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The rice plant has numerous varieties distributed over a wide area, ranging from tropioal 
~ temloera%e countries, and is wonderfully rich in varietal variations. The xv I plants 
between distantly related varieties often show semi-sterility. Based on this hybrid 
sterility, the varieties were classified first by Kate, Kosaka & I-Iara (1928) into the sab- 
species ' Indies '  and ' Japonica'. But lately doubts have arisen about this classification in 
wow of the fact that the interrelation of varieties in hybrid sterili{y was too complicated to 
divide the varieties into two distinct groups (Terse & Mizushima, 1939). The present m-iter 
(Oka, 1953 c, 195t a) has investigatedthe tendency of various characters to associate and the 
relationship of character association to hybrid sterility. He has put forward the view that 
rice varieties can be classified into two groups, ' Continental' and "Insular', so named in 
accordance wRh geographical distribution, bat largely corresponding to the 'Indiea' and 
'Japonica' types, respectively. The 'Insular' group can be further s~b~divided into the 
Tropical' and ~Temperate' groups. 

Th~s hybrid sterility has been a problem of wide interest among workers on this plant. 
Although the mechanism of sterility has not yet been fully understood, it is "known that 
sterility is characterized by the following features: 

(1) Crossing between distant varieties is as easy as between nearly related ones, and the 
/r 1 plants grow normally. 

(2) The ~1 plants show no disturbance in chromosome pMring, even in a cross with the 
highest sterility. 

(3) i~Iicro- and macro-spores begin to deteriorate at a definite stage of development after 
~he meiosis. According to the writer's observation, the deterioration begins in mioros]?ores 
after the so-called' second contracting stage ', and in macrospores after the first division of 
the embryosae nucleus. 

(Q The degree of sterility depends on the combination of pareilta.1 varieties, and if 
measured by the percentage of good pollen, R is not affected much by environmental 
conditions. 

(5) The percentage of seed setting is generally similar to the percentage of good pollen, 
but i~ rare Gases significantly higher or lower than the latter. 

(6) Reciprocal crosses show no sigJlibcant difference in the percentage of good pollen of 
F~ plants. 

These facts sugges ~ that sterility is not due to the failure of chro mosome pairi~g, but may 
be due to some genotypic unbalance brought about by a recombination of chromosomes. 

"* Oomhibution from NationM Institute of Genetics, Japa.n, no. 17,3. 
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In other words, in the cross of A~B i and A~B~, gameges carrying _4~B~ a~zd A~B~ m~y 
del~eriorate. The outcome of' the experiments set out in ~his paper wilt demonstrate 
Chat these A~, B a, etc., are Aot the whole chromosome, but are Mendelian factors, and 
under the assumption tha t  they are duplicate genes various phenomena can be sueeess%lly 
explained. 

Tt{~  HYPOTHESIS OF ~AMETIC-DEVELOP~fENT GENES AN]) EVIDENCE SUPPORTING IT 

We may assume ~ha~ a gene X which works in ~he gamete as a developmen~ maintainer is 
duplicated, and the loci are on different chromosomes. When two strains X~.x z and x~X~ 
are crossed, the F 1 will :produce double-recessive gametes with ~he frequency of 25 %. 
Fertility will then come down to 75 %. Various degrees of sterility appearing in inter- 
variefat hybrids may be explained by assuming that  a number of such. mechanisms 
interacL These hypotheeical duplicate genes for gametic development wit1 be called 
Gametic-Development Genes' or 'era.  genes'. 

The H 2 between distanely rela~ed varieties of rice usually slow a contint~ous array of 
intergrades in fertility. Bu~ when two related varieties, A and B, differing in fertility in 
the hybrids with :he third variety C, are crossed in the manner (A x B) x C, the offspring 
may show a discontinuous segregation for fertility, because of ~he relative simplicity o f  
genie differences between A and B. The writer has observed several such crosses, using 
strictIy pure strains as materials. A few examples in which the assumption of genes could 
be justified by progeny tests wilt be presented in the following sections. 

(t) fhefirst experiment: 563 x (219 x 221) 

Both of the varieties 219 and 221 are native to the Philippines and have characteristics 
of t h e '  Tropical-Insular group '. The former is non-glutinous, while the latter is glutinous. 
563 is a Japanese glutinous variety.belonging to the 'Temperate-Insular group'. The 
Ft  of 563 x 219 is semi-sterile, pollen fertility being about 65 %, while those of 563 x 221. 
and 219 x 221 are nearly completely fertile. 

A plant of the variety 563 was pollinated with the pollen of the F 1 of 219 x 221. Table I 
(~he upper part) shows the variation in pollen fertility found in the offspring of this cross. 

Table 1. Seg~'efIation of fertile aug semi-steTi~e 21ants in some vq'osses 
of (A • B) • C type 

% of good pollen 
No. of 

Cross 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 p l an t s  

563 • (219 • 
~ .omozygotes* 3 3 3 • '2 2 l . . . . .  15 

L _ _ ]  k 

! Ie te rozygotes*  1 2 2 1 1 2 3 4 1 . . . .  17 

(6) 

I :[I I I I  
(108 x 143) x 563 I 3 8 8 0 7 4 3 8 9 5 16 12 9 5 104 

(37) (25) (~) 
563 x (108 x i r  2 I 3 1 2 ,1: 3 1 d: 5 2 2 30 

~ - -  J \ A J 

(7) () 04) 
* :For the  g lu t inous  geno, + : gL 
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As a matter  of eom'se, segregation of the hereto- and homozygotes ibr the glutinous 
gene is seen in Table 1 in a 1 : t ratio. I t  is further found in Table ] that  in bo~h of these 
classes fertile plants (95-80%) and semi-sterile plants (65-35%) can be distinguished 
dearly. The ra~io of fertile to semi-sterile plants may be judged to.be 1 : 1 as a whole, but 
fertile plants are more numerous than semi-sterile ones among the Jaeterozygotes for the 
glutinous gene, while semi-sterile are more numerous than fertile plants among the homo- 
zygo%s. In addition to this, in semi-sterile plants heterozygous for the glutinous gene, 
more than 70 % of good pollen grains were found to be glutinous. 

