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It is well known that the genus Brassica includes many culti­
vated species and a vast ~ajority of wild forms. The cytological 

I) Contribu tions from the Institute of Agronomy, Kyugyu Imperial University. 
No. 87. 
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investigations on these Brassica species, especially on the cultivated 
one, have ' been carried out by many workers, On the basis of 
their gametic chromosome complements, the various cultivated 
species and' wild forms which have been treated with so far can 
be classified into the following nine groups (Table 1), 

-Group 

I 
II 

III 

IV 
v 

VI 
VII 

VIlI 
IX 

Table L Nine groups of Brassica species!), 

Number of gametic 
chromosomes 

8 
9 

10 

11 
12 
17 
18 
19 
24 

Species included 

B. nigra KOCH 

B. a/cracea L., B. alboglabra B AILEY, 

- 'B. Si~apis/rum B OISS., B. insttlaris MORIS, 

B. rupes/n's RAFIN .• B. balearica PERS. 

B. camjJtstris L ., B. rapa L.. 8. clJinensis L., 
B. japo'lica Sirs" B. pekinensis RuPR., 
.fI: 1Jipposillica B AILlY, B. trilocularis H ooK., 

B. Tour-I'M/artii G OUIIN 

B. e/ongata E HRII. 

B. , Wrightii, B. mOtle1lsis HUDS. 

B. carilla/a ' BRAU ~ 
B. ju"ncea HEM~EJ", B. cernua CJss. 
B. tlaprts L ,t>, B. Napclla CHAIX, B. rugosa PRAIN. 

B . . clteiranthos VILL. 

As will be noticed from Table 1, a special characteristic of the 
genus is the aneuploidy found in the numbers of chromosomes of 
itS componental species, Though studies on t he nature of polyploidy 
have achieved a steady progress in recent years, there remain 
'various problems stiB to be solved, especially abo~t aneuploidy. 
In connection with this problem of chromosomal evolution and also 
with the difficult taxonomic problems of fixing species boundaries, 
the remarkable prevalence of aneuploidy throughout the genus 
makes it a particularly interesting group to study, 

During the past few years many attempts have been made by 

1} This table was compiled chiefly from the reviews given by HAGA (1938b) and 
'S'XKA (1940) (ej. ALA:-l, 1936; MANTON, 1932; M ORfNAGA, 1928; MORIKAGA and FUKUSIJIHA 

1930; NAGAI and S,\SAOKA, 1930; SI!l~fOTOMAI 1925; How AR~, 1938 a). 

~) C,\TtH ESIDE (1934) counted the number as n = 18. His material may be a different 
form. Several strains of B. l1apus, indigenous to ~urope, Russia and Japan, examined 
by the 3l,.1tho! possessed without exception 19 gametic chromosomes ( MORINAGA and 
FUJ,::US IIIMA 1930). 
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several workers to analyse the complicate species relationships in 
this genus, with the view of giving a clue towards the general 
speciation problems. These attempts have been carried out along 
the following ways of approach: (1) Analysis of the morphological 
differences of somatic chromosome, with special reference to the 
relation existing between the nucleolus and SAT-chromosomes 
(CATCHESIDE (1934) on B. napus and B. rapa; ALAM (1936) on 
B. campestris, B. trilocularis and B. juucea; RICHHARIA (1937 a, b) 
on B. oleracea, B. pekinensis, B. rapa and B. chinensis); (2) Study of 
.. secondary association" of chromosomes in meiosis (CATCHESIDE 
(1934, 1937) on B. rapa, B. oleracea, and' B. najnts'; ALAM (1936) on 
B. campestris and B. trilocularis; RICHHARIA (1937a, b) on B. chinensis, 
B. rapa, and B. pekinensis; RAGA (1938a) on B.-nigra, B. juncea, 
and B. oleracea; SIKKA (1940) on B. monensis, B. sinapistrum, and 
B. nigra.); (3) Genome·analysis of species, which is achieved by 
the studies of interspecific and intergeneric hybridizations. Studies 
on this line wilt be dealt with below in details; (4) The study of . 
the haploid mutantation (MORlNAGA and FUKUSHIMA, 1933, on the 
haploid B. Napella); (5) Geno·systematic investigations on cultivated 
species (SINSKAIA, 1927, 1928); (6) Studies of genetic behaviours of 
characteristics, especially that 'of incompatibility, revealing the 
nature of the secondarily balanced polyploid (DETJEN, 1927, and 
KAKIZAKI, 1930, on the sterility in B. olerac£a; also Cf. LAWRENCE, 
1930); (7) The serological examination of species through precipitIn 
reactions (FUKUSIIIMA and MARUYAMA, 1929). 

In Brassica, as in other genera like Triticum, Nicotiana, Gossy· 
pium, etc., investigations on the chromosome conjugation in inter­
specific and intergeneric hybrids are considered to be the most 
significant and fruitful way to study the complex problems of 
species formation in that genus. The artificial interspecific hybridi· 
zation in Brassica would be traced back to 1834, when HERBERT 
(quoted by FOCKE, 1881) succeeded in obtaining the Fl B. napus x 
B. rapa. Since then the interspecific hybridizations of various 
combinations have been produced by several workers. It was, how­
ever,not until 1928 that any thorough cytogenetic studies were made 
on the interspecific hybrids of Brassica, and the credit of doing so 
for the first time must be given to MORINAGA (1928, 1929a, b, c ; 
1931, 1933, 1934a, b). His work, which was followed by those of 
SASAOKA (1930), U (1934a, b; 1935) and KARPECHENKO (1937'a), has 
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$hown. that the species with higher chromosome numbers (i.e., 
species in group VI, v:u and VITI in Table 1) can be taken as 
allopolyploids (amphidiploids), of which chromosome complexes are 
composed of two genomes each found respectively in the species 
with lower chromsomc numbers (i.e., species in group l, IT and III 
in Table 1). 

The intergeneric crossing between Rapha"" s sativus and 
Brassica oleracea was succeeded in 1826 ' for the first time by 
SAGERET (quoted by GARTNER, 1849), and the attempt was followed 
later by several investigators. As more recent workers on this 
line, including some other kinds of combination of species, the 
names of GRAWATT (1914), BAUR (1922) and MOLDENHAUER (1924) 
have to be mentioned. Though their studies have no direct bear­
ing on the genome-analysis in Brassica species, it is considered to 
be very fruitful in confirming indirectly the results obtained from 
the interspecific hybrids. KARPECHENKO'S later works (1927 a, b; 
1928, 1929a, b) on this intergeneric hybrid, Raphan"s sativus x 
Brassica oieracea, and that on the amphidiploid, ' Raphanubrassica ' 
originated in the progeny of the cross above mentioned, made a 
valuable contribution to genetics, as it showed for the first time 
the fruitful course of new species (or genus) formation through 
amphidiploidy. Further he has tried several crossings between 
, Raphanobrassica' and various Brassica species, including arti­
ficially produced tetraploid B. o/erac£a, and produced some hexa­
and octogenomic hybrids (KARPECHENKO, 1929 a, b; 1937b, KARPE­
CHENKO and SHCHAVINSKAIA, 1929). Thus he has succeeded in giving 
another source of evidence for the analysis of Brassica species, and 
made clear, further, some essential natures and significances of the 
aml(hidiploidY itself. In succession to KARPECHENIW'S investigation, 
cytogenetical studies on the intergeneric hybrids between Raphanus 
and Brassica, of the same parental combination or others, have 
been worked out by several authors; PIECH and MOLDENHAUER 
(1927) , T ERASAWA and SHIMOTOMAI (1928), FUKUSHIMA (1929), T ERA­
SAWA (1932a, b), MORINAGA (1933), D (1935), RICHHARIA (1937a) 
and D, MIDUSIMA and SAITO (1937) are some of the examples. 

Since 1926 the author has been engaged in cytogenetic studies 
of the intergeneric hybrid between Rapha1l<ts and Brassica. Various 
kinds of the F, hybrids as well as their successive generations were 
investigated with special ink rest in the ·structure and be.haviour 
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of the occasional polyploid derivatives. In the present paper the 
results of investigations' on the various kinds of Fl plants raised 
during 1927-1938 are presented, and the derivatives of those hybrids 
will be described in this series successively. Preliminary report 
on some of those Fl plants was made in 1929 (FUKUSHIMA, 1929). 

2. MATERIALS 

The author has made crosses between several horticultural 
varieties of Japanese radish, Raphanus sativus L. (R. sativus L. var. 
acanthiformis MAKINO, R. acanthi/ormis MOREL) and several species 
and varieties of Brassica. The FJ. hybrids hitherto investigated by 
the author are as fol~ows (Table 2): 

Table 2. 

1. Di-genome hybrids 

(i) Raphanus sativus L. (n = 9) x Brassica oleracea L. (n = 9) and its reciprocal. 
"RR" "cc" 

(Parental combination) (Experiment No.) (Fl Notation) 
(1) R.s." An escape" x B.o. yare capitata L. "Succession" 27/28 Fl (101) Fl A 
(2) R.s." Syogoin" x B.a. var·. capitata L. " Succession" 37/38F 1 (29) F 1 H 
(3) R.s." Miyasige-Naga" x B.a. var. capitata L. "Sadaya" 37/38 Fl (34) Fl I 
(4) R.s:" Miyasige·Maru" x B.a. var. caPitata L. "Succe~sion" 37/38 Fl (37) F t J 
(5) R.s." Harumati" x B.a. var. caulorapa DC. (Kohl-rabi) 29/30 Fl (2) Fl D 
(6) R.s." I:Iarumati" x B.a. var. caulorapa DC. (Kohl-rabi) 35/36 Fl (1) Fl G 
(7) B.o. var. capitata L. "Succession" x R.s. (not identified) 37/38 Fl (24) F 1 K 

(ii) . Raphanus sati-vus L. (n = 9) x Brassica alboglabra BAILEY (n = 9) 
"RR" "cc" 

(8) R.s." Harumati " X B. alboglabra ,BAILEY 30/31 Fl (21, 22 and 23) Fl E 

II. Tri-genome hybrids 

(i) Brassica carinata BRAUN (n = 17) x Raphanus sativlts L. (n = 9) 
"bbcc" "RR" 

(9) B. carinata x R.s. "Harumati" 31/32 F 1 (24, 25 and 27) F\ F 

(ii) Brassica cernua HEMSL. (n = 18), Brassica juncea C'ss. (n= 18) x Raphanus sativt~s L. (n=9) 
" aabb " " aa bb " " RR" 

(10) B. cernua x R.s. "Minowase" 
(11) B. juncea x R.s .. "An escape" 

26j27Fl (28) 
26/27Ft (11) 
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The seeds of the parental species and varieties used were kindly 
provided by Prof. MORINAGA of the Plant-Breeding Laboratory, 
Kyilsyil Imperial University. The chromosome numbers and the 
genomic constitutions of those Brassica species were already deter­
mined by MORINAGA (C[. MORINAGA, 1934). The number of chro· 
mosomes' in those Brassica species was reascertained by the author, 
and it was also confirmed by him that those Japanese radishes 
having nine chromosomes in haploid did not show' any irregularities 
in their meiotic proces·ses. 

The 'Fl plants were raised during 1926-1938 by the author on 
the Experimental Farm of the Institute of Agronomy of the Kyilsyil 
Imperial University. The seeds were sown usually in September,. 
and the young plants ' were transplanted in the Farm in November. 
All of the Fr plants were highly sterile, though the degree of sterility 
was still variable in each case. Some Fl piants produced ' a few 
seeds ' under open· pollination, while others produced no seeds at all 
even under the artificial pollination. Back-crossings were also tried 
in some Fl plants with or without success. Investigations on the F" 
F" and still later offsprings, and also on thf! hybrids between the 
Fl and the pollens from various sources including some polyploid 
ones, were carried out when obtainable. Results of ' the latter 
studies will be dealt with in a near future. 

3. ' CYTOLOGICAL TECHNIQUE 

Meiosis of Fl's A, B, C, D, E, F and G (Cf. Table 2) was ex­
amined chiefly on the permanent preparations. In those cases, the 
flower buds in a proper stage of growth were fixed with either 
Bouin's or Flemming's weak solution, and both the fixatives gave 
quite satisfactory results. Fixed materials were embedded in 
paraffin after they had passed through a finely graded series of 
alcohol and chloroform, and ' the sections were cut ca. 10 f' thiCk. 
For staining the Heidenhain's iron·alum-haematoxylin method was 
followed. · For the plants, F is H, I, J and K, meiosis was examined 
invariably with aceto-carmine smear preparations of the materials, 
which had been fixed in Camoy's solution and preserved in al­
cohol. 

All figures were drawn on the table or on a lower level with 
the help of a camera lucida . under Zeiss apochromatic objectives, x 
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90 or x 120, and compensation oculars, K x 20 or K x 30, thus the 
projection magnification of those figures was not the same through­
out. For the taking of photomicrographs Zeiss' equipments were 
also conveniently used. All the drawings were reduced to one­
half or two-thirds in reproduction. 

4. OBSERVATIOI\S 

Part L Di-.genome F, Hybirds 

(i) Raphanus sativus (n = 9) x Brassica oleracea (n = 9) and its reciprocal 

(Notation) 

(1) F] A 
(2) F, H 

(3) Fl I 
(4) F, J 

"RR" "cr" 

(Parental comhinaton) 

R.s. "An es::ape" X B.D. capituta "Succession" 
N.s. ~'Syogoin" x B.D. capitata "Succession" 
R.s. "rvliyasige-N Ciga" x FJ.o. caPitata " Sadaya " 
R.s. ,. Miyasige·l\1aru" x B.D. capitata "Succes-

(Exp. No.) 

27/28FJ (101) 
37/38F] (20; 
37/38F I (34) 

(Number of 
F1 plant 
raised) 

1 . 

1 
1 

sion" 37/38F] (37) 2 
(5) FI D 
(6) F, G 
(7) F, K 

R.s. "Harumati" x B.D. caulorapa (Kohl-rabi) 

R.s. "Harumati" X B.D. caulorapa (Kohl-rabi) 
B.a. capitala " Succession ',-, x Radish* 

(ii) Raphanus sativus (n =-' 9) x Bras\'ica alboRlabra (n = 9) 
"RR" "ee" 

(8;· Fl E R.s. "Harumati" x B. alboglabra 

29/301'] (2) 

37!36F, (1) 
37!38F I G~,t) 

30,)31 F j (21, 22 
and 23) 

2 

1 
1 

5 

The author dealt here with 14 Fl individuals of which 8 were 
raised from 6 different crossings of Raphanlts sativlts x Brassica 
oleracea, and one from its reciprocal mating (F1 K), while the reo 
maining 5 indivuduals were from the crossing of R. sativlts x B. 
alboglabra. All the varieties of Japanese radish and B. oieracea used 
in these crossings have 9 chromosomes in haploid and show reg­
ular meiotic behaviours. The above mentioned hybrids between 
Raphanus and B. aiboglabra were the ones achieved for the first 
time (Figs. 1 and 2). According to MORINAGA (1933) the genome 
of B. albogiabra is quite homologous to that of B. oleracea, and 
genomic designation "cc" was given by him to these species. 
It was reascertained by the author that the meiotic behaviour of 

* This variety of radish was not identified. 
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B. alboglabra used was quite regular. showing 9 bivalnt chromosome~ 

in the heterotypic metaphase. B. alboglabra is a species considered 
to be indigenous to soutb·eastern Asia, and is now extensively culti­
vated in Thai, Indo·China, Malay, and South China regions. The 
strain used in this experiment was introduced to Japan several years 
ago through the courtesy of Dr. SINSKAIA of the Institute of Applied 
Botany at Leningrad. Morphologically B. alboglabra is somewhat 
like "Kale", B. oleracea var. acephala, so that it is interpreted by 
some authors as a variety of the latter form. B . alboglabra, how­
ever, has large white flowers, instead of yellow ones, and its bloom­
ing begins, in Japan, in late autumn or early winter, though the 
blooming time of all the varieties of oleracea is the early spring 
of the next year. For those characters that are quite unique, 
alboglabra would be safely considered as a' form distinct from 
oleracea. 

F ig.!. RaphO'lws sativus L. "Harumati " (n = 9). 
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The results of the investigations with these 14 F , plants above 
mentioned are presented together In the following paragraghs: 

" i' " ';~."'I"- ' 

: ~ 

'·.i 

.... , , 
I, . " . , , ' , , 

Orig~ of Fl h yb':ids , 
In 1927, the author first succeeded in the hybridization be­

tween Raphanus and B. oleracea, and thereafter it was successfully 
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repeated by him in 1929, 1935 and 1937, As mentioned above, it 
has been generally accepted that the crossing between Raphanus 
and B, oleracea is only sucessful when the former species is taken 
as the maternal parent, its reciprocal mating being very difficult 
Though the author had tried matings reciprocally in every oc­
casions, he could not succeed in raising any F, hybrid of B. 
a/eracea x R. sativus until 1937, when only one F, plant (F, K) was 
obtained together with 4 F, plants of Raphanus x B. alcracea. 
Another case of B. aleracea x R. sativus was reported by U, Mmu­
SIMA, and SAITO (1937). Such a tendency of one-sided crossability 
is not noticed clearly between Raphanus and other monogenomous 
Brassica species, especially those belonging to the la-chromosome 
group, and three cases of B. chinensis x Raphallus (TERAsAwA and 
SHIMOTOMAI, 1928; TERAsAwA, unpublished", RICIIHARIA, 1937a), and 
one case of each Raphanus x B. rajJa and Raphanus x B. campes­
tris (RICHHARIA, 1937a; U, MmusIMA and SAITO, 1937) have ever 
been reported. 

