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SUMMARY 

Alcohol dehydrogenase mutants can be selectively isolated 
in maize with great efficiency. Structural gene and regulatory 
mutants have been characterized biochemically, immunologically 
and geneticaZZy. 

The alcohol dehydrogenase 
linked dual regulatory system. 
provides clues to mechanisms of 

genes are under the control of a 
This type of genetic control 
differentiation. 

ALCOHOL DEHYDROGENASE GENES 
For a number of years, the research efforts in my laboratory 

have been concentrated on the regulation of gene expression in 
maize. Our initial studies were on the E1 esterase. This gene 
is highly polymorphic, and a number of variants, both electro
phoretic and regulatory, were isolated in a survey of maiz'e strains 
from all over the world (SCHWARTZ 1960, 1962, 1967, SCHWARTZ et 
al. 1965). The E1 esterase system is most interesting, but in 
1962 we switched to a study of alcohol dehydrogenase since quan
titative studies with the E 1 esterase were almost impossible. 
Esterases are relatively nonspecific enzymes, and maize has many 
non-allelic genes which specify enzymes with esterase activity. 
Alcohol dehydrogenase (Adh) is also polymorphic in maize, and the 
plant has only two genes with ADH activity. These genes probably 
arose by duplication since their products cross-dimerize randomly 
and cross-react immunologically (SCHWARTZ and ENDO 1966, 1969, 
1971a). The two genes are not coordinately regulated in all 
stages of development and differ strikingly in the charge of the 
specified polypeptides. Adh is on the long arm of chromosome 1, 
l½ map units from lw1 (SCHWARTZ 1971b), while Adh2 is on chromo
some 4 about 20 units from su 1 (Freeling, personal communication). 
The enzyme occurs in a number of plant tissues, including the 
embryo, endosperm, young seedling, pollen, and stems of senes-
cing plants. Enzyme assay is simple, and isozymP. patterns can 
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readily be observed in electrophoretograms by using a specific 
alcohol dehydrogenase stain. We have purified the enzyme and 
obtained anti-ADH antibodies. 

ISOLATION OF MUTANTS 

We have used the mutational approach to the problem and 
have accumulated about a hundred chemically induced mutations of 
the Adh gene. Most of these are mutations in the structural gene 
which result in an altered enzyme form, but some are regulatory 
mutants. These are unselected mutations which were obtained in 
the following manner: Kernels homozygous for a particular Adh 
allele (ex.: Adh-F) were treated with EMS and planted in the field 
The plants grown from these treated kernels were used as female 
parents and crossed by pollen from plants homozygous for a dif
ferent allele, Adh-S. All progeny ears were tested. The enzymes 
specified by the Adh-F and Adh-S alleles differ in electrophoretic 
mobility. ADH is a dimer, and the heterozygous F, kernels should 
show the three enzyme bands FF, FS and SS in a 1:2:1 ratio. EMS
induced mutations of the Adh-F allele are recognized in the F, 
kernels by a deviation from the expected isozyme pattern. The ears 
of corn develop from relatively few cells in the EMS-induced ~ernel. 
Thus each mut_ant oc_c_urB as a sect_or _ on- the ear which incl-udes a 
large number of F, progeny kernels. This cloning procedure is 
very useful since the kernel is usually sacrificed for electro
phoretic assay. Twelve seeds scattered over each F, ear are tested 
in the mutant search. If a mutant is found, one can recover other 
kernels from the sector which carry the same mutation. 

PROPERTIES OF THE adh SYSTEMS 
We have devised two techniques which greatly facilitate our 

studies on the regulation of gene expression.Based on the selec
tion procedure of MEGNET (1967) with yeast, we have designed a 
powerful pollen selection technique for Adh negative mutants in 
maize. Allyl alcohol is a relatively non-toxic substrate for ADH. 
The enzyme converts the substrate into the highly toxic acrylal
dehyde. ADH is formed in the pollen grains, and thus if it is 
treated with allyl alcohol vapors, the Adh+ pollen convert allyl 
alcohol to acrylaldehyde and are killed. Mutant ADH- pollen which 
do not produce active enzyme remain viable after treatment. Large 
numbers of pollen grains can be treated and applied to the silks. 
Only the ADH- grains will function in fertilization and produce 
seeds (SCHWARTZ and OSTERMAN, in press). 