These phenomena may be easily tmderstood if we assume that  a set of o.D. genes X 1 and 
X~ are concerned, and either of ~hem is linked with the glutinous gene gL Under this 
assumption, the genotypes of the parental varieties may be judged to be as follows: 

Variety219: xi - + X> 

Variety 22I: X i - 91 Xs, 

Variety 563: X 1 - 9~ ~ ( -  shows Iinkags), 

Let  the recombination value between X 1 and 9 ~ or x i and +.: be p, the F i of 219 x 221 will 
have the following gametic series, and they will produce four kPnds of plants when 
hybridized with 563, as shown below. 

W h e n  hybr id ized  wi th  563 
G e n o t y p s  of r . . . . . . . . . .  ~ . . . . . . .  -m E x p ,  Oba. 
~ g a m e t e  F e r t i l i t y  Glut inous  gene F requency  no. ~o. 

(a) x a - + X= Semi-s~eriIe HeSerozygous { { 1 - p )  10 I I  
(b) xl  - gl X~ Semi-sl, eriIe Homezygous  �89 6 6 
(c) X 1 - + X .  Fer t i l e  He te rozygous  �89 6 6 
(g) X~ - gZ X~ Fer t i le  i-Iomozygons , } (1 -p )  10 9 

The value of p will be estimated to be 12/32 or 0-375, and a good agreement is found 
between the observed and expected numbers. I t  may also be tmderst.ood that  in the semi- 
sterile heterozygotes (a), since non-glutinous gametes tend to deteriorate due go the 
linkage with xl, glutinous pollen grains increase against non-ghtinous ones. 

In order to test the validity of these assumptions for e.D. genes, the variety 563 was 
crossed with each of 49 lv~, plants of 219 x 221, and variations in pollen fertiLty in the des- 
eendant 42 imes were observed. The data were compared with expectations based on the 
above assamp~,ion of e.D. genes, by the following methods (details are given in Oka, 1953 a). 

First, according to the genotypes of the parental strains assumed, it will be expected 
that  the F 2 of 219 • 221. segregates into ten different genotypes. From the formutas 
showing frequency of those/~2 genotypes, the freqnendes of tlhe four kinds of plants in the 
whole population of 563 x P~ were formulated. They were related to the observed numbers 
and tlhe recombination value 2 was estimated to be 0.208 by maxix~um likelihood ealcul> 
glen. The expected numbers from this value of 29 rigged well to the observed nu~abers. 

Secondly, regarding each line of the 563 • Pz, the nnmbers of the four kinds of plants 
were compared with the nmnbers to be expected i.f the given line carries each of the tent 
F 2 genotypes. Then, tlie probability {,ha~ the observed numbers would be brought about 
from each genotyps was calculated for eac]l line. I t  was transformed into the probability 
tha t  the given line carries each ge~otype, by using Bayed ~heorem.. Then, for each geno- 
type, ~he probabilities fo~md in respective lines were surnamed up, and were regarded as an 
estimate of the actual segregation ratio of the F~ genotypes. From this genotypic ratio, 
the recombination value was computed again by the maximum likelihood method. 

2~ -2 
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2=0-210, a value clnite consistent with the former vMue 0.208, was found, and the esti- 
mated gen otypic ratio (sum of probabilities) gave a good fit to the rude expected from tiffs 
recombination value. These progeny tests may prove the validity of the former assump- 
tions of parentM genotyl?es. 

t t  was recognized, however, that in the 563 x ~ population, semi-sterile plants could be 
sub-all.vialed ineo two classes, with pollen fertilities of 65-55 Yo and 50-35 ~ .  The latter 
class had more plants than the former. For this2phenomenou, it may be assumed that the 
second[ set of ~.D. genes Yz and Y2 are concem.ed, in addition to the :arst set Xa and X> 
and Y1 is linked with X 1. (If this linkage is not assumed, the class with 65-55 }/o fertility 
m~st have more plants tha~ the class with 50-35 o/~ fertility.) Under this assumption, the 
genotypes of the paren{al varieties will be considered as follows: 

219: + - x~ - y, X~ Y> 

22t: 91 - X, ~ Y1 X~ Y~, 

563: g~ - X ~  - Y~ 0% yz. 

Denoting ~he recombination vMues ofg~ - X~ and X~ - Y~ by q and r, respectively, the 
same computations were carried, out again as was done when considering one set of ~..~. 
genes. As a result, it was found that ~ = 0.178 and r = 0.068. Expectations based on these 
values agreed, well with the data. q + :~r= 0.212 approaches the former value of ~, 0-208 or 
0.210; it may then be inferred that in the former computations where one set of e.~. genes 
was considered, the lumped effect o.f the two sets has been dealt with. 

