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Summary. In order to examine the effects of different 
alleles on the gene expression at the waxy locus, the 
W x  gene product which controls the synthesis of  
amylose was isolated from endosperm starch of rice 
plants and analysed by electrophoretic techniques. The 
major protein bound to starch granules was absent in 
most of  waxy strains and increased with the number of 
W x  alleles in triploid endosperms, suggesting that the 
major protein is the W x  gene product. In addition to 
wx  alleles which result in the absence or drastic reduc- 
tion of the W x  gene product and amylose, differentia- 
tion of W x  alleles seemed to have occurred among 
nonwaxy rice strains. At least two W x  alleles with 
different efficiencies in the production of the major 
protein as well as amylose were detected. These alleles 
are discussed in relation to regulation of the gene ex- 
pression. 
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Introduction 

Recent investigations have revealed that the genomes 
of higher plants appear to contain substantial amounts 
of regulatory information associated with various facets 
of  gene expression (Scandalios and Baum 1982). Al- 
though our knowledge of regulatory systems is quite 
limited, the accumulating evidence suggests that such 
regulatory systems might have played an important 
role leading to phenotypic diversity in crops. 

In order to examine the expression of waxy (wx)  
gene in rice, the present study was undertaken by using 
electrophoretic techniques. The waxy (or glutinous) 

locus has been well documented by conventional 
genetic methods (Ikeno 1914; Nagao and Takahashi 
1963; Iwata and Omura 1971; IRRI 1976) as well as by 
pollen analysis for a fine-structure map (Li et al. 1965, 
1968). In addition, the waxy locus controls the produc- 
tion of amylose. The starch of nonwaxy endosperms 
contains both amylose and amylopectin, whereas waxy 
endosperms produce primarily amylopectin. In maize, 
the W x  gene product was assumed to be nucleoside di- 
phosphate (NDP) sugar-starch glucosyl transferase, 
which controls the synthesis of  amylose (Nelson and 
Rines 1962; Tasi 1974; Nelson et al. 1978; Echt and 
Schwartz 1981). In rice, amylose content is the major 
determinant of the eating, cooking and processing 
qualities (IRRI 1976). However, the inheritance of 
amylose content seems to be complicated among non- 
waxy rice strains (IRRI 1976; McKenzie and Rutger 
1983). I will report here that in addition to the wx 

alleles which result in the absence or trace of  the gene 
product, there are at least two different W x  alleles 
which regulate the quantitative level of  the gene prod- 
uct as well as amylose. 

Materials and methods 

Plant material 

Seven Oryza sativa and three O. glaberrima strains were 
chosen from a collection assembled from various countries 
and preserved in the National Institute of Genetics, Misima, 
Japan. Their origins and endosperm characteristics are shown 
in Table 1. In addition, 20 waxy (or glutinous) cultivars were 
examined as to the presence or absence of the Wx gene 
product. 

Two-dimensional electrophoresis 

Seed polypeptides from nonwaxy and waxy strains were com- 
pared by means of a two-dimensional polyacrylamide gel 
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Table 1. The materials used 
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Species Strain Endosperm Amylose Origin 
content a 

O. sativa T65 Nonwaxy 14.2% 
N8 Nonwaxy 15.6% 
108 Nonwaxy 25.0% 
C8669 Nonwaxy 24.2% 
C8005 Nonwaxy 24.1% 
221 Waxy 0.0% 
T65wx Waxy 0.0% 

O. glaberrima W025 Nonwaxy 21.6% 
GM1 Nonwaxy 24.2% 

GM2 Waxy 0.0% 

Taichung 65 from Taiwan 
Norin 8 from Japan 
Peiku from Taiwan 
A genetic tester through C.R.R.I., Cuttack, India 
G. S. No 409 from India 
Malagkit Sinaguing from Philippines 
An isogenic line ofT65 with wx from Kinoshitamochi 
(derived from BC~6) 

From Sierra Leone (through S. Sampath) 
A photoperiod non-sensitive strain with white grains 
selected by Oka (1977) 
A mutant from GM1 treated with EMS (Sano 1978) 