In 1922, KARPECHENKO (1924) pollinated 202 flowers of Raphanus 
sativas var. prol. niger with the pollens of Heart Cabbage, Kohl­
rabi, Savoy Cabbage and Brussels Sprouts, and raised respectively 
55,33,4, and 31 F, plants, though only 3 out of those 123 F, plants 
were ascertained of their hybrid nature cytologically. KAKIZAKI 
(1927) pollinated 50 and 36 flowers of Japanese radish" Miyasige" 
with the pollens of Heart Cabbage and Kohl-rabi, and obtained 25 
and 31 seeds respectively. He also tried in vain the reciprocal 
matings using 66 flowers. 

Taking several varieties of each species, the author tried, in 
1937, crossings of various combinations between Raphanus and B. 
oieracea, and obtained F, seeds in only 43 bags out of about 100 
each enclosing 4-7 flowers artificially pollinated. These 43 bags 
covered in all 177 flowers, which produced 28 matured pods (15.8 
per cent.) containing 29 seeds, viz., 1.04 seeds per pod, and 0.16 
seeds per flower pollinated. From these 29 seeds only 4 matured F, 
plants were obtained. KAKIZAKI (1927) obtained only 2 mature plants 
(not determined cytologically) out of 56 seeds above cited. Thus the 
results of the author and KAKIZAKI in Japan, and that of KARPE­
CHENKO in the USSR show a clear-cut contrast in raising F, hybirds. 

The F, seeds obtained by the author were very small and 

* Cited from U, MwusrMA and SAnti (1937). 
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shriveled variously. The germination power of the seeds and the 
growth activity of the F, seedlings were verv weak. and only a . . 
very small percentage of the seeds collected could produce matured 
FJ hybrids. No doubt, the development of F, embryo is checked in 
various stages of its completion, mainly by its ill· harmonized geno­
typic constitution. Such a situation is also noticeable in later stages 
of growth, though less in extent. As in KAKIZAKI'S experiment, 
the author also detected a precocious germination of certain F, seeds 
in the pods when they were collected. 

Hybridization hetween Raphanus and B. alboglabra was suc­
cessful only when Raphamls was used as the maternal parent. In 
the spring of 1930, 12 pods developed from 16 Raphanus flowers 
pollinated with the pollen of B. albogiabra. From those 12 pods 
20 F, seeds were ohtained, of which 5 showed somewhat normal 
appearance, though smailer in size. Out of those 20 seeds sown 
only 5 plants grew up to maturity. showing that they were the 
true F, hybrids. 

Characters of F, hybrids 

Growth habit: As mentioned above, only a small percentage 
of the hybrid seeds obtained could germinate and develop into 
mature plants. The germination took place very slowly and ununi­
formly, and the seedlings produced grew up rather slowly in their 
earlier stages, though they showed later very vigorous growth, 
overgrov,ring finally their parent individuals. In ~ome case~, there 
were produced several seedlings with chlorotic cotyledons or albinos, 
which died out in their very early stages of growth. With a 
large number of FJ individuals, KARPECHENKO (1924) carried out 
thoroughly the morphological sludies of Raphanl-t~ x B. oleracea hy­
brids, and noticed the polymorphous nature of the F, plants, es­
pecially in vigour. According to the vigour at the end of their 
first growing season, he classified the F, plants into three major 
types; dwarf stunted (I type), vigorous bush·form (II type). and 
vigorous form with strong stem with many branches (III type). 
The author's F, individuals, though the number was small, all be­
longed to the vigorous III type of KARPECHENKO, excepting one in· 
dividual of FJ E, which was a little less vigorous.. The PI plants 
attained 1.5 metre or more, being much taller than their parents, 
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and they had many large leaves. Though the height of plants 
differed with the cross conbinations, the sister plants derived from 
the same crossing usually attained nearly the same height. 

t , 

.'. 

, 
I 

Fig. 3. R. satit' tts ., An escape" x B. oleracea 'liar, 
capitala '" Succession" (F 1 A). 

Their strong stem pro­
duced many branches, and 
the branching habit, which 
showed various types be­
tween erect and divergent, 
ga ve much effect in the 
general appearance of each 
hybrid plant. The plants, 
F/s A (Fig. 3), I, J (Fig. 5), 
E (Fig. 8), and K, attained 
a very tall stature at the 
end of the growing sea­
son, and of them Fl's I 
and J plants had rather 
erect branches, developing 
at more or less upper por­
tion of the main stem. Fl 
H (Fig. 4) had rather short 
stem with a large number 
of basilar branches, and 
the upper part of the in­
florescences on those re­
clined at the end of the 
season. F/ s D (Fig. 6) and 
G (Fig. 7) were rather short 
and their branching habit 
was more like that of Bras­
sica parent than Raphanus. 
Fl plants, A, H, I, J and K, 
though they were derived 
from crosses with Heat Cab-

b3ges, did not develop the " heart " . They remained in a rosette 
state throughout the growing season, and flowered in the next 
spring as did the Raphanus parents. Flowering time of Fl hybirds 
was slightly earl ier or later than their Raphanus parents_ With Fl 
E plants, however, flowering habit of B. alboglabra predominated, 
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and they began to flower earlier than the Raphanus parent. Due 
to highly sterile nature of the hybrids, the flowering period was 
much prolonged, and many flowering branches were produced sue· 
cessively. Some F, hybrids, which had shown a strong tendency 
toward such regenerative activity, outlived the hot summer season 
and flowered again in the next season. In rare cases some sur· 
vived even that season, under the field conditions. K AKIZAKI 'S two 
F, individuals showed also v igorous growth habit as in the present 
cases. The author did not 
ascertain any differences 
between the reciprocal hy· 
brids raised. 

Stems : Raphanus has 
a hairy and hollow stem, 
while the stems of both B. 
oleracea and B. alboglabra 
are glabrous with waxy ef· 
florescence, developing nor, 
mal blocked pith. The 
stems of the F, hybrids have 
normal pith and are gla· 
brous with more or less 
waxy efflorescence. F, D 
(Fig. 6) and G plants deve· 
loped infla ted stem, though 
in less degree tban those of 
the Kohl·rabi. About one· 
half of the F, individuals be­
tween Raphanus and Kohl­
rabi, which were obtained 
by K ARI'ECHENKO (1924), 
also showed a more or 

Fig. 4. R. solinus " Syogoin " x B. oleracca var. 
capitola" Succession " ( F l H). 

less inflated stem. F, stems showed a tendency of producing 
branches more profusely. 

){oots : Th!,! roots of the F, hybrids, Raphanus x B. oieracea, 
usually remain,ed slender like those of B mssica parent, though in 
F,'s K, D and G plants a slight thickening of root was noticed. 
The root of the F,'s, Raphanus x B. alboglabra, was quite similar 
to that of B. alboglabm. K ARPECHENKO (1924) has reported a con· 



294 Eiji FUKCSHhv\ 

spic uous outgrowth of roots in a large number of his F hybrids, 
but such abnormal roots were not encountered at all by the author 
and KAKIZAKI (1927) . . 

Leaves: Radish has thin, coarse and hairy leaves, regularly 
parted in sections with conspicuously serrated margm. 'While 

, 
" 

" , 

" , ., . ' 

Fig. 5. R. salivlts .. Miyasige-Maru" x B. oleracea var. capitala .. Succe~sion .. (FJ J- 2). 
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leaves of cabbages are more fleshy and glabrous with waxy efflo­
rescence, their colour being deeper green. Cabbage leaves with or 
without petioles take much variable shapes. LeavEs of B. albo-

Fig. 6. R. satiuus "Harumati" x B. olert;Icea var. caulorapa "Kohl·rabi" 
(F 1 D.), in the right. Plant in the left having a thickened root 
is a radish of parental strain. 

glabra, being glabrous and glaucous, have oval shaped blade with irre­
gularly serrated margin, and have conspicnous long stalk sometimes 
auricJed at the base of the blade. F, leaves show intermediate 
characters of the parents (Figs. 9-12). In general, the Fl leaves and 
the cross section of the F, petioles are much more like radish in 
shape, while in glaucous green colour, pubescence, fleshiness, and 
waxy efflorescence, the hybrid leaves resemble much more those of 
the cabbage parent. The hybrids produce more numerous leaves 
which are very large in size. KARPECHE):KO (1924) observed in 
his Fl hybrids every combination of two leaf characters, i.e., waxy 
efflorescence and pubescence. In the author's experiments, the sister 
plants from the same cross took a quite unilorm appearance, though 
some F, plants showed minor deviation in several characters from 
the typical intermediate form. Thus Fl A (Fig. 91, being less gla­
brous, is covered slightly with waxy efflorescence, and its lower leaves 
take more or less erect position, and F, H produces rather small. 
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thin, light green, non-waxy leaves, apex of which tapering to a 
point, instead of 'being obtuse. On the other hand, F[ G (Fig. 11) 
has more or l?ss thin leaves with very slight pubescene, while the 

Fig. 7. R. sativus "Harumati" x B. oleracca var. caulorapa "KohI·rabi" (FJ G). 

1eaves of F[ E (Fig. 12) are rather thin and of a slightly light green 
colour. 

Flowers: The Fl inflorescence belongs rather to the cabbage type 
and in young stage its top protrudes as the cabbage inflorescence 
does, though the peduncles are shorter than those of the cabbage. 
The flower cluster of Raphanus, cabbage and B. alboglabra usually 
<:onsists each of 20-40 flowers, while the Fl inflorescence sets one 
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hundred or more flowers densely along its very long axis (Figs. 16-
18). On each F1 cluster from seven to ten flowers open on the 
same day, and owing to the highly sterile nature of the hybrid 
they do not wither out so soon as the parent flowers. The calyx 
of Raphanus flower is pubescent, while that of hybrids is glabrous 
as in Brassica parents. Its form in the bud as well as the bloom-

Fig 8. R. sativlfs "Harumati" x B. alboglabra (F] E). 
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ing stage assumes the Brassica type, and its length is inferior to 
that of the claw of petals. Unlike either of the parental types, the 
F, calyx does not assume a divergent position even in full anthesis. 
The hybrid petals take intermediate shape and are rather smaller 
in size than those of the parents (Figs. 9 and 13), excepting Fl E 
plants, in which larger size of B. alboglabra is found predominating. 
The ground colour of the petals is usually pure white, showing no 
purple shade as found in Raphanus, though Fl E hybrids produced 
exceptionally as in B. alboglabra a slight purple shade at the apex 
of the petals in bud. Nervures of hybrid petals are rather incon· 

Fig. 9. Leaves and flowers of R. sativus "An escape", Fl A, and B. oleracea 
"Succession ", from left to right. 

spicuous, making a clear contrast with those purple ones in 
Raphanus. As a rare case, however, petal nervures of F\ G plants 
assume yellowish green colour as in cabbage and B. alboglabra. 
Generally speaking, the stamens of the Fl hybrids develop poorly 
and small anthers produced are non·dehiscent at blooming. The 
dehiscence of anther·sacs, however, occurred in some rare cases, 
where much larger percentage of viable pollen grains is found. 
Some Brassica parents, e.g., B. alboglabra and Kohl·rabi, have a 
conspicuous red· purple dot at the tip of the anther, while no 
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radish varieties have any such colouring, and this peculiar char­
acter predominates in the F, hybrids_ 

The ovary of the hybrids shows a very character istic ap-

,;~. ~,.< 
, -~ 

Fig. 10: L eaves of R. salivlls " Haru mati ", F, D, and B. ok r'!Cea •. K~hl:r<tbi ", from left to right. 

pearance, consisting of two different parts, valvate and non-dehis­
cent, which have been developed-equally well in one body (Fig. 14). 
In the radish ovary, the length of valvate part covers only ca. 3.5 
per cent. of the whole length, in contrast to 83- 86 per cent. for 
the Brassica parents. Percentage lengths of valvate pa~ts to the total 
length of t he ovary are 22.2, 32.5 and 35.0 per cent. r~spectively 
for F/ s D, G and E. Eight to twelve .ovules are found in one 
rad ish ovary, and 30- 45 ovules in Brassica. Each hybrid ovary 
con tains about 10 ovules. A large number of ovaries of the F, 
hybrids fell off soon after blooming, leaving only a few which 
develop into pods. Parthenocarpic development of ovaries to some 
deg ree was al\vays observed in the F, hybrids. 

Pods: The lower part of the hybrid pod is dist inctl y two· 
celled as in the cabbage pod, with longitudinal partition membrane 
in it, but the upper part is quite like the radish pod, fi lled up 
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with SPOf1gy mesocarp and is non-dehiscent in nature. Anthocya­
nin pigment on the pod of B. alboglabra appears also in the F, 
plants. Matured pods present variable shapes according to the 

Fig. 11. Leaves and inflorescence of R. sativus "Harumati" x B. alboglabra 
"Kohl-rabi" (FJ G). 

number of seeds set in each pod and also to the position of the 
seed matured. Fig. 15 shows matured pods of various shapes in 
F, 0 plants. Matured pods of radish show a strong tendency to 
take the direction parallel to gravity, notwithstanding the direc­
tion of branches on which they stand. In Brassica species, how-
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ever, the pod-axis takes a definite angle relative to the branch. 
The former situation prevails in the Fl hybrids, though much less 
in its extent. 

r; . 
~, -~ -,. 
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Fig. 12. Leaves of R. sntivtls «Harumati". Fl E, and B. albog/abra. 
from left to right. 

ilC-··· ','" . -,-- ~-~~ 
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Fig. 1~. Flowers in fun bloom and in their bud stage. F rom 
left to right; R. sativus, F I' D and. B. oleracea. x 1. 

I 
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t 

Fig. 14. Ovaries at fu ll anthesis from left to r ight; B. oleracea, 
F, D, and R. sativus. x 2. 

, 
fi 

.fi 
;-

Fig. 15. Different shapes of matured pods of R. sativus x 
B. oleracea W, D). x 1. 
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Fertility of F , hybrids and the results of breeding experiments 

Fl hybrids show, as a rule, very high degree of sterility, al­
though some ovaries show parthenocarpic growing to some extent 
Fis A, T, J and K were completely sterile, producing no seed at 
all even under open pollination. Fis D (Fig:. 16). H (Fig. 17), G and 
E (Fig. 18) produced a few seeds and their later generations could 
be traced. The author carried out extensive artificial cross-pollina­
tions on F i s T and J with the pollens of various sources, i.e., 
pollens from 2 n-radish, 2 n·cabbage, 4 n-radi sh, 4 n- B. albog/abra, 4 n-

Fig. 16. N. sativus " Harumati " x B. ole"ocea " Kohl -rabi " WI D). 

B. peki'llensis and an allopolyploid (amphidiploid) Raplzanus-Brassica, 
but did not succeed in obtaining any viable seed. On the other 
hand, 112 flowers of F 1 H produced 36 pods (32.14 per cent set) 
under natural conditions. Average length of matured pods then 
raised under open pollination reached 3.26 cm. Since some of 
those matured pods were very small and contained no seed, 
average number of seeds obtained in one pod waS only 0.83, in 
a marked contrast with the status in Raphanus, of which ten 
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varieties produced 3.1- 6.0 seeds per pod, or 4.3 In an average, in 
the same season. While about 50 flowers of F, H hybrid pollinated 
with cabbage or radish did not produce any seEd at all, though in 

Fig. 17. R. sativus " Syogoin" x B. o/cracca "Succession" (F 1 H:I. 

the following two crossings positive results were obta ined; (i ) 26 
flowers pollinated with an allopolyploid Raphanus·Brassica, 37/38 
FJ- 6, 2n=43, produced 6 seeds in 6 matured pods ; (ii) 32 flowers 
pollinated with 4 nradish plant, 37/38 T,-336, produced 4 seeds in 9 
matured pods. One of the two FJ D plants, 29/30 F\ (2)-3 (Fig. 16), 
was again completely sterile, while the other one, 29/30 F, (2)- 2, 
showed partial fertility producing 137 matured pods out of 1862 fl ow­
ers examined (7.36 per cent. set). From 203 flowers of F, G plant 
the author also obtained 71 pods (35.0 per cent. set), the average 
length of which being 2.98 cm . Average numbers of seeds contained 
were respectively 0.7, 0.6 and 0.3 for their long, medium and short 
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pods. A very slight partial fertility was also noticed rather uni­
formly in 5 sister plants of F, E hybrid (Fig. 18), producing only a 
few F, seeds. As mentioned elsewhere, F,'s I, J and K overlived 

.' , 
,,' ..... _.-
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Fig. 18. R. sativus "Harum ati" x B. alboglabra Wl E). 

the second year of their sowing and showed again vigorous growth 
and blooming in the following season, showing no different status 
in both their morphologic and physiologic behaviours. KARPE­

CHENKO (1927) reported that his 123 F, hybrids were fully sterile 



:306 Eiji Fl!KUSHIMA 

at the end of the first growing season, a lthough some individuals 
remained in a vegetative condition. In the second season, how­
ever, he obtained 19 partially ferti le plants out of 90 plants, which 
grew up from preserved stumps of the former year. The fertility 
grades of his Fl hybrids were quite variable, for he could collect 189 
seeds from the most fertile plant, as against only one or two from 
the least fertile one. Generally speaking, the fertility in the F\ 
hybrids treated by the author was very low, and complete sterility 
was met with in several cases. \Vhen partially fertile, its grades 
are clearly variable with individuals, even w ithin the sister plants 
of the same c rosses. A similar phenomenon was always noticed 
by several workers (KARPECHE:-lKO, 1024 ; RICIIHARIA, 1937 a; KAKI­
ZA Kl, 1927). 