The varieties used, 219 and 221, differ from each ocher in that ~he former is semi~sterile, 
while the latter is fertile, in the hybrid with 563, The results of crossing experiments stated 
hi this section may be valid enough to show that this difference between 219 and 22t is 
attributable to certain differences in c.~. genes, which are duplicate genes for gametic 
development and behave in accordance with Mendel's law. 

(2) The second experiment; reciprocag crosses betu~een 108 x 143 a~d 563 

108 (PeLkn) and I43 (Liu-t'ou-tzn) are Formosan native varieties of first-crop nature 
(insensitive to day-length), belonging to the ~Conth~ental group 1. In the hybrid with 563, 
108 shows a high. degree of hybrid sterility, pollen fertility being 34 %, while 143 is nearly 
fertile (90 %). Reciprocal crosses between the Y1 of 108 x 143 and 563 showed variations in 
pollen fertility as given in Table I (lower part). It  may be recognized in Table 1 @at the 
offspring of (108 x i43) x 563 segregates i~.to three classes wRh different fertilities, 90-60, 
55-40 and 35-15 %, and the class with i~termediate fertility has the lowest frequency. In 
the same manner as in 219 x 221, this variation may be explMned by two sets of a.D. 
genes, X 1, X~ mid Yl, Y> between which two pabs belonging to different sets, say, X 1 and 
Y> are linked. The parentaI varieties may then be assumed to have the following geno- 
types for the ~.D. genes 

I08: %. - ~Yl X ~  Yz, 

]4a : X1 -- Yl Xz Y2, 

563: X 1 -  Y1 x,, Y2. 

From the segregation ratio of the three classes; 37:25:42, tM recombinatiol~ value 
betwee~ X, and t~ was fotmd to be 0.24. hl this cross, fertilities of semLsterile plants due 
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to one set and two sets of r genes (classes I I  and I i I  in Table 1) will be expected to be 
0.75 and 0.625-~i~= 0.595, respectively, if tha t  of the fertile lJants is 1.0. The fertilities 
actually found for these tln'ee classes were considerably lower; the difference may be 
accounted for by considering the effects of other genes for fertility and environmental 
agencies. 

I= the reciprocal cross, 563 • (108 • 143), it was fomkd that fertile plants were markedly 
small in number. The simplest explanation for this phenomenon will be to assume tha t  
pollen with doable-detain.ant combinations of G,D. genes (X 1 and X z or }~ and Y~) has a 
low fertilizing capacity. Allowing the fertilizing capacity of double-dominant pollen to Le 
i - s, the value s = 0.26 will be f'om~d from the segregation ~:atio, 7 : 9 : ]4. 

The above-mentioned phenomenon appeared to prevail generally among di:fferent 
crosses. The present situation is tha t  it seems difficult to determine whether this tendency 
is due to the direct effect of c.D. genes or to the effect of other linked genes. The former 
assumption may be taken for granted matil genes for sneh a certahon are demonstrated. I t  
may be worth noting that  in the hybrid between two strains possessing different combina- 
tions of e.D. genes, say, Xls % x o%X> the tendency to restrict a recombination of chromo- 
somes results both from the deterioration of gametes carrying 0gl~ 2 and from the Iowering 
of the fertilizing capacity of pollen carrying XaX ~. 

In the same manner as in the first experiment, progeny tests were conducted in order to 
test the validity of the assumptions for e.D. genes. Each of 36 &~ plants of 108 x 143 was 
pollinated with the pollen of 563, and variations in pollen fertility in the descendant lines 
were examined. On the other hand, expectations were derived from the frequencies of 
genotypes to be produced i~ the P,  of 108 x 1r which were compared from the former 
assumptions for e.D. genes (details are given in Oka, 1953b). 

[First, the frequencies of semiosterile plants due to one set and two sets of o.D. genes 
(denoted by o~ and y respectively) in the whole population of/~2 x 565 were expected front 
the values is = 0.24 and s = 0.26. The values x = 0.300 and y = 0A06 were found. Denoting 
the mean fertilities of the three classes (I, I I  and I I I  in Table 1) and of the whole popula- 
tion by  r~, m - dl, m - d~ and M, respectively, and variance of fertility in the whole popu]a~ 
tion by  V, while variance due to other agencies than the assumed e,D. genes is denoted 
by R, then we have the follo~mg :formulas: 

M=m-gax-(g~y, 

Substituting ~/~= i - 0 . 7 5 -  0.25 and d~=] -0 .595= 0 .4 0 5 ,  the values of rn and R ca~ be 
known from the values of M, V, x and y. The frequency distribution of pollen fertility was 
ealeulated f rom these values, assuming that  variations d~e to other agencies than the 
('.D. genes follow a normal distribution. The calculated, frequency distribution showed a 
good agreement with the observed distribution. In contrast to this, having repeated the 
same calculation under the assumption ~hat pollen with a double-dominant combination 
of ~.D. genes has the same fertilizing capacity as single~dominant pollen (i.e. s = 0), the 
calculated distribution was :found to deviate significantly from the observed one. 

Secondly, distribtrtions of pollen ferti l i ty in lines possessing respective genotypes were 
calculated separately. By comparing those calculated distribntimas with the actual d~tum 
in each line, the probabilities tha t  the given line carries respective genotypes were esti 
mated in the same manner as in. the :first experiment. Summing them up, the probabilities 
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that  respective genotypes had occurred in the F~ of 108 x 143 were estimated. They gave a 
good fit io the fl'equeneies of those genotypes to be expeeeed under the former assumptions 
for ~he ~.D. genes. The results of ~hese calcinations may prove ~hat the inheritance of 
hybrid s~erili~y ha ~his cross ca~ be fully explahaed by the hypothesis of G.~. genes. 