" 10 seeds per strain were examined (% dry basis) 

electrophoresis according to O'Farrell (1975). All steps in the 
preparation were performed at 4 ~ Ten seeds of each strain 
were homogenized in 1 ml of 10 mM tris-HC1, pH 8.5. The 
extracts were then centrifuged at 12,000 rpm for 30 min. The 
protein concentrations were determined by the method of 
Lowry etal. (1951), using bovine serum albumin as the 
standard. The supernatant was diluted with sample buffer con- 
taining the following at the final concentrations indicated: 
8.5 M urea; 2% (w/v) Triton X-100; 12.5 mM L-lysine; 2.5% 
(w/v) ampholine, pH3-10; and 5% fl-mercapto-ethanol 
(BME). Samples containing 150 ~tg protein were loaded onto 
0.3x 8-cm isoelectric focusing gels. Gels were run for 16 h at 
320 V at room temperature, followed by 800 V for 1 h. The 
non-equilibrated gels were subjected to electrophoresis in the 
second dimension in 8.75 % acrylamide slabs (13 • 0.1 • 15 cm). 
Gels were run at constant current (25 mA) and completed 
after the dye front (Bromphenol blue, 0.005%) had moved 
7 cm into the separation gel. Gels were fixed in 12.5% trichlo- 
roacetic acid for 1 h at 60~ and then were incubated in 
destaining solution (acetic acid : methanol : H20, 1 : 3 : 9) for 
1 h. Proteins were stained in 0.2% Coomassie Blue R-250 in 
destaining solution for 2 h at 60~ Gels were subsequently 
destained by diffusion in destaining solution. 

SDS gel electrophoresis 

Starch granules were isolated from dried grains according to 
Schwartz and Echt (1982). After seed soaking for 12 h, the 
embryo was removed and 10 grains (or individual grain) were 
homogenized in 1 ml of buffer A (0.055 M tris-HC1, pH 6.8, 
2.3% SDS, 5% BME, 10% glycerol). The suspension was filtered 
through a layer of Miracloth and centrifuged at 12,000 rpm for 
1 min. The pellet was washed by three cycles of suspension 
and centrifugation in 1 ml of buffer A and two cycles in 1 ml 
of acetone. The starch granules were then dried in vacuo and 
stored at -80~ Five mg of the granules were mixed with 
50 ~tl of buffer A and heated in a boiling water bath for 5 min. 
The gelled solution was cooled and an additional 100 ~1 of 
buffer A was added with gently stirring. The slurry was cen- 
trifuged at 12,000 rpm for 5 min, and the resulting superna- 
tants were used for electrophoresis. SDS polyacrylamide gel 
electrophoresis was performed according to Laemmli (1970) 
using either 10% or 8.75% acrylamide gels. Molecular weights 

were determined from migration comparisons to Bio-Rad Low 
Molecular Weight Protein Standards in 10% acrylamide SDS 
gels. 

Analysis of amylose content 

Each endosperm was gelatinized overnight in 1 N potassium 
hydroxide at room temperature after removing the embryo 
and pericarp. The amylose content based on dry weight was 
colorimetrically determined by Technicon Autoanalyzer. 

Results 

Two-dimensional polyacrylamide gel electrophoresis 

Examinat ion of seed polypeptides in T65 (Oryza sativa, 
Japonica type) showed that it is possible to distinguish 
22 major  and more than 60 minor  polypeptide com- 
ponents as revealed by isoelectric point and molecular 
weight. Comparisons of two-dimensional gels per- 
formed in T65 (Wx) and an isogenic line of T65 carry- 
ing wx (T65wx) revealed that the only difference 
detected was the presence of a subunit  in T65 which 
was absent in T65wx (Fig. 1). This suggests that the Wx 
gene controls the production of the subunit.  The molec- 
ular weight and isoelectric point  were approximately 
60,000 and pH 7.0, respectively. 

Seed polypeptides from two nonwaxy (Wx) strains, 
108 (O. sativa, Indica type) and W025 (O. glaberrima) 
were examined. The spot detected in T65 and not in 
T65wx was clearly recognized in both strains although 
they contained relatively greater amounts  of the sub- 
unit  than did T65 (Fig. 2). 

The Wxprotein 

SDS extracts of starch granules from nonwaxy strains 
contained a major protein in addition to one or two 
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Fig. 1. Two-dimensional patterns of seed poly- 
peptides from T65 (a) and T65wx (b) 

minor proteins with higher molecular weight, as visu- 
alised on polyacrylamide gels (Figs. 3 and 5). On the 
other hand, SDS extracts from T65wx completely 
lacked the major protein (Fig. 3h). Out of 23 wx (or 
glutinous) strains examined, 22 lacked the protein as 
did T65wx. However, IKI staining of  a strain from 
Nepal (C9078) showed a faint band corresponding to 
the protein although this strain was waxy. Thus, the 
absence or trace of the major protein was well cor- 
related with waxy phenotypes. By mobility compari- 
sons with molecular weight markers, the size of the 
major protein was estimated to be about 60,000 daltons. 
This indicated that the major protein from SDS extracts 
is the same as the protein specific to nonwaxy strains 
detected by two-dimensional electrophoresis. 