The second technique is a high resolution immunoelectro
phoresis which enables us to compare the relative amounts of gene 
products produced by two alleles in heterozygotes at the protein 
(CRM) level (SCHWARTZ 1972). 

Our earlier studies on the control of ADH in maize led to the 
formulation of the competition hypothesis for the regulation of 
gene expression (SCHWARTZ 1971b). The hypothesis was developed 
fr-Gm eviEl.ence- WR-ich i -BEl.icateEl. that -the le-vel ef- ABH- activ-ity- is 
not dependent on gene dosage and is set by the availability of a 
limited factor which is essential for gene expression. Alleles 
differ in their ability to compete for the limited activating 
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factor. Adh-F is a strongly competing allele, while Adh-S is 
a weakly competing allele. In heterozygotes the activities of 
the two alleles are not equal in developmental stages such as 
two-day germinated seedlings where only the Adh gene is active 
(Adh2 is not functional at this stage), and Adh-F produces twice 
as much enzyme as Adh-S. However, sib plants homozygous for the 
strongly competing allele produce the same total amount of enzyme 
as do the heterozygotes and plants homozygous for the weakly com
peting ~llele. Competitive ability is stage specific. In the 
maturing embryo, Adh-F and Adh-S compete equally well. These 
comparisons were based on measurements of enzymatic activity 
and confirmed by comparisons of relative protein (CRM) concen
trations, using the technique of high resolution two-dimensional 
immunoelectrophoresis (SCHWARTZ 1973), The evidence that compe
tition occurs at the gene level between alleles which compete 
for a limited activating factor comes from pollen analysis 
(SCHWARTZ 1971b). The ADH found in the pollen grains and the 
message from which it was translated must have been synthe-
sized in the haploid microspores after meiosis, since no hetero
dimer enzyme is formed in pollen from the F/S heterozygous plants. 
Only the FF and SS homodimers are made. This indicates that the 
ADH message and enzyme are produced in haploid cells which con~ 
tain either the For S allele. However, competition is still ob
served as ADH activity per gram pollen is the same for the F homo
zygotes, S homozygotes and the F/S heterozygotes. However, in 
the heterozygotes, the F allele still makes twice as much enzyme as 
does the S allele. Since competition must be an intracellular 
phenomenon, it must have occurred between the allelic genes before 
they segregated at meiosis. 

The gene competition hypothesis proposes that specific gene
activating factors occur in limited c'oncentrations. A number of 
genes may be activated by the same factor, but genes within each 
group can differ in their affinity for the specific activating 
factor. The activity of a particular gene thus depends on the 
concentration of the activating factor and on its ability to 
compete for the factor with other genes in the group. Such a sit
uation would occur in bacteria if a number of simultaneously 
de.repressed catabolite genes were associated with promoters which 

.had different affinities for the limited cAMP-CAP complex. 
· In s.eedling material, Adh-F competes exactly twice as well as 

Adh-S. In heterozygotes the isozymes occur in a 4:4:1 ratio for 
the FF, FS and SS isozymes. The 2:1 difference in allele compe
tition is most clearly shown in endosperm material. Endosperm is 
triploid tissue which receives two sets of chromosomes from the 
female parent and one set from the male. Heterozygotes which con
tain two Adh-S alleles and one Adh-F allele produce the three 
isozymes in a 1:2:1 ratio with the FF and SS homodimer isozyme 
bands equal in intensity. Since there are twice as many Adh-S 
alleles as Adh-F in these tissues, the Adh-F allele must produce 
twice as many ADH polypeptides as Adh-S. While it may be fortuitous 
that the Adh-F allele competes exactly twice as well as Adh-S, we 
believe this indicates that the Adh-F allele has two functional 
competing regulatory sites in the seedlin~ whereas Adh-S has only 
one. In the maturing embryo both Adh-F and Adh-S are thought to 
have an equal number of functional competing sites. The possibility 
that the locus is a duplication composed of two Adh-F genes has 
been ruled out. Only a single isozyme band is observed in seed-
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lings homozygous for EMS-induced mutants of Adh-F with altered 
electrophoretic mobilities. 