(3) Chc~nge of seg~'egation ratio cl~e to the gametic-devdop~nent genes 

The gametic output fl'om a set of c~.D. genes will be 

If  we le~ the fertilizing capacity of double-dominant pollen be 1 - x, then ~he F~ genotypio 
segregaeion will be ezpeeted as follows: 

1 ( 1 _ 8 )  N I X 2 . 2  ~s-~YIX2. ~ ~ X 1 X 2 . 1  XlffJg~. 1 X l X 2 , 2  X l ~  ~ 
Xx Xo" 9 X z 7~. "9 ~t Xe" 9 X i xa" 9 x~ X~" 9 261 X.)." 

}Vhen a gege A : a is linked with a pair of ~.D. genes and the recombiaaeion va[u.e is p, 
~he Yt gametic ra~io o f A : a  will be 1 + 2 : 2 -  T (repulsion) or 2 - p : 1 +  2 (coupling), and 
~he Fo will segregate as shown in. Table 2. 

Table 2. 2he r B~ ~'atio of AA  : Aa :ac~ by the effect of a set of e.D. genes 
gepulsion ... AA Aa aa 
Coup]ing -.- aa Aa AA 
Fertile (l +3pa)-sp(l +p) (2+6p-gp~)-s(l +2p-Y2 2) (4-6p+3p~)-s(1-;o) (2-p)  
Semi-s~erile 2:~(1-p) 2(1 - 2p +2p z) 2p(1 -p)  
To~] C+p)-"-sAI+~) ~C+$) ( ~ - p ) - s C + ~ - s p  ~) (2-~)~-sit-p}(~-p) 

Table 2 shows that  the ratio o f A A  :Aa:aa may vary from 1:2:1 to 1:4:4 (s=0) or to 
1:3:2 (s=t ) ,  and the heterozygotes for A:a  have more semi-sterile plants than the 
homozygotes. I t  will then be expected that  phenotypicaily dominant plants have a lower 
mean fertility and a larger variance than recessive ones. The same tendency will also be 
expected in back-crosses. 

Denoting the frequencies of semi-sterile plants ba phenotypieally dominant and recessive 
classes by x~ and x~, respectively, the difference between the two classes in mean fertility 
and in variance wfl.I be written1 as fellows: 

Difference i~ mean - d(.~9 - xs), 

Difference in variance d>(xl>-xs) ( 1 - x z ~ x i @  

(In these formulas, d s~ands for the difference betwee~ fertile plants and selm~sterile 
plants ha fertility, and may be assumed to be 0.25.) By using these formulas, the values of 
c~z~ and x~, and therefore the values of 2~ and s may be estimated from observed means and 
variances of fert, iii~y. 

Regarding several mono-genic characters, Fs segregation ratios were observed with a 
number of crosses whose F 1 showed semi-sterility. Those segregation ratios ofte~ appeared 
to deviate from the 3:1 rM~io and ha most eases the above-sta%d expectation was satisfied. 
Table 3 gives two examples for the apieulns coloration gone C:c. The parental varieties 
108 (Pei-ku, Formosa) and I (70 ~ sore can, Indo-China) belong to ~he ' indiea '  or 'Conti- 
nentai '  group, and are coloarless a~ Che apicnlas. Both 31g (Boegi inda) and 325 (Kani- 
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rungs) are Indonesian. varie{,ies, belonging ~o the 'Tro]?ical-I~sular' group, and have a 
pro'pie colour at ~he apieulus. Table 3 shows that  in bo~h crosses coloarless piants have 
occurred ia excess of the expected numbers based on the 3:1 ratio, and have a higher 
mean fertility and a smaller variance ~han the eolonred plants. The modification of the F~ 
ratios may  then be considered to be due to the effect of ~.~. genes linked w)~h C:c. The 
values of x~ and x~. were estimated from ~he data in Table 3, assuming that  one se~ (in 
108 • 318} or two sets (in 1 x 325) of cdm. genes were concerned. The frequency distributions 
of fertility fix color, red and colonrless classes were then ca]inflated. Good fits were found 
betwee~ the observed and calculated distributions. Similar l~ests were found to be success- 
ful in cases of back~cross expe r imen t  regarding the glutinous endosperm gone. 

Cross 

108 x 318 
(7s%)* 
t x 325 
(60%)* 

Table 3. Variations in fertility among coZoured and colourl, ess fs  plants 
Oolom' % of seed se~ting No. ]~xp. 

a~ . - - - - ~  ~ of  no, Mea.n 
~pieulus 160 90 80 90 60 50 gO 30 20 10 0 plan~s (3:1) f e r t i l i ty  V a r i a n c e  

+ 4: 5 9 8 18 6 l 0  7 3 2 i 73 81.8 0,576 0.05~4 
- 8 7 8 3 3 g 3 2 37 27.2 0.660 0.0470 
+ 6 12 2I  9 21 21 8 4 94 1t7-0 0.485 0.0356 

- 9 18 17 6 6 3 2 1 62 39-0 0'520 0"0275 

* Pe rcen tage  of good poIIe= in  _~. 

