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N an effort to narrow the gap between the primary action of the gene and the 
'phenotypic modification by which the gene is recognized, we have initiated 
a study of gene-induced protein differences in maize using electrophoretic and 
immunochemical techniques. Specifically, we are investigating the enzymes 
involved in starch synthesis and degradation in the maize endosperm tissue 
(SCHWARTZ 1959). This material is well suited for such studies. It has been sub- 
jected to extensive cytogenetic analysis, and many genes are known and avail- 
able that affect starch synthesis. The endosperm is the site of concentrated 
enzymatic activity almost entirely devoted to synthesis of starch. In fact, electro- 
phoretic analysis is possible with extracts from single endosperms. Many of the 
nonallelic mutant genes that block starch synthesis give rise to quite similar 
mutant phenotypes. This paper deals mainly with the effect of the sh, mutant 
3n chromosome 9. 

METHODS A N D  MATERIAL 

Immature maize endosperms are used in these studies. The ears were harvested 
16 days after fertilization, near the peak of starch synthesis. Kernels were cut 
iff the cobs and stored in plastic bags at -20°F. The material was macerated 
md centrifuged at high speed (100,000 x g) to remove cell debris and particulate 
Fractions, and the supernatant was used for the electrophoretic separations. Since 
no differences were observed in the electrophoretic patterns when the kernels 
were macerated with or without the tiny embryo, we did not bother with the 
tedious task of removing the embryo in subsequent runs. 

Electrophoretic separations were made on both crude and concentrated extracts. 
The extracts were concentrated by pressure dialysis, dialysis against 20 M Carbo- 
wax (KOHN 1959), or by lyophilization. 

When the unconcentrated extracts were used, they were applied to thick pieces 
,f filter paper for insertion into the starch gel so that a fairly large amount of 
;ohtion could be applied. Whatman No. 1 filter paper was used for the concen- 
sated extracts. The Smithies technique for starch gel electrophoresis and amido 
dack staining was used (SMITHIES 1955). Best separations were obtained by use 
If borate buffer at pH 8.5 (0.1 p in starch gel, 1.0 p in electrode trays). The runs 
were of about 4-hour duration at room temperature with a voltage drop of 7 v/cm 
dong the starch gel. For accurate comparisons of electrophoretic patterns of the 

1 Operated by Union Carbide Corporation for the U. S. Atomic Energy Commission. 
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1420 D. SCHWARTZ 

various mutants tested, two runs were made side by side on the same gel by apply- 
ing the extracts at each end of the piece of filter paper to be inserted in the starch 
gel so that the extracts overlapped in the center. The best patterns were obtained 
with the material concentrated by lyophilization. A Spinco Model H electro- 
phoresis-diffusion instrument was used for the moving boundary electrophoretic 
study with a phosphate buffer at pH 7.5 and 0.1 p. 

The immunochemical analysis was made by the Ouchterlony double diffusion 
technique (OUCHTERLONY 1948). Antiserum reagents were prepared in rabbits 
by injecting the 100,000 X g supernatant of endosperm extracts with Freund’s 
technique (water in oil emulsion). 

RESULTS AND DISCUSSION 

We have not as yet succeeded in separating the endosperm proteins with agar 
gel (veronal buffer pH 8.6, 0.02 a) or paper (veronal buffer pH 8.6, 0.075 p )  
electrophoresis. Neither of these techniques gives clear separation into discrete 
bands. In starch gel, however, excellent separation is obtained, with the proteins 
moving as sharp discrete bands (Figure la).  In this technique the separation of 
some of the endosperm proteins may be influenced by their relative affinity for 
the starch gel. It is especially true for the enzymes involved in the synthesis and 
degradation of starch. This is illustrated by two-dimensional electrophoresis of 
the crude extract, as for example, paber followed by starch gel. The protein 
showing the fastest migration rate on paper appears as the slowest moving band 
in the starch gel. By this technique, it is possible to determine the position of the 
protein bands in paper electrophoresis, and it was found that the proteins move 

sh, Sh, 

FIGURB la.-Starch gel electrophoresis of nonmutant endosperm extract (W-W). 
FIGURE 1 b.-Starch gel electrophoresis pattern of ShJ/ShJ/ShJ and sh,/sh,/sh, endosperm 