The author obtained several F, seeds from some F , hybrids as 
des~ ribed above, and the results of studies on the later generations 
-of such hybrids will b e dealt with in future papers of this series. 

Cytology of Fl hybrids 

Cytological investigations have been carried out with all the 
'hybr id plants raised, and the results obtained will be summarized 
in this place with special reference to some abnormal features en­
-countered. Meiosis in F \ A hybrid bas been reported already by 
tbe author (FUKUSHIMA, 1929). 

(1) Somatic chromosomes. 

Somatic cbromomes are counted and examined in the root-tip 
cells of Fl A and also in the ovary tissues of F, D. No detailed 
morphological studies on the somatic chromosomes, however, have 
been entertained in tbis occasion. Thus the number of chr9mo­
somes of the F\ hybrids is usually determined at tbe meiotic 
phases. All the Fl hybrids contain exclusively 18 chromosomes, 
the sum of 9 gametic chromosomes of each parental species. 

(2) Microsporogenesis. 

Roughly speaking, the course of meiosis is carried tbrough 
similarly in the bybrids above described, thougb minor peculiar 
procedures or irregularities are naturally unavoidable for those of 
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different origins. Throughout the following investigations, special 
attentions were given to the association of chromosomes at the 
heterotypic nuclear division. 

Prophase : In the re~ting nucleus of the hybrids there appear 
pro ·chromosomes as in the parental species. OWLlg to a very small 
size of the nucleus, detailed study of chromosomes in zygotene or 
in early diplotene stage is practically impossible. Thus the author's 
attentions were concentrated chiefly on the nucleus in diakinesis or 
in heterotypic metaphase. - No special 
irregularities are met with in the early ~ 
prophase, excepting the protrusion of 
nuclear substances into cytoplasm, which 
occurred rather frequently in F l E hy- !'f 
brids (Figs. 19-22). In a large number of 
late prophasic cells nuclei are protruding 
a part or parts, while in other cells the 
protrusion products of various appear­
ances, one large and a few small acces­
sory nuclei, usually 1-4 in number, or two 
nuclei of somewhat equal size are ob­
served (Fig. 21). The protrusion of a part 

"" -

of the nucleus seems to occur first in the Fig . 19. PMCs in meiotic pro-
premeiotic resting nucleus resultin~ in phase, showing nuclear pro-

the production of two or more nuclei leusion (F, E). 

in one PMC. Protruded nuclei, at a glance, somewhat resemble 
those in cytomixis, but the behaviour of these nuclei in later divi­
s ion stages clarifies that the situation is quite different. The 
author did not notice the occurrence of cytomixis in the Fl hy­
brids. 

Diakinesis: In diakinetic nuclei, there appear one or two 
nucleoli, two in the majority of cases, and a corresponding number 
of chromosomes, according to the degree of chromosome associa­
tions. Diakinesis was examined in several Fl hybrids, i.e., Fis 
A, I, D and E. No statistical examination of chromosome associa­
tion was carried out for this stage of meiosis. Bivalent chromo­
somes in this stage, however, are clearly discriminated from the 
univalent ones. A diakinetic nucleus · in Fl D (Fig. 23), contains 
18 univalent chromosomes, showing no association . of any chromo­
somes. Satellite-like bodies, which usually appear in the materials 
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'---._--
Figs. 20-22. Various appearances of PMCs in meiotic prophase, showing nuclear 

protrusion or containing protrusion products of various kinds. F ig. 22 shows 
several tetraploid PMCs produced through certain prcmeiotic irregulari ty 
(FI E). 
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fixed with . Bouin's solution and cut in paraffin, can be noticed in 
the figure. The number and size of such bodies vary with the ' 
nucleus, and they remain until the heterotypic anaphase, though 
much less in number. In F, E ~aterial, the author also observed 
such satellite· like bodies. Fig. 24 represents an abnormal FMC 
found in F, E, containing two diakinetic nuclei which are con· 
sidered to have resulted by the process of nuclear protrusion. 

Heterotypic division: The diakinetic nucleus then passes into 
the prometaphase, losing the nuclear membrane thereby, and the 

·chromosomes coming into a close assemblage in the centre of the 
nucleus (third contraction), then again the chromosomEs disperse, 
but now on the equatorial plane. As mentioned above, the chro­
mosome association occurs in variable degrees with the nucleus, also 
showing different kind of association procedure for each F, hybrid . . 
In the FMCs of F, A examined, 18 univalent chromosomes are 
counted exclusively in the heterotypic metaphse, showing' no true 
bivalents at aiL Such non·association of chromosomes a lso preva ils 
in F, D andF, E. T hough a few I-M plates of F, D with 17 chro· 
mosomes were observed, the author could not prov~ positively 
any case of true gemini formation in that hybrid. Thus in these 
three kinds of F, hybrids, the mode of chromosome association 
seems to be quite s imilar, making usually no true as,ociation of 
chromosomes. ,Figs. 25 and 26 represent FMCs of F, D, containing 
respectively ,18 univalent metaphasic chromosomes. In Fig. 27 one 
univalent chromosome in the equatorial region shows splitting, two 
sateliite·Iike bodies being also detectable. In Figs. 28 and 29, a 
side and a pclar views of I-M ceJfs of Fl E, olle chromosome is 
found respectively out of the spindle region. KARPECHENKO's (1924, 
1927 a, b; 1928) F. hybrids in none chromosomal association behaved 
quite. similarly to the present three F, hybrids. 

In the. other F, hybrids raised by the author, i.e., F, H, F, I, 
F, J, F, K and F, G, 6 plants altogether, association of chromo· 
somes is noticed usually, ' though the number of associated chro· 
mosomes varies. ,The occurrence of chromosome pairing in the F

" 
Raphanlls sativus ,x Brassica o/eraeea, is first made known by RICH' 
HARIA (1937a) with his Cambridge materials. In the same year, U, 
MlDUSlliIA and SAITO (1937), in Japan, also reported the occurrence 
of 1-3 bivalent chromosomes at I-M in their F,.h ybrid, Bmssica 
oleracea" Kale" x Raphanus sativus "Syogoin". RICHHARIA (1937a} 



fig 23 

Fig. 29. 

Fig. 33. 

Fig. 24. Fig. 25. 

/ -----~ 
, \ I .... i --. \ I 

t: • I , . / 
\ 

.. ,. 
! 

, / 
"""---.---......... - Fig. 

(:;;.:~ 
r lee?) 
\ / 

31 ~ / 
------/ Fig. 32. 

/--------~ 

(I () \ o C:>Q 

o 
\\, () W() (', ) 8&1 () 

34 ~~_---=-. 
Fig. 35. 

Figs. 23- 29, 31-35. Meiotic division of P~'fCs in Fj hybrids, R. saliv-,tS x B. oleracpa. and 
R. satwus x B. alboglabra. Fig. 23, A PMc in diakinesis, showing 18 umvalents 
and a few satellite-like bodies (F 1 D). Fig. 24. An abnormal PMC containing 
2 diakinetic nuclei which are considered to h ave been derived by the process 
of nuclear protrusion CFj E). Fig. 25, I- Metaphase (polar view), 18 univalente 
(Fl D). Fig. 26, I-Metaphase (side .view), 18 univalents (Fl D), Fig. 27, I-Meta­
phase (side view), 18 univalents. one in equatorial region showing splitting, 2 
satellite-like bodies being detectable CFt D). Figs. 28 and 29, I- Metaphase 
(side and polar views), 18 univalents (F t E). Figs. 31-33, I-r..-retaphase, 18 uni­
valents. Univalents in Fig. 33 take somewhat regular arrangement on the equa­
torial plane ( F1 G). Fig. 34, I-Metaphase (side view), 18 univalents (Fl E). 
Fig. 35, I-Metaphase, 1 bivalent and 16 uni~alents (F. G). 
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also examined FJ PMCs in a late diplotene stage and observed 
variable amount of bivalent chromosomes, six being the maximum 
number. , The whole data obtained by him in 6 FJ plants, R. sa{ivus x 
B. oleracea "Brussels Sprouts", at the I-M and at a late diplotene, 
will be referred to in the following Table 3. 

, . 

Table 3. Frequency of bivalents in FJ' hybrids, R. sativus " 
B. olera,ea, at a late diplotene (a) and I- Metaphase 
(from RICHHARlA'S Table XI ; 1937 a). 

Hybrid No. Number of bivalents Total n u'mber 

0 1 2 3 4 5 6 7 8 9 
o,fPM9 

, 
I - UN (a) 3 3 2 8 10 4 2 0 0 0 32 
I-UN 2 2 2 5 8 6 1 1 0 0 27 
7- 3 1 2 2 3 7 ? 6 2 1 0 26 

10-9 2 3 4 6 9 2 2 0 0 0 28 
10-14 1 1 1 5 6 6 8 6 4 3 41 
U-u 0 1 2 6 ~ 1 4 5 3 0 25 
U-12 (a) 1 3 5 7 3 3 1 0 0 0 '23 
11-12 1 1 5 3 2 3 1 3 5 2 26 

As it is shown in Table 3, RICHHARIA observed a slighly larger 
number of bivalent chromosomes in the I-M than in a l ate diplotene 
stage, and in the f?rmer stage the number amounted in certain 
PMCs even to 9. Discrepancy in the numbers of bivalents in the 
two stages was attriQuted by him to a deep staining of the meta­
phasic chromosomes, in which circumstances the pairs of secondarily 
.associated univalents might have been easily mistaken for true 
bivalents. Thus his results, .obtained in a late diplotene seem to 
be more reliable than those in the I- Metaphase. For convenience' 
sake the data of D, e/ al. (1937) is also repeated in Table 4. 

. . 
Table 4. Frequency of bivalents in FJ hybrid, B. oleracea" 

,N. sativZls (from Table 1 in D, MIDUSIMA and SAITO, 
1937). 

Number of bivalents 
o 1 2 3 4 

:r:.requency 35 46 36 41 0 

Total number 
o[ PMC. 

158 
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T he author examined the chromosome valencies exclusively in 
the I-Metaphase. but he did not encounter with such a difficult 
situation as pointed out by RICHHARIA. The true associated biva­
lent chromosomes can be more Dr less easily determined in th~jr 
side views. Statistical data of the chromosome valencies in the 
I-Metaphase are represented In Table 5 and Fig. 30. All of the 
figures used in the statistical survey are taken from PMCs which 
contain the total number of chromosomes contributed by the parents. 
Such circumstances will be easily apprehended by the examination 
of the following table and the representative metaphasic figures 
presented . . 

As is clearly seen in the Table 5, the number of bivalent 
chromosomes is very variable, reaching to 6 in extreme. The 
maximum numbers of bivalents in each kind of hybrids are; 3 in F, 
G, 4 in F, I, 5 in FJ Hand F, K, and 6 in F, J respectively. The 
average nllmber of bivalents per one PMC varies from 1.45 to 3. 58. 
The author here 'represents the data for the two sister individuals, 
F\ J-1 and F, J-2. The materials were collected from these plants 
respectively on two different dates. Some differences in degrees of 
association could be noticed in this way between the two sister 
plants and also between the PMCs collected on different dates. 
The grades of chromosome associations somewhat differ even in 
the same individual at different dates of observation. On the other 
hand, two' F, plants of the same parental combination, raised in 
different years, showed different degrees in chromosome associa­
tions. F, G plant is a quite similar hybrid as FJ D plant. In the 
latter hybrid, the author can find no true bivalent chromosome, 
while in the former hybrid 1-3 bivalent chromosomes are en­
countered in 73 per cent. of its PCMs. Trivalent chromosomes are 
observable in very rare occasions (Cf, Table 5). So far as the 
author's examination goes, trivalent chromosome occurred only in 
two PMCs out of 223 examined in F, H (Fig. 46), in one PMC 
out of 101 in F, I (Fig. 47), and in two PMCs out of 110 in F, K 
(Figs. 48 and 49). No. trivalent chromosome has been ascertailleci 
in other F, plants. 

Figs. 27, 29 and 31-34 show PMC in the I-Metaphase, each con­
taining 13 uni valent chromosomes. Most of the univalents usually 
appear scattered at random in the sphere of spindle. In Figs. 29 
and 33, however, a large number of univalents take a somewhat 
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Table 5. Frequency of PMCs with various degrees of chromosome association in I-Metaphase. 

'" Hybrids Numbers of bivalents and univalents Total No. Average Trivalents & its " fa IS, 111+16T 2n+ 14r 3Il+ 12, 4u + lOr 5n+ 81 6,, + 61 of PMCs No. of II frequency 

"" ~ R.'so.tivrts x 
~ B. oleracea em + I" + 131 ... 2 (Fig. 46) , F 1 H 22 77 69 41 9 2 0 221 1.74 
"C 1111 + 151 ... ... ... 1 

" '" 
" 

F, I 11 2S 36 20 5 0 . 0 100 I.BO IIII+ 151 ......... 1 (Fig. 47) 
.:: 

{A' 2 9 12 IS 18 0 0 2.69 '" 59 
'" F, J-l B i': 0 2 8 12 21 8 2 53 3.58 

>l:i 
F, J-2 {~ 7 45 65 58 29 4 

" 
0 208 2.33 

0 0 5 8 9 7 1 0 30 2.70 
VI 

41 39 34 3S lAS .. F,G 0 0 0 152 
'6 ::s B. oleracea x ~ 

<FJ R. sativus 
.Sl F,K {~ 6 17 25 28 18 1 0 95 2.40 {Im+ 3Il + 91.··1 (Fig. 4S) 
~ 0 2 6 2 3 0 0 13 2.46 1111 + 5" + 5, ... 1 (Fig. 49) '" " '" '" 0 
~ ,., 
U * A, B denotes that the materials examined are collected at -different dates. 
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regulir configuration' on the equator. On the other hand, the author 
observed, not infrequently, a few chromosomes situated away from 
the sphere of spindle (Fig. 29). Fig. 27 shows two satellite· like 
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Fig. 30. Frequency polygons of the number of bivalent chromosomes per 
nucleus in I-Metaphase (abscissae) oC various Fl hybrids, R. saiivus x 
B. oleracea and B . oleracea X R. safivtls, depicted from data in Table 5. 

bodies with no observable connecting thread, and one split uni· 
valent chromsome. Figures 35-45 show the general appearance of 
PMC with some bivalent chromosomes. Figs. 35-37 show each re' 
spectively a ~MC with one bivalent and 16 univalent chromosomes, 
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- Figs. 36-47. Meiotic division of PMCs in Fl hybrids. R. sativus x B. o/eracea. Figs. 36 and 
37. I-Metaphase, 1 bivalent and 16 univalents (Fl G). Fig. 38-41, I-Metaphase, 2 
bivalents and 14 univalents on each spindle. PMC in Fig. 41 in polar view (Figs. 38 
and 39 'from Fl H. and Figs. 40 and 41 from Fl G). Figs. 42 and 43, I-Metaphase, 3 
bivalents and 12 univalents on each spindle (side and polar views) (FI G). Fig. 44, 
I-Metaphase. 4 bivalents and to univalents (FI H). Fig. 45, I-Metaphase, 5 bivalents 
and 8 univalents (F1 H). Fig. 46. I-Metaphase, showing Im + In+ 131 configuration (Fl 
H). Fig. 47, I-Metaphase, showing Im+ 15 configuration (F1 1). 
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while Figs. 38-41 show 2 bivalents and 14 llnivalents, the last 
figure being in polar and others in side views. PMCs in Figs. 42 
and 43 contain 3I1 + 12J chromosomes, and Fig. 44 shows 41I + 101 

and Fig. 45 shows 5I1 + 81 chromosomes. 
In the mid'metaphase, bivalent chromosomes orientate regularly 

on the centre of equatorial plate, while the univalent ones usually 
take random positions freely in the spindle sphere. Each bivalent 
chromosome has one or two chiasmata, not more than two, and 
takes somewhat ordinary shape as in the parental types. RICHHARIA 

(1927 a) analyzed the mode of chiasma frequencies in diakinesis stage 
and reported that the F) showed only one or two chiasmata per 
one bivalent, while the parental types, R. sativus and B. oleracea 
(Brussels Sprouts), showed one, two or three chiasmata. per one 
bivalent, and that the occurrence of bivalents with three chiasmata 
was 13.1 and 11.1 per cent. for these parental types respectively. 

Terminalization of cbiasmata in most of the pairs of FJ hybrids 
is complete, r;;sulting in rod or ring bivalents at I-Metaphase, the 
former being met ,x,rith more frequently as shovvn in the figures. 
According to RICHHARIA (1937 a), terminalization coefficient was 1.0 
for the FJ, while those for RaphalZus and Brassica parents were 
respectively 0.88 and 0.87. 

