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Summary. The synthesis of at least 15 zein polypeptides is 
under the control of regulatory gene loci. One of these, 
Opaque-2 (chromosome 7, position 16) strongly reduces 
the zein accumulation without modifying the zein molec- 
ular components. The linkage relationship between the 
regulatory gene 02 and the 5 structural loci (Zpl, Zp2, 
Zp3, Zp6, Zp12) segregating with sample Mendelian ratios 
have been studied. Zpl, Zp2, Zp3 are closely linked to 
each other; moreover this gene cluster is located on chro- 
mosome 7 at 5.5 cM from the Opaque-2 locus. The struc- 
tural loci Zp6 and Zp12 are not linked with each other, 
with the 02 locus or with Zpl, Zp2, Zp3. From our data 
it follows that the zein structural genes are located in at 
least three positions on the maize genome. The scattering 
in the genome of the genes controlled by the Opaque-2 
locus suggests a transacting role for this regulatory ele- 
ment. 
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Introduction 

Our knowledge of the regulation of genes in prokaryotic 
organisms achieved substantial advancement with the 
operon theory of Monod and Jacob (1961). Similar gene- 
tic regulation may operate in higher eukaryotes (Paigen, 
1971; Lewin 1975). However, a full understanding of gene 
regulation in higher eukaryotes requires the identification 
of genetic elements endowed with regulatory functions 
and controlling the expression of genes known to carry 
structural information. The zein-synthesizing system in 
maize endosperm offers the opportunity to investigate the 
linkage relationship between a transacting regulatory ele- 
ment and several structural genes under its control. 

Zein is the major storage protein of maize endosperm. 

It is synthesized by membrane-bound polysomes and ac- 
cumulated in protein bodies (Burr and Burr 1976; Larkins 
et al. 1976). Zein consists of a mixture of at least 15 poly- 
peptide chains with MW of 23,000 or 21,000 daltons and 
exhibiting a large heterogeneity in charge as revealed by 
electrophoresis or isoelectric focusing (IEF) in polyacryla- 
m~de gels (Gianazza et al. 1976; Moss6 1966; Alexandres- 
cu et al. 1976; Soave et al. 1976). This charge hetero- 
geneity is not caused by artifacts such as deamidation or 
denaturation during extraction of the protein, Ampholine 
interaction or presence of non protein residues bound to 
the protein (Righetti et al. 1977b). Indeed, differences 
have been found in amino acid composition among the 
various IEF zein components (Gianazza et al. 1977) and 
the in vitro translation products of the polysomes bound 
to protein-bodies show the same heterogeneity as native 
zein (Viotti et al. submitted to Plant Science Letter). This 
last point stronglysuggests the in vivo absence of a post- 
translational modification of this class of polypeptides. 
Furthermore, in reciprocal crosses between inbred lines 
with marked differences in zein IEF patterns, the amount 
of each component correlates with the gene dose present 
in the cross (Righetti et al. 1977a). The accumulated evi- 
dence strongly suggests that the IEF zein bands corre- 
spond to the products of a system of structural genes. 

Several gene loci control the level of zein accumulation 
during endosperm development (Mertz et al. 1964; Nelson 
et al. 1965; McWhirter 1971; Ma and Nelson 1975). 
Among them, the Opaque-2 (02) locus plays an important 
regulatory role (Nelson 1969). The recessive allele at this 
locus strongly reduces the zein accumulation (Moss~ et al. 
1966; Murphy and Dalby 1971; Soave et al. 1975) with- 
out modifying, qualitatively the zein molecular com- 
ponents (Burr and Burr 1976; Gianazza et al. 1976; Soave 
et al. 1976; Lee et al. 1976; Misra and Mertz 1976; Di 
Fonzo et al. 1977). The inhibition is exerted on all the 
zein bands and is stronger on the more alkaline com- 
ponents (Soave et al. 1976). 
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Recen t ly  it has  been  f o u n d  t h a t  the  zein IEF  p a t t e r n  is 

geno type  d e p e n d e n t :  A large var iabi l i ty  a m o n g  the  pat- 

t e rns  f rom several s t ra ins  o f  maize  has  been  observed  

( G e n t i n e t t a  et  al. 1975).  This  s i tua t ion  a l lowed us to  in- 

vest igate the  l inkage re la t ionsh ip  b e t w e e n  the  regu la tory  

gene 02 and the  s t ruc tu ra l  genes cod ing  for  some zein 

bands .  

