Euphytica 92: 1-11, 1996. 1
© 1996 Kluwer Academic Publishers. Printed in the Netherlands.
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Summary

Adaptedness is both complexly inherited and much affected by environment: consequently the genetic mechanisms
that have led to improvements in adaptedness have been difficult to identify and to quantify. Recently it has been
shown that ‘marker assisted dissection’ of adaptedness based on changes in the frequencies of discretely inherited
alleles of loci of various kinds (e.g. allozyme, restriction fragment, microsatellite loci) is practicable. I will illustrate
marker assisted analysis of the genetic basis of adaptedness with a sample of allozyme data from three species
groups, two heavily selfing groups (two wild Avena species and barley) and one outcrossing species {(corn, maize).
The results lead to three main conclusions: (1) that the single most important genetic mechanism in all three species
groups was the assembly of favorable epistatic combinations of alleles of different loci by means of recurring
cycles of selection, intercrossing superior selects, and inbreeding to near homozygosity leading to stable superior
multilocus genotypes adapted to specific habitats; (2) that exploitation of favorable interactions among alleles of
the same locus played a significant role in tetraploid A. barbata and probably also in single-cross maize hybrids;
(3) that purifying selection (elimination of deleterious alleles) played a small role in all three species groups. These
results indicate that marker alleles provide applied breeders with effective ways to identify, track, and incorporate

regions of chromosomes with favorable effects of adaptedness into improved cultivars,

Introduction

Modern cultivars are much better adapted and much
more productive in agricultural environments than
their wild ancestors. Adaptedness and productivity are,
however, both complexly inherited traits and much
affected by environment so that we still know little
about what happened genetically during the domesti-
cation process. In recent years it has been found that
examination of changes in the frequencies of discretely
distinguishable alleles and genotypes of morphologi-
cal, disease resistance, allozyme, restriction fragment,
and microsatellite loci that occurred during the domes-
tication process allow deductions concerning the genet-
ic mechanisms that have led to improved adaptedness
(e.g. Clegg & Allard, 1972; Allard, 1988, 1990; Perez
de la Vega, Garcia & Allard, 1991; Garciaet al., 1991;
Allard et al., 1993; Saghai Maroof et al., 1994; Cluster
& Allard, 1995). In all cases that have been studied
in detail it has been found that populaticn behavior

can be explained on the basis of selection acting on
the chromosomal segments in which the marker loci
reside; thus marker assisted dissection of the genetic
basis of adaptedness is feasible and a substantial litera-
ture has built up, too large to review in the time allotted.
Consequently I will limit discussion to only one type of
marker (allozymes) and to three representative species.
First I will examine changes in allelic and genotypic
frequencies that occurred in the diploid Slender Wild
Oat (Avena hirtula) and its tetraploid descendant (A.
barbata) as these wild species evolved over thousands
of generations in the Mediterranean Basin. Then I
will turn to allelic and genotypic frequency changes
that occurred during the domestication and spread of
barley (Hordeum vulgare) and (Zea mays) over hun-
dreds of generations in cultivation. The two Avena
species and barley are self fertilized (99%) whereas in
maize populations the mating system is one of about
90% outcrossing and 10% selfing. The results lead to
the conclusion that the single most important genetic
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mechanism involved in all three species groups was
the development, and the stabilization by inbreeding,
of favorable epistatic combinations of alleles of dif-
ferent loci to produce stable multilocus genotypes that
provide superior adaptedness in specific environments.
A second but less important genetic mechanism was
purifying selection (elimination of deleterious alleles).
A third genetic mechanism, namely exploitation of
favorable interactions among alleles of the same locus
(parallel to overdominance) was important in A. bar-
bata, a diploidized tetraploid, and to a lesser extent in
corn, but overdominance was of little or no importance
in populations of diploid A. hirtula or barley (no cost
effective method of producing F1 hybrid seed had been
found in barley).

Avena hirtula (Ah) and A. barbata (Ab)

Diploid Ak (n = 7) chromosomes) is indigenous to
the Mediterranean Basin where it occurs in sparse and
more or less disjunct stands. A is often less robust than
Ab but the two taxa are usually so similar that they can-
not be distinguished on the basis of visible phenotypic
characteristics alone. Tetraploid Ab (n = 14 chromo-
somes) is much more widely distributed. It occurs in
massive stands throughout the Mediterranean Basin
and across the Middle East to Nepal. It has also been a
successful colonizer in areas with Mediterranean-like
climates throughout the world. Tetraploid Ab is clearly
much more widely adapted and vigorous than diploid
Ah.

Ab was introduced to California accidentally from
Southwestern Spain about 200 generations ago but Ak
has not been found in California. In the past half cen-
tury or so most plants of Ab have been found in two
major climatic zones in California: (1) a semi-arid zone
(250-350 mm annual rainfall) including nearly all of
Southern and Central California, and (2) a generally
mesic zone (350-1,500 mm annual rainfall) extending
> 1,000 km northward in the Pacific coastal ranges from
36° N to Northern Oregon (45° N). Nearly all popula-
tions in the xeric zone are monomorphic for two sim-
ply inherited variants (glabrous leaf sheaths and dark
lemmas) whereas nearly all populations in the mesic
zone are monomorphic for hairy leaf sheaths and light
lemmas. However mesic patches located within the
xeric zone (usually in higher elevation, higher rainfall
sites), as well as xeric patches located within the mesic
zone (often on steep southwest facing slopes) are near-
ly always polymorphic for the two pairs of variants.