SOllIe irregularities are Inet with in this stage of Ineiosis. 
The tripolar spindle appears in very rare occasions instead of ordi­
nary bipolar one. Fig. 50 shows such a PMC in FJ I, where 1n+ 16) 
chromosomes and one satellite· like body are clearly discernible. 
In F, E, in which no association of chromosomes occurs, frequently 
appear abnomal PMCs with' two spindles (Figs. 51 and 52). These 
figures are considered, no doubt, to have been derived from abo 
normal prophasic nuclei mentioned elsewhere on this FJ E hybrid. 
Two spindles in one PMC always differ in size, and the number 
of chromosomes found on each spindle also varies with spnidles. 
The total number of chromosomes found in such a PMC are, how­
ever, always 18, or the somatic number of the hybrid. Sister nuclei 
in such a PMC usually get into division process simultaneously, 
but in some cells larger nucleus forestalls the smaller accessory 
one in division processes (Figs. 53 and 54). There are still rarer 
cases, where a smaller accessory nucleus br nuclei, without show· 
ing any sign of division, remain intact throughout the meiosis. 

In the I-Anaphase the bivalent chromosome first disjoins and 
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Figs. 48-59. Meiotic division of PMCs in Fl hybrids, R. sativus x B. oicracea, B. olemcea x 
R. safivus and R. sativlls X B. alboglabra. Fig. 48, I-Metaphase showing Im+3n+9I con­
figuration (F t K). Fig. 49, I-Metaphase showing Im+ 5n+ 5r configuration (Fl K). Fig. 
SO, I- Metaphase. 1u+ 161 chromosomes and one satellite-like body on a tripolar spindle: 
(F, I). Figs. 51 and 52, Abnormal PMCs at I- Metaphase, each containing two minor 
spindles of unequal size. Satellite·like bodies are discernibJe in F ig. 52 (FI E). Figs. 53 
and 54, Abnormal PMes at I- Metaphase, each containing one additive micronucleus still 
in prophase (F I E). Figs. 55 and 56, I-Anaphase. Chromosomes ar e: depicted at 3 con­
secutive foci (polar view). Univalents on the equatorial region (middle focus) in Fig. 
56 take rather regular arrangement, showing splitting, and those in Fig. 55 take a cir­
cular position (F I G). Figs. 57-59, I-Anaphase (side view), showing intact lagging uni­
valents and split ones (PMCs in Figs. 57 and 58 are depicted from F, E, and that in 
Fig. 59 from F, G). . 
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their halves proceed toward the poles. ' Univalent chromosomes found 
scattered on the sphere of spindle show, in turn, somewhat compli· 
cated behaviours. Univalent ones which are situated nearer to the 
equatorial region, move toward the equator and some of them first 
tak~ more or less a regular orientation, and then their splitting fol· 
lows. The splitting occurs in the univalent chromosomes only on the 
equator or its vicinity, and the split halves of some of those chromo· 

/ 

somes move to their respective poles, while the other univalents move 
toward either one of the poles without being separated into halves. 
The ~uthor considers such a different b~haviour of univaleIlt chro· 
mosomes to be mainly due to the difference in their position 0[1 

the spindle. Univalent chromosome lying rather at a remote posi· 
tion from the equator, moves intact to a pole nearer to it. Some 
of the split halves and intact univalents often lag behind without 
taking part in the formation of the daughter nuclei. The chromo· 
somes excluded in this mann~r . out ofthe daughter nucleus remain 
in the cytoplasm as simple inclusions or accessory micronuclei. 
Figs. 55. and 56, depicted from two PMCs at the I-Anaphase, show 
the chromosomes in their polar views at three consecutive foci. 
The upper and lower foci show the groups of the disjoined halves 
and the intact univalents, and on the middle focus are the univa· 
lents on the equatorial region. In Fig. 56, the univalents, split 
already, take rather a regular arrangement on the equator, while 
the univalents in Fig. 55 assume a circular arrangement, showing 
that their central region has been occupied formerly by the bi~alent 
chromosomes. Figs. 57-60 are depict~ from the PMCs in I-Ana· 
phase in their side views. The number of lagging intact univalents 
as well as that of split ones varies much with the cells. In ex· 
treme cases, about ' 12 univalents are observed near the equator. 
The number of . such lagging chromosomes found in' the I-Anaphase 
may correspond roughly to the number of chromosomes which have 
moved more or less toward the equator. Moreover, most of the uni· 
valent chromosomes which have reached the equator or its very pro­
ximity show their splitting at this stage. When the 1-Anaphase is of 
a short duration, or the stage is passed through rapidly, this move­
ment of the univalents is cut short to such an extent, that a smaller 
number of split univalents are produced in turn. If the duration 
is long enough, there may take place a complete ' splitting in a large 
number of univalent chromosomes, and their halves will reach op-
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Figs. 60-71. Meiotic division of PMCs in Fl hybrids, R. solivus x B. olerocea. Fig. GO, I-. 
Anaphase (side view), showing intact lagging univalents (Fl D). Fig. 61, Interphase. Two 
large nuclei, one of them contsisting of 8 diads and 5 monads, and the other 4 diads 
and 4 monads, and one small accessory one (FlO). Fig. 62, Interphase. A restitution 
nucleus in dumb·bell shape and 2 univalents in cytoplasm (FI D). Figs. 63-64. II-Meta­
phase. Each PMC containing 2 plates. Diad chromosomes are drawn in solid black and 
monad ones in profile (Ft H). Figs. 65-67, II-Metaphase. Each contains one plate. Chro· 
mosomes represented in solid black are diad ones and those in profile are monad ones 
(Fig. 65 from F1 H, and Figs. 66 and 67 from F] G). Figs. 68- 71, II-Metaphase. Various 
kinds of metaphasic plates. All the chromosomes in these figures are drawn without 
discrimination of their nature, and chromosomes shown in profil~ are situated more or 
less distantly from the equatorial plane of the spindle (Fl D). 
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posite poles to give rise to daughter nuclei. When the duration 
of anaphase is short, and the nuclear formation begins preco­
ciously, splitting of univalents occurs only in some limited extent, 
and a large number of chromosomes will remain out of the daughter 
nuclei, producing, in turn, the interphasic PMCs with many super­
numerary micronuclei. Between these two extremes, there may 
exist naturally many intermediate division procedures, resulting in 
various kinds of PMCs at interphasic stage. When the I-Anaphase 
proceeds much more slowly accompanied by a rather earlier forma­
tion of, nuclear membrane, the restitution nuclei will result in the 
telophase_ The frequency of occurrel)ce of such restitution nuclei 
is somew.hat variable with the hybrid individuals examined, and it 

. also varies, clearly with the anthers as well as flowers even in one 
and the same hybrid individual. Fig. 61 represents an interphasic 
cell with two large nuclei imd one small accessory · one_ One of 
the former two nuclei contains 8 diad~ and 5 monad-chromosomes, 
and the other one 4 diad- and 4 monad-chromosomes, and it is 
made · clear that at least 5 univalent chromosomes ha.ve divided 
at I-Anaphase in this PMC. Fig. 62 shows a restitution nucleus 
in somewhat dum-bell shape. Such restitution nucleus rarely 
contains the whole chromosome complements .as it usually ex­
cludes some of those out of the nucleus. Thus in a large majority 
of such cells appear a few additional micronuclei. The author ob­
tained a statistical data with the interphasic PMCs in one flower 
of Fl I hybrid. One hundred and eighty-two cells out of 241 
showed more or less regular course of I-division and resulted in 
137 cells containing only two nuclei of similar size, and 45 cells 
with tw() large and one or more accessory nuclei; while 'in the 
remaining 59 cells restitution occurred, of which 18 cells contain· 
ing no accessory micronuclei, 37 cells with one, and remaining 4 
cells with two or three respectively. Such frequency of restitution 
will also be made known by the examination of PMCs at their 
sporad stage. In F, A, which shows no chromosome association, 
the author has already reported on the peculiar mode of its I­
division, _viz., their univalent chromosomes receive severe obstacle 
early in I.-Anaphase and 2-6 nuclei of manifold sizes result in one 
cell, which soon degenerates without setting in the homotypic divi· 
sion processes (See Fig. 3 in FUKUSHIMA, 1929). 

Homotypic division: Chromosomes do not disappear in the 
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interphase and soon the II-division sets in. In the II-Metaphase, 
all the diad chromosomes arrange themselves Oil the equator and 
divide regularly, while the monad ones behave somewhat like the 
univalent chromosomes in the I-Metaphase. In the II-Anaphase 
monad chromosomes, however, do not divide again, though some 
of them show splitting, and either move toward a pole or lag be­
hind. Thus a few micronuclei are produced after the second divi­
sion. Figs. 63 and 64 show PMCs in II-Metaphase resulted 
through the usual course of I-division. Fig. 63 shows two' plates, 
one, in side view, with 8 diad chromosomes and 1 monad one, 
and the other with 8 diad chromosomes, and one diad and one 
monad are found far out of the plates. The cell in Fig. 64 con­
tains two plates, 10 d + 6 m* lI11d 4 d + 2 m. Fig. 65 shpws a large 
plate with 15·<1+ 2 m and a very small one with only 2 d. Figs. 
66 and 67 show similar cells in II-Metaphase containing only one 
plate respectively. As represented in these five figures, nature of 
each chrorllosomes, diad (depicted in solid black) or monad (de­
picted in outlines), has been made clear rather easily by careful 
examination upon the shape and position. of each chromosome_ 
Figs. 68-76 will suffiSe to show various kinds of FMCs in II­
Metaphase, though the chromosoll?-es are depicted in these cases 
without discrimination of their nature, shuwing some ones scat­
tered out of the equator only differently in outlines. Figs. 75 and 
76 show PMCs containing three homotypic spindles. As will be 
known from these figures, number of chromosomes on each spindle 
is quite )ariable. Some univalent chromosomes divide at the 1-
division, so the total number of chromosomes per one PMC usually 
becomes to surpass 18 in this stage. Most of the PMCs with one 
large spindle are considered to have been caused by the restitu­
tion. The number of chromosomes on such large spindles also 
varies to some extent, and the spindles in Figs. 70-73 contain 
respectively 20, 25, 24, and n chromosomes. A PMC in side 
view, containing an exceptionally large number of monad chromo­
somes is· shown in Fig. 74. Chromosome plates on these large 
spindles are usually somewhat irregular in shape, and the chromo­
somes themselves take more or less irregulr orientation on the 
spindles. Perhaps such situations have resulted from the facts 

i(- By the abbreviations d and In are representel" diad: and monad-chromo­
somes respectively. 
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that the restitution nuclei take more or less irregular shapes in 
interphase, and that a much longer time is required for such a 
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Figs. 72-79. Meiotic division of PMCs in Fl hybrids, R. sativus x B. oleracea 
and R. sativus x B. alboglabra. Figs. 72-74, II-Metaphase. Various 
kinds of metaphasic plates, quite similar ones as Figs. 68-71. For ex­
pianations liee the iatter figures (F 1 D). Figs. 75 and 76, iI-Metaphase. 
Each with 3 homotypic spindles (Fl E). Fig. 77. II-Anaphase. 36 
chromosomes, twice the somatic number, are clearly discernib1e (Fl 
H).' Figs. 78 and 79, II-Anaphase. Several lagging chromosomes, some 
of them showing split (Pl I). 

large number of chromosomes to take a regular arrangement on the 
equator. The author also met with another type of the large 
homotypic plates which are considered to have been derived from 
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the fusion of two spindles at the II-Metaphase. Fig. 77 shows a 
PMC in II-Anaphase, in which all the 36 chromosomes, or twice the 
somatic number, are clearly discernible. Anaphasic spindles in Figs. 
78 and 79 have several laggards, some of them showing split. The 
positive data toward the occurrence of second division of monad 
chromosomes have not been obtained so far on these F, hybrids, 
though i~ seems likely to occur. in certain rare cases (Cf. FuKU­

SHIMA, 1929). After the second nuclear division soon follows 
cytokinesis by invagination, and the sporads are produced. 

Sporads: Various kind~ of sporads, i. e.,~iads, triads, tetrads, 
pentads and other polyads, are ' usually prodUCed in these F, 
hybrids. Thus the regular tetrad formation is rather of a less 
frequent occurrence in the hybrids. Fig. 80, depicted from one 
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Fig. SO. PMCs in sporads stage of R. sativlls x B. oleracea (F t G). 
Diads. tetrads, and their various derivati v:e types, depicted 
from an anther-Iocule . 

anther·locule, shows representative figures of sporads. Fig. 8) is 
a photomicrograph of a part of anther-Iocule in this stage. Fre· 
quency of each kind of sporads, of course, much varies from 
anther to anther an,d from flower to .flower. "Extent of diad forma­
tion, which has a direct bearing to the viable gamete formation 
in the present hybrids, also shows much variation with the plants. 
Table 6 is compiled from the statistic data obtained from five F, 
plants, including four different crossings. 

Data on each preparation slide show frequency distribution 
of various types of sporads in a single anther-Iocule examined. 



Table 6. The frequencies of sporads of diff~rent types m FI hybrids, W 
tv 

Raphanus sativus x Brassica oleracea. .... 
Types of sporads2 ). 

E.xperiment II 1+11 
Hybrids No. of (Diads and their allied types) (Tetrads :md their allied types) Total number ,6 of J. 

slides" of sporads 

® ® GJ ®, ® (fJ @ ® ('l) ® ® 
F, H 4995 5 1 8 64 36 40 6 2 163 8.6 

6~51-B 5 • 9 16 16 116 37 6 1 206 22.3 
6351-D 1 5 3 2 44 38 26 4 2 125 8.8 

FI I 6364 13 II 15 93 43 16 1 192 20.3 
6365 4 4 6 4 48 58 36 7 1 1 169 10.7 t'l 
5474-A 2 4 8 10 9 99 81 31 5 2 251 13.3 -:= 
5474-B 6 8 4 76 81 47 9 1 232 7.8 21 ., 

F. }-1 6354 I ~1 46 46 73 19 3 201 52.7 c: 
6355-A 6 16 22 27 64 23 6- 2 166 42.8 !il 
6356-A 13 19 39 24 63 46 6 2 212 44.8 3: .. 
6356-B 1 4 21 3.5 43 65 37 l 2 1 211 49.3 
6366-D 1 2 11 33 · 64 79 11 I 202 55.0 
6408-A 15 25 60 58 16 1 1 176 56.8 

F, }-2 6358-C 8 42 113 27 2 192 84.9 · : 
6358-F I 14 3.1 88 31 9 2 178 76.4 

Fl G 10783-A 210 84 294 71.4 

10783-B 171 46 217 80.7 
10780-C 124 128 252 •. 48.1 
10780-D 97 132 228 42.6 

l) Remarks are given in the text. 
~) Sporads are classified in two major categories, I and II, and respective types denoted as <ID, 00, CD, 

etc., show diads, triads, tetrads, and so on, and other poiyacis belonging in each category. 
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Materials on the slides of different experiment numbers were col­
lected at different dates. excepting the materials for Nos. 6354 and 
6355, which were collected on the same day. Different slides in 
the same experiment numher were obtained from different flowers. 
Table 6 clearly shows that there exist more or less definite dif· 
ferences in the tendency of formation among those five plants 
examined. The percentage values of diads show a very wide 
range of variation among them, their extreme values being 7.8 
and 84.7 per cent. respectively. The frequency occurrence of diad 
cells varies, moreover. even within the same individual, though 
much less in extent. F, Hand F, I give smaller values, 8.6-22.3 
per cent. in the former and 7.8-20.3 per cent. in the latter, while 
F,'s J-1 and J-2 give far larger values of 42.8- 56.8 per cent. and 
76.4-84.9 per cent. respectively. F, G plant gives rather large but 
much variable values of 42.6-80.7 per cent. The results above 
mentioned point to the fact that the process of diad formation 
differs not only with the plants but also with the flowers of the 
same individual. 

Pollen grains: Some of the hybrid microspores grow up to 
mature pollen grains, but a large number of them die out at 
various stages of their growth. The meiotic procedures above ' 
described show that the genomic constitution of each gamete is 
very variable and that the chance is very rare for the genome of 
Brassica or Raphanus, or for those two, to be recovered completely 
in one gamete. The viability of F, gametes is, no doubt, con· 
sidered to have been governed by the degree of recovery of pa· 
rental genome or genomes in their chromosome constitutions, and 
actually the anther-Iocules show vilrious degrees in their pollen 
grain development. The number of matured grains in one locule 
is. as a rule, so small that the anther-sacs hardly dehisce at the 
blooming time. Fig. 82 shows various types of microspores in one 
locule. Figs. 83 and 84 show the young pollen grains, of which 
larger ones are thought to have more or less diploid number of 
chromosomes. Some irregular courses of pollen development men­
tioned below have been noticed generally in all the hybrids treated. 

The author observed sometimes or rather frequently in F, E 
plants that the cytokinesis after the second nuclear division did 
not proceed to its completion. Such PMCs carryon growth, 
thickening normally their cell walls, but without being divided 
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F ig. 81, PMCs in sporads stage of R. satilms x B. oleracea (Fl D). Fig. 82, 
Various types of microspores in an anther-Iocule of k. safivus x R. 
oleracc(1 (F 1 D). F igs. 83 and 84. Young pollen g rains of N. salivus x 
B. oleracea (F] D), of which larger ones are considered to have nearly 
diploid number of chromosomes recovered. Fjg. 85, Abnormal spores of 
R. safjvl(s x B. alboglabra (FI E) in some growth stage. T hese spores 
t ake nearly uniform size and show that th~ cytokinesis has stopped 
shortly before its completion. 
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into microspores. All these pollen grains take more or less 
irregular outlines, _ though they are nearly uniform in size. Some 
of these grains, no doubt, grow up to maturity. Fig. 85 shows 

Fig. 87. 

Fig,. 88. 

