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Summary. Twelve U.S. Corn Belt open-pollinated and
five adapted exotic populations of maize (Zea mays L.)
were assayed for allozyme (allele) variation at 13
enzyme marker loci. Extensive allozyme variability was
observed in all populations studied. No locus was mono-
morphic over all populations. Each of the loci Idh2,
Gotl, Mdh2, Pgdl, and Pgd2 expressed two allozymes
over all populations, Adhl, Acpl, Prxl, and Estl each
had three allozymes present, Est4, Glul, and Enpl had
five allozymes, and Acp4 had six allozymes present.
Significant deviations of genotypic frequencies were
detected from Hardy-Weinberg equilibrium frequencies
and 94% of average Fixation Index values indicated
heterozygote deficiencies, which suggested that non-
random mating and/or natural selection favoring
homozygotes were possible factors affecting the main-
tenance or loss of genetic variability marked by these
enzyme loci. Genetic distance and cluster analyses
indicated that the observed genetic variability at the 13
enzyme loci was closely related to ‘Dent’ and ‘Flint’
types of maize.

Key words: Zea mays L. — Corn — Electrophoresis —
Enzyme loci — Genetic variation — Germplasm re-
sources

Introduction

The need for further understanding of the nature and
amounts of genetic variation within and among popula-
tions of important crop plants and their wild relatives
has been emphasized (e.g., Allard 1960; Day 1973;
Frankel 1977; Marshall 1977; Brown 1978). In 1983, the
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National Plant Genetic Resources Board of the United
States Department of Agriculture reiterated the need to
continue to characterize the amount and distribution of
genetic variability in our plant germplasm resources.
The importance of genetic variability to the improve-
ment of crop plants is well known and issues concerned
with genetic characterization, evaluation, and utiliza-
tion of domestic and wild germplasm continue to be
current topics. It also generally is recognized that the
ultimate usefulness of our genetic resources in ob-
taining specific agronomic goals depends not only on
the storage and successful maintenance of germplasm
reservoirs, but also on appropriate and adequate
characterization of genetic variability in the genome.
Thus, a fundamental prerequisite to using genetic vari-
ability in plants involves an assessment of the genetic
diversity that exists in our available germplasm.

Since 1971, studies have focused on the charac-
terization of allozyme polymorphisms in experimental
populations of maize (Zea mays L.) (Brown and Allard
1971; Stuber and Moll 1972; Stuber et al. 1980; Kahler
1983a). These studies and electrophoretic assays of
inbred lines (Goodman and Stuber 1980; Cardy et al.
1980; Stuber and Goodman 1983; Kahler 1984; Smith
etal. 1985a, b), hybrids (Smith 1984), Latin American
(Stuber et al. 1977; Goodman and Stuber 1980) and
Bolivian races (Goodman and Stuber 1983), and native
collections from the southwestern United States
(Doebley et al. 1983) have shown that there is extensive
allozyme variation in maize germplasm as well as
pronounced differences in numbers of allozymes per
enzyme locus between U.S. Corn Belt germplasm and
exotic races of maize.

Although open-pollinated populations of maize
have provided much of the U.S. Corn Belt germplasm
currently available to maize geneticists and breeders,



Table 1. The number of individuals assayed per enzyme locus per each of 12 open-pollinated Corn Belt populations and five adapted exotic populations of maize

Source of

Enzyme locus

Population
code

Population

germplasm

Prxl  Estl  Est4  Glul  Pgdl Pgd2 Enpl

Acpd

Mdh2  Acpl

Idh2  Gotl

Adhl

Open-pollinated

J. Geadleman
A. Hallauer
A. Hallauer
C. O. Gardner
A. Hallauer

51
82
133
172

55
86
133
171

55
86
133
171
155

80
109
131
171

81
108
133
171

74
117
120

141

82
117
117
170

83
114
116
167

83
113
133
172

83
117
133
172

83
117
133
172

82
113
133
172

83
117
133
172

EMU
FFL

GGL
HGO
KRU
LAN

‘Early Murdock’
Falconer Flint’
Golden Glow’