Materials and Methods 

Three crosses were studied to estimate linkage relationships be- 
tween Opaque-2 and the Zpl, Zp2, Zp3, Zp6, Zp12 loci. In the 
first cross, the inbred N28 normal was pollinated with pollen from 
Oh45 Opaque-2. The F1 was self-fertilized or crossed to the inbred 
A69Y opaque-2 in order to obtain the F2 and the BC generation 
respectively. F2 plants were also grown and self-fertilized to pro- 
duce F3 seed~ In the second cross, the inbred OH43 normal was 
pollinated with pollen from A69Y opaque-2. In the third cross, 
the inbred N28 opaque-2 was pollinated with A69Y opaque-2 pol- 
len. The genotypes of the mentioned inbreds were: N28 normal = 
02, zpl, zp2, zp3, zp6, zp12; Oh45 opaque-2 = 02, Zpl, Zp2, 

Zp3, Zp6, Zp12; A69Y 02 = 02, zpl, zp2, zp3; Oh43 normal = 02, 
Zpl, Zp2, Zp3; N28 opaque-2 = 02, zpl, zp2, zp3. 

The endosperm of the kernels from the segregating ears was 
classified with respect to the normal or opaque-2 phenotype. The 
endosperm of individual kernels was powdered with a mortar and 
the meal (about 200 mg) was extracted twice with 3 ml of 0.5M 
NaC1 by shaking for 2 hours at 4"C. The suspension was centri- 
fuged at 5000 x g for 5 rain and the pellet washed twice with 
water. Zein was extracted from the residue with 3 ml of 70% (v/v) 
ethanol containing 1% (v/v) of 2-mereaptoethanol by shaking for 
2 h. The extraction was repeated twice. The alcohol extraction 
dissolves only the zein protein. The extract was evaporated in 
vacuo and the zein dissolved at a concentration of about 7 mg/ml 
with 0.01 M Tfisglycine, pH 8.2, 6 M Urea and 1% 2-mercapto- 
ethanol. 

Thin-layer polyacrylamide gel isoelectric focusing of zein was 
performed as described by Righetti et al. (1977b). The gel slab 
contained 5% acrylamide (Bis being 1:26 of acrylamide), 2% car- 
der ampholytes prepared with equal volume of pH 6-8 and 
pH 7-9 range Ampholine (LKB Products) and 6 M Urea. Protein 
samples (about 150 ~g) were applied in small pockets precast in 
the gel and the run was for four hours at 20~ with a constant 
wattage of 13 W. Staining and destaining were as described by 
Righetti et al. (1974). 

Fig. 1. Zein IEF phenotypes of parents, F1 and F2 generations of the cross N28 normal (P1) X OH45 opaque-2 (P2). The band Zp3 is 
relatively faint in the photograph but  its presence or absence was easily detectable in the gels. When necessary, overloading resolved doubt- 
ful cases 
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Results and Discussion 

As observed during the work with various genotypes of  
maize, the bands coded Zpl ,  Zp2, Zp3 (Zp is for zein 
polypeptide), in Fig. 1 o f  this paper, show a coordinated 
absence or presence suggesting that the genes coding for 
them are closely linked to each other. These bands are 
characterized by a M.W. of  21 Kds and focus at the most 
alkaline pH values. Their linkage relationship with the 
locus 02 was studied in three crosses. In cross number 1, 
the parental inbred OH45 (P2 in Fig. 1)was homozygous 
for the 02 allele and characterized by the presence of  the 
bands Zpl ,  Zp2, Zp3 (genotype 02, Zpl ,  Zp2, Zp3); the 
second parent was N28 (P1), homozygous for the normal 
02 allele and lacking the above mentioned bands (geno- 
type 02, zpl, zp2, zp3). Fig. 1 shows the zein IEF pat- 
terns of  parents, F1 and F2 seeds. Several differences can 