Fig. ~6. Abn~qnal mon~d spores of R. sativus x B. a/boglabra in some stage 
q{ t]:leir growth: One, two ' or three nuclei an;; contaIned "respectively 
(Fl E). Figs. 87 and 88, Abnormal monad spores of R. sativus x B. 
alboglohro. in still later st~e of their growth (FI E). 

such abnormal spores, each of which containing several nuclei of 
various sizes. In such spore fusion of nuclei may occur. Thus 
Fig. 86 represents three young spores with orie, two, or three 
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nuclei. Figs. 87 and 88 show spores in still later stages of their 
growth. When a single large nucleus appears in such spore, it 
may contain 36 chromosomes, or twice the somatic number of 
the hybrid, or slightly less than 36, if a few chromosomes become 
easily excluded from the nucleus. Large spore nuclei 'Yith more 
than 36 chromDsomes may also be produced, as it is not improb· 
able that a few univalent chromosomes become to divide twice 
on the meiosis in these FI hybrids. Such monad spores containing 
the didiploid number of chromosomes are also produced, not in· 
frequently, through another course. PMCs grow ' up to pollen 
grains without undergoing meiotic divisions. Fig. 89 shows young 
microspores produced through such an irregular course. Here is 
no spore containing micronuclei in addition to one large didiploid 
nucleus. Fig. 90 srows two anther-locules in a still later stage. 
These antherMiocules are filled up with a I'arge nUll1ber of young 
grains of similar size, which, no doubt, contain exactly 36 chromo­
somes. Degeneration occurs also in some of these monad spores 
in the course of their growing. The irregularities above described 
occur commonly with all the FIplants studied, though such ones 
are met wit1i a little more frequently in both FI E and F, D plants. 

-
Other irregularities observed: (i) All the PMCs in one 

anther·locule proceed, as a rule, at a uniform pace i~ meiosis, but 
in rare occasions there occur anther-locules, in which PMCs appear 
at several different stages of meiosis. For example, the author 
met with ~ne locule in F, D plant, in which PMCs appeared in 
successive stages from diakinesis to sporads. 

(ii) The author observed the occurrence of 'giant PMCs in a 
group among normal diploid ones. Quite similar cases have been 
already reported by the author in Brassica japon£ca (FUKUSHI!'.1A, 

1931). Giant cells occur in groups, and their original cells are 
considered to have been produced during the premeiotic divisions. 
These giantPMCs are usually of 4 n or 8 n in nature. Fig. 91 
shows giant cells of 8 n type in prophase and Fig. 92 shows 4 n 
cells in diakinesis. In both cases those are mingled among normal 
diploid ones. Division processes in the giant cells are somewhat 
in advanced or retarded phases than in adjacent diploid cells. In 
Fig. 22, one of the giant cells cont~ins two nuclei. Figs. 83 and 
84 show some large spores thus produced. In such 4 n PMCs, 
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Fig. 89. Young abnormal monad spores, which are considered to have been 
directly grown up from PMCs without undergoing meiosis WI E). Fig. 
90, Two anther·locules of R. sativus x B- oleracea (FI D), containing 
young monad pollen grains only, which are considered to have been 
produced without undergoing meiosis. Fig. 91, A part of anther·lacule 
of R. sativus x B. oleracea (Fl D). One 8 n giant PMC, in prophase, 
lying among ordinary 2 n PMCs. Fig. 92, A part of anther·locule of R. 
sativus ~ x H. a/bog/abra (F1 E). Group of 4 n giant PM,Cs, in diakinesis, 
together with normal 2 n PMCs -in prophase. 
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bivalent chromosomes may be expected exclusively in the hetero· 
typic division, as each chromosome has its homologou~ partner. 
The author actually observed 18 bivalent chromosomes in certain 
F, E PMCs in the diakinesis as well as in the I-Metaphase. So 
it is well to expect that the meiosis in these polyploid cells, 
especially in the tetraploid ones, may proceed quite regularly as 
in the diploid balanced species, resulting in the formation of 2 n 
pollen grains. Thus, in these F, hybrids, there is still another 
course of producing polyploid gametes besides the processes above 
mentioned. 

(iii) Plasmodium· like cells or tissues were noticed rarely in 
some anther·locules of F, A and FI D hybrids. It is considered 
that this irregularity has a more or less intimate bearing on the 
irregularity described in (iiJ. 

(3) Megasporogenesis and female gametophyte formation 

The megasporogenesis of F" R. sativus x B. oleracea, was first 
examined by KARPECHENKO (1924) to certain extents, and he reo 
ported, in 1928, that in spite of a great number of preparations 
examined by him, he was not able to elucidate the process of 
divisions in EMC. The only one 1-Metaphasic figure encountered 
by him showed 9 bivalent chromosomes, and he considered that 
degeneration set in in most of the EMCs soon after their meiotic 
prophase. From his results of cytological studies on F, hybrids, 
KARPECHENKO (1928) described "ma'le and female gametes must 
be equal in their chromosome complex, and it is probable that 
the processes of their formation are also in most cases identical." 

The author has studied the megasporogenesis in FI D hybrid 
in some details and was convinced that the processes of meiosis 
in EMC is quite similar as in PMCs. Following figures will 
suffice to show some of the general features of division processes. 
Fig. 93 shows EMC in diakinesis, and 18 univalent chromosomes 
are distinguished there. In most of the EMCs in the I-Metaphase 
18 univalent chromosomes are seen, some of which have satellite· 
like bodies as Fig. 94 shows, Fig. 95 represents two cells in the 
II-division; in the upper cell 15 chromosomes are counted, and the 
lower cell (in the chalazal position) contains a nucleus and three 
chromosomes in the cytoplasm. Cytokinesis follows each nuclear 
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division, and four cells, as a rule, are produced at the end of 
meiosis. One of these four cells, or the one lying at the chalazal 
end, usually divides further and embryo·sac formation starts in a 
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Figs. 93-95. Meiotic division of EMCs in F 1 hybrid, R. satit'us x B. oleroceo · 
(Fl D). Fig. 93, Diakinesis. 18 univalents are distinguished. Fig. 9,1, 
I-Metaphase (side view). 18 univalents, some with satellite·like bodies. 
Fig. 95, ll-division. Homotypic plate of upper celI contains 15 chromo· 

.somes, and the lower cell (in chalazal position) contains an j'nterphasic 
nucleus and 3 chromosomes in cytoplasm. 

quite usual manner. Mature embryo-sacs are found , however, but 
in a few ovules, and in a large number of ovules various degrees 
of degeneration processes have been observed. 
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The mature embryo·sac assumes a typical appearance and con­
tains in it two synergids, three antipodals, one egg-cell and two pole 
nuclei, and in the antipodal cells degeneration process has already 
commenced before fertilization. The formation of such mature 
embryo-sacs is considered to have occurred on ly in a small per­
centage of the ovules produced, and this situation may also be 

Fig. 96. A part of an ovule of 
R. sativus x B. oiel'(lcea , en­
folding a degenerated EMC 
(F, D). 

-, 

duely understood from the fer­
tility behaviour of the hybrids. 
In general, degeneration occurs 
at various stages of megasporo­
genesis as well as of the female 
gametophyte development. Some 
EMCs also degenerate without 
undergoing meiosis. Fig. 96 
shows such an ovule with a 
degenerated EMC. In some 
ovules, EMC degenerates dur­
ing meiosis without completing 
it, while in others, embryo-sac 
formation stops shortly before 
its completion. Fig. 97 shows 
an ovule, in which degeneration 
has occurred in a later stage of 
the sac formation. 

After fertilization, the embryo, 
though very rarely, develops 

normally, and the division of endosperm nucleus begins simulta­
neously. Fig. 98 shows such a normal embryo and a large num­
ber of endosperm nuclei. The author also observed several young 
embryos undergoing degeneration. Fig. 99 shows such a degenerat­
ed young embryo besides many scattered endosperm nuclei already 
produced in _ the locule. Of many ovules examined, the author 
noticed the following abnormalities, which may have -some bearing 
on the hybrid nature of the plant. One ovule contained one 
additional EMC, far apart from the other (Fig. 100). If both of 
those EMCs develop into viable gametophytes, a twin seed will 
naturally be the result. In several ovules, abnormal cell-aggregates 
or tissues, some ones taking an appearance like embryo-sac, are 
observed deposited in various parts of the nucellar tissues. Typical 
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Fig. 97. An ovu le of R. sativus X B. oleracea. showi ng degeneration occurred in 

a later stage of sac· formation. A sac -li ke apparatus is enfolded in. t he nucellar 
tissue WI D). Fig. 98, A normal embryo gro\ving in F) ovule of R. srdivus x 
B. olerru:ea. Endosperm n uclei are also scattered in the locule (F l D). Fig. 99, 
A par t o f PI ovu le. R . sativus x 8. oleraf:ea, contai ng embryo already degen­
e:rated at its very young stage of growth (FI D), Fig. 100:. Abnormal ovule of 
U. salimtS X B. oleraceo, containing one additional EMC (f\ D). 
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Fig. 102 

Fig. 101 

"; . .:r 
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Fig. 103 Fig. 104 

Figs. 101-104. Abnormal ovules of R. sativusx B. oleracea (F j D;,. These hy­
brid ovules show abnormal sac-like apparatu~es of complex and variable 
appearances, deposited in various parts of. the nucellar tissues. 
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examples of these abnormal apparatuses of complex and variable 
form are represented by Figs. 97, 101-104. Such apparatuses are 
not encountered so far in the parental Raphanus species, and the 
origin and mechanism of their formation are entirely unknown at 
the present. In rare occasions, the author found in an ovule a 
group of two or three EMCs in meiotic prophase, instead of normal 
single EMC. No future destiny of these ovules could be ascertained. 

Part II. Tri.genome Fr hybrids 

The author treats in this part the tri·genome Fr hybrids, Fr F, 
Fr Band Fr C, and reference to them has already been made on 
page 285. The parental Brassica species studied, i.e., B. carinata, 
B. cernua and B. jltnCea, are all secondarily balanced amphidiploids 
having respectively the genome constitutions of "bbcc," "aabb" 
and "aabb." The chromosomes and their behaviours in meiosis 
have been reexamined by the author for all parental species or 
strains used in his experiment. These amphidiploid species show 
quite regular meiotic behaviours as in other balanced diploid 
species. Two species, other than B. carinata (" Abyssinian 
mustard "), are widely cultivated in Japan. The cytology of two 
of these crossings, F, Band F, C hybrids, has already been briefly 
reported in 1929 by the author (FUKUSHIMA, 1929). 

(i) Fl F, Brassica carinata (n-=17) II bbcc" x Ra.ohanus sativus (n=9) "RR" 
.. Abyssinian mustard" " Harumati " 

Crossings between B. carinata (Fig. 105) and R. sativus (Fig. 
1) have been achieved by several authors, and the meiosis in the 
F) hybrid has been partly examined (MORINAGA, 1933; U, 1935; 
RICHHARIA, 1937a, c; and KARPECHENKO, 1937a). 

Origin of Fl hybrids 
In 1931, the author pollinated 25 flowers of B. carinata with 

pollens of a Japanese strain of radish, "Harumati," and obtained 
7 more or less developed pods containing 13 seeds in all. From 
these 13 seeds but three true matured Fr plants could be obtained 
in the next spring. These three individuals are 31/32 Fr (24)-33 
(Fig. 107), 31/32 Fr (25)-34, and 31/32 Fr (27)-43 (Fig. 106). A 
large number of reciprocal matings, however, were all in vain. 
Prof. MORINAGA (1933) has referred to the same materials in con­
nection with his other interspecific Brasslca hybrids. 
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Characters of F1 hybrids 

Generally speaking, the character of B. carinata, a parent 
with the larger chromosome number, predominates in the F1 
hybrids, as is usually the case in such interspecific hybrids. 

Fig. 105. B. cayinata Braun (n=17). 

Growth habit: The nature of seeds and their germination pro­
cedures in the present hybrid are quite similar to those exhibited 
by the hybrids treated in Part I. Three hybrid seedlings grew 
up rather slowly, but they showed very vigorous growth in the 
later stages. Sister plants were quite similar in growth habit and 
rather resembled B. carinata in general appearance . 

. The plants gave rise to many side branches, which ended in 
flower clusters as in B. carinata, and were covered with large 
leaves. Flowering began slightly later than their parents did, its 
duration being much prolonged because of the highly sterile nature 
of the hybrids. 
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Fig. 106 

Fig. 107 

Figs. 106 and 107. B. carinata x R. sativu..'; "Harumati" (Ft F). 
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Stems: The stems of FI have a normal pith and are glabrous 
with waxy efflorescence as in B. carinata. Anthocyanin pigment 
also appears in the nordal portions of the stem. As shown in 
Fig. 107, the branching habit is quite similar to that in B. carinata. 

Roots: F, root does not show any thickening, being slender 
and fibrous as that of B. carinata is. 

Leaves: The leaves of FI plants are much larger than those 
of the parents, and show a rather intermediate shape, though dis­
sected in parts like B. carinata leaves, and some individual dif­
ferences are noticed. FI leaves are slightly pubescent on the upper 
surface, while those of B. carinata are entirely glabrous. Upper 
stem leaves of the hybrid are narrow and their marginal serrations 
are more conspicuous than B. carina/a, somewhat resembling the 
Raphantts strain. The leaves of B. carinata are of bluish green 
colour with strong waxy efflorescence, while Fl leaves, covered 
with very slight waxy efflorescence, show bright green colour. 
Like Raphantts, the texture of FI leaves is rather thin. 

Flowers: FI hybrid produces many side branches which end 
in flower clusters. The inflorescence of B. carinata is quite unique 
in the genus for the following conspicuous characteristics: (1) Very 
short peduncles taking rather erect position and the bract develop­
ing at the base of peduncles; (2) Small size and pale yellow 
coloration of flowers. F, inflorescence attains a larger length than 
in B. carinata without developing bas,!1 bracts of peduncles, though 
the latter are inserted more or less - acutely on the cluster axis 
(Fig. 108). The petals of Fl flowers are pure white in colour and 
attain nearly the same size as the flowers of B. carinata, but their 
nervures are rather inconspicuous like those of Raphantts. Con­
spicuous red·purple dots appearing on the anther-tips of B. carinata 
predominate in the FI hybrids. The stamen of FI hybrids develops 
poorly and its small anthers are almost non-dehiscent at the bloom­
ing time. Valvular part of the hybrid ovaries shortens a little, 
showing, in turn, a slight lengthening of non-dehiscent part which 
develops in Raphanus ovaries in a marked degree. A large num­
ber of hybrid ovaries fall off soon after blooming, only a few 
developing into pods. The parthenocarpic growing of ovaries to 
some extents are always observable in the Fl hybrids. 

Pods: The pods developed in a low percentage of flowers 
are much smaller and irregular in shapes. The seed setting is 
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observed in the non-dehiscent part of hybrid pods as in the FI 
hybrids between B. oleracea and R. sativus treated in Part I. 

Fig. 108. Infiores:;:ences of B. carinata, Fl hybrid (F1 F), and R. sativus 
"Harumati," from left to right. 

Fertility in FI hybrids 

F j hybrids show a very high degree of sterility, each of them 
producing only a few seeds under open pollination (Fig. 109). 
From these seeds obtained, several F, seedlings were raised in the 
following season. The F, and their later generations have been 
studied also by the author. Controlled cross-pollinations between 
the hybrids and their parental species have been tried in vain, 
though slight parthenocarpic growing of some ovaries was noticed. 

Cytology of FI hybrids 

In the FI root·tip cells, 26 somatic chromosomes, the sum of 
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the haploid numbers of the parental species, are counted exactly, 
but no detailed examination of chromosome morphology is carried 
out. As mentioned elsewhere, B. cannata has 17 bivalent chromo· 
somes in haploid and it is composed of "b" and .. c" genomes of 
Brassica. This" b" genome in B. cannata is homologous to the 

Fig. 109. B. carinata x R. sativlts "Harumati" (F] F ). Almost completely 
sterile branches at the end of flowering. 

haploid set of B. nigra and it consists of 8 chromosomes, while 
.. c" genome is homologous to the genome of both B. oleracea and 
B. alboglabra already described. Thus a part of the genomic can· 
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stitution of the present. F, hybrids, i.e., "c" + " R ", is quite com­
mon with those hybrids treated in Part I, SO that it is only on 
the additIonal genome "b" for the <fonner -F,'s differ from the 
latters. Chromosomes and their .. behaviours in meiosis. are also 
reexamined for R cat'inala by the present author witho~t detect-
ing any irregularities. . , . ' 

The ' studies · on the F, microsporogenesis were mainiy confined 
to the stages after diakinesis. In the prophasic nucleus, one or 
two nucleoli usually appear. Irregular nuclear protrusion such as 
observed in F, E does not occur in the present hybrid. In dia­
kinetic nuclei there appear one or two small nucleoli together 
with variabie numbers of chromosomes either 'bivalent or univalent, 
showing some chromosome association occurring in tlie hybrid. 
Usually, bivalent chromosomes_ ~re clearly ' discriminated from 
univalent ones, though in some nuClei it is a rather difficult task 
to distinguish them, owing mainly to the too deep staining on 
the one hand and unsuitable directions of vision on the other. 
Data obtained on chromosome pairings-at diakinesis -is '-shown in 
Table 7. Numbe~ 'Of bivalent chromosomes varies from 0 to 4, 2 

Table 7. Frequency of bivalent chromosomes in F, F at 
diakinesis (B. cannata x R. sativus). 