56
55
168

157

128 158 158 158 155 157 114 158 157

158

A. Hallauer

77
168

77
168

89
161

89
112
116
167
240
233

88
106
116
162
239
237

89
112

82
132

89
161

89
162

87

112

88
168

89
112
116

A. Hallauer

LEA
LFL

A. Hallauer

97
195

83
194
236
241

83

116

116

51
167

116

116
185
225
241
143

116

114
195
237
241
145

G. Geadleman

A. Hallauer
A. Hallauer

97
239
104

194
237
241
144

193
204
236
141

166
240
239

95
230

194
238
239
143

167
240
241

167
240
241

MID
M13

‘Midland’
‘Minnesota 13

RFL

‘Rainbow Flint’

A. Hallauer

145

92

93 90

99

97

97

RYD

‘Reids Yellow Dent’

Adapted exotic

IPISA No.*
451690
451691

451692
451693
451694

97
138
114

27
140

236
138
117
113
142

235
138
116
113
142

138
115
112
142

236

237
138
117
110
142

206
138
117
112
140

231
138
117
113
142

228
136
116
112
134

227
134
117
108
141

238
138
116
112
142

238
138
117
113
142

212
135
117
113
141

138
111
113
142

238

CFD
CFL
COF
CUF
MED

‘Caribbean Flint/Dent’
‘Cateto Flint’
‘Coroico Flour’

‘Cuzco Flour’
‘Mexican Dent’
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they have not been electrophoretically characterized for
allozyme polymorphisms.

This paper includes results of a survey of electro-
phoretically detectable variation within and among
open-pollinated populations of maize. The primary
objectives were to determine: 1) allozyme frequencies
for 13 polymorphic enzyme marker loci within 12
open-pollinated populations and five adapted exotic
sources; and 2) how the genetic variation marked by
enzyme loci is distributed among the populations.

Materials and methods

The material included 12 familiar North American open-
pollinated populations and five recently adapted exotic South
American dent type populations derived separately, and in
major proportion from Latin American racial complexes
(Gerrish 1983; R.L. Wilson, personal communication). The
populations and population codes, number of individuals
assayed per enzyme locus per population, and the source of
the germplasm are listed in Table 1. The number of seedlings
assayed per population ranged from 83 in ‘Early Murdock’
(EMU) to 241 in ‘Rainbow Flint’ (RFL) and a total of 2,605
individuals were assayed.

A random sample of seedlings from each population was
assayed by horizontal starch gel electrophoresis. One sample
of inbred line B75 was included as a standard on each gel to
aid gel reading. The electrophoretic methods have been
reported for the 13 enzyme loci assayed and listed in Table 2
(Cardy etal. 1980; Kahler 1983 a). The method of denoting
alleles (allozymes) and genotypes for each locus has been
described in detail by Kahler (1983 b).

Data analyses were conducted using a FORTRAN
program BIOSYS-1 written by Swofford and Selander (1981).

Results and discussion
Allozyme polymorphisms

The numbers of allozymes detected for the 13 enzyme
loci assayed in the 12 North American open-pollinated
populations and five adapted exotic Latin American
populations are given in Table 3. A total of 43 allo-
zymes were observed among the 13 loci and 17 popula-
tions assayed. This is approximately one third the total
number of allozymes reported for these enzyme loci
over all maize and teosinte (Stuber and Goodman
1983). The maximum number of allozymes detected at
a single locus was six at locus Acp4 in population
‘Golden Glow’ (GGL). The mean number of allozymes
per locus per population ranged from 1.771+0.26 in
‘Longfellow Flint’ (LFL) to 3.00%+0.34 in ‘Coroico
Flour’ (COF). The percentage of polymorphic loci per
population ranged from 53.85% in LFL to 100% in the
five populations ‘Hays Golden’ (HGO), ‘Leaming’
(LEA), ‘Minnesota 13° (M13), ‘Rainbow Flint’ (RFL),
and ‘Reids Yellow Dent’ (RYD).