extracts run side by side on the same gel. The arrow on the right points to the Sh, protein. The 
arrow on the left points to the forward moving band (see text). 
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STUDIES O N  ENDOSPERM PROTEINS 1421 

as broad smears as opposed to the discrete bands on the starch gel. The four slowest 
moving bands have properties characteristic of amylases. They are very active 
in reducing the size of the starch polymers. This can be shown directly by staining 
the gel with iodine after a short period of incubation. The gel as a whole stains 
blue while four red bands appear at the exact positions of the four slow-moving 
protein bands. This comparison is made by slicing the gel in half to present two 
identical faces, one of which is stained with amido black and the other with iodine. 
It is of interest that these amylases are found in tissue involved with synthesis 
of starch and not degradation; they may also play some role in the synthetic 
processes, possibly in primer formation. Since these enzyme bands are identified 
only by the iodine starch test, they may also include the “Q” or branching en- 
zyme. 

In this paper, attention will be focused on the heavy staining band seen in 
Figure la. This protein is not an amylase but has been found to show alkaline 
phosphatase activity by the application of the histochemical method of GOMORI 
(1952) to zone electrophoresis in starch gel as modified by POPP (personal 
communication). We will present evidence to show that the synthesis of this 
protein band is under the control of the Sh, gene on chromosome 9 and, for con- 
venience, it will be designated as the Sh, band, although other genes may also 
be involved. 

In all, about 30 different genetic stocks (obtained from Maize Cooperation) 
homozygous recessive for various endosperm starch mutants were tested. These 
included su,, SUIan‘, sup, bt,, btp, sh,, shp, sh3, sh,, ae, h, o,, op, wx, wxa, du,, fl,, fr,, 
singly as well as a number of double mutant combinations. Three of the stocks 
tested were homozygous recessive for the sh, gene, and these lacked the Sh, band 
completely. All the other stocks carried the Sh, allele and showed the presence 
of the Sh, band in the electrophoretic separation on the starch gel. Figure l b  
shows the starch gel pattern obtained when extracts from Sh,/Sh,/Sh, and 
sh,/sh,/sh, endosperms were run side by side on the same starch gel. 

The absence of a major protein component in sh,/sh,/sh, endosperm is also 
seen in moving boundary electrophoresis patterns (Figure 2).  

The intensity of the Sh, protein band is gene dose dependent. Since maize endo- 
sperm is triploid, receiving two nuclei from the female and one from the male, 
it was possible to compare the four genotypes, Sh,/Sh,/Sh,, Sh,/Sh,/sh,, Sh,/ 
sh,/sh,, and sh,/sh,/sh,. For these comparisons the two heterozygous combina- 
tions were made from reciprocal crosses in which the same two homozygous 
plants were used as both male and female parents. The intensity of the Sh, band 
increased with increasing doses of the Sh, gene. 

The correlation between the amount of Sh, protein produced in the endosperm 
(as determined by staining intensity) and the dose of the Sh, gene was confirmed 
by the immunochemical studies. 

A number of precipitation lines appear in the Ouchterlony double diffusion 
test when antiserum containing antibodies specific for the endosperm proteins 
is allowed to diffuse against the endosperm extracts. The heaviest of the precipi- 
tation lines involves an antigen found only in the Sh, kernels. All the Sh, stocks 
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FIGURE 2.-Moving boundary electrophoresis patterns of crude (a) Sh,/Sh,/Sh, and (b) 
sh,/sh,/sh, extracts showing an extra peak in (a).  

were tested in this manner and shown to form this precipitation band. The three 
sh, stocks lacked this precipitation band completely when tested against anti- 
serum from rabbits immunized against Sh, endosperm extracts. This is an 
extremely sensitive test for the presence of an antigenic protein. A concentration 
of antigen insufficient to form a detectable precipitation band can still be detected 
since it would cause a bending in the precipitation band formed by the antigen 
in an adjacent well. Extracts from the sh,/sh,/sh, plants caused no such bending 
(Figure 3).  