These contrasting ecogeographical patterns suggested
that the two morphic pairs might ‘mark’ and perhaps
also contribute to the adaptedness of two ‘ecotypes’
(Turesson, 1922) that had developed in response to
differing selective pressures operating in the xeric and
mesic habitats.

In 1930, with guidance from the late W.W. Mackie
(University of California, Berkeley) I started experi-
ments to test the above hypothesis. The initial experi-
ments were conducted in several small internally het-
erogeneous sites (each ca. one hectare in area) locat-
ed ca. 100 km southeast of San Francisco in an area
where the xeric and mesic zones form interfaces with
each other. Several small subsites within each site were
classified into one of five categories, extending from
xeric through three intermediate categories to mesic:
assignment to these five categories was based strict-
ly on various physical features of the subsite (e.g.
slope, exposure to the sun, edaphic characteristics).
Each year during the following decade (1931-1940)
> 100 plants from each subsite were classified for the
simply inherited leaf-sheath and lemma-color variants
and also measured for several quantitative traits such
as height, dry weight and number of seeds produced on
the primary tiller. The main finding was that the xeric
and mesic subsites were nearly always monomorphic
for the glabrous-dark or the hairy-light morphs, respec-
tively, but that intermediate subsites were polymor-
phic in frequencies correlated with degree of xerism.
Another main finding was that all of the quantita-
tive traits measured were highly variable within all
subsites and none were significantly correlated with
degree of xerism. These results suggested that addition-
al simply-inherited ‘Mendelizing’ markers were likely
to be more informative in future studies of ecotypic
differentiation than continuously-varying complexly-
inherited quantitative characters. However, no addi-
tional simply-inherited markers had been found by the
time World-War II made it necessary to suspend stud-
ies of Ab. On return from W.WL.II I shifted the eco-
genetic studies based on simply inherited ‘markers’ to
crop plants such as barley, beans, sorghum and maize
because many simply-inherited markers and highly-
isogenic recombinant inbred lines were available in
these species.

The critical breakthrough pertaining to simply-
inherited markers came in 1960 with the introduction
of enzyme electrophoresis to plant genetics (Schwartz,
1960). In short order many technologically advanta-
geous electrophoretically-distinguishable codominant
allozyme markers had been identified and pressed into



Figure . Geographical locations of 10 populations of A. hirtula
(A-I) and 50 populations of A. barbata (1-50).

service in ecogenetic studies in several crop and wild
species, including Ab and Ah. However, the studies car-
ried out in the 1960s, 1970s and 1980s usually focused
on only one or two of the several genetic mechanisms
that were ultimately found to be jointly responsible for
shaping the internal genetic structure, as well as the
overall adaptive landscapes of various species. Conse-
quently, I will cite data from only a few recent studies
that took into account simultaneously the most impor-
tant genetic mechanisms that had been identified earlier
in more narrowly-focused investigations.

Table 1 gives a sample of allelic and genotypic fre-
quencies for 14 representative codominant allozyme
loci in 10 Spanish diploid and 50 Spanish tetraploid
populations distributed as shown in Figure 1 (Allard
et al., 1993). Note that allelic diversity appears to be
greater in the tetraploid than in the diploid e.g. Ab
has three alleles of Pgd2 but Ah has only one. Counts
made on all 14 loci show this is indeed the case: 52
alleles (3.7/locus) were observed in Ab but only 38
(2.7/1ocus) in Ah. However only 29 of the 38 alleles of
Ah were also present in Ab indicating that nine alleles
of Ah were lost during or following the polyploidiza-
tion process. This raised a question: which alleles were
lost and which survived? The answer was clear cut: the
nine least-frequent alleles of Ak, which ranged in over-
all frequency from 0.001 to 0.07, were all lost whereas
the 29 most-frequent alleles of Ah, which ranged in
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frequency from 0.11 to 1.0, all survived. This raised
another question, where did the 23 alleles (52 - 29 =23)
of the tetraploid not present in the diploid come from?
Two facts, first that Ab is a fully diploidized tetraploid
(Hutchinson et al., 1983) and second, that ail of the
‘new’ alleles of Ab were found in non-segregating het-
eroallelic quadriplexes suggest the answer. Locus Pgd2
(Table 1) serves as a model for the sequence of events
that may account for the greater allelic diversity of the
tetraploid. Diploid A4 is monomorphic for allele / of
Pgd2 in Spain (also worldwide); consequently the orig-
inal quadriplex formed by polyploidization of duplex
11 was almost certainly /1,71. Theory (Wright, 1937)
indicates that the probability is very small that any
mutant, even a highly heterotic mutant such as allele 2,
will become established in a small selfing diploid popu-
lation. In the tetraploid, however, mutational events are
equally likely in either of the two genomes and popula-
tion sizes are typically much larger than in the diploid;
hence more than twice as many mutations of allele / to
allele 2 would likely occur in 11,11 quadriplexes than
in the /7 duplexes of the diploid. Furthermore, in a
diploidized tetraploid such as Ab, each such mutation
will leadtoa /7,21 (or 12,11) quadriplex heterozygous
in one genome, but homozygous in the other genome,
and on selfing for four or five generations, at least
1/2 of the progeny are expected to be heterotic true-
breeding /1,22 quadriplexes. Consequently it is much
more likely that novel favorable mutants would have
been incorporated into diploidized tetraploid Ab than
into diploid Ak, in which selfing will rapidly reduce
heterozygosity to zero. Subsequent mutations of allele
I 10 allele 3 in 11,22 quadriplexes may have led to
quadriplex 22,33 of Pgd2, which, although less suc-
cessful than the original /7,11, or the derivative 11,22
quadriplex, found some sites in which it was able to
survive.