Number of bivalents Total number of 
nuclei 

0 1 ~ 3 4 

Frequ~cy 1 4 8 :J 2 18 

being the most frequent. The nucleus without associated chromo­
somes is of a rather rare· occurrence. Figs, 110 and 111 show 
representative figures of diakinetic nucleus, containing respectively 
4n + 181 and 2n + 221 -chromosom~. 

The course of heterotypic and later division processes, 'in 
general, are similar to those of the hybrids described in Part I. 
In the heterotypic metaphase, variable numbers of chromosomes 
appear according to the degree of chromosome associations, True 
associated bivalent chromosomes are more easily determined in 
their side views. The author examined the ~hromosome valencies 
and configurations with 116 metaphasic nuclei and the statistical 
data obtained are compiled in Table 8. All these nuclei used in 
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Figs. 110-116. Meiotic division of PMCs in B. cariuafa x R. safivus (Fl F). Figs. 

110 and 111. Diakinesis. Showing 4n+181 and 211+221 chromosomes re­
spectively. Fig. 112. I-Metaphase. 26 un ivalent chromosomes only. Figs. 
113-116, I-Metaphase. 1. 2, 3 and 4 bivalent chromosomes r.espectiveJy, and 
the co.rresponding numbers of univalent ones. 
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the statistical surveying show exactly 26 chromosome complements 
in all on the respective spindles. The number of bivalent chromo· 

Table 8. Frequency of various chromosome configurations 
of F, F at I-Metaphase (B. carinata x R. sativus). 

Expt. No. of Configurations Total number of 
slides nuclei 

26, In + 24J 2n+ 221 3u + 201 41l+ 1BJ 

4221- 2 1 1 10 11 9 32 

. 4218-1 3 7 25 21 >(" 63 

4223-1 0 0 2 1 0 3 

3839 4 7 6 1 0 18 

Total 8 15 43 34 16 116 

somes varies also from 0 to 4, 2 being the most frequent, and 
the average · number of bivalent chromosome~ is calculated as 2.3 
per one PMC. As far as the author's examination goes, even a 
single trivalent chromosome has never been ascertained with this 
Fl F, Fig, 112 shows a PMC with 26 · univalent chromosomes 
while Figs, 113-116 show PMCs with 1, 2, 3, and 4 bivalent 
chromosomes respectively. Figs. 117-119 also show PMC;; contain' 
ing 2, 3 or 4 bivalents. Each of these figures contains correspond· 
ing number of univalents in addition to the respective bivalents. 
The bivalent chromosome at this stage has one or two completely 
terminalized chiasmata, and takes either rod or ring shape, the 
shape of the former occurring much more frequently. Relative 
positions of the chromosomes on the I-Metaphasic spindle and 
their behaviours throughout the heterotypic division are quite 
similar to those observed in the" Rc" hybrids described in Part 
I. In Fig. i17,· 20 univalent chromosemes are found arranged 
somewhat r egularly on the equatorial plane besides two bivalent 
ones, and Fig. 120 also represents ,a side view of such a spindle 
having a large number of chromosomes arranged themselves on 
the plate. The circumstances such as shown in these two figures 
are met with not infrequently, and this seems to explain the 
actual occurrence of splitting or division of many univalent chromo­
somes at I-Anaphase, As special irregularities, remarkably curved 

., 
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Fig. lIB. 

Fig. 122. 
Figs. 117- 122. Meiotic division of PMCs in B. cari1Ulfax R. sativus (F 1 F). 

Figs. 117-119, I-Metaphase (polar view). Showing respectively 2, 3 and 
4 bivalent chromosomes and the corresponding univalent ones. Fig. 120. 
I-Metaphase. Side view 'of a large plate mostly composed of univalent 
chromosomes which take rather regular arrangement. Quite similar 
figure as Fig. 117. Figs. 121 and 122. I:-Anaphase. 12 univalents ar­
ranged rather regularly and show splitting on the spindle of Fig. 121. 
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spindle or tripolar spindles are observed rarely at I-Metaphase. 
Though still rarely, PMCs with two indep€ndent spindles are also 
met with. - -

The division prOCesses at the I-Anaphase are also simiiar to those 
in di·genome F, hybrids in Part I. Representative figures, Figs. 
121 and 122, of the I-Anaphase will suffice to show the mode of 
division. In Fig. 121, 12 univ.alent chromosomes are seen arranged 
somewhat regularly on the equatorial region and in the stage of 
splitting. Restitution nucleus usually oa;urs· in the present hy­
brids, and the situation.is also very much like that of the hyb;ids 
described in Part I. 

PMCs in interphase show much variable appearance according 
to the unequal distribution of chromosomes at the I-Anaphase, to 
the variable number of micronuclei produced, and also to the 
occurrence of restitution nucleus"with various frequencies. Gener· 
ally, the total .number of chromosomes, including diad and monad 
ones, amounts to more than 26 to one PMC. The maximum num­
ber of monad chromosomes observed is 32, revealing the fact that 
16 univalent chromosomes have divided at the I-Anaphase. 

The homotypic nuclear division, which soon follows the inter­
phase, proceeds through the usual course as in the hybrids already 
described. The author presents here bu't a few of typical figures. 
PMC in Fig. 123 has two plates, lOd+8m and 8 d+8m, while 
PMC in Fig. 124 has a large plate with 14 d + 4 m and a small 
one with only 8 diads, and two diad ch~omosomes are found out 
of the spindles. Chromosomes situated out of the spheres of the 
spindle, are derived from those excluded from , nuclei at the 1-
Telophase, and they are either monad or diad in their nature. 
Homotypic metaphase plates' derived from the , restitution nuclei 
contained, for example, 17 d + 18 m, 18 d + 16 m (Fig. 125), 19 d + Xm, 
20 d + 12 m, 21 d + 10 m, and 23 d + 6 m (Fig. 126) respectively. The 
diad chromosot,nes divide at the II-Anaphase and their halves are 
assorted to the poles, while monad ones proceed intact toward 
either one of the, poles without undergoing split. Some of these 
monad ones remain in the cytoplasm without participating in the 

• formation of daughter nuclei. No clear figure of splitting of 
monad chromosomes at the' II-Anaphase has been noticed in the 
present F, F. Fig. 127 , shows a pOlar view of 2 spindles in the 
II-Anaphase. Here the left spindle contains 28' monad chromo-
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Fig. 127 
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Figs. 123-127. Meiotic division of PMCs In B. carinata x R. salivus (Fl F). 
Fig. 123, II-Metaphase (polar view). Showing . two plates, 10d+8m and 
8 d +8 m. Diad chromosomes are depicted in solid black, monad ones in 
profiles with light shade. Fig. 124, II-Metaphase. Showing a larger plate 
with 14d+4m and a small one with 8 diads, and 2 diads situated out 
of spindles (one diad in solid black and the other in profile). Fig. 125, 
II-Metaphase. One large plate consists of 18 d + 16 Ill, derived from re­
stitution at I-division. Fig. 126, II-Metaphase, 23 d + 6 m plate derived 
from restitution at I-division. Fig. 127, II-Anaphase. Two spindles, con­
taining respectively 28 and 24 monad chromosomes. 
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somes and the. right 24. In this figure, respective positions of 
chromosomes on the spindles' are shown by different shades, and 
in each spindle two chromosome groups consisting of divided 
halves, 12 halves on the .left and 11 halves on the right, are 
clearly discernible. Figs. 128 and 129 show similar PMCs in their 
side views. In Fig. 129, .fusion of two anaphasic chromosome 
groups occurs on one side. Such a fusion of two chromosome 
groups is noticeable not infrequently. 

Various kinds of sporads such as diads, triads, tetrads, pentads, 
and other polyads, are usually produced in the hybrids. The 
frequency occurrence of diads, which has important bearing to 
the viable gamete formation, also varies much with the flowers, or 
even with the anthers. General features of these sporad cells are 
iust like that of other hybrids above mentioned. Some anther· 
Iocules, which contain comparatively larger percentage of tetrads 
and their derivatives, show that they have followed a more or le~s 
regualr course of the meiosis. In such an anther·locule, the fol· 
lowing frequency distribution of various kinds of sporads is 
observed (Table 9). 

Table 9. Frequency of various kinds of sporads in an anther· 
locule of F, F (B. carinata x R. sativus). 

Frequency 

@ 

3 

Kinds of sporads·* 

@ 

44 

@ 

18 

*See remark in Table 6 (page 324). 

® 
5 

® 
\ 

Total number of 
sporads 

73 

Each of hybrid microspores produced contains, as a rule, one 
nucleus, but sometimes there are one or two additional ones (Fig. 
130). Usually cytokinesis goes on by invagination after homotypic 
nuclear division, resulting in the formation of' microspores. In 
some irregular cases, cytokinesis, however, does not proceed up 
to its completion or it is suspended at various stages of progress. 
A monad produced in this manner naturally contains all the nuclei 
produced after the II-division. Fig. 131 shows four such monad 
spores at the same stage of growth as the ordinary ones in Fig. 
130. They contain four or more nuclei and show incomplete 
invagination .. The author encountered not infrequently the figures 
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Fi~. 131. 

Figs. 128 and 129, II-Anaphase of B. car;nata x R. sativus (Ft F). Lagging 
monad chromosomes on each spindle. Fusion of two chromosome groups 
is di'scernible in Fig. 129. . , 

Figs. 130-132. Young microsPores of B. carinata x R. SOtilJltS (FI F). Fig. 130. 
Ordinary hybrid Il)icrospores, containing usually one nucleus. On'e of 
them con tains one accessory nucleus. Fig. 131, Monad spores produced 
through incomplete invagination pr~. at the same stage of their 
growth as the ordinary spores in Fig. 130. Fig,. 132, Monad spores in 
the same stage o( their gro~"'th as those in Figs. 130 a.nd, 131, suggesting 
the occurrence of fusion of nuclei in such spores. 
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which suggest the fusion of nuclei in such monad spores, result­
ing in true monad with a large nucleus (Fig. 132). Such a situa­
tion is also appreciated, on the other hand, from the fact that the 
author did not observe in the II-Anaphase any PMCs with only 
one large nucleus, which might have been produced by the second 
restitution phenomena in the II-Anaphase. As already mentioned 
in Part I, monad spores containing didiploid number of chromo­
somes are rarely produced also through another irregular course, 
i.e., PMCs directly growing up to spores without undergoing 
meiotic processes. 

Because of the unbalance of chromosomes recovered in gametes 
and also of various other causes, a large number of microspores 
die out at various stages of growth. Thus a very small percent· 
age of spores grow up to matu;e pollen grains, viable or func­
tional ones being still less in number. Consequently the hybrid 
anthers usually do not show ordinary dehiscence of their sacs. 

(ii) Fl R, R. reYnua (n=lR) "aahh"xR. salivu ... (n=9) "RR" 

"Karasina" ".Minowase" 
Fl C, B. juncea (n=18) "aabb"xR. sativus (n=9) "RR", 

"Katuon~ " "An escape" 

The hybrid between Brassica species with "aabb" genome 
constitution and Raphanus was raised for the first time by the 
author in 1926. So far as the author is aware, no other successful 
case of this cross combination has ever been reported heretofore. 
As mentioned elsewhere, both amphidiploid species, B. cernua (Fig. 
133) and B. juncea (Fig. 134), have 18 chromosomes in the haploid 
state, and they have been considered to be cytologically homolo­
gous or identical species. The author made studies on three sister 
plants of F, B, 26/27F, (26), and two of F, C, 26/27F, (11). 
Meioses in these two kinds of hybrids have been reported already 
in some details (FUKUSHIMA, 1929). 

The Origin of F, hybrids 

In 1926, the author pollinated 7 flowers of B. cemua with the 
pollens of R. sativu5 "Minowase" and 13 flowers of B. juncea 
with the pollens of an escaped radish strain, and obtained 9 and 
5 seeds respectively from three pods each matured on the cros­
sings. From these 14 seeds sown only 5 true F, plants, 3 plants 
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of F, Band 2 of F, C, were obtained during the season of 1926/ 
1927. 

, , 

Fig. 13.3. B. cenlUa Coss. "Karasina" (0=18). 

Characters of F, 
hybrids 

As in the F, F hybrids 
above mentioned, charac­
ters of B. cernua and B. 
juncea, parental species 
with a larger chromosome 
number, predominate also 
more or less in the F, 
hybrids, although some 
characters of radish can 
be always noticeable. 
The individuals of F, 
B are very much like the 
individuals of F, C and 
they a re also quite uni· 
form in each group. In 
striking contrast to other 
F, hybrids, these hybrids 
do not show any heterosis, 
but are somewhat less in 
vigour than the parental 
individuals. 

The stems of the F, 
have normal pith and are 
glabrous with waxy ef­
florescence as in Brassicas. 
The branching of the 
main stem is usually 
poor (Figs. 135 and 136). 
The F, root showing no 
thickening, remains slender 
and fibrous to the last as 
in Brassicas. 

The F, leaves rather resemble Brassica parents in form, but 
are sma lIer in size owing possihly to the weakness in vigour of 
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the plants. The leaf·blade of F, B (Fig. 137) is more like that of 
B. cemua, but not recUl"Ved so strongly, while that of F, C more 

Fig. 134. B. j llncea Hems!. " Katuona" (n= 18). 

resembles that of B. juneea, 
but somewhat narrower. 

especially in its lobing and rugosity, 
Marginal serration of the hybrid 
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leaves is rather conspicuous in both F j Band F j C. F j leaves 
are slightly pubescent as ltl the case of those of Brassica par· 

.. 

Fig. 135. 

~ .' - , 

' . , .. 

~: 
'.'" 

B. cernua "Karasina " x R. sativus 
"Mi nowase" (F1 B). 

ents, and are covered with 
waxy efflorescence, the 
development of which is 
stronger in F, B than in 
F, C, just corresponding 
to the degrees in their 
respective Brassica parent. 
Leaves of F j B are of 
bright green colour like 
B. cernua, while those of F, 
C are slightly deep green 
like B. juncea. The F, 
leaves are rather thin as 
those of the parental 
species . 

Hybrid flowers of F, 
Band F, C are all quite 
alike, each having yellow 
and slightly larger and 
broader petals than those 
of the parental Brassicas 
(Fig. 138). Flower clusters 
are also like those of 
the Brassica parents. Re· 
sembling those of Brassica 
flowers, sepals of hybrid 
flowers arc longer than 
the claw of petal. and 
diverge out at anthesis 
in contrast to the sepals 
of radish flowers, which 
are slightly shorter than 

the claw and are converging to the last (Fig. 138). The stamen 
of F, B and F, C shows but a meagre development and its small 
anthers do not dehisce at the blooming t ime. Valvular part of 
the hybrid ovaries shortens a little and . the non·dehiscent part 
shows, in return, a slight lengthening. 
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Fertility in F, hybrids 

1\1l Ine hybrid ovaries fell off soon after the blooming with· 
out producing even a single matured or partially developed pod. 

The author obtained no 
seed on these F, plants 
under open pollination. 
Controlled cross pollina· 
tions between the hybrids 
and their parental species 
have been tried also in 
vain. 

Cytology of F, hybrids 

As mentioned else· 
where, the results of 
cytological examinations 
of microsporogenesis of 
F, Band F, C have been 
reported already in the 
previous paper (FUKU' 
SHIMA, 1929). So the 
author will describe only 
the general mode of the 
meiosis in order to give 
facilities for comparison 
with other F, hybrids 
treated. 

F, Band F, C plants 
have 27 somatic chromo· 
somes as it is ascertained 
in the meiotic divisions 
of PMCs. As the genomic 
constitution of these two 
kinds of F, hybrids is 
quite the same, it may 
be designated as " abR ". 

~ .. ~ ..... , .... " 
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Fig. 136. B. juncea ;' Katuona "x R. satiVttS 
.. An escape" (F I C). 

Here " b " genome is quite homologous to that of B. nigra, and 
.. a" to that of Brassicas such as B . campestris, B. chinensis, B. 
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japonica, B. rapa, etc., all having 10 chromosomes. Thus F, B 
and F j C are especially noteworthy as they contain .. a" and .. R " 
'togethe r. 

., "', , •. , 
' :'" 

0" • -" 
'. 
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Fig. 137. Leaves of B. cemua "Kurasina", Fl hybrid (FI B); and 
R. salivus .. Mi nowase ", from left to r ight. 

Fig. 138. Flowers of B. cernua "Karasina ", FI hybrid CF} B), and 
R. sativus "Minowase " , .from left to right. x 1. 

''''<';:'', 
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F, Band F, C show quite similar mode of the I-division, and 
27 univalent chromosomes appear exclusively in the I-Metapbase, 
showing no association of chromosomes. T bese univalent chromo-
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somes behave quite similarly in the I-division as in other F, " Rc" 
hybrids treated in Part I. Homotypic division processes, however, 
differ in the present hybrids, especially in the behaviour of monad 
chromosomes. In F 1 C, monad chromosomes behave quite similar­
ly as in the di·genome F, hybrid described in Part I, for 2-5 of 
them appearing as laggards at the II-Anaphase proceed finally to 
either one of the poles, without dividing completely into two 
halves. In F, B, however, the whole chromosomes usually become 
arranged themselves on the equatorial plate at the II-Metaphase, 
leaving no monads scattered apart t'rom the plate. Later all the 
chromosomes divide equationalll" assorting their ' halves to the 
opposite poles. In this latter case, some univalent chromosomes, 
no doubt, undergo division tw~e. Restitution nuclei are also pro­
duced in bothF, hybrids, though less frequently than in the other 
Fl hybrids already described. . 