Allozyme frequencies presented in Table 4 were
estimated from observed genotypic frequencies. Allo-
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Table 2. Names and chromosomal locations of 13 polymorphic enzyme loci assayed in 12 open-pollinated populations and 5 adapt-

ed exotic populations of maize

Enzyme locus Locus designation Chromosomal References
in original location
reference
Alcohol dehydrogenase 1 (4dhi) Adhl IL Schwartz (1971)
Isocitrate dehydrogenase 2 (Idh2) Idh2 6L Goodman et al. (1980)
Glutamate oxaloacetate transaminase 1 (GotI) Gotl 3L Scandalios et al. (1975)
Goodman et al. (1980)
Malate dehydrogenase 2 (Mdh2) Mdh2 6L Yang et al. (1977)
Goodman et al. (1980)
Newton and Schwartz (1980)
Acid phosphatase 1 (4cpl) Apl 9 El-Metainy and Omar (1981)
Goodman et al. (1980)
Acid phosphate 4 (4cp4) Acp4 1L Kahler (1983 b), Stuber
(pers. comm.)
Peroxidase 1 (Prx1) Pxi 2L Hamill (1968), Kahler and Whalen,
unpub.
Esterase | (Estl) El 7L Schwartz (1960)
Birchler (1978)
Esterase 4 (Est4) E4 38 Harris (1966)
Harris (1968)
B-Glucosidase 1 (Glul) pGlul 10L Stuber et al. (1977} Pryor (1978)
6-Phosphogluconate dehydrogenase 1 (Pgdl) Pgdl 6L Goodman et al. (1980)
6-Phosphogluconate dehydrogenase 2 (Pgd2) Pgd? 3L Goodman et al. (1980)
Endopeptidase 1 (Enpl) Epl 6L Melville and Scandalios (1972)

Nielsen and Scandalios (1974)

zyme frequehcies varied widely from population to
population and some populations like LFL are unique
in their allozyme frequencies. No population was
devoid of allozyme variability for all 13 polymorphic
enzyme loci and 5 of 17 (29%) populations were poly-
morphic at all loci. Generally, allozyme variation was
extensive among the 17 populations, although the
number of allozymes per locus for some loci like Glul
was substantially lower than the number found among
inbred lines from the southwestern United States (13
allozymes), Bolivian races (16 allozymes), and all maize
and teosinte (31 allozymes) assayed (Stuber and Good-
man 1983).

Heterozygosity within populations

Observed heterozygote frequencies for each of the 13
enzyme loci and 17 populations are presented in
Table 5. Heterozygosity values ranged from 0.00 in 23
of 221 (10%) locus-population estimates to 0.70 at locus
Estl in the ‘Mexican Dent’ (MED) population. Mean
heterozygosity over all loci in each population ranged
from 0.15%+0.05 in LFL to 0.42 % 0.05 in M13.

Chi-square values of “goodness of fit” to Hardy-
Weinberg expectations are presented in Table 6.
Approximately 27% (54 of 196) of the chi-square values
were significant with P = 0.05. Significant deviations
were obtained for at least one locus in every population
except EMU, and they occurred more frequently than
would be expected by chance alone.

Wright’s (1969) genotypic fixation index

Observed frequency of heterozygotes

F=1- Expected frequency of heterozygotes

was calculated to quantify excesses or deficiencies of
heterozygotes in each population. F is negative when
observed frequencies exceed expected frequencies of
heterozygotes. Heterozygotes tended to be deficient
(F 2 0.05) in 102 of 195 cases (Table 7). All populations
had at least one locus that indicated deficiency in
heterozygosity. Eight populations HGO, ‘Krug’ (KRU),
LEA, M13, RYD, ‘Caribbean Flint/Dent’ (CFD), COF,
and MED had at least nine of 13 loci that indicated
significant deficiency of heterozygotes. Ten of 11 loci
assayed in MED indicated heterozygote deficiency and
five of the ten loci had F values = 0.05. The overall
mean F for each population indicated deficiency of
heterozygotes in 16 of the 17 populations assayed.