Several other patterns of quadriplex formation are
illustrated in Table 1. Four other loci of Table 1 (Mdh3
Acpl, Acp2, Pgd2) followed a pattern similar to Pgd2;
each formed a single highly-successful heteroallelic
quadriplex (in some cases from two alleles not present
in the diploid), as well as one or more less successful
heteroallelic or homoallelic quadriplexes. Locus Mdh!
was unique. It formed a single heteroallelic quadriplex
that is now completely monomorphic worldwide. The
intralocus interaction between pairs of homozygous
alleles (11,22) of this locus (parallel to overdominance)
clearly led to a remarkable level of adaptedness that has
thus far withstood all challenges from novel mutant
alleles in all environments worldwide. Another pat-



Table 1. Single-locus duplex and quadriplex frequencies in 10 Spanish diploid (Ah)
populations and 50 Spanish tetraploid (Ab) distributed as shown in Figure 1. (Adapted

from Allard et al., 1993)

Locus Diploid Tetraploid
Duplex f No.sitesin  Quadriplex f No. sites in
which fixed which fixed
Pgd2® 11 .00  10/10 11,11 0.12 1/50
11,22 0.84 24/50
22,33 0.04 0/50
1.00
Mdhl 11 1.00 10/10 11,22 1.00 50/50
Estl® 11 007 010 33,33 0.15  1/50
22 0.24 0/10 55,55 0.14 0/50
55 0.44 210 11,33 0.04 0/50
66 0.03 0/10 22,33 0.19 2/50
77 0.19 0/10 22,55 0.15 1/50
0.97 33,55 0.04 0/50
33,66 0.03 0/50
55,77 0.20 4/50
0.94
Pgml¢ 11 1.00 10/10 11,11 1.00  50/50

@ Loci Pgd2, Mdh3, Acpl, Acp2 and Pgdl have similar patterns.

b Loci Estl, Lapl, PrxI and Pgi have similar pattems.

¢ Loci Pgml, Got2, Mdh2 and Gotl have identical patterns.

f Estimates based on 754 diploid plants (1,508 alleles) and 4,751 tetraploid plants

(19,004 alleles).

tern of quadriplex formation is that of four loci (Est,
Lapl, Prxl, Pgil) that are highly polymorphic in the
diploid. Each of these loci formed several homoallel-
ic and several heteroallelic quadriplexes. Still another
pattern of quadriplex formation is that of loci Pgml,
Got2, Mdh2, and Gotl. All of these loci are monomor-
phic, or very nearly so, in Spain (also worldwide) for a
single allele in the diploid and also for the same allele
in the tetraploid. Evidently these alleles code for some
essential function such that they confer adaptedness
in homoallelic state superior to that conferred by any
other alleles, whether homoallelic or heteroallelic, that
have arisen in either Ah or Ab. Overall the net effect
of polyploidization, followed by diploidization, was a
great increase in allelic diversity in the tetraploid. For
the majority of loci the increases in allelic diversity pro-
vided not only opportunities for favorable intralocus
interactions (parallel to overdominance) but also great-
ly increased opportunities for exploitation of favorable
epistatic interactions among alleles of different loci.
As an example, consider a diploid plant genotypically
11 for one locus (say Lapl) and 55 for another locus
(say Estl). Heterozygotes are so rare in the diploid
that exploitation of possible overdominant intraallelic

interactions in 15 heterozygotes seems quite unlikely:
also only a single epistatic interaction (11 x 55) is pos-
sible. However, in a tetraploid population that includes
individuals genotypically 22,33 for Lap! and 55,77
for Estl, six interactions are possible, two intralocus
(overdominant) interactions, 22 x 33 for Lap! and
55 x 77 for Estl, as well as four pairwise interlocus
epistatic interactions, 22 x 55, 22 x 77,33 x 55 and
33 x 77. All of these combinations are either fixed or
nearly fixed in all seven populations of the cold Central
Northern Plateau of Spain, which suggests that these
particular interactions contribute to adaptedness in the
habitat of that region. Many other non-random asso-
ciations of particular duplexes and quadriplexes with
particular regions and also with specific sites within
regions were also observed, which suggests that spe-
cific duplexes and quadriplexes confer superior adapt-
edness in particular regions as well as in specific sites
within regions.

Many different two-locus, three-locus, up to 14-
locus interactions are also possible in both the diploid
and the tetraploid. Patterns in the diploid are, however,
much less complex than in the tetraploid. Consequent-
ly I now turn to the 14-locus genotypes observed in



Table 2. Most frequent 14-locus genotypes in 10 diploid sites. (Adapted from Allard et al., 1993)

Site  Locus Nbé o fe
Pgml®  Gotl Mdh2 Mdh3 Acp2 Pgdl Pgil Acpl Prxl Lapl Estl

1 11 11 11 22 11 11 11 55 55 11 55 1 1.00
2 I 1 Il 66 11 i1 44 11 2 22 55 1 1.00
3 U 11 11 22 22 11 22 11 11 11 777 2 093
4 1 2P 22 11 11 Hne 22 » 44F 552 8 071
5 1 1 11 22 11 He 44 g 22 2P 55P 8 051
6 11 11 11 22 11 55P 1 55 44P 44P 1P 13 045
7 1 11 11 22 3 2P 4¢P P 2P 2P 22P 20 026
8 1 11 11 22F UL § AN § L L AN § L 2 . LR s A ' |
9 11 11 1 22 55P P 2P 2P 2P 34 2P 34 o017

10 1 11 e 22 2P 2P »P o P P s5P 36 012

@ Also Got2, Mdhl, Pgd2.
b Number of 14-locus genotypes observed at each site.