be observed between the two parents, while the F1 pat- 
tern is the combination o f  the patterns o f  the two paren- 
tal genotypes. The presence o f  the bands Zpl ,  Zp2 and 
Zp3 is dominant over the absence. In the opaque-2 seeds 
(o2, upper panel, Fig. 1) of  the F2 generation, the bands 
Zpl ,  Zp2 and Zp3 are always present while in normal 
seeds they are not always present (02, bot tom panel, Fig. 
1). The quantitative data of  cross 1 are reported in Table 1. 
The linkage between the 02 locus and the three structural 
loci Zpl, Zp2, Zp3 is suggested by the discrepancy between 
expected and observed number o f  F2 and backcross (BC) 
phenotypes. This linkage, however, is not absolute since 
some recombinant phenotypes have been observed (5 out 
58 in the BC generation). When calculated from F2 and 
BC data, the estimates of  the crossover values were 5.1 
and 6.5 centiMorgans (cM) respectively. The F3 data o f  
cross 1 were in accord with the data of  the F2 or BC. 

Table 1. Estimates of the crossover values between the regulatory gene Opaque-2 (chromosome 7, position 16) and the loci Zpl,Zp2,Zp3 
coding for the IEF zein subunits Zpl, Zp2 and Zp3 

Number of seeds in the segregating generations 
Generation Phenotypes (a) Crossover Value 

(cM • s.c.) 
02 02 02 02 
Zpl,Zp2,Zp3 zpl,zp2,zp3 Zpl,Zp2,Zp3 zpl,zp2,zp3 

Cross w 1 (N28 Normal X Oh45 opaque-2) 

expected (b) 68.1 22.7 22.7 7.5 
F2 (121 seeds) observed 56 35 30 0 (d) 

expected 14.5 14.5 14.5 14.5 
BC (58 seeds) observed 3 26 27 2 

F3 7 Normal ears All the seeds of each ear had the phenotype 02,zpl,zp2,zp3 
2 Ears segregating 3 : 1, 
02:02 
9 Ears homozygous o2 

The frequencies of the 4 phenotypes were similar to those reported for the F2. 
8 ears had seeds all of the phenotype o2,Zpl,Zp2,Zp3 
1 ear had seeds of the phenotype o2,Zpl,Zp2,Zp3 (77%) and 
o2,zpl,zp2,zp3 (23%). 

5.1• 

6.5• 

5.5 (e) 

Cross w 2 (Oh43 Normal X A69Y opaque-2) 

expected 105.7 35.2 35.2 11.8 
F2 (188 seeds) observed 140 1 6 41 3.0 • 0.8 (c) 

expected 14.7 14.7 14.7 14.7 
BC (59 seeds) observed 29 2 3 26 7.5 • 2.3 (c) 

Cross w 3 (N28 opaque-2 X A69Y opaque-2) 

F1 (10 seeds) All the seeds had the phenotype o2,zpl, zp2,zp3 
F2 (20 seeds) All the seeds had the phenotype o2,zpl,zp2,zp3 

Mean Crossover Value (cM) 5.5 

a) Since in our crosses the linkages among Zpl,Zp2 and Zp3 were absolute, they were considered altogether in studying their relationship 
with the 02 locus 

b) In case of independence 
c) Calculated according to the product method (Immer 1930) 
d) This value was considered equal to 0.1 for the sake of calculation 
e) The number of gametes sampled (9 opaque-2 F3 ears) was 18. The crossover values was then estimated as 1/18 (= 0.055) 
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Table 2. Estimates of the crossover values and their standard 
errors among Opaque-2, the gene cluster Zpl, Zp2, Zp3 and the 
genes Zp6 and Zp12 coding for the IEF zein subunits Zp6 and 
ZpJ2 

Segregating genes cM +_ s.c. 