The observed significant deviations from Hardy-
Weinberg equilibrium frequencies and the relatively
high number of positive F values suggest that non-
random mating and/or natural selection favoring
homozygotes are common features of these open-
pollinated and adapted exotic populations of maize.

Genetic distance and cluster analysis

Genetic distance values presented in Table 8 were
calculated using the methods of Nei (1972). The dis-
tance values ranged from 0.02 for population pair
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Table 4. Allozyme frequencies for 13 polymorphic enzyme loci in 12 open-pollinated and S adapted exotic populations of maize *

Locus Allozyme Open-pollinated Adapted exotic
EMU FFL. GGL HGO KRU LAN LEA LFL MID MI13 RFL RYD CFD CFL COF CUF MED
Adhl  Null 0.31
1 0.16 032 012 017 0.18 025 044 100 0.19 023 048 0.21 0.12
2 0.84 068 0.83 083 082 075 056 081 077 052 079 100 100 056 1.00 1.00
Idn2 1 040 039 035 042 041 041 031 072 040 038 064 055 034 047 0.04 023 061
2 060 0.61 065 058 0.59 059 069 029 060 062 037 045 067 053 096 077 0.39
Gotl 1 0.07 0.03 0.12 0.02 007 0.12 003 012 005 001 033 063 0.16 0.17
2 093 097 100 088 098 1.00 093 088 100 097 088 095 099 067 037 0.84 083
Mdh2 1 057 027 063 063 070 076 045 064 058 0.11 054 059 049 068 071 070
2 043 073 037 037 030 024 055 1.00 037 042 089 047 041 051 032 029 030
Acpl 1 061 061 060 054 064 085 061 070 039 058 064 041 026 062 0.15 021 037
2 027 032 001 011 0.09 012 028 029 005 0.15 0.16 016 019 016 026 038 0.11
3 0.12 0.07 039 036 028 003 0.11 001 057 027 021 043 056 022 059 041 052
Acp4 1 029 017 038 045 031 032 050 004 033 030 028 039 021 007 042 0.18 006
2 040 073 024 046 049 063 030 079 047 023 039 049 070 052 0.19 040 0.17
3 001 001 0.02 0.02 009 009 001 001 0.13 001 001 0.01
4 0.02
5 027 009 027 008 011 004 0.11 008 005 026 005 005 003 009 001 001 035
6 0.04 0.07 0.05 0.01 0.14 021 0.15 007 006 032 038 041 042
Prxl1  Null 0.48
1 0.16 001 0.10 005 005 024 002 002 0.15 014  0.00 0.03
2 0.59 096 036 064 074 054 062 100 054 072 0.80 071 057 055 051 0.97 090
3 025 003 054 031 021 022 038 044 026 005 015 043 045 001 0.04 007
Est1 1 021 010 0.11 036 035 057 026 0.16 032 026 0.11 049 0.11 035 001 003 022
2 051 084 080 011 026 035 033 084 065 060 085 029 067 059 094 0.96 040
3 0.28 0.06 0.09 053 039 009 042 003 0.14 004 021 023 006 0.06 0.01 0.38
Est4 1 0.01 0.00 005 002 005 023 001 0.02 004 0.17
2 069 032 061 063 086 082 066 068 036 068 060 055 080 074 0.93 0.75
3 020 044 0.6 008 008 001 002 100 001 010 0.13 017 013 004 0.01
4 003 021 002 010 0.02 0.19 021 0.15 0.14 013 001 008 022 002 004
5 008 002 02t 020 004 017 0.14 005 037 005 005 008 008 002 001 005
Glul 1 074 077 035 088 0.77 068 066 1.00 090 041 080 080 073 087 021 046 0.82
2 024 020 057 0.06 0.17 031 028 0.10 046 0.12 016 024 001 074 052 0.18
3 003 0.03 0.08 0.05 0.06 001 0.06 001 009 002 004 0.04
4 0.01 0.04 0.06 003 0.12 0.01 0.2
7 0.01
Pgdl 1 069 077 063 064 076 058 075 100 068 055 0.81 072 062 100 0.83 073 096
2 0.31 023 037 036 024 042 0.25 032 045 019 028 038 0.17 027 004
Pgd2 1 097 100 099 099 097 100 099 099 098 096 098 098 100 100 100 100 1.00
2 0.03 001 001 0.03 001 001 002 005 0.02 0.2
Enpl  Null 047
1 0.04 0.01 0.03 0.26 021 034 004 001 0.01
2 0.01 . 0.02 0.01 0.03 0.69
3 100 096 099 099 100 1.00 097 074 100 079 064 096 048 098 092 098 0.08
4 0.01 0.01
5 0.04 0.03 0.02 0.24