¢ Frequency within site of most frequent 14-locus genotypes.

P Site polymorphic for 14-locus genotypes due to polymorphism at locus indicated.

the diploid to give a feel for some of the two-locus and
higher-order interactions that have been successful. In
total 107 different 14-locus genotypes were observed
in the 10 Spanish populations of Ax. The main features
of both within-population and between-population dif -
ferentiation can be deduced from Table 2, which gives
the frequencies of the single most-frequent 14-locus
genotype, and the total number of 14-locus genotypes,
at each site. The array of 14-locus genotypes present
at each site differed from that at each other site. Only
one 14-locus genotype was present in Sites 1 and 2;
the 14-locus genotype at these two sites was identical
at nine loci but differed at five loci (Mdh3, Pgil, Acpl,
Prxl, Lapl). It is possible that differences in adapted-
ness between these two genotypes may have been due
entirely to the main effects of these five loci but the
very large number of different patterns in which the
alleles of the 14-locus genotypes occur in the diploid
suggest that two-locus, three-locus and higher-order
interactions were also involved. In fact discrete log-
linear analyses showed that many multilocus interac-
tions are highly significant statistically but others are
nonsignificant (Perez de la Vega et al., 1991; Garcia
et al., 1991). Within-population diversity varied from
none for Sites 1 and 2, to small for Site 3 (only two 14-
locus genotypes present), to substantial for Sites 4 and
5 (eight different 14-locus genotypes present), to high
for the five remaining sites (13 to 36 different 14-locus
genotypes present). Hence opportunities for epistatic
interactions were much greater in Sites 3—10 than in
Sites 1 and 2. Population sizes were large at each site so
that the effects of genetic drift are expected to be small.

Also frequent seed exchange occur between sites (due
largely to agricultural activities). Such exchanges are
expected to limit genetic differentiation among sites:
hence it seems likely that the substantial genetic differ-
ences that occurred among sites were due, not to genet-
ic drift, but rather to selection sorting out the single
best-adapted 14-locus genotype in the two monomor-
phic sites, as well as the particular mixes of 14-locus
genotypes observed in the polymorphic sites. Rapid
changes in the frequencies of 14-locus genotypes are
known to occur from generation to generation within
populations, particularly in highly polymorphic sites,
but the production of new 14-locus genotypes is almost
certainly a slow process. The reasons are as follows.
The 99% of selfing that occurs in Ak (also Ab) forces
all loci to near homozygosity with the result that no
recombination takes place generation after generation
between the great majority of loci, even loci located on
different chromosomes. At the same time the ca. 1% of
outcrossing that occurs leads to short bursts of segrega-
tion and recombination that produce novel genotypes,
some of which may be superior to existing genotypes.
If an outcross plant is heterozygous for n loci, half of
its selfed progeny are expected to be heterozygous for
these loci in the next generation. Thereafter selfing will
reduce heterozygosity by 1/2 in each succeeding gen-
eration; thus the series for heterozygosity within each
lineage descended from any single outcross individual
is 1/2, 1/4, 1/8, 1/16 so that > 90% of the recombi-
nation occurs in the first four generations following
an outcross. Assuming no fitness differences and large
numbers of individuals within lineages, each lineage
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is soon expected to approach an equilibrium featuring
2™ equally frequent homozygous lines. However it is
likely that selection will favor the more fit genotypes
and eliminate the less fit, and also that many genotypes
will drift out of each lineage. Regardiess, the survivors
will quickly be driven to homozygosity by the self-
ing and all loci within each lineage, whether located
on the same or different chromosomes, will thereafter
behave as if they are tightly linked with recombination
value ca. 0.01 (Allard, 1975). Thus any two loci, (say
a and b), no matter where they are located within the
genome, will behave as a single functional locus ¢, and
they will manifest some degree of pseudo-dominance
up to pseudo-overdominance whenever ¢, = ajb;, ¢y =
asby, and c¢jc; < cjcz > cacp. Selfing is thus a sim-
ple and highly effective way of exploiting all favorable
epistatic interactions among alleles of different loci,
whether the loci are physically linked on the same
chromosome ornot. The 1% of outcrossing provides a
small but steady supply of novel multilocus genotypes,
some of which may be superior, whereas the 99% of
selfing restricts recombination sufficiently to protect
previously existing, as well as newly arisen favorable
epistatic combinations of alleles, from breakup due to
segregation. This raises another question: at what rate
of outcrossing does the resulting segregation destroy
existing population structure? Experiments with bar-
ley show that increasing outcrossing rates artificially
from the normal 1% to as little as 5%, even for a single
generation, leads to dramatic alterations in popula-
tion structure accompanied by large decreases in seed
yields that persist for many generations after selfing
is allowed to resume. Evidently even low outcrossing
rates can lead to ‘outbreeding depression’ in popula-
tions of heavy selfers.