Cytokinesis usually follows the homotypic nuclear division, 
and sporads of various appearances result. 'Degeneration processes, 
I,lowever, soon set in in these sporads and the latter fail to grow 
up to viable pollen grams. 

5. DISCUSSIONS 

(1) Crossabilily 

The plant genera, which have been used successfully in obtain­
ing intergeneric hybrids with the genus Brassica and studied cyto' 
genetically in some details, are all confined to the subtribe Bras­
siceae. The names Raphanus, Eruca, and Sinapis are enumerated 
as such, and' Raphanobrassica , 'of KARPECHENKO, which is produced 
artificially from the cross R. sativus x E. oleracea, may also be 
regarded as one belonging here also (Cf, U et al .• , 1937)-. Genus­
crosses have been carried out most .extensively between Brassica 
and Raphanus. Raphanus sativus (RR)" is the only representative 
species in that genus.2

) While in the genus Brassica several 
species have been used successfully for the cross with Raphanus; 
they are the following five elementary diploid species of B. oleracea 

J ) Genome const itution in somatic tissues. 
~) Some other Raphanus species, i.e., R. Raphanis/rutn, R. acanfhijormis. etc. , 

are also described in literature, but all these species are considered to have the same 
genome constitution "RR." 
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(cc), B. alboglabra (CC), B. Rapa (aa), B. campestris (aa) and B. 
chinmsis (aa), besides three amphidiploid (or secondary polyploid) 
species, B. carinata (bbcc), B. cernua (aabb) and B. juncea (aabb). 
With the other popular cultivated Brassicas, eg., B. Napella (aacc), 
B. napus (aacc), and B. nigra (bb), no true F, hybrids between 
Raphanus sativus have been produced. Genus·crosses· between R. 
sativus and B. Napella or B. napus were tried by the author over 
and over again. but he failed in obtaining even a single ttue F, 
hybrid. 

Crosses between B. oleracea and R. sativus were much more 
successful \~hen the latter species was taken 'on the maternal side ' 
than the reverse. Crosses between Brassica species of "aa" con· 
stitution and R. sativus, however, were equally successful in both 
directions. As it is generally the case for the species'crosses, such 
secondary polyploid species, as B. carinata, B.' ceinl/a' or B. juncea, 
produce true F, hybrids between radish only when the former are 
taken as seed plants. 

Even in the fertil~ combinations of species and in the fertile 
mating directions above mentioned, the genus·cmsses show in each 
case much variable degrees of success. KARPECHENKO (1927a, b; 
1928) obtained rather a large number of F, seeds from his crosses 
R. sativus x B. oleracea, hut the author and other workers obtained 
from the same cross com,bination only a vcry few of true F\ 
seeds. Such a difference in' crossability is thought to be due 
partly to different environmental conditions, external and internal. 
Especially the age of the plant may have some direct effect on 
the situation. There is no cloubt, however, that the genotypic 
differences of the parents have a great and immediate bearing in 
this connection. 

According to the varieties used. the F, hybrids even of the 
same combination of species, show considerabl7 differences in 
various poiiits. The hybrid embryos develop in 'varying degrees, 
and some F, seeds do not germinate, while a large number of 
them produce either albinos or weak seedlings which perish sooner 
or later. All of these facts are naturally expected from the 
heterozygous nature of such F, embryos. ' KOSTOFF (1938a) observed 
quite a similar case of variable crossability .in his Nicotiana cross, 
N. glateca (2n=24) x N. Langsdorjii (2n=18). His Nicotiana F, 
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embryos are said to have died out at various stages in their 
development. 

In addition to the normal F, hybrids, diploid plants produced 
by parthenogenesis and abnormal F, hybrids with an extra 
maternal or paternal set of chromosomes were obtained by U 
(1935), who had carried out crossings extensively between Brassica 
species and between .Brassica and Raphanus. He considered that 
the extra·maternal 1', was derived from the fusion of a normal 
haploid sperm and an egg nucleus of which latter had already passed 
the first cleavage accompanying the , doubling of chromosomes, and 
that the extra· paternal one was derived from the fusion of one 
egg and two sperm nuclei (U, 1935; U et. al., 1937). The deduc­
tion was made by him mainly from the following observations; 
(1) no occurrence of unreduced gametes in the species , or very 
rare occurrence if any;') (2) rather frequent occurrence of diploid 
parthenogenesis in the species crosses in Brassica. The author 
has also obtained several plants quite similar to the maternal 
parents, along with the true F, plants treated in the present paper, 
but he has not met' with any F, plant with one or more extra 
sets of chromosomes. 

(2) Morphology of F, Hybrids 

The di-genome F, hybrids, .. Rc", show generally a strong 
tendency to produce heterosis in t~e height of plant, in the num· 
ber of side flowering branches and also in the number and size 
of leaves. Similar di-genome F, plants raised by KARPECHENKO 

(1924), however, contained a number of dwarf plants which did 
not come up into flowering even at the end of the season. Tri· 
genome F, hybrids, excepting those of "Rbc" (F, F), did not show 
such vigorous growth as the di-genome "Rc." On actual breed· 
ing experiments only, one can tell whether heterosis appears or 
not in a certain intergeneric hybrids of Brassica and Raphanus. 

Generally speaking, the morphological characters of those di· 
genome F, individuals are in~ some measure intermediate, though 
a certain parental characters predominate somewhat in the hybrid 
plants. In the tri·genome hybrid plants, however, the characters 

() The author enco~ntered, though rather rarely, some individuals or s trains, 
both of pure species and of hybrids between Brassica and Raphattus, which produce 
a certain percentage of unreduced male gametes with diploid" tetraploid, or a still 
greater numb~r' of chromosomes. 
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of the parental species with higher chromosome number, i.e., of 
Brassica parents, usually predominate. Strictly speaking, hybrid 
characteristics differ to_ some extents even in the same species 
combination accor(ling to the genotypic constitution of the respec­
tive plants. 

KARPECHENKO'S F, hybrids, R. sativus x B. oleracea, showed 
markedly polymorphous appearances, as cited elsewhere. But the 
author did not encounter with such a polymorphic situation in 
any of his cross combinations, though the number of sister in­
dividuals raised was always very small. The author, moreover, 
did not observe any clear differences between the reciprocal F, 
hybrids of the similar cross combination, i.e., between F, Hand 
F, K. The author's materials seemed to be in less heterozygous 
condition than those of KARPECHENKO. 

The prolongation of the blooming duration and the enlarge­
ment of flower clusters of F, hybrids are, no doubt, caused physi­
ologically in connection with their high sterility. 

Some F, plants of R. sativus x B. oleracea did not die out 
after flowering, outliving two or three seasons or more. This 
character was perhaps inherited from the cabbage parent, as the 
latter showed such a tendency strongly. 

(3) Meiosis of Fl Hybrids 

Chromosome pairing and its variability,' Chromosome pamng in 
speeies- or genus-hybrids gives the most reliable and important 
clue for the solution of the problem of genome interrelationships 
among the species. The author studied the· association of chromo­
somes in the heterotypic division with 8 Fl hybrids between R. 
sativus and B. ol~racea (including B. albaglaura), namely F,'s A, 
H, I, J, D, G, K, and E, and with 3 tri-genome F\ hybrids, B. 
carinata x R. sativus,B. ceruua x R. sativus and. B. juncea x 
R. sativus, namely Fis F, B, and C. The number of the total Fl 
individuals investigated amounted to 22. As is clearly shown in 
Table 5, Fl individuals with the same genome combination "Rc" 
show different amounts of paired chromosomes at meiosis accord­
ing to the varieties or strains used. In the plants Fl A, Fl D and 
Fl E, the author could obtain no positive evidence of chromosome 
pairing, as all of those Fl plants showed exclusively 18 univalent 
chromosomes. While in all the other Fl plants of "Rc" combina-
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tion, i.e., F, H, F, I,. F, J, F, G and F, K, there appeared always 
variable number of bivalent chromosomes at the I·Metaphase, the 
maximum number of bivalents in one spindle being 5,.4, 6, 3 and 
5 respectively. The frequency distribution of bivalent chromosomes 
on each spindle is shown in Fig. 30. On the other hand, trio 
!(enome F, hybrids, F, Band F, C, each with "Rac ", produced 
no bivalent chromosome, while FI F with" Rbc" produced variable 
number of bavalents, ranging from zero to 4 ' (See Tables 7 and 8). 

The amount of chromosome pairing also varies within certain 
limits with individuals as well as flowers. Thus the chromosom~ 
pairing shown in the present hybrids depends not only on the 
genotype but also on the environmental. con'ditions, external and 
internal. . . 

KARPECHENKO (1924; 1927a, b; 1928) reported non'pairing of 
chromosomes in his F, hybrids with" Rc" genomes. Several other 
workers, however, observed variable numbers of bivalents in their 
respective F, plants of the same genome combination. Thus (0-
6)n, (0-3 iu and (I-5)n were observed respectively by RICHHARIA 
(1937a)1), U et al. (1937) and HOWARD · (1938b)" . In the case of 
tri·genome F, hybrids "Rbc", U (1935) reported 261 exclusively, 
while RICHHARIA (1937a)" reported (2-9)u and (0-9)1. KARPECHENKO 
(1937a) also observed (0-9)11 association in the same kind of hybrid. 

It is rather difficult to determine, from the above findings 
only, Whether the bivalent chroino~omes . there observed are of 
autosyndetic or of allosyndetic nature. This question will be dealt 
with in sQme details later on in this' chapter, 

It is worthy of note here that the frequency distribution of 
bivalents . such as shown in Fig, 30 may not tell the exact situa· 
tion. First of all, some spindles with no bivalent chromosome 
te~d to be overlook~d, so that their number may be estimated 
slightly less than actually is, as the superposition of chromosomes 
makes it difficult to identify them correctly as such. Each 
frequency distribution . polygon in Fig .. 30; however, does not follow 
the chance distribution even with due consideration of the situation 

I} RIC"IIA~IA (1937a) counted 911 as the maximum association at I·Metaphase. 
But, as cited elsewhere, his data on I·Metaphase seem to be not-qui te reliable. For 
that, I:easpn the data obtained by hin~ at late diplotelle stage .are cited in the text. 

~) H OW."'RO (1938b) represents no' I·Metaphase figure wi"th 0 association. 
:u Some secondarily associated univalents might be c~nfused with the true 

bivaJent chromosomes. 
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above quoted. The distortion of polygons is considered to 
have been caused by the fact that each pair of associated chromo· 
somes has somewhat different power of association or pairing 
potentiality, e.g., each pair. of A-A', B-B', C-C', D-D', etc. 
appears with different frequency. Thus each pair of these chromo· 
somes seems to have partially homologous segment in common, 
and such homologous segment evidently varies with pairs in 
amount or in length. Taking into account the general mode of 
frequency occurrence of the paired chromosomes, those homologous 
parts, however, seem to be not so large (or so long). 

As described above, the F, plants of "Rc" genome constitu· 
tion which are raised by the author or other workers from the 
same species combination, show considerable differences among 
themselves in the pairing potentialities, i.e., from complete absence 
of pairing to (0--6)11 pairs. Such a difference in pairing is, no 
doubt, attributable mainly to certain genetical differences exist{ng 
between the varieties or strains concerned in the crossings. This 
situation will be discussed more in detail later on in connection 
with the problems of ,evolution. 

. RICHHARIA (1937a) made a report on the chiasma formation 
and its behaviour in the paired chromosomes of his "Rc" hybrid. 
According to him, terminalization of chiasma occurred rather 
early, and most of F, pairs were already in end·to·end assocIation 
at a late diplotene stage, usually giving the bivalent chromosomes 
at the I·Metaphase completely. terminalized chiasmata. In the" Rc" 
hybrid of HOWARD (1938b), as in those of the present author, 
teqninalization of chiasma was not so complete as in RICHHARIA'S 
case, and it showed some incompletely terminalized bivalents even 
at the I·Metaphase. HOWARD also observed that each F, pair had 
only one chiasma, while that of parental species had 1-3 chiasmata 
in each bi valent. 

The author obtained the results similar to HOWARD'S, namely 
the F, bivalent at the I·Metaphase had usually one chiasma, though 
the case of having two chiasmata was not exCluded absolutely. 
RICHHARJA, however, observed two chiasmata in 11 out of 99 pairs, 
but he did not meet with those having three chiasmata. The 
latter author observed, in turn, in the parental species, R. sativus 
and B. oieracea, 13 and 11 pairs with three chiasmata respectively 
out of 99 pairs; 
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HOWARD (1938b) observed occassionally trivalent chromosomes 
in his "Rc" hybrid. Though some of those trivalents were con· 
sidered to be the secondarily associated II + I chromosomes erro­
neously interpreted, he no doubt observed some true trivalent 
ones with a triple chiasma. So one of the haploid chromosome 
sets of parental species might contain a reduplication of a chromo­
some or a chromosome segment. The author observed in "Rc "­
hybrids 4 metaphasic figures in all, each of which contained one 
true trivalent, no higher multivalents being encountered. On the 
other hand, the author observed not only occasional multivalent 
chromosomes, mostly tetravalents, in some strains of R. sativus, 
B. oieracea, and B. alboglabra (Unpublished), but also several 
spontaneous occurrences of interchange heterozygote in R. sativus 
(FUKUSHIMA, 1937). Thus the origin of the trivalent chromosomes 
in the" Rc "-hybrids may be e'5plained by the spontaneous chromo­
some alterations such as translocatio!, or the like. 

It is well kno~n that the formation of bivalent chromosomes 
and its measure have more or less direct effects upon the geno­
typic constitution of gametes, so also that of zygotes produced by 
those F, hybrids. In consequence, a considerable effect of bivalent 
formation upon the fertility of F, hybrids is expected. 

Usual course of F, meiosis: The usual course of F, meiosis is 
quite similar in both the di-genome and tri·genome hybrids. When 
paired chromosomes appear, they take regular position on the 
equator at the I-Metaphase, and at anaphase they soon disjoin, 
assorting their components to either pole. Univalent chromosomes , 
behave in heterotypic division quite as usual, a part of univalents 
splitting at the I-Anaphase and the rest at the II-Anaphase. 
Cytokinesis by invagination follows the homotypic nuclear division, 
resulting in sporads. The majority of sporads are higher polyads 
rather than ordinary tetrads. They contain supernumerary micro­
nuclei which are produced by laggards excluded from the ordinary 
nuclei. 

In these F, plants there occurs not infrequently restitution of 
division at the I-Anaphase. The occurrence of sl)ch restitution 
nuclei depends upon the strains of F, hybrids, or the genotypic 
differences of the hybrid individuals. Its frequency occurrence, 
however, seems to be affected much by some environmental con­
ditions, external or internal, as It varies not only with the materials 



362 Eiji FUKUSHlMA 

taken from one and the same individual at different dates, but 
also with tpe anthers even of the same flower examined on the 
same day (q: page 325). Restitution nucleus appears, in general, 
when the PMC contains comparatively a few bivalents or no 
bivalent chromosomes at alL Whether the restitution occurs or 
not in a particular PMC seems to depend mainly on the behaviour 
of univalents as a whole in the I-Anaphase. And the behaviour 
of univalent.s. in the I-Anaphase depends, in all probability, more 
on a certain environment!li conditions than the intrinsic nature of 
the hybrid. The amount of viable gametes produced after meiotic 
divisions depends to some extent on the frequency of restitution, 
and it, in turn, has more or less. direct connection with the de· 
hiscence of anther·sacs. All of these . situations naturally relate 
closely to the fertiiit), of the hybrid plants. 

The author did not notice any chromosome bridge formation 
in his lP3terialsli . On similar Cambridge 'materials, .. Rc "-hybrids, 
however, RICHHARIA' (1937a) observed rarely the occurrence of a 
bridge, and HOWARD (1938b) could notice one or two bridges in 
81 per cent. of the PMCs at the I-Anaphase examined by him. 
The latter author also noticed a persistent bridge in the restitu· 
tion, but he did not meet with any bridge formation in the parental 
species concerned. ' SIKKA (1940) also observed rare occurrences of 
bridges in some interspecific F, hybrids; i.e., univalent bridges at 
the I-Anaphase in B. Tourne/ortii x B. triiocuiaris, and second 
di\'ision bridges in B. 'juncea x E. campestris. 

Megasporogenesis and the mode of female gametophyte forma· 
tion were studied by the author on the F, D plant. Megasporogen· 
esis proceeds in a manner quite similar as the microsporogenesis. 
Some irregular division and degeneration processes occurred are 
described elsewhere. . 

Some irregular phenomena occurred in F, mewsis: The author 
qbserved several irregular meiotic behaviours in the present F, 
hybrids as described already. Some of those irregular phenomena 
will be dealt with again in the following paragraph. 