* Allozyme frequencies that do not sum to 1.00 for each locus are due to roundoff errors

KRU-HGO to 0.55 for population pair COF-LFL. This
result supports the observation that allozyme frequen-
cies are heterogeneous among populations.

The genetic cluster method of Farris (1972) was
used to construct the genetic distance dendogram
presented in Fig. 1. The results indicate that the genetic
variability marked by the 13 enzyme loci assayed
represents at least two subgroups of maize. Subgroup I
is represented by EMU, GGL, M13, LEA, ‘Lancaster’
(LAN), HGO, KRU, RYD, and ‘Midland’ (MID), which

are primarily dent types. Subgroup Il includes CFD,
MED, CFL, FFL, LFL, and RFL, which are primarily
flint types. Populations COF and ‘Cuzco Flour’ (CUF)
seem to be genetically more similar to the flint types
than to the dent types.

Conclusions

The results of the electrophoretic assays showed that
extensive allozyme polymorphism was the predominant
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Table 5. Observed heterozygote frequencies at each of 13 polymorphic enzyme loci and mean heterozygosity (£ SE) over loci in

each of 17 maize populations

Population Enzyme locus Mean
hetero-
Adhl Idh2 Gotl Mdh2 Acpl Acp4 Prxl Estl Est4 Glul Pgdl Pgd2 Enpl zygosity
over loci

Open-pollinated
‘Early Murdock’ 0.26 045 0.13 049 057 059 055 050 043 039 040 006 000 037+0.06
‘Falconer Flint® 039 052 007 037 046 026 008 029 048 038 036 000 002 028+0.05
‘Golden Glow 022 050 000 043 053 042 057 036 051 055 052 001 001 036+0.06
‘Hays Golden’ 028 046 021 042 061 036 043 054 044 019 042 001 001 0344005
‘Krug’ 030 051 003 039 046 044 034 056 022 037 032 004 000 031+0.05
‘Lancaster’ 040 061 000 028 028 045 037 047 030 063 069 000 000 0.34+006
‘Leaming’ 045 047 012 042 060 047 037 062 038 045 042 002 002 0374005
‘Longfellow Flint® 000 034 022 000 042 0.8 000 031 000 000 000 001 041 0.15+0.05
‘Midland’ 033 048 000 043 053 051 045 048 043 0.8 048 003 000 0331006
‘Minnesota’ 13> 036 050 005 049 060 056 038 055 063 060 044 011 0.17 0421005
‘Rainbow Flint" 0.53 045 024 019 056 037 023 022 029 035 035 003 045 033+005
‘Reids Yellow 036 045 009 044 056 044 035 058 040 035 043 001 004 035+005

Dent’

Adapted exotic

‘Caribbean 000 039 002 045 061 032 038 045 058 041 043 000 003 031£0.06
Flint/Dent’

‘Cateto Flint’ 000 050 046 045 054 051 043 049 025 021 000 000 002 030%006
‘Coroico Flour’ 026 0.08 046 043 050 058 000 012 031 044 022 000 0.12 02710.05
‘Cuzco Flour’ 000 028 030 038 067 054 007 008 007 054 036 000 004 026%006
‘Mexican Dent” 000 047 027 041 057 042 013 070 041 029 006 000 041 0324006