Turning to Ab, the number of 14-locus genotypes
observed in the 50 Spanish populations exceeded 440,
more than four-fold as many as in Ah. Fourteen-locus
genetic structure was much more complex than in Ak
and also appeared to be more closely attuned to specific
environments. Consequently I will limit discussionto a
single point that emerged more clearly from the Ab data
than the Ah data, namely that very close associations
developed between distinctive habitats and certain sin-
gle 14-locus genotypes, as well as between other spe-
cific habitats and particular polymorphic mixtures of
14-locus genotypes. One set of such associations were
those with the habitats of the cold, high elevation North
Central Spanish Plateau (CNP, Figure 1). A specific
14-locus genotype (Table 3) was most frequent in all
seven sites of that region (Sites 43-48, 33); this par-

ticular 14-locus genotype was monomorphic (f = 1.00)
in Site 43 and nearly monomorphic (f = 0.99) in Site
45, the two highest and coldest sites of the region. Two
things happened in the five lower elevation sites of the
CNP: (1) the frequency of the ‘cold-tolerant’ 14-locus
genotype fell off (as in Site 46) and/or (2) several addi-
tional loci became polymorphic (as in Site 33). The
‘cold tolerant’ genotype was entirely absent in still
lower and less cold areas peripheral to the CNP. In Site
1 (PNP, Figure 1) it was replaced by a 14-locus geno-
type that differed at only one locus (quadriplex 71,44
of Acp2 was replaced by quadriplex 33,44) and in Site
3 in which quadriplex 11,11 of Prx1 was replaced by
quadriplex /1,22, At the same time these two sites also
became polymorphic for several other loci leading to
substantial changes in the patterns of muitilocus epista-
tic interactions. In brief, progressively larger environ-
mental changes were accompanied by progressively
greater restructuring of the 14-locus genetic makeup
of the populations. Evidently natural selection sorted
out the single 14-locus genotype that is best adapt-
ed in the coldest areas and integrated many different
[4-locus genotypes into complex entities that provide
superior adaptedness in the less cold environments of
lower elevation sites. However among the 50 Span-
ish populations of Ab only four were monomorphic
for a single 14-locus genotype whereas more than 20
different 14-locus genotypes were present in a great
majority of the populations (Allard et al., 1993). This
indicates that superior adaptedness in Ab, as in all
other heavily selfing species that have been studied
in detail, is nearly always associated with substantial
genetic diversity featuring complex mixtures of highly-
fit non-segregating multilocus genotypes. Heavily self-
ing populations are thus usually highly variable genet-
ically: they clearly are not stuck in evolutionary ‘blind
alleys’ as has frequently been stated. In fact their genet-
ic system is magnificently equipped to develop and to
incorporate novel superior genotypes while at the same
time preserving the mix of homozygous nonsegregat-
ing genotypes that has evolved over time in response to
fluctuating selective pressures exerted by the specific
environment they occupy.

Table 3 also gives the 14-locus genotypes of Ab in
four of seven habitats for which genotype-habitat asso-
ciations have been established in California. Note that
the present day ancestral and colonial populations are
closely similar in allelic composition when compared
on a locus-by-locus basis: the predominant alleles of
Spain are also predominant in the colonial populations.
However, the ancestral and colonial populations differ



Table 3. Single most-frequent 14-locus genotypes of Ab in the Central Northern Plateau (CNP) and the Peripheral Northern

Plateau (PNP) of Spain and in four habitats in California. (Adapted from Allard et al., 1993)

Region Locus
and sitt PgmlI® Mdhl Pgd2 Mdh3 Acp?2 Pgdl Acpl  Prxl  Lapl  Estl I
CNP-43 11,11 11,22 1122 1122 1144 1133 1122 11,11 2233 5577 1.00
CNP-45 11,11 11,22 1122 1122 1144 1133P 1122 11,1IP 2233 5577 099
CNP-46 11,11 11,22 1122 1122 1144P 1133P 1122 11,11 2233 5577F 068
CNP-33 11,11 11,22 1122F 11227 1144P 1133F 1122 11,117 2233P 55779 091
PNP-1 11,11 1122 11222 11222 3344FP 1133F 11,22P 11,11P 2233F 55777  0.48
PNP-3  I1,11 1122 11,22P 1122P 11447 1133P 11.11P 11,22P 2233 5571F 033
1DNA
CA-M¢ 1111 1122 1122 1122 3344 2222 1133 11,22 1133 5555 159,87
CA-X¢ 11,11 1122 1122 1122 3344 1111 1122 11,33 11,22 3355 13,1087
CA-H® L1 1122 1122 1122 3344 1122 1122 11,33 1122 3335 10,87
CA-JR® 11,11 1122 11,22 11,22 3344 1122 [122 1122 11,22 3355 12,87

@ Also Gor2, Mdh3, Gotl, Pgil.
b Frequency within site of single most-frequent 14-locus genotype.

P Locus polymorphic within site.

¢ Polymorphic in areas where M, X, H and/or JR habitats form interfaces with each other.

in genotypic configurations in two main ways. First,
the predominant alleles of Spain often occur in dif-
ferent combinations within quadriplexes in California
and second and more striking, the 14-locus genotypes
of California are entirely different from those of Spain.
Another difference, not documented in Table 3, is that
the rare alleles of Spain were replaced in California
by a nearly entirely different set of rare alleles that
evidently arose recently as a result of mutations that
occurred within the colonial Californian populations.
Rare alleles have little effect on adaptedness; conse-
quently it appears that changes in allelic frequency,
which are often considered to be the elemental process
of evolution, played only a minor role in the adap-
tive changes that occurred in the colonial populations.
Instead, a different process, namely reorganization of
the predominant alleles of the ancestral populations
into novel combinations adapted to specific habitats
in California, played the major role. This dramatic
reorganization obviously occurred quickly because Ab
has been widespread in California for no more than
150 generations. The process of adaptation clearly
continues up to the present; many populations are
highly polymorphic in California, especially in areas
where different habitats adjoin one another and fre-
quent hybridizations occur among genetically different
ecotypes.