We have proposed and tested the following scheme (SCHWARTZ 
1976). The Adh-F locus has two promoter-like regulatory sites 
designated p. Both sites are functional in the maturing embryo 
and at all other stages of development wh~re ADH is synthesized. 
Adh-S also has two regulatory site~ but one of these(pk)iS f.une
tional only in the late-maturing embryo. Thus in the maturing 
embryo both Adh-F and Adh-S have two functional regulatory sites 
to bind the activating factor and show equal competitive ability; 
however, at all other stages pk is nonfunctional and Adh-S has 
only one functional regulatory sit~ whereas Adh-F has two. 

p p (Adh-F) 

p pk (Adh-S) 

The hypothesis was tested by inducing a mutation in the 
Adh-F locus which rendered one of the regulatory sites nonfunc
tional. The mutant is designated Adh-F27B. In the Adh-F278/Adh-S 
heterozygotes, the F allele competes only half as well ass in 
the maturing embryo and twice as many S than F subunits are pro
duc 'ed, giving an isozkme ratio of 1 FF: 4 FS: 4 SS. In seedling 
material where the p element of Adh-S is nonfunctional a 1:2:1 

_ ratio is observed in the heterozygotes. ' · 

Proof that the Adh-F278 mutation is in a regulatory site 
and not a defect in the structural gene is provided by the obser
vation that Adh-F278 homozygotes produce the same amount of ADH 
as the Adh-S homozygotes. There is no allele competition in homo
zygotes. If the defect were in the structural gene, a decrease 
in the amount of enzyme produced would have been observed in the 
mutant homozygotes. We are in the process of attempting to se
lect recombinants between pk of the Adh-S locus and the nonfunc
tional regulatory element of Adh-F278 using the pollen selection 
technique for Adh negatives. The pk regulatory element is not 
functional in pollen; thus a recombinant which receives the pk and 
the mutated nonfunctional p of Adh-F278 will lack a functional 
regulator element and produce no ADH in the pollen. Such recom
binant pollen grains should function in fertilization following 
allyl alcohol treatment. Thirty-two presumed recombinant kernels 
have been obtained. These will be planted this summer and the 
progeny tested in the fall. The recombinant locus should be 
active in the mature embryo where pk is functional but inactive 
in the seedling. 

A similar situation indicating multiple regulatory elements 
is encountered in the study of the Adh2 gene (SCHWARTZ 1976). 
Three regulatory variants of Adh2 locus have been identified in 
our stocks: Adh2-1N was derived from our Adh-F stock, Adh2-2N was 
derived from our Adh-S stock, and Adh2-3N was derived from our 
stock 5921. All three alleles produce enzymes with the same 
elec.trophoretic mobility (designated by the symbol "N"). Analysis 
of Adh2 regulation came only after we induced a mutation in the 
Adh2-1N structural gene which altered its electre~heretic mebil
ity (FREELING and SCHWARTZ 1973). The EMS-induced mutation 
Adh2-1P specifies a less negatively charged form of the enzyme 
which migrates more slowly to the anodal pole. This mutation 
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made it possible to distinguish and compare the enzymes specified 
by two Adh2 alleles in heterozygotes. 

Our assignment of regulatory elements associated with each 
allele is shown below. 

Adh2-1 P Pe N P Pe 
_______________ + 

p 

Adh2-2 N 

Adh2-3 p p ( N ) 

pe designates a regulatory element which functions only in the 
embryonic or pregermination stage of development. pa designates 
a regulating element which functions only in the adult or post
germination stage of development. The p element functions at 
both stages. These studies were performed with plants homozy
gous for the Adh-S allele. Adh2 specifies an enzyme which has 
very low activity in the sodium borate gels,and comparisons are 
made of the relative intensities of the 2P•lS and 2N•lS inter
genie heterodimers formed in the Adh2 heterozygotes. 