In Fl E plants, "Rc ", the author observed not infrequently 
the prophasic PMC whose nucleus was protruding a part or parts 
like buds. And in certain I-Metaphasic cells of the same material, 

I ) The author, however, observed several cases of the bridge formation in some 
strains of B. olt:I'acea and, R. salivus (Unpublished). 
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there were noticed two spindles, or even more than two in some 
occasions, giving quite similar figures as depicted by BLEIER (1930) 
on his wheat-rye hybrids. BLEIER maintains that his figures were 
caused by a generat tendency of hybrid nucleus to divide its com· 
plex into componental parts, and so he termed the phenomena 
" Kryptogonomerie ". BLEIER showed PMCs with two completely 
separated spindles, each consisting of just the parental number of · 
chromosomes. The author, however, failed to obtain any figure 
with two such spindles. BLEIER'S view has hitherto been severely 
criticized, chiefly by KATTERMANN (1933), MATSUMOTO (1933), and 
KIHARA and LILIENFELD (1934). These authors insist that BLEIER'S 
figures could have been derived from cytomixis in a wide sense 
or "Kerneinwanderung ", and that some of BLEIER'S I-Metaphasic 
spindles might be the strongly curved ones misinterpreted. The 
present author could not make clear with his F, E plants, "Rc ", 
the occurrence of cytomixls or " Kerneinwande;·ung-". Instead he 
found such prophasic nuclei forming a narrow neck as shown in 
Figs. 20 and 21. Thus he rather considers that those abnormal 
metaphasic figures with two spindles are caused by the budding 
of nucleus in prophasic stage. This presumption is also supported 
by the fact that two such spindles, though not always equal in 
size, usually contain in all 18 chromosomes. The author observed 
also PMCs with small supernumerary nuclei distributed in cyto­
plasm or. closely associated with the main nucleus. Similar nuclear 
budding was reported by MCCLllSTOCK (1929) in PMCs of triploid 
maize plants. SAKAMURA (1920) is the first who reported the 
occurrence of nuclear budding, or "Knospung " according to his 
designation, and KATTERMANN (1933) regarded cytomixis as 
a special case .of nuclear budding. SHIMOTOMAI (1931, 1933) 
also observed in his Chrysanthemum hybrids, similar figures, 
"Nebenkernbildung ", as those of KlHARA and LILIENFELD (1934), 
but he referred those to some irregularities in archesporial nuclear 
and cell divisions, but not to cytomixis. Each PMC of F, E with 
budding nuclei usually contains the whole diploid chromosomes, 
18 in number, on the two or more spindles, showing no trans· 
ference of any chromosomes to or from the adjacent cell. There· 
fm'e, the spindles, two or more in number, in such abnormal PMCs 
are smaller than the normal metaphasic one. 

Syndiploid PMCs are observed rarely in the- present F, 
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hybrids. Giant PMCs with two diploid nuclei were observed by 
several workers before, for instance by KARPECHENKO (1927a, b) 
in R. sativus x B. oleracea hybrid, GATES and REEs (1921) in 
Lactuca, INARlYAMA (1929) in b;s, and NANDI (1936) in Oryza 
species. RUTTLE (1928), observed such giant cells in root-tip cells 
of a haploid plant of Nicotiana, and he referred that, as NAl-\DI 
(1936) did, to the complete transference of the chromatin of one 
nucleus to the adjoining cell. Recently, SIKKA (1940) noticed such 
syndiploid PMCs in his Brassica hybrids, and delivered the same 
opinion for their origin as the latter authors. On the data pre· 
sented in the previous paper (FUKUSHIMA, 1931), the author, on 
the contrary, considers the occurrence of those syndiploid cells 
as due to the irregular archesporial cell divisions rather than the 
cytomixis. 

In some FJ anthers, interruption of divis ion occurs at various 
stages of meiosis and such PMCs soon degenerate. The interrup' 
tion of this type occurs, though neither frequently nor in the same 
extent, in all FJ hybrids of different cross combinations. In ex­
ceptional cases, PMCs degenerate at premciotic archesporial stages. 
In FI A plants, "Rc ", all the PMCs degenerate soon after the 1-
Anaphase without proceeding into homotypic division. Generally, 
however, the FJ PMCs undergo usual meiotic divisions as stated 
before, and the sporad stage follows. Nearly all of the FI young 
microspores thus produced cease to grow sooner or later owing 
perhaps to the genetic unbalance of their nuclear contents. 

In some rare Fl' anthers, the author observed some spores 
produced directly from archesporial cells without undergoing 
meiosis. Such monad spores have also been described in Fuchsia 
by WARTH (1925). The production of polyploid spores in this 
manner may have some important relation to the fertility of the 
FI hybrids. The author, however, cannot obtain any positive data 
on the future destiny of these giant spores. As described elsewhere, 
giant gametes are also produced when cytokinesis after the second 
nuclear division is suspended and nuclear fusion follows. Further, 
polyplold PMCs which are derived from giant archesporial cells 
produced through irregular division processes, such as already 
reported by the author in B . japonica (FUKUSHIMA, 1931), are also 
met with rarely in the present FI hybrids. 
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(4) Fertility in F, Hybrids 

Though th~ present intergeneric F, hybrids are of extreme low 
sterility, there can still be noticed some difference in fertility 
a~ong them. Some F, plants were completely sterile, but the 
most fertile ones could produce several F, seeds under open pollina­
tion. Tlfe degree of viable gamete formation in each F, plant, no 
doubt, plays the most important part in deciding the fertility ' grade 
of the plant, and it is generally recognized that the viable gametes 
result when they have established a · balanced gene relation con­
cerning the viability. Owing to the irregularities occurring in F, 
meiosis, nearly all of the F, gametes will contain chromosomes in 
an unbalanced condition and so are also the genes. Thus the 
chance for the F, gametes to recover perfectly or nearly perfectly 
either one of their parental chromosome complexes or both of those 
may be practically negligible in the present hybrids. As stated 
above, the F, hybrids, . however, produce occasionally polyploid 
gametes which, no doubt, conatin chromosomes in balanced functional 
condition, and so are viable. Of those polyploid gametes described 
elsewhere, those produced by restitution may not contain exactly 
the diploid or both parental chromosomes, on account of the split­
ting of some univalents before restitution. Various kinds of special 
irregularities which produce viable polyploid gametes are greatly 
affected by the en.vlronmental conditions, external or internal, thus 
the quantity of viable F, gametes, and, in consequence, the fertility 
of the hybrids, are affected in that measure by the complex 
environmental conditions. . 

The author raised two sister plants of F, D hybrid , R. sativus 
x B. oleracea, and one of them was completely sterile, while the 

other partially fertile. The chromosome behaviours of these two 
sister individuals were quite similar, showing no definite differences 
throughout the meiotic. processes. Such more or less greater dif­
ferences existing among sister individuals were also noticed in F, 
hybrids of the same species combination by KARPECHENKO (1924-
1928) and by RICHHARIA (1937a) (ef LEHMANN, 1936). 

The author obtained several F2 plants from certain F, hybrids, 
i.e. , F, H, F, D, and F, G from the cross R. sativus x B. oleracea, 
F, E from R. sativus x B. albogiabra, and F, F trom B. carinata 
x R. sativtts, but he failed to obtain any F, seed from the rest of 
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F, hybrids investigated. The author aiso could not detect any 
clear causal relations existing between the meiotic behaviours and 
the amounts of F, seeds produced. Fertility problems, such as the 
actual chromosomal . contents of viable F, gametes, the zygotic 
unbalance in chromosomes or in internal genes, later elimination 
of zygotes, etc., will be dealt with in a future paper on the later 
progenies of these F, hybrids. 

(5) Species Formation in Brassica and Raphanlts 

The evolutionary development of the species, elementary or 
polyploidal, may be duely ascribed to the differentiation in the re­
spective genomes. This genome differentiation may be understood 
as the differentiation of genes as well as of chromosomes. The 
former differentiation will result through the accumulation of a 
simple gene mutation. A group of many Brassica species, each 
with 10 chromosomes in haploid, may have been differentiated 
mainly by such process eCI MORINAGA, 1929a, b; 1931; RICHHARIA, 
1937b; SIKKA, 1940). The chromosomal change may take place in 
either one of the two ways, namely, structurally or numerically. 
Structural variations are known as segmental interchange. duplica­
tion, inversion, deletion of a portion, etc. Though some of these 
variations are not accompanied by any direct phenotypical varia­
tions, they, none the less for that, have an important significance 
as the basis of future differentiations. 

Numerical changes, being classified into polyploidy and poly­
somy or aneuploidy, are often recognized as the most favourable 
changes in nature, for more than half the species and varieties of 
/lowering plants in nature belong to various polyploid se.r ies (Cf, 
DARLINGTON, 1937; KOSTOFF, 1939). 

The genus Brassica contains many species, the haploid chromo­
some number _ of which being 8, 9, 10, 11, 12, 17, 18, 19 and 24 
respectively. Thus in this genus a remarkable development of 
aneuploidy prevails, as in some other genera as Crepis and Crocus 
(Cf. BABCOCK and NAVASHlN, 1930; MATHER, 1932). 

For the formation of polyploid species various ways have been 
made clear to some exten t by the cytological or other lines of 
studies, but our knowledge on the origin of aneuploid species is 
still very meagre. Thus, the studies on the genus Brassita are of 
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a considerable significance, in connection with the general problem 
of the origin of aneuploidy. 

The conception that a new genome is originated from an old 
one through its differentiation and bringing about of a new balance, 
has been first proposed as the theory of "secondary balance" by 
DARLINGTON and MOFFETT (1930), in connection with their cyto­
genetical studies on the Pomoideae section of Rosaceae. According 
to DARLINGTON (1937), secondary balance is "a new balance de­
rived by change in the proportions of genes, as in a secondary poly­
ploid from an old balance, and capable of competing with it." 
In consideration of further differentiations of secondarily balanced 
forms thus produced, the establishment of aneuploidy may be most 
easily comprehended!). Though our knowledge and experimental 
evidences for the mechanism of secondary balancing or "econdary 
polyploid formation which gives such a wide variation in polyploidy 
itself, are very meagre, the following examples of artificially pro­
duced secondary polyploid forms may be of service in suggesting 
the possibility of occurrence. of such a phenomenon in nature. 
CLAUSEN (1926) obtained a new "species" Viola hypeI'Chromatica 
with approximately 2n=42-45 chromosomes, from the cross V. 
arvensis (2n=34) x V. tricolor (2n=26), and COLLINS et al. (1929) 
obtained Crepis artificialis (2n=24) from the cross C. biennis (2n= 
40) x C. setosa (2n = 8). The latter new and true breeding forms 
are thought to have ten pairs of biennis and two of setosa chromo­
somes. From a cross Nicotialla rustica (2n=48) x N. paniculata 
(2n=2/1) a nevI race, having n = 30n,_ \vas obtained by LAlvnvrERTS 

(1932), and it bred true through many seHed generations. WEBBER 
(1930) also obtained, in F, generation of a similar cross N. tabacum 
(2n=48) x N. sylvestris (2n=24), a pentaploid plant with n=2511, 
consisting of the complete' unreduced complement of the seed 
parent and a haploid set of the pollen parent. The plant showed 
as high fertility and good growth as the pure species. On the 
other hand, analytical data obtained by various methods on some 
natural species also support indirectly the view above stated. 

Cytology gives the most conclusive clue for the explanation of 
the origin of polyploid species, but there _also exist various other 

1) The theory of "secondary balance" has hitherto been applied rather ex­
tensively by various workers in combination with" second_ary association ", a hypo­
thesis advanced by DARLINGTJ:.i and his colleague. The author· will refer to the 
hypothesis in some details elsewhere in the text. 
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indirect means w.hich have been · applied to solve the phylo!1enetic 
relationships of such species. Gene analysis is considered as one 
of such indirect methods. Genetical studies have made clear the 
presence of several duplicate factors in Brassica oleracea (PEASE, 
1926; KRISTOFFERSON, 1927; MAGRUDER and MYERS, 1933; MOHAM' 
MAD and SIKKA, 1937; also Cf MATSUURA, 1933). And such genetical 
data are taken by some authors as an indirect proof of the poly· 
ploidal nature of that species. The incompatibility interrelation· 
ships in cabbage, determined by DETJEN (1927), KAKlZAKI (1930), 
and SEARS (1937), and those in Raphanlls sativus determined by 
the author (Unpublished) are also considered to suggest the poly· 
ploidal nature of those species. The latter problem has been dis­
cussed at length by LAWRENCE (1930). 

As . <\nother non·cytological way to explain the species inter­
relationships serological method is adopted sometimes. The author 
investigated the precipitin reaction of protein with several species 
of Bmssica and Raphanus and made clear the problem to some 
extent (FUKUSHIMA and MARUYAMA, 1929). 

Cytological methods may be divided into direct and more or 
less indirect ones. As the indirect methods which give indirect 
source of evidences to make clear the polyploid nature of species, 
the following three kirids of investigations have been pursued; (1) 
investigatiol1s on the nucleoli and SAT-chromosomes, (2) investiga­
tions on the morphology of somatic chromosomes, and (3) investi­
gations 01) the" secondary association" of chromosomes at meiosis. 

SIKKA (1940) observed in each somatic nucleus of B. nigra 
(n= 8), the species with the smallest number of chromosomes in 
the genus, 4 satellited chromosomes and 4 nucleoli, and took the 
facts as strongly suggestive of the tetraploid nature of the species. 
But he could notice only one pair of nucleoli and satellited chromo­
somes in other Brassica forms with a larger number of chromo­
somes, 11 = 18, 20, or 24, and considered that the latter condition 
had been derived by the loss of extra pairs, inferring the pheno­
menon of "amphiplasty" first observed by NAVASHIN (1934) in his 
C,-ejJis crosses. Admitting that the hybridi ty has such an amphi­
plastic effect, the actual occurrence of extra pairs of nucleoli and 
of satellited chromosomes in some Brassica may have a direct 
bearing on the allopolyploid nature of such species. SIKKA (1940) 
also refers to the cases of rice plants, where two nucleoli·varieties 
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are considered to have been derived from four nucleoli·varieties 
(RAMANUJAM, 1937a). _ 

Since the chromosomes of Brassica forms are very small, their 
morphological analyses are very much limited. CATCHESIDE (1934) 
studied root·tip cells of his' B. napus' (2n= 36) and B. Napa (2n 
=20), and could discriminate four kinds of chromosomes according 
to the length and position of constrictions; i.e., nearly median (2p.) , 
median (1-1.8('), subterminal (1-1.8p.) and very short (0.5p.) ones. 
ALAM (1936) obtained similar results of analyses in B. triiocuiaris, 
B. campestris, B. juncea and Eruca sativa. Of the data obtained 
in this line of study, RICHHARIA'S (1937a, b) are more or less ex· 
tensive. As shown in Table 10, he distinguished six or seven 
different types of chromosomes in certain Brassica species. 

Table 10. Chromosome complements of some Brassica 
species, showing morphologically . distinct 
types of chromosomes (compiled from 
RICHHARIA, 1937a, b). 

Species Haploid set of chromosomes 
B. oleracea (n=9) A B C D b E F 

B D 

B. chinensis (n= 10) A B C D E F 
D E F 

F 

B. Rapa (n=10) A B C D E F 
D E F 

E 

B. pekinensis (n=10) A B C D E F 
D E F 

F 

R. sativus (n=9) A B C D E F 
B D F 

The distinction of types, however, was rather difficult for him 
as there was a transitional type between Band D, and E and F 
were fa irly alike. In short, even in those Brassica forms of 10 
chromosomes, it is likely that there are repetitions in some 
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types of chromosome, though it cannot be taken as a decided 
evidence. 

, As another indirect cytological method of solving the problem, 
the investigation of "secondary association" of meiotic chromo· 
somes is highly appreciated by some workers. The fact that the 
meiotic chromosomes sometimes show differential approximation 
at 1- and II-Metaphase has been known in a large number of plant 
genera. But DARLINGTON and his colleague are the first who 
hav~ taken this postsynaptic phenomenon as a result of general· 
ized attraction between related chromosomes in a distant phylogeny 
(CI. DARLINGTON, 1928; DARLINGTON and MOFFETT, 1930; LAWRENCE, 
1931). Owing to a remarkable prevalence of aneuploidy throughout 
the genus, Brassica species have been adopted by several workers 
as favourable objects of studies in this category. The theory of 
"secondary association" is, in the author's view, yet an unproved 
premise, and it cannot be accepted positively as that of experi­
mental cytology at the present state of our knowledge_ Data of 
"'secondary association" reported in several Brassica forms will be 
dealt with later on. 

NoVl', the ., genome-analysis" based mainly on the cytological 
examinations of interspecific or intergeneric hybrids can be taken 
up as only one method which is well established and offers direct 
evidences toward the origin of species. "Genome analysis" reveals 
the interrelationship between the genomes concerned in the basis 
of the actual "primary pairing" of hybrid chromosomes. Data of 
autosyndetic pairing in the haploid individuals, no doubt, have 
important bearings on this connection. The author will discuss 
in this place the problem of species formation in Brassica and 
R.aphanus from the data obtained by him on his intergeneric F j 
hybrids, referring to the results -of other \vorkers on the similar 
intergeneric Fj hybrids as well as other Interspecific ones raised 
among Brassicas. 

There is a group of Brassica species which contain 10 chromo­
somes as gametic complement, i.e., B. campestris, B. Rapa, B. 
chinensis, B. japanica, B. pekinensis, etc. These specie~ show re­
markable differences in various characteristics, but can be hybrid­
iz'ed easily among them, resulting in the production of quite fertile 
F j hybrids. The meiosis in such hybrids is as regular as in the 
parental forms. showing complete pairing of respective chromo-



Cytogenetic Studies on Brassica and Raphamts 371 

somes (Cf. MORINAGA, 1928; RICHHARJA; 1937b;_ SIKKA, 1940), and 
genetical examinations on some interspecific crosses within the 
group show the Mendelian segregation of various characters (C/. 
MOHAMMAD and SIKKA, 1937; MORINAGA and KUBOTA, Unpublished). 
Thus the differences among these species are considered as