Table 4. Numbers of alleles of allozyme and rDNA loci in 26
collections of wild barley and from cultivated barleys in three
stages of domestication

No. of No. of Mean no. Relative no.

loci alleles alleles/locus alleles/locus
4 Wild barley 20 103 5.15 100
b Landraces 20 55 275 53
¢ CCIIF7-Fy 26 41 158 31
CCll Fs3 26 37 142 28
€ CCXXIF, 25 42 168 33
CCXXIF;; 25 38 152 30
d Californian 25 36 144 28

cultivars

¢ From 26 Middie Eastern collections.

b Eighteen landraces from the Middle East.

¢ Composite Crosses I and XXI, respectively, were synthe-
sized from a worldwide sample of 28 early 20th Century cul-
tivars and from 6,200 accessions of the USDA world barley
collection. Both populations were grown annually in Califor-
nia in plots sufficiently large to avoid genetic drift, harvested
in bulk without conscious selection and the next generation
was sown from a random sample of seeds from the previous
harvest.

< Nine modern Californian cultivars adapted in different eco-
geographical regions.

Wild and cultivated barley

Table 4 gives the numbers of alleles observed in wild
barley (Hordeum vulgare ssp. spontaneum), and in cul-
tivated barley (H. vulgare ssp. vulgare) in four distinct



Table 5. Frequency of alleles of 23 allozyme loci in 94 Mexican landrace collections of
maize, in the 30 most popular inbreds, and in the six inbreds most widely used in elite
single crosses. (Adapted from Doebley et al., 1985)

Allelic frequency % of Mexican No. of alleles  No. surviving alleles into:
in Mexican collections in in frequency  Set of Set of
races which observed  classes 30 inbreds six inbreds
0.99-0.78 100% 18 18 (100%) 18 (100%)
0.68-0.21 85% 10 10 (100%) 6 ( 60%)
0.19-0.05 36% 13 10 ( 77%) 5 ( 38%)
0.05-0.01 12% 25 9( 36%) 4( 16%)
<0.01 2% 97 2( 1%) 1( 1%)

@ Reid heterotic group: B73, B37, A632; Lancaster heterotic group C103, Oh43, Mol7.

stages of domestication. In the transition from wild
barley to so-called primitive Middle Eastern landraces
numbers of alleles/locus decreased by about one half.
However progressively smaller decreases in numbers
of alleles/locus occurred in the transitions from Mid-
dle Eastern landraces, to early 20th Century cultivars,
to the elite Californian barley cultivars, all of which
are closely similar in allelic composition. It became
apparent early in studies of the Mendelian inheritance
of alleles of the loci of Table 4 that patterns of allel-
ic frequency change in segregating families are good
predictors of the probable adaptive values of differ-
ent alleles of most loci. In such Mendelian studies,
observed ratios in F, families nearly always deviated
significantly from expected 3:1 or 1:2:1 ratios; frequent
(predominant) alleles were nearly always in excess and
infrequent alleles were in deficiency. Thus, even under
the conditions of little or no plant-to-plant competition
under which the Mendelian studies were conducted,
rare and infrequent alleles nearly always behaved as
subvitals. This was also the case in large populations
(such as CCII) in which interplant competition was
intense and genetic drift was negligible. However alle-
les that were present in intermediate frequencies in the
wild, as well as in landraces and early 20th Centu-
ry varieties, usually followed a quite different pattern
of allelic frequency change in large experimental pop-
ulations. Increases (or decreases) in the frequencies
of such alleles were usually slow (0.01 per genera-
tion). Also the superior (inferior) adaptive properties
of allozyme alleles that ultimately became predomi-
nant (or infrequent) were rarely if ever detectable in
visual comparisons of pairs of highly isogenic recom-
binant inbred lines, one of which carried one allele and
the other an alternative allele of the locus under inves-
tigation. Furthermore, seed yields of such isogenic

lines measured in head-to-head small-plot comparisons
were usually not significantly different. Although dif-
ferences between such isogenic lines were clearly sub-
tle, natural selection clearly recognized superior vs.
inferior adaptive properties of individual alleles or the
very short chromosome segments in which these alleles
reside.

Studies of dynamic change have also provided clues
regarding another feature of the evolution of cultivated
barleys, namely, how populations that are so simi-
lar in allelic composition as the landraces, the early
20th Century varieties and more particularly the mod-
emn elite cultivars can differ so widely in adaptedness
and performance. Comparisons of multilocus genetic
structure have shown that populations in different evo-
lutionary stages differ relatively little, either in allelic
composition or allelic frequencies, but that they differ
widely in the combinations in which surviving alleles
occur in the multilocus genotype of each cultivar. I will
now illustrate this point more precisely with data from
corn.