These assignments of regulatory elements to the Adh2 al
leles were based on the following results. In heterozygotes the 
Adh2-1N allele and Adh2-1P allele are equally functional and the 
2N•lS and 2P•lS intergenic heterodimer bands are of equal inten
sity in both embryo material and anaerobically induced seedlings. 
This is also observed in the developing embryo of Adh2-3N/Adh2-1P 
heterozygotes, but at the seedling stage the Adh2-3N allele pro
duces about twice as much product as the Adh2-1P allele . . An 
inversion of relative activity is observed in Adh2-2N/Adh2-1P 
heterozygotes when the embryonic and adult stages are compared. 
In the developing embryo Adh2-2N is only about half as functional 
as Adh2-1P,whereas in the anaerobically induced seedling and in sap 
extruded from stems of senescing plants the reverse condition is · 
found, withAdh2-2N producing twice as much enzyme as Adh2-1P. 

We have recovered an EMS-induced regulatory mutant (Adh2-2N291) 
in which the p regulatory element of the Adh2-2N allele was ren
dered nonfunctional. In the mutant homozygote no Adh2 enzyme 
is produced in the embryo where pa is nonfunctional, but Adh2 is 
produced in the seedling. In heterozygotes with Adh2-1P, only 
Adh2-P is formed in the embryo, whereas equal amounts of Adh2-N 
and Adh2-P are made in the seedling stage where both alleles 
have one functional regulatory element. We are in the process 
of testing another regulatory mutant of Adh2-2N which behaves as 
though the pa regulatory element was inactivated. 

The fact that it is possible to mutate each regulatory ele
ment of both the Adh and Adh2 loci independently without altering 
the functioning of the other element offers strong support to 
the multiple regulatory element hypothesis. 

The functioning of the pa regulatory element of the Adh2-2N 
allele is under hormonal control. Seedlings are normally ger-
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minated on paper toweling in uncovered trays prior to being sub
merged in water for anaerobic induction of ADH. Under these 
growth conditions, in heterozygotes the Adh2-2N allele, with 
two functional regulatory elements, produces about twice as much 
enzyme as Adh2-1P,which has only one functional element. However, 
when the seedlings are germinated in covered trays the two alleles 
show equal activity. This effect is due to accumulation of the 
plant hormone ethylene in the covered dish during the course of 
germination. Similar results are obtained if the seedlings are 
germinated aerobically on paper toweling moistened with as little 
as 0.001% ethrel (Amchem Products, Inc.). Ethrel contains 21.3% 
of the active ingredient (2-chloroethyl)-phosphonic acid which 
is enzymatically converted in plant tissue to ethylene. 

This effect could result either from an inactivation of the 
pa element in Adh2-2N so that both alleles have only one functional 
regulatory element in the seedling or from activation of pe 
in the Adh2-1P allele. These alternatives were tested by re
peating the ethrel experiment with seedlings heterozygous for 
Adh2-1P and Adh2-3N, an allele which lacks pa and has two regu
latory elements which function in both pre- and post-germination 
stages. The ethylene effect is not observed with these hetero
zygotes as would be expected if ethylene activated the pe element. 

These results indicate that the functioning of the pa regu
latory element is under control of the plant hormone ethylene 
either directly or indirectly. pa is functional in the absence 
of the hormone and rendered nonfunctional by the presence of the 
hormone. Ethylene production is very high in developing fruit 
and this probably accounts for the nonfunctioning of the pa regu
latory element of the Adh2-2N allele in the developing embryo. 

These findings have important implications for the problem 
of the genetic control of differentiation. In our earlier studies 
we presented evidence that the pk regulatory element of the Adh-S 
allele is under the control of the plant hormone abscissic acid. 
It is our opinion that differential gene expression during devel
opment in higher organisms can readily be achieved in a system 
whereby structural genes are associated with multiple, diverse, 
promoter-like regulatory elements whose function is under hormonal 
control. 
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