Genetic Distance

')iOO 0.03 0x06 0.09 0K12 0,14 0i17 °i2° 0i23 0i26 0329
T

r T T L) T T U T T L
EARLY MURDOCK
:I_: oo s
MINNESOTA 13

——re————— LEAMING
LANCASTER
HAYS GOLDEN

KRUG

REIDS YELLOW DENT
MIDLAND

[— CATETO FLINT/DENT
1 —

MEXICAN DENT

CARIBBEAN FLINT

L——_; CUZCO FLOUR

FALCONER FLINT

COROICO FLOUR

RAINBOW FLINT

o I 4 I L It I 4 i I ]
L U T T T 1 T T U T 1

Fig. 1. A dendogram of genetic distances among 12 open-pol-
linated and five adapted exotic populations of maize

feature of the 12 open-pollinated populations and five
adapted exotic populations of maize. The number of
allozymes per locus generally was about one third the
number possible based on assays of all maize and
teosinte. However, the number of allozymes observed
per locus in these genetically broad based populations
was more comparable to the number of allozymes
observed in extensive assays of inbred lines and hybrids
of US. Corn Belt maize. This is not unexpected
because most of the inbred lines and hybrids grown in

LONGFELLOW FLINT

the United States were derived from the open-polli-
nated populations.

It was expected, however, that the adapted exotic
populations would be more comparable to Latin
American and Bolivian races of maize. For example,
only four allozymes were observed for locus Glu/ in the
adapted exotic poppulations, whereas 13 and 16 allo-
zymes were observed in the collections of maize from
the southwestern United States and Bolivian races,
respectively. Apparently, either particular allozymes
available in the Latin American races were not orig-
inally included in the synthesis of these populations or
natural selection eliminated many of the allozymes
during the short period of adaptation to the corn belt.
The methods used in the synthesis and adaptation of
the exotic sources probably contributed to the dif-
ferences observed (Gerrish 1983).

We conclude that open-pollinated populations are
effective means of maintaining genetic variability,
marked by enzyme loci, currently available in adapted
germplasm. Although our data for exotic populations
are limited, the results also suggest that exotic germ-
plasm probably should not be maintained in open-
pollinated populations in the Corn Belt. Rather, exotic
germplasm should be grown in areas of origin to
preserve the maximum genetic variation possible for
future use by maize geneticists and breeders in the U.S.
Corn Belt and other areas of the world.
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Table 8. Matrix of average allelic distance values (Nei 1972) among populations of maize

Population Open-pollinated populations

Adapted exotic populations

LFL MID M13 RFL RYD CFD CFL COF CUF MED

EMU FFL. GGL HGO KRU LAN LEA
EMU 0.06
GGL 005 0.13
HGO 003 0.12 0.10
KRU 0.02 0.10 0.08 0.02
LAN 003 0.12 008 005 0.03
LEA 003 009 008 0.04 004 006
LFL 027 0.1 039 034 032 034 026
MID 004 0.10 006 0.05 004 006 006 0.32
M13 004 009 004 008 007 007 0.06 0.30
RFL 009 0.06 0.6 0.15 0.2 015 010 0.12
RYD 003 008 009 002 002 005 005 025
CFD 0.08 0.12 009 0.10 005 012 0.12 036
CFL 0.05 0.10 011 008 006 009 0.09 030
COF 021 02 016 027 024 027 021 055
CUF 008 0.12 009 0.14 010 0.13 013 041
MED 016 024 023 017 014 022 021 045

0.06

0.11 0.11

003 0.06 0.09

006 0.10 0.16 0.08

005 0.1 0.11 0.06 0.11

020 0.19 0.27 024 023 021

0.08 009 0.15 0.11 0.10 0.10 0.10
017 0.18 020 0.15 015 014 031 017
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