Maize

It is widely accepted that Southwestern Mexico was the
cradle of domestication of maize and that North Amer-
ican maize was derived from Mexican races. Table 5
gives the frequencies of 163 alleles of 23 allozyme
loci in 94 collections representing 34 different Mex-
ican races. Among these 163 alleles 18 (11%) were
present in all 94 Mexican collections at overall high
frequencies from 0.78 to 0.99. All of these ubiquitous
and frequent alleles survived into the 30 most-popular
U.S. public inbred lines and a/l of them also survived
into the six inbred lines that were used as parents of



virtually all U.S. public single-cross hybrids. The sit-
uation was the opposite for the 97 alleles (60%) that
were present in frequencies < 0.01. These alleles were
rarely present in more than one or two Mexican races;
also only two among these 97 rare alleles survived into
the 30 most popular inbreds and only one survived into
the six elite inbreds. The remaining 48 (29%) among
the total of 163 alleles were present in Mexican races
(also in Bolivian races) in intermediate frequencies.
All of the 10 alleles present in relatively high frequen-
cies (0.21 to 0.68) and 10 of the 13 alleles present in
moderate frequencies (0.05 to 0.19) survived into the
30 most-popular inbreds; however only about half of
these alleles survived into the set of six most-widely-
used inbred lines and none were fixed in these six elite
lines. Thus, in maize, as in Avena and in barley, fre-
quent (predominant) alleles contribute to adaptedness
in many habitats and survive many cycles of selection
in cultivation whereas alleles that are present in inter-
mediate frequencies overall appear to be useful in some
environments but not in others; rare alleles of allozyme
loci appear to be of little value anywhere. The data for
precisely identifiable alleles of maize as well as barley,
therefore support the notion that plant breeding has
led to a reduction in allelic diversity; however the data
also indicate that the reduction in allelic diversity that
occurred is due largely to purifying selection rather
than to ‘erosion’ of useful genetic variation.

The data of Table 6 show that substantial reorga-
nization occurred at the single-locus level during the
breeding of the elite public single-cross hybrids and
that the reorganization that occurred at single loci ran
nearly entirely counter to expectations based on the
widely-accepted hypothesis that heterosis results from
advantage of heterozygotes over homozygotes. Under
the overdominance hypothesis it is expected that the
two parental inbreds of high performing single-cross
hybrids will have diverged maximally in allelic fre-
quency so that many loci will be heterozygous in single
crosses. However, among the 23 loci of Table 6 maxi-
mum divergence occurred only for locus Glul; all three
inbreds of the Reid heterotic group carry allele 7 and
all three inbreds of the Lancaster heterotic group carry
allele 2 so that the Lancaster x Reid single crosses are
all 12 heterozygotes for Glul. In sharp contrast, both
the Lancaster and Reid inbreds carry the same allele for
14 of the 23 loci (61%) so that all Lancaster x Reid sin-
gle crosses are /{ homozygotes for these 14 loci. The
six most-widely-used inbreds were sometimes fixed
for different alleles of the eight remaining loci; con-
sequently some Lancaster x Reid single crosses were
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homozygous and some were heterozygous for these
loci. Overall the data of Table 6 show that the great
majority of loci (79%) are homozygous and only 21%
were heterozygous in the most-widely-grown public
single-cross hybrids. The high proportion of homozy-
gotes and the low proportion of heterozygotes at the
single-locus level cast doubts about the importance of
overdominance in promoting high performance.

It is well known that F; seed produced on F) single-
cross hybrids produce about 10% to 20% lower yields
than the F; single-cross hybrids themselves. All plants
of an F; single-cross population are genetically iden-
tical so that saving seed produced on open-pollinated
single-cross plants is equivalent to a single generation
of selfing. Hence producing seed from single-cross
populations reduces heterozygosity by half ateach het-
erozygous locus. Is this reduction in heterozygosity the
cause of the large decrease in seed yield? Probably not,
because it seems unlikely that reducing the frequency
of heterozygotes from 1.0 to 0.5 at only 21% of loci
would cause such dramatic decreases in performance.

The data of Table 6 show further that extraordi-
nary reorganization took place at the 23-locus level
during the breeding of the most-widely-grown public
single crosses. Millions of different 23-locus allozyme
genotypes are present in the Mexican races, in U.S,
open-pollinated varieties of maize, and also in the
double-cross hybrids that can be produced from the
30 most popular inbreds, but the number of 23-locus
allozyme genotypes had been reduced dramatically
to only four in the most-widely-grown public sin-
gle crosses. Apparently repeated testing for favorable
interactions among alleles from different gene pools,
such as the Lancaster and Reid gene pools, combined
with periodic stabilizing of favorable combinations by
inbreeding to homozygosity, reduced the milions of 23-
locus genotypes in the Mexican races, open-pollinated
varieties and double-cross hybrids to only four 23-
locus genotypes observed in the most-widely-grown
public single-cross hybrids. Note, however, that very
large numbers of pairwise, three-locus, four-locus and
higher-order epistatic interactions are possible among
the 23 loci. Do favorable interlocus epistatic interac-
tions in fact play a major role in the superior perfor-
mance of the elite public single crosses? About one
in five of the allozyme loci (21%) of the public single
crosses is heterozygous and hence it seems likely that
segregation and recombination among such loci might
quickly dismantle the single 23-locus monomorphic
genotype of each of the elite public single-cross popu-
lations. Examination of the allozyme genotypes of pop-
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Table 6. Twenty-three locus allozyme genotypes in F) single-crosses among the six most-widely
used-public-inbred lines of maize in North America®. (Adapted from Goodman & Stuber, 1980)