By the technique of immunoelectrophoresis it was possible to establish that the 
Sh, antigen missing in the sh, extracts is identical to the Sh, protein in the electro- 
phoretic separation. Endosperm extracts were separated electrophoretically. and 
the starch gel was sliced in two. One slice was stained to determine the exact 
positions of the protein bands; the other was placed in an agar plate in which a 
section of the agar gel had been cut out to receive the starch gel slice. The anti- 
serum was put into a trough running parallel to the entire length of the starch gel. 
A strong precipitation band was formed around the position of the Sh, protein 
band in the starch gel when extracts from Sh, endosperms were used. No such 
precipitation band appeared when the sh, extract was tested in this manner 
(Figure 4). 

In a similar experiment, the section of the starch gel containing the Sh, protein 
band was cut out and placed in a three-well agar plate. The other two wells were 
filled with the antiserum and the crude extract from Sh, endosperms. The pre- 
cipitation band formed between the section of starch gel and the antiserum 
coalesced with the heavy precipitation band formed between the extract and the 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/45/10/1419/6058927 by guest on 25 M

ay 2023



STUDIES O N  ENDOSPERM PROTEINS 1423 

FIGURE 3.4uchterlony precipitation patterns found by allowing endosperm extracts to 
diffuse against antiserum of rabbits immunized against Sh,/Sh,/Sh, endosperm. The antiserum 
is in the center well and the extracts are in the surrounding wells. 

antiserum (i.e., the band that is missing in the sh, material): thus establishing 
the identity of the protein and antigen. 

In the Ouchterlony test, the relative concentration of antigen in a number of 
extracts can be compared. the intensity of the precipitation band and its position 
being used as criteria. Such an analysis of the two homozygous and two heterozy- 
gous genotypes confirmed the electrophoretic results indicating that the concen- 
tration of the Sh, antigen is gene dose dependent (Figure 3). 

In  the previously described experiment, in which the starch gel slice was used 
in the immunoelectrophoresis test, a continuous precipitation band was found 
along the entire length of the starch gel slice (see Figure 4). Further investigation 
established that this precipitation band is caused by dextrins diffusing out of the 
starch gel and precipitating with the antiserum. This precipitation band appeared 
even when a starch gel to which no endosperm extract had been added was used. 
In fact, dextrins were agglutinated by nonimmunized rabbit sera. Whether this 
involves a nonspecific agglutinization or these animals normally contain anti- 
bodies against the dextrins has not as yet been established. 

Further proof that the Sh, protein band is under the control of the Sh, gene 
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FIGURE 4.--Immunoelectrophoresis of Sh,/Sh,/Sh, and sh,/sh,/sh, endosperm extracts using 
anti&, rabbit serum. The two extracts were run side by side on the same gel. The dotted line 
in the gel indicates the position of the Sh, protein band as determined by staining the other half 
of the starch gel. 

was obtained from a study of Dissociation (Ds) suppression of this gene. MCCLIN- 
TOCK (1951) has described a transposable element Ds that, when situated in the 
close proximity of a particular gene, can completely suppress the action of the 
gene so that, in the homozygous condition or heterozygous with a recessive, the 
completely recessive phenotype is produced. Ds is completely stable in the absence 
of Activator (Ac).  In its presence, however, Ds is frequently removed from its 
site next to the gene by either chromosome breakage or transposition. As a result 
of such events, the dominant phenotype is restored. 

We have tested four independently arising cases of Sh, suppression by Ds. This 
material was kindly supplied by DR. MCCLINTOCK. One of these lines was homo- 
zygous DsSh,; the other three were heterozygous with the recessive sh, allele. 
Endosperm extracts from all four lines were similar to homozygous sh, material 
in that, when Ac was absent, the Sh, protein-antigen was completely lacking 
(Figure 5a). These were tested both electrophoretically on starch gel and im- 
munochemically. When the same genotypes were tested in the presence of Ac, 
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Sh, DsShi Sh! sh, SU! Sh! 

FIGURE 5a.-Starch gel electrophoresis pattern of Sh,/Sh,/Sh, run alongside DsSh,/DsSh,/ 

FIGURE 5b.-Starch gel electrophoresis pattern of Sh,/Sh,/Sh, run alongside sh,/sh4/sh,. 
FIGURE 5c.-Starch gel electrophoresis pattern of suI/suI/suI, Sh,/Sh,/Sh, run alongside 

DsSh,. 