Table 4. Relation between Fz fertility and t]~e deviation of F~ ratio f~om the 
ex29eeted 1 : 2:1 ratio 

% of good poEen in  2 x 
X z v ~ h e  ( ~ - -  No. of 

in _~= 95 85 75 65 55 45 35 25 I5 crosses 
0 - 2  3 1 4 4 
2 - ~  1 i 2 

8-16 I 2 1 1 5 
16-32 2 I 3 6 

I t  was found tha~ in hybrids Joe~ween distantly reIa~ed varieties of rice, the apieulus 
coloration gone C, as well as the glutinous gone g[, generaliy tended to decrease in ~he F~, 
while t.he phenoloreaction gone Ph  :ph was ia most crosses not  much affected by ~he gametic 
selection due ~o G.D. genes. ~egarding the glutinot~s gene, it was found, as show= i~ 
Table ~, ~hat the lower the -~1 fertility the larger dm deviation from ~he 1 : 2 : ]. ratio in 
the F~. 

(~) .~estriction on gene recombinatio~ due to t]~e gagnet(c-deve~og)qn.ent genes 

Let  n~ consider a case in which two independent genes A : a and B: b are linked respec- 
t ively with two pairs of c.n. genes Xj.:x s and %:X~ which belong {,o the same set. For  

instance, when the 1?1 gen.otype of a cross is A - ~, 5 - XZ, if the linkages are ~ight, 
�9 a - X 1  B - x ~  

g~me%s carrying A B  wilt be lost, because they carry the double-recessive combination 
of G.D. genes. Tihus, one of two possible combinations is lost. In addition go this, poIlenwith 
the double-dominant eombh~ation of the G.D. genes may have a low fer~ilizing capacity, so 
tha{ the o{her recombination ab will be reduced. The pare.oral combinations, Ab and aB, 
may bh.en have high relative freq.ueneies, and the segregation ratio may appear as if'it were 
due go {he repulsion ]fixkage be{weeu A and B. 
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I~ this east, denoting the recombination val:aes between A anti x~ a~d between. B and x~ 
by:p and q, respectively, the F~ gametic series and 6he frequencies ofF,~ phenoeypes will be 
eKpected as follows: 

F~ gamete 37. phenotypes  (when 1 -v=0.5) 

A 2  .}(to+7-]jq)  ~ ( 4 + 6 p + 6 q - p  ~ -q~.~ ) 
5 -/lb ~}(1-ff+.Pq) ~o( - p - 6 f f  +q~+4pq+p~q+pff~-3p~q "-) 

aB �89 - ~ ( 5 - 6 p -  ff+ip"- +,l~:q+p~q+2ffZ-3p"-q "-) 
ab �89 /)if) ~ ( 1 +  p+ q -4~q-p~q=pqz+gp~ff ~) 

}laving looked for eases falli~lg n~der this expectation, a few examples were obtained. 
Table 5 gives the segregation ratio for apicnlus colour (C:e) and phenol-reaction (_Ph :2h} 
remad ha the F~ of t.14 x 325. 414 (P.T.B. t0) is an Indian variety belonging to the 
ContineKtai group'; it is eolourless at the apiculus and ha~ positive phenol-reaction. In 

conerasg to this, 325 (Kanira~.ga) is an Indonesian variety belonging to the 'Tropical- 
insular group', showing purple coloration at the apieuhs and with negative phenol- 
reaction. The genes C:e and Ph:ph are independe~t. However, as the data in Table 5 
show, the parentM combhaations (eolou:dess-positive and eoloured.-negative) were 
excessive a~d reeombhaations were deficien~ in comparison with the 9:3:3:1. ra~io. The 
Y~ showed semi-sterility, pollen fertility being about 60 %. The 1~ plm~ts with domitians 
phenotypes for either character tea~ded to have lower fertility than those with recessive 
phenol~ypes. It may then be inferred that both C: e and Ph:ioh are influenced by ~.D. genes 
in this cross. 

Table 5, A modifie3 F~ fatio for apicutus eolour and phend~feaetion, shelvings a 
restrictio~ on the recombinatioq~ of independent genes 

Apieulus ... Coloured Colon-less 
a ] ,  

Phoreaegion .,, + - + - Total  

Observed no. 96 49 69 13 227 
Expected no. 9 :3 :3 :1  127"8 42,5 ~2,5 1~t-2 X~ =25.54 (P<0 .01)  
Considering a.D. genes 92-8 49'3 65,1 19-3 X ~ =2.94  (P>0 .20)  

i t  was then assumed that C:e and Ph:i~h are linked respeetivdy with e.~. genes xl:X z 
and X~:x2 which belong to the same set. By using the above-given formulas, the reeom- 
binabion vaiues of C -  5$1 a]_ld of zD]b-- 2 3 (demoted by 2 and q respectively), were estimated 
by the maximum liI~elihodd method. It was found that :p = 0.086 and q = 0.305. As shown 
in Table 5, the observed numbers were fmmd to fit well the expeetecl numbers based on 
these values. This experiment may serve as an example to show that the recombhaation of 
independent genes really produces restriction due to the effect of ~m. genes. 

