generation of' barley CC-V. The figure gives, in histogram 
f'orm, the relative reproductive capacity of' these eight genotypes 
when they were grown surrounded by each other genotype. 

The two columns labelled A give the competitive ability of' each 
of' the eight genotypes, expressed as a percentage of its reproductive 
capacity in pure stand. The two columns labelled B give the effect 
of each genotype when it is a neighbor of each other genotype, and 
the two columns labelled C give the reproductive capacity of each 
genotype when grown in pure stand. It can be seen from the A columns 
that favorable interactions of' real consequence occurred in a high 
percentage of' cases. In particular genotype 3 benefited from being 
grown in mixed communities. The sets of' histograms in the B columns 
show that genotype 7 was a particularly good neighbor. However, none 
of the 8 genotypes can be considered to be a poor neighbor because, 
on the average, none of' the eight depressed yield when they surrounded 
the other ge'notypes. Thus the genotypes which have survived in CC-V 
under mutual selection are both good competitors and good neighbors. 

The significance of' this result is that intergenotypic inter
actions of the magnitude observed in this experiment can lead to 
remarkably stable frequency-dependent polymorphisms (ALLARD and ADAMS 
1969). In fact, theory indicates that such int e rgenotypic inter
actions may be considerably more important than heterozygote advan
tage or interlocking epistatic interactions in maintaining poly
morphisms in populations of' plants. 

SUMMARY 

This discussion can be summed up in two main points. First, the 
data show there is extensive allelic variability within the great 
majority of local populations of plants, including both outbreeding 
and predominantly self-fertilizing populations. In barley CC-V, 
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Figure 3 . Graphical representation of the yields of the eight geno
types from Composite Cross V, expressed as a percentage of 
the yield of each variety in competition with itself. The 
left column (A) gives the effect of competition on each 
variety. Middle column (B) gives the effect of each variety 
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on its neighbors. Right column (C) gives pure stand yield (RY) rela
tive to Club Mariout (100). Black bars refer to 1959-60 results and 
white bars to 1960-61 results. Yields which deviated 5% or more from 
pure-stand yields were usually significant [P = .05] (from MARSHALL 
and ALLARD 1969), 
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an experimental population, it can be stated with considerable confi
dence that main factors involved in the maintenance of this allelic 
variability are: (1) balancing selection, featuring some sort of 
heterozygote advantage; (2) selection in which epistatic interactions 
between alleles at different loci are involved in ways such that the 
entire genotype appears to be the unit of selection ; and (3) frequency
dependent selection associated with intergenotypic interactions. In 
natural populations migration among populations may also contribute 
to the maintenance of within populational variability but the magni
tude of its role cannot be evaluated at present for lack of good 
estimates of the amount of migration that takes place in nature . 

Second, the data also show that local plant populations are 
usually sharply differentiated from each other, and further that 
allelic frequencies often follow clinal pattern s over larger geo
graphical areas, up to clines extending over entire continental land 
masses . Analysis of certain of these clines provides at least cir
cumstantial evidence that this geographical variation is not hap
hazard, but that selection operating differentially in different 
places has played an important role in its development and maintenance. 
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