SDS extracts from whole endosperms of T65 and 
T65wx were examined. When the extracts from T65 
were heated to swell the starch granules, only the band 
of 60,000 daltons became clear (Fig. 4), suggesting a 
major starch-granule-bound protein associated with the 
Wx allele is similar to the one called the Wx protein in 
maize (Echt and Schwartz 1981). T65wx had the same 
patterns in SDS extracts of  whole endosperms as that 

found in T65 except that the band of  60,000 daltons 
was completely missing even after heating. 

The amount of  Wx protein greatly varied among 
nonwaxy strains (Fig. 3). Two strains, T65 and N8 
(Japonica type of O. sativa), both showed a smaller 
amount of  Wx protein than the other nonwaxy strains 
(Indica type of  O. sativa and O. glaberrima), being con- 
sistent with the results in two-dimensional patterns. 
Amylose content in starch granules also varied among 
nonwaxy strains (Table 1). Amylose content appeared 
to be correlated with the amount of  Wx protein since 
T65 and N8 had lower amylose contents than did the 
other nonwaxy strains. 

Dosage effect of  the Wx gene 

Since the triploid endosperm has one dose of the 
paternal and two doses of  the maternal allele, it is pos- 
sible to examine the effect of Wx gene dosage on the 
level of the gene product by using reciprocally crossed 
seeds of waxy and nonwaxy strains. Three kinds of 
crosses, T65XT65wx, C8669X221, and GMIXGM2,  
were made and the hybrid seeds were analysed as to 
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Fig .  2.  Two-dimensional patterns of seed poly- 
peptides from two nonwaxy strains, 108 (a) 
and W025 (b) 

Fig, 3. Proteins extracted from starch granules of mature 
endosperms, a 108; b C8669; c C8005; dW025; e GMI; fT65; 
g C9078; h T65wx 

the level of W x  protein. The amount of  W x  protein was 
well correlated with the W x  gene dosage (Fig. 5). Thus, 
one, two and three doses of W x  alleles in the endo- 
sperm revealed a progressive increase in W x  protein 
levels, although the protein level in T65 x T65wx was 
lower than those in the other crosses. Two additional 
minor proteins with higher molecular weights did not 
appear to vary with the dosage. 

Endosperm starch was waxy in the FI hybrids of 
T65wxx221 and T65wxXGM2, indicating that the 
three waxy strains have the same recessive gene. Selfed 

seeds from heterozygous W x / w x  plants are expected to 
segregate endosperms with different doses of  W x  alleles. 
In the F2, endosperms with W x  W x  W x ,  W x  W x  wx, 

W x  wx  wx  and w x  w x  w x  segregate into a ratio of 
1 : 1:1 : 1. Only endosperms with the genotype of 
w x  w x  w x  are distinguishable from others by IKI 
staining. The three F1 hybrids, T65 x T65wx, C8669 x 221 
and GM1 x GM2, all showed seed fertility higher than 
85% and a good fit to 3 W x :  1 w x  ratio in F2, although 
hybrids between distantly related strains of  rice often 
result in a distorted segregation at the w x  locus. W x  

proteins in F2 endosperms were examined individually 
in the three crosses in order to know if four types of 
endosperms are distinguished from intensities of  W x  

protein levels. SDS extracts from individual endosperms 
showed that the four different intensity types were dis- 
tinguishable. Expectedly, they segregated into a 1 : 1 : 1 : 1 

in the three crosses examined (Table 2). 

Dif ferent ia t ion  o f  W x  alleles 

As shown in Figs. 3 and 5, W x  alleles of Indica type of 
O. sat iva and O. glaberr ima had a high efficiency in the 



Y. Sano: Waxy gene expression in rice 

Table 2. Segregation for the Wx protein level in F2 seeds of crosses between nonwaxy (Wx  Wx) and waxy (wxwx) strains 
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Cross No. of No. ofendosperms with a Z 2 
seeds (1 : 1 : 1 : 1) 
examined Wx Wx Wx Wx Wxwx Wxwxwx wxwxwx 

P 

T65 x T65wx 35 9 11 7 8 1.089 > 0.75 
C8669 x 221 25 9 4 7 5 2.360 > 0.25 
GMI • GM2 20 5 7 4 4 1.200 > 0.75 

a Genotypes were estimated from the intensity of the Wx protein level as shown in Fig. 5 