02 - Zp6 47 -+ 4.4 
02 - Zpl2 52 -+ 4.5 
Zpl, Zp2, Zp3 - Zp6 43 +_ 4.2 
Zpl, Zp2, Zp3 - Zp12 51 +- 4.5 
Zp6 - Zp12 42 +_ 4.9 

Data from 121 F2 seeds of the cross 1 

Specifically, out of 9 F3 opaque-2 ears, one ear segregated 
Zpl, Zp2, Zp3: zpl, zp2, zp3. This permitted a third 
estimate of the crossover values corresponding to 5.5 cM. 

In the second cross, the parents were OH43 normal 
(genotype 02, Zpl, Zp2, Zp3) and A69Y opaque-2 (geno- 
type o2, zpl, zp2, zp3). In this cross, the recessive 02 
allele was coupled with the null alleles zpl, zp2, zp3. The 
crossover values between the 02 locus and the region asso- 
ciated with the three bands were 3.0 cM. and 7.5 eM, re- 
spectively for the generations F2 and BC (see Table 1). 
These data are in close agreement with those from cross 1. 
Cross 3 was performed to demonstrate the allelic nature 
of the absence of the bands Zpl, Zp2, Zp3 in the geno- 
types N28 and A69Y, two inbreds involved in crosses 1 
and 2 respectively. The F1 showed no Zpl, Zp2 and Zp3 
bands and no transgressive phenotypes were present in the 
F2 generation. 

The linkage relationships between the cluster Zpl, Zp2 
and Zp3 and other structural loci have been followed uti- 
lizing the F2 generation of cross 1. In this cross, two other 
bands, Zp6 and Zp12, clearly segregated as separate mo- 
nogenic traits. Table 2 shows that the genetic elements 
Zp6 and Zp12 coding for Zp6 and Zpl2 are not linked 
with each other or with 02, Zpl, Zp2 or Zp3 loci (the 
crossover values are all in the 50 cM range). These results 
indicate that the structural genes coding for zein proteins 
are identified with more than one linkage group (from the 
available data, it follows that the minimum number of 
groups is three; of these, two are not linked with the 
regulatory gene 02). 

Previous experimental evidence demonstrated the exis- 
tence of several zein proteins possibly coded for by differ- 
ent genetic loci (Gianazza et al. 1976; Soave et al. 1976; 
Righetti et al. 1977a, 1977b). The present data show a 
dear Mendelian segregation for at least 5 IEF zein bands, 
suggesting a close relation between single IEF components 
and zein structural loci. Moreover some of these genes are 
clustered as Zpl, Zp2 and Zp3. The two other structural 
genes identified in this analysis, Zp6 and Zp12, do not 
show linkage between each other or with the cluster Zpl, 

Zp2, Zp3 even if we can not exclude that other zein genes 
are clustered with Zp6 and Zp12. Our data, however, 
show that Zp6, Zp12 and the cluster Zpl, Zp2, Zp3 are 
located in three different positions on the genome. This 
situation allows a reconsideration of the relationship be- 
tween the regulatory locus 02 and the structural genes 
under its control. The dominance of the 02 wild type 
allele, together with the scattering in the genome of the 
structural genes under its control, strongly suggest a trans- 
acting role for this regulatory gene. From this point of 
view, the 02 locus is different from other eukaryotic regu- 
latory elements which are cis-acting and are located close 
to the structural genes they control (Swank et al. 1973; 
Arst and Scazzocchio 1975; Chovnik 1976). In contrast, 
the 02 type of regulation fits well the models of gene 
regulation described in maize (McClintock 1956) or in 
lower eukaryotes (Douglas and Hawthorne 1972; Little- 
wood 1975; Arst 1976). 

A second interesting point emerges from our results 
and this concerns the linkage relationship between 02 and 
the cluster Zpl, Zp2, Zp3. Since there is some recombina- 
tion between them, it appears that the regulatory function 
is located beyond the boundaries of the cluster of struc- 
tural genes. Nevertheless we could suppose that the two 
elements evolved independently from a common ancestor 
endowed with both regulatory and structural functions; 
the first element retaining and improving the regulatory 
function, the second stregthening its structural role by 
redundancy. 
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