(5) Polygenie nature of the gametie~development genes 
The two examples of analysis of ~.D. genes stated ha the first two sections are the 

simplest cases ha which fertile and semi-sterile classes segregated distinctly. From them 
the behaviour of sterility can be successfully explained by assuming one set or two sets of 
Gm. genes. However, having repeated experiments of the same design with differen~ 
strMtls, some of them showed several frequency peaks in the range of variation in pollen 
ferti~)ty, and it seemed that severa~ sets of ~.x). genes should be assumed to explain the 
variation. The crossing experimerre given below, (t43 x 160) • 563, is an example of such 
Cases ,  
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Both I-~3 (Lin4'on-tzu) and 160 (An-ka-chu)are Formosan native varieties beIonging 
to ~he' Continental group '. As stated in previous sections, 563 is a Japanese na~ive variety 
belonging to the 'Temperate-Insular group'. 1413 is non@ntinons, while 160 and 563 are 
glutinous. The/;'~ of 563 x 160 shows a high degree of sterility, pollen fertility being about 
15 %, while She /~  of 563 x I~3 is nearly fertile. The variation in pelion fertility in ~he 
progeny of (I43 x 160) x 563 was as given ba Table 6.. There were at least five frequency 
peaks and among plants with low fertilities, homozygotes for the glutinous gone were 
more numerous than the heterozygotes. Various assumptions of genes were put, to the tes~ 
for explaining this freclt~enoy distribution. The following assumption, where five sets of 
~.~. genes partly linked with one another were considered, was the most sucoessfnl one. 

~rOS8 

(1~3 x 1601x 563 
Obs. 

+gZ 
Exp. 

Obs. 

Exp. 

~t9 x 218 
OBs. 

Exp. 

Table 6. Observeg a~d e~pected frequency distributions of ffogeT~ fe~tility 6~ 
(1r x 160) x 563 and in the F z of 219 • 218 

% af good pollen 

95 90 85 80 75 70 65 60 55 50 -'1,5 40 35 30 25 20 15 

1 l ~ 6 I0 3 1 4 5 2 10 4 2 i 2 I 

4 20 10 1~7 4 
2-62 2"71 2.11 5-37 6-29 2.72 2-63 5.21 4-5--t 5-05 7.t4 4.70 2.18 0.87 0"19 0-01 

O 2 2 5 8 6 3 8 5 4 6 8 1 6 6 2 
v , ~. . . . . ._j  t _,(.c.O . r  ~ _ _ . ,  " . . . .  4 , '  

4~ 17 I 
i-ii 1.44 1"9-~ 8.55 5.3-'i 5-74 ~'67 4-95 5-59 6.43 7.37 7-91 6-77 4.85 ~.al 0-95 

2 6 2 4 6 1 1 6 3 2 5 1 2 1 1 

s i s  10 8 ;~ 
,68 14,10 14.15 7-05 1.51 0.27 

55 
xe-8-875 
(P>o-75) 

72 
x-"=t6-55 
(P>o.25) 

43 
x"= 5-93 
(P>0,30) 

160: y l - %  -- I7. s 1 - u  1 - %  X.. Y~ Z~ U. Vz, 

1t3: + - X * - Y l  Z 1 -  U I -  V 1 X~ Y2 Z~ U z Ks, 

563: , q l - X ~ -  Yl Z 1 - g  1 -  V j x~ Y2 z~ % %. 

On the basis of this assumption: frequencies of pleats wife different pollen fertilities 
were formulated, and the reoombin afiion values were estimated. Then, in the same manner 
as in [he case of (108 x 1~[3) x 563, mean fertilities and varfances were calculated and were 
compared with 'the observed values. The observed distributions agreed well with the 
ealeul.ated distributions, as seen in Table 6. This experiment has no progeny ~est; the 
assumptio~ of genotypes bearing so many genes cannot be a reliable one. Nevertheless, 
this experiment may indicate that  the parental varieties differ from each other 51 a 
nmnber of se~s of c,m. genes, and some of them are linked[ with one another. 

In these experiments hi which the F 1 of two related varieties has been crossed with the 
third variety, relatively distant :from the former two, t:he variation :k~ pollen fertility in the 
offspriag usually show discontinuities, because the geni.c difference between the former 
two strains might be relatively simple. On the oi~her hand, the Fz's between distaxrt 
varieties usually show a continuous array of intergrades N regard to fertility variation, 
from which direct analysis of individual genes is dillleutb. Having observed a number of 
Fz's, however, a~ exceptional case was found, a,s given in Table 6 (~he lower part), in 
which the variation had several frequency peaks and appeared to be discontinuous. In 
this ease, the parchgel varieties, 219 and 218, are native be.the PhiIippines, and have 
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characteristics of the ' Tropical-Insular group ', but they differ markedly from each other 
in various morphological and physiological respects. Their F~ was highly sterile, pollen 
fertility being about l0 %. In the Fz, the frequency peaks were fo~md at 95--90, 75-70, 
55, ~/=0 and 30 %. Th.ese fertilities seem to correspond ~o the fertility series, 1.0, 0-75, 0.75 ~, 

0.75 l', which is expecteclwhen ]c independent sets of C~.D. genes segregate. The observed 
distribution was tbund to fit well the expected distribution if five independent sets of 
c~.u. genes were assumed. 

The m~tcome of crossing-experiments as staged in this section seems to suggest the5 the 
C~.D. gone se~s are rather nmnerous between distantly related varieties of rice. The con- 
tinuous array of fertility usually appearing in the N z or later generations may be due to 
segregation of those c..~), gene sets, though some other modifiers of fertility may also be 
concerned. Since they are numerous and control fertility, the e~.D. gene sets may be 
regarded as polygenes. Biometrica]-genetic methods may ~hen be needed for analysing 
~he variations in fertility in the F~ and later generations. S~udies o~ this aspect will be 
reported elsewhere. 