Fourteen® Nine polymorphic loci® Twenty-three
monomorphic loci 1 2 3 4 5 6 7 8 9  locus genotypes
11 12 11112 12 111111l

11 2 U o onon o112 o122 1 33 1

11 12 12 12 112 12 13 1M

11 2 12 N0 on N 1R 12 R 12 I

@ Reid heterotic group: B73, B37, A632; Lancaster heterotic group C103, Oh43, Mo17.
b Adhl, Cai3, Ep, Gotl, Gor2, Got3, 1dhi, Mdh1, Mdh2, Mdh4, Mdh5, Me, Mmm, Pgm.
€ 1Glul,21dh2,3 Pgdi, 4 Pgdl, 5 Pgd2, 6 Pgm2,7 Phil, 8 Est8, 9 Acpl.

ulations derived from seed produced on single crosses
showed that many different 23-locus genotypes were
present in such F, populations. In fact when a sample of
50 or more F, progeny of the elite F, single crosses was
examined no single 23-locus genotype was observed
more than once in any F, progeny; also in no case did
the unique 23-locus genotype of the F; single cross
appear in its F; progeny. Thus in a single generation
and recombination apparently completely dismantled
the single 23-locus genotype of the most-elite public
single-cross hybrids and replaced this genotype with a
complex mix of less fit genotypes.

Implications for plant breeders

The main messages for plant breeders that emerge
from the above results can be summarized in terms
of three generalizations. Generalization 1. The most
useful genetic resources are modern elite cultivars
and their close relatives, especially materials that are
adapted in the local environment or closely similar
environments. Natural selection in combination with
breeder-directed selection in farmers’ fields and breed-
ers’ nurseries practiced over large numbers of gener-
ations clearly increased the frequencies of favorable
alleles and of favorable lower-order combinations of
alleles, and at the same time decreased the frequencies
of less favorable alleles and less favorable lower-order
combinations of alleles. But having many favorable
alleles and favorable lower-order combinations present
is not enough. Higher-order combinations are also very
important. This leads to Generalization 2. Once favor-
able multiallelic combinations have been developed for
a given habitat it is important that such combinations
be preserved and enhanced. The most effective way
to preserve and enhance favorable combinations is to

cross elite materials with elite relatives. Also selfing
such crosses is preferable to sib crossing because the
wider the cross the greater the chance that segrega-
tion will dismantle favorable multilocus combinations.
However need may arise ultimately to introgress exot-
ic alleles into the elite materials. The difficulties of
doing this depend on the number and the heritability
of the alleles to be introgressed. This leads to Gener-
alization 3. Discretely inherited markers often provide
breeders with effective ways of identifying, tracking
and incorporating regions of chromosomes with favor-
able effects on adaptedness into elite materials. I will
illustrate this with two examples, one relatively simple
and one more complex.

The relatively simple example involves a
photoperiod-sensitive male-sterile (pms) rice plant that
was found as a spontaneous mutant in a Chinese cul-
tivar in 1973. Early studies indicated that this mutant
could be used to propagate itself under short-day con-
ditions and also to produce F, hybrid seeds by inter-
planting it with normal fertile lines under long-day
conditions. Thus pms rice appeared to offer great
opportunities for replacing the widely used *three-line’
(male-sterile, maintainer, restorer) system with a more
efficient ‘two-line’ system. However, it turned out
to be less straightforward than first thought because
it was found that, in addition to photoperiod, tem-
perature plays an important role in the fertility of
many rice genotypes. The solution turned out to be
marker-assisted-dissection of fertility, which revealed
that nearly all of the pms effect, including the tempera-
ture effect, was governed by two genetic loci, one very
tightly linked to an RFLP marker on chromosome 7
and another very tightly linked to another RFLP mark-
er on Chromosome 3 (Zhang et al., 1994). This made it
possible, in developing pms lines, to identify and track
the pms effect precisely so that laborious, costly and



time-consuming measurements of fertility were unnec-
essary. Chinese rice breeders anticipate that many dif-
ferent elite two-line hybrids adapted in different habi-
tats will soon be available for commercial production.

The second example involves marker dissection of
adaptedness in barley Composite Cross Il in California.
CCII was synthesized in 1928 by compositing hybrid
seeds from all possible pairwise combinations (378)
among carefully chosen barley varieties representing
all major barley growing regions of the world. All of the
30 or so markers ultimately studied in CCII turned out
to have substantial effects on adaptedness. Interactions
between genotypes and environments were, however,
very complex. Early studies at Davis were especially
confusing — some markers steadily increased and others
steadily decreased in frequency while others varied in
behavior, sometimes increasing, sometimes decreasing
but sometimes not changing in frequency. The reasons
emerged when CCII was grown in areas of California
where rainfall was either consistently limiting or rarely
limiting. In such areas nearly all markers behaved quite
consistently; the inconsistency at Davis stemmed from
the fact that about one year out of three featured either
severe moisture stress, limited moisture stress, or no
moisture stress. Thus, at Davis, CCII chased a differ-
ent multilocus adaptive peak in about one year out of
three, whereas in several other locations CCII chased
the same adaptive peak consistently so that it was soon
possible to identify the multilocus marker genotype
appropriate to each habitat. The interactions among
marker loci were complicated but far less difficult to
identify and quantify than the interactions of quanti-
tatively inherited characters with each other and with
environmental variables. I anticipate that marker assist-
ed breeding will provide helpful guidance in develop-
ing varieties with superior adaptedness in the several
diverse habitats in which barley is grown in California.
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