Fig. 4. The effect of heating on extraction of whole endosperm 
proteins in T65. a heated; b not heated 

and GM1 and the other  having a lower level as in T65, 
would be expected to produce  four different endo-  
sperms in F2 with regard  to the amount  o f  W x  prote in  
formed in starch granules a l though all F2 seeds are 
phenotypica l ly  nonwaxy by  IKI  staining. The F1 hy- 
brids between T65 and C8669 or GM1, however,  were 
highly sterile. Therefore, C8005, which showed a full 
level o f  W x  protein  in starch granules (Fig. 3c) and 
gave complete ly  fertile F1 plants  in the cross with T65, 
was used for this purpose.  

By examining SDS extracts from starch granules in 
individual  F2 seeds o f  the T65 • C8005 cross, four dif- 
ferent types of  endosperms were recognized from inten- 
sities of  W x  protein levels, as visualized in Fig. 6. Assum- 
ing that C8005 and T65 have W x  a and W x  b alleles, respec- 
tively, and that Wx a produces a higher level o f  the gene 
product, four different endosperms with W x a W x a W x %  

w x a W x a W x  b, w x a W x b W x  b and W x b W x b W x  b a r e  

expected to occur in F2 and contain different levels 
of  W x  protein  segregating into a 1 : 1 : 1 : 1 ratio. In fact, 
the four types es t imated from the intensities agreed 
with a 1 : 1 : 1 : 1  ratio (Table 3). This indicates the 
presence of  two W x  alleles which control  different 
levels o f  W x  prote in  in starch granules. 

Fig. 5a-c.  Dosage effect of Wx gene on the Wx protein level 
Numerals indicate the number of Wx alleles in the endo- 
sperm, a T65xT65wx (two-fold amounts of samples were 
loaded); b C8669 • 221 ; e GM1 x GM2 

Discussion 

The waxy locus on the first l inkage group (Chromo-  
some 6) in rice controls the product ion o f  amylose in 
the endosperm (Ikeno 1914; Nagao  and Takahashi  
1963; Iwata and Omura  1971). Starch produced  in the 

product ion  o f  W x  prote in  than those of  Japonica  type 
o f  O. sativa. This strongly suggests that  at least two dif- 
ferent W x  alleles exist among  rice strains. I f  there were 
different W x  alleles in addi t ion  to recessive wx  alleles 
at the locus, the hybrids between two nonwaxy strains, 
one having a full level o f  W x  protein  as found in C8669 

Fig. 6. Gene dosage effect of Wx '~ and Wx b o n  the Wx protein 
level in F2 ofC8005 (WxaWx a) • T65 (WxbWxb). a WxaWxaWx a 
b wxawxawxb; c W~cawxbwxb; d WxbWxbWx b 
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Table 3. Segregation for the Wx protein level in F2 seeds of a cross between two strains showing dif- 
ferent level of the Wx protein, C8005 ( Wx a Wx a) and T65 ( Wx b Wx b) 

No. of No. of endosperms with a Z2 
seeds (1: 1: 1: 1) 
examined w x a w x a w x  a w x a w x a W x  b W X a W x b W x  b W x b W x b W x  b 

P 

36 6 9 I 1 9 1.457 > 0.50 

~ Genotypes were estimated from the intensity of the Wx protein level as shown in Fig. 6 

homozygous W x  endosperm is composed of about 
15-30% amylose and 85-70% amylopectin while the w x  

endosperm lacks amylose and contains primarily amy- 
lopectin (IRRI 1974). The published data in maize 
show that the W x  gene product is almost certainly the 
starch-granule-bound NDP sugar-starch glucosyl trans- 
ferase whose activity is nearly absent in w x  endosperm 
(Nelson and Rines 1962; Nelson et al. 1978) and varies 
linearly with W x  gene dosage (Tsai 1974). In addition, 
analysis in the protein level of the gene product was 
successfully carried out by Echt and Schwartz (1981). 
They reported that the amount of the gene product 
called W x  protein also increases with W x  gene dosage 
and w x  alleles result in the inactivation, absence or 
drastic reduction of W x  protein. 

The present results show that a major protein tightly 
bound to starch-granules in rice endosperm had same 
characteristics as the W x  protein found in maize. The 
major protein called W x  protein in rice seems to be the 
W x  gene product although enzymatic activity was not 
examined in rice. Out of 23 waxy strains examined, 22 
lacked W x  protein completely in spite of the fact that 
they could have an inactivated protein instead of the 
absence of W x  protein. The reason why most of waxy 
strains lack W x  protein in rice remains unknown, but 
this suggests a possibility that the level of W x  protein 
partly controls amylose content in rice endosperm. 