The results of genie analyses stated in the above sections may indicate that  ~he h.ypo- 
thesis of e.D. genes can successfully explain the gene~ic behaviour of intervarietal hybrid 
sterility and other related phenomena found in ~:ice. I f  we do not like to assume that  the 
~.D. genes are duplicate genes, we may consider them as 'complementary gametic 
tethals'. According to this view, however, it must be assumed further that  in a cross of, 
say, A1B 1 • A[zB2, gametes carrying AaB~ and A[zB~ differ in function; and to explain th% 
origin of such complementary genes will also be dimcult. In contrast, the assumption 
thaO they are duplicate genes seems to provide a simpler explanation for various 
phenomena. 

(6) Genes, other thc~n ~.D. genes, affectin 9 hybrid sterility 
I t  may be inferred from the following facts ~hat not only the e.D. genes, bu% some other 

genes are responsible for the sterility resulting from crosses between distant varieties of 
rice. First, according to }he c.D. gene hypothesis, a fertile plant should produce only 
fertile pla.n~s in the progeny, and a semi-sterile plant should produce fertile plan~s and 
semi-sterile ones whose fer i l i ty  is not lower than the parent. Actually, this expectation is 
often betrayed. Secondly, if a gone for a certain character is linked with a ~.9. gone in a 
hybrid, pheaotypieaIiy dominant segregants should have lower mean fertility than the 
recessive on.es. However, t~e reversed situation can also be found. The simplest explana- 
tion for these phenomena may be to assume that  genes which work in the zygote and main- 
rain fertility are duplicated, and the doable-recessive combination brings about sterility 
through some physiological effect. Such duplicate genes for fertility, if present, may have 
nothing to do with the F~ sterility, bat  may produce sterile plants in the 2~ and later 
generations. Analysis of such duplicate genes will be reported in another paper. 

SPEC'ULATION ON THE NATURE OF GENETIC DIFFERENOES BETWEEN DISTA~N-TLY 
~E~_~TED W~tETIES OF ~C~ 

I t  is Imow~ that  hybrids between some related species in Primula a~d other genera are 
sterile, but show no disturbance in chromosome pairing. Stebbins (1950) considered that  
in such cases the chromosomes of parental species bear minute structural differences, and 
called them ' cryptic structural hybrids '. He pointed ouO further that  in such cases tetra- 



Hx~co-iom OxA ~07 

ploids of the hybrids generally show high s since in te~raploids chromosomes 
are not recombined due to selective pairing. In accordance with this view, Prof. Stebbins 
kindly wrote a Ietger to the writer suggesting that the r genes might be snail chromo- 
some segments, possibly transloca~ions. 

The tetraptoids of in~ervarietal hybrids of rise generally have higher fertility and a 
smaller number of tetravalent chromosomes than their parental autotetraploid strains. 
~owever, ig was observed by the write?: (Oka, 1954 b d, 1955) that in ~etraploid rice, fertility 
differed markedly according to the genotype, and tended to be high in vigorously growing 
strains. Nybrids between tetraploid strains were generMly vigorous in growth., and. the 
de~ee of hybrid vigour was sigalflcantly correlated to the percentage of seed setting. In 

the F z and later generations, the 'fertile tebraploid hybrid' produced many sterile plants, 
and the mean fertility of {he hybrid popnIation fell down in successive generations, though 
plants with high fertilities were selected in every generation. It  was found, further, that 
~he F~ ratios for several monotonic characters were between 8.5 : 1 (random chromosome 
pairing) and 20.8:1 (random ehromatid pairing) which were to be expected in autotetra- 
ploids. These facts seem to indicate that in tetraploid hybrids between distant varieties of 
rice, the chromosomes derived from {he same parent do me{ tend to pair selectively. 
Should this view be correct, they cannot be said to be allotetraploids (Oka, 1955). Similar 
cases are known in tetraploid hybrids between some races or species of Zea and Lyco- 
persicum (Randolph, 194-3; Lesley & Lesley, 1953). It may be inferred that in these oases 
the rise of fertility in a hybrid is not necessarily due to the selective pairing of chromo- 
somes. 

It has been show~ in this paper that hybrid sterility between rice varieties may be due to 
the c<~). genes, which are duplicate genes for gametic devdopmen~, in addition to these 
e.D. genes, various kinds of dupJicate genes seem to be present in rise. Then the question 
arises, how would genes have been duplicated in rice? In general, duplication of genes 
results either from the doubling of chromosomes or from transloeatio~s. Taking the latter 
view, the multiplicity of the ed). gone sets, as pointed out h~ this paper, can be explained 
only by assuming that many smaJd transloea%ions have occurred and have been accumm 
luted in the chromosomes. It should then be expected, that in tetraploid hybrids the 
chromosomes pair selectively. The writer's observation on tetrap]oid rice does not, 
]xo~vever, fit this expectation. On the other hand, the view that the duplicate genes 
would have been created by the dou.bling of d~r appears to be more reasonable. 
Based on the secondary association of meiotic chromosomes and the association of chromo- 
somes in haploid plants, it has been suggested that t~he rice plant may ha itself" be a secon- 
dary balanced polyp]old (Sakai, 1955). We have ~ao conclusive criterion to evaluate the 
relative importance of tonic and chromosomal ageudes taking part in racial differentia- 
rich. k-towever, if we bake the secondary polyploidy hypothesis, the origin of G.D. genes 
may be easily ~nderstood as due ~Co the doubling of chromosomes that would have 
occurred in the a.ncienb history of this plant. 