Su,/Su,/Su,, sh,/sh,/sh,. 

the Sh, protein-antigen was found to be preseng, but in somewhat reduced 
amount. This reduction is expected since the kernels are mosaic for shrunken 
and nonshrunken tissue. 

All of the tested Sh,/Sh,/Sh, material recessive for the other endosperm mu- 
tants showed the presence of a high concentration of the Sh, protein, with the 
exception of the sh, mutants. Two Sh,/Sh,/Sh,, sh,/sh,/sh, strains in different 
backgrounds were tested, and both showed a drastic reduction in the concentra- 
tion of the Sh, protein as determined both on starch gel electrophoresis by the 
intensity of the stained band and immunochemically by the intensity and position 
of the precipitation band in the Ouchterlony test. Though less intense, the Shl 
band in the sh, endosperm extracts migrated at the same rate as this band in the 
other endosperms (Figure 5b). 

The results reported in this paper clearly establish that the Sh, gene is involved 
in the control of the synthesis of a major protein component in the endosperm. 
This component has not been found in germinating seed or in immature or mature 
pollen. The question remains as to whether this protein is not synthesized at all 
in the sh, mutant endosperm or is synthesized but modified in such a manner as 
to be noncross-reacting immunologically with the protein produced in the pres- 
ence of the Sh, allele and to have an altered mobility in starch gel electrophoresis. 
The presence of a new antigen in the sh, extracts could not be demonstrated. 
Comparison of the starch gel patterns of Sh, and sh, extracts failed to reveal the 
presence of a band in sh, that was not also present in the Sh, extracts. The only 
difference observed in sh, material, other than the absence of the Sh, protein, was 
an increase in the intensity of the band that migrates just ahead of the Sh, band 
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(Figure la) .  In normal nonmutant material this forward band is quite weak and 
stains very lightly. That the increase in intensity of the forward band is under 
the control of the sh, gene and not simply associated with a decrease in the con- 
centration of the Sh, protein can be shown by comparing starch gel patterns of 
sh,/sh,/sh, and DsSh,/DsSh,/DsSh, endosperm extracts. Both of these com- 
pletely lack the Sh, protein band. If the increased intensity of the forward band 
is a consequence of a reduction of the Sh, protein, then both extracts should show 
the forward band with about equal intensity. However, the homozygous DsSh, 
endosperms show only a very weak band at the forward position, similar to the 
band in the Sh, homozygotes. It thus seems that the sh, allele is not an amorph, 
although the connection between the elimination of one protein and intensifica- 
tion of a second is not clear. The possibility also exists that the more intense for- 
ward moving band in the sh, material represents a different protein but one that 
has the same migration rate on the starch gel as that occurring in the extracts 
from the Sh, plants. 

The forward moving band is of much interest and is being intensively investi- 
gated. This band is not seen in endosperms of at least three mutants (su,, shp, 
and sh,) (Figure 5c). Tests of the various double mutant combinations point to 
genic interaction in the control of this protein, similar to that described by 
KRAMER, PFAHLER and WHISTLER (1958) on the phenotype level. This band 
shows a faster migration rate in sh4/sh4/sh4 endosperms. 

The effect of the sh, mutant in maize appears to be similar to that of the td, 
mutant in Neurospora (SUSKIND, YANOFSKY, and BONNER 1955) in that it results 
in the complete absence of a protein produced in nonmutant material without 
the associated appearance of another cross-reacting protein. We are in the process 
of surveying endosperm mutants in a search for plants that contain the Sh, 
protein with an altered rate of migration. 

SUMMARY 

Electrophoretic and immunochemical investigations on endosperm proteins in 
maize mutants that affect starch synthesis are described. The Sh, gene controls 
the formation of a major protein component in the endosperm that is completely 
lacking in sh,/sh,/sh, material. The suppression of Sh, by Ds also results in the 
absence of this protein. Removal of Ds from its position adjacent to the Sh, gene 
under the influence of Ac causes a reappearance of the Sh, protein. No evidence 
was found for the synthesis of an altered protein by the sh, mutant; however, the 
mutant gene increases the intensity of another protein band that is normally 
present in nonmutant endosperms. 
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