With regard to amylose content, the w x  allele is 
incompletely recessive to W x  allele since amylose con- 
tent increases with the number of  W x  alleles in triploid 
endosperms (IRRI 1976; Okuno 1978). Taking gene 
dosage effect on W x  protein into account, amylose con- 
tent seems to be partly determined by the amount of 
W x  protein. In addition, the present study suggests that 
among nonwaxy rice strains there are different W x  
alleles, W x  a and W x  b, which control not only the level 
of the gene product but also amylose content in endo- 
sperm starch. Okuno (1978) and Amano (1980) in- 
dicated that W x  alleles in Japonica type of O. sativa 

(T65 and N8) show different patterns of gene dosage 
effect on amylose content from those of Indica type of 
O. sat iva and O. glaberr ima,  namely amylose content 
increased markedly by one dose of W x  allele in the 
latter compared to in the former. This is easily ex- 
plained by assuming that W x  a carried by the latter 

produces a higher level of W x  protein and amylose 
than W x  b of the former and the alleles act additively in 
triploid endosperms as shown in the present study. 
Reciprocal hybridizations between high- and low- 
amylose lines showed some decrease in amylose with 
an increase in the low-amylose gene, also indicating 
partial dominance of high amylose over low amylose 
(IRRI 1976). This is in accordance with the above 
assumption if the hybrids were heterozygous for W x  a 
and W x  b. 

To prove the above assumption, W x  a of W025 has 
been introduced by successive backcrossing (BClo) into 
the genetic background of T65wx which lacks W x  

protein. The result will be published elsewhere, but the 
isogenic line with W x  a showed a level of W x  protein 
and amylose as high as the donor parent W025, higher 
than T65 with W x  b (in preparation). Hence, one of the 
major factors controlling the levels of W x  protein and 
amylose appears to be allelic difference at the W x  

locus. However, the inheritance of amylose content 
seems to be rather complicated among nonwaxy rice 
strains. In general, high amylose content is controlled 
by one gene of major effect and several modifiers 
(Bollich and Webb 1973; IRRI 1976; Satoh and Omura 
1981; McKenzie and Rutger 1983; Okuno et al. 1983). 
Recently, McKenzie and Rutger (1983) reported that a 
major gene controlling amylose content is linked with a 
gene for alkali spreading score (alk)  which is an ad- 
ditional starch characteristics as an estimate of gelatini- 
zation temperature. As a lk  and wx genes are linked 
(Kudo 1968; Ghosh and Govindaswamy 1972), they 
most probably examined a segregation for W x  a and 
W x  b alleles responsible for variation in amylose con- 
tent. 

Of special interest is the presence of different alleles, 
W x  a and W x  6, which regulate the quantitative level of 
the gene product. Such a difference may be regarded as 
the result of a regulatory mutation (Scandalios and 
Baum 1982). This mutant acts in cis because dosage 
effect was observed in F2 endosperms of the heterozy- 
gotes, W x a / W x  b, W x a / w x  and W x b / w x .  In addition, all 
w x  strains examined showed the absence or drastic 
reduction of W x  protein rather than the formation of 
an inactive protein which might result from a mutation 
within the structural gene. In the mutants where the 
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W x  protein is absent  or reduced,  possibly the transcrip- 
tion, translat ion or R N A  processing may  be defective 
so that no or little prote in  is synthesized as discussed by 
Echt and  Schwartz (1981). Al though little is known 
about  the function of  such regula tory  information,  
similar cis -act ing  elements are assumed to exist in 
maize (Schwartz 1966; Schwartz and Endo  1966; 
Freel ing and Cheng 1978), rice (Endo 1981) and P e t u n i a  

(Berg e ta l .  1983). In rice, amylose  content  greatly 
varies among rice strains ( IRRI 1974), however,  it is 
suggested that  the Japonica  type o f  O. sat iva has com- 
parat ively lower amylose content  than the Indica  type 
showing some overlapping.  Fur the r  examinat ions  are 
needed  to know if  differential  regula t ion as found 
between W x  a and W x  b is re la ted to intraspecific dif- 
ferentiation into the Japonica  and Indica  types. Thus, 
b iochemical  approaches  to the study o f  W x  prote in  in 
rice may  throw more  light on not only  an impor tan t  
grain qual i ty  trait but  also regulatory mechanism of  
gene expression in higher  plants.  
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