T~ ~oL~ o~ ~ ~uemoaq'~ o~,s I~ P~]-~o~.~rxo :OS~m{E~TIATIO~ 

I t  has been pointed out in ~his paper that when ~wo independent genes are ]inked respec- 
tively with ~wo pairs of r genes belonging to the same set, recombination of those two 
i~dependent genes is restricted go some extent. As expected from this phenomenon, it 
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was actually feared that  when a hybrid between distaJltly related rico varieties was 
propagated without selection., genotypes similar to the parental varieties tended to 
increase in successive generations. The results of observations on this aspect will be 
reported elsewhere; in this paper, the effect of gene dnplication on racial differentiation 
will be discussed. 

In mainly self-fertilized planbs, genie changes, if tmfavom'ablo for tel)reduction or 
gr ow bh, may be eliminated iu the population rapidly. Itowever, if genes are dupliea bed, 
a recessive mutation at one locus may be compensated by the same gone a[ the other 
].om~s. Thus many genie changes may be accumulated in the popu].a~ion and may have a 
chance to be combined with one another be create new adaptive genotypes. 

The other contribution of gent duplication to racial diffe:rontiabion may be its recom- 
bination restricting effect in hybrids. If a nl~mber o:f the genes necessary for reproduction 
or growLh are duplicated and are distributed on different ch.romoso~os, plants with a re- 
combination of 2 those chromosomes may be more or Iess disadvantageous in a hybrid 
betweem s~:rains with those genes in different combinations. The recombined genotypes 
may then tend to be eliminated eh.roagh game[ie or zygotic selection, and the hybrid 
population may have a tendency to increase its genotypes simitar to the parental strains. 
In mainly self-fertilized pla~%, differences in duplicate genes may thus work as an isolating 
mechanism promoting racial differentiation. 

Hybrid sterility and restriction on gezle recombination similar to ~ose  ~otmd in rice 
have been lmown in hybrids between some tetraploid species of cultivated cotton 
(Stephens, 1949), In this ease, participation of duplicate genes may reasonably be 
expected, since the parental species are tetrapl.oids. 

In accordance with these considerations, it may be inferred that the origin of wonder- 
fully rich variations in rice is to be traced back to the doubling of chromosomes in the 
remote ancestor of this plant, and the formation of the mechanism of hybrid sterility, due 
to gent duplication, would have pro-destined tJae present status of differentiation of 
variety groups. 

1. The hybrid sterility between distantly related varieties of cu2tivated rice can be 
explained by duplicate ggnes which work in the gamete as development maintainers 
(Gametic Development GCnes, or e.x). genes), tIybrids between varieties with those genes 
in different combinations may ]produce double recessive gametes which deteriorate at  a 
certain stage of development. 

2. t~or analysing those e.D. genes, crossing experiments of an ' (A x B) x C'  type were 
used, where A and B are closely related varieties, but  differ in fertility in the hybrid with 
the third variety C. tn one case, it was f'otmd that  a e.D. gent was l.Jnked, with the 
glatinous gent 9Z with a certain recombination vane .  

3. When a gone is INked with a e.D. gent, causing sterility in a hybrid, its segregation 
ratio changes, duo to gametic selection in a definite manner. This phenomenon was 
investigated theoreticalIy a~d experimentally. 

4. When two independent genes are linked respectively with two pairs of c*m. genes 
belonging to the same sot (the two pairs have the same effec~ but are located on different 
chromosomes), recombination of the former genes is restricted to some extent. This 
phenomenon was demor~strated in the F~ of some varie~aI crosses. 
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5. I t  was po in ted  out  tha~ the  s.D. gone sets segregat ing in a hybr id  be tween  dista~atly 
re la ted  var ie t ies  of  rice are usual ly  numerous,  and  prodt~ce a continuous a r r ay  o:f in ter-  
grades  in fer t i l i ty  in the  J7~ and la ter  generations.  The ~.~. gone sets m a y  be said ~o ac t  as 

polygenes.  
6. I n  addi t ion  to the  e.D. genes, other duplicate genes for %rti lRy seem to be present .  

The origin of gone dnplieat ion was discussed. Since R was found tha t  in te t rap lo id  hybr ids  
be tween  d i s t an t ly  related variet ies  of rice, the chromosomes  derived f rom the same  pa r en t  
did no t  t end  to  pair  seleetively, the  gone duplicat ion in rice was considered to be d~e more  
p r o b a b l y  to the  doubling of chromosomes,  as suggested b y  tlie hypothesis  t h a t  rice is a 
secondary  ba lanced  polyploid, t h a n  to  numerous  small  t ranslocat ions.  

7. W h e n  var ie t ies  with those dupl icate  genes in different combinat ions are hybr id ized ,  
since ch romosome  recombinat ion  tends  to bring abo~t  ~mfavourable effects, geno types  
similar  to  the  paren ta l  strains wil] increase in the hyb r id  populat ion.  I t  was po in t ed  out  
t h a t  this t endency  might  work as an isolating mechan i sm in main ly  self-fertilized plants .  

The ma in  p a r t  of the work repor ted  in this pape r  was conduc%ed in the  Ta iwan  
Provinc ia l  College o2 AgricuR~re,  Taichmag, Formosa .  The  writer  wishes to express  his 
h e a r t y  t hanks  to  his colleagues in the  labora tory ,  Mr K.  I~. Tsai, Nr  W. T. Chang and o the r  
ladies and  gent lemen;  and also to  the  college author i t ies  who suppor ted  the expense  of 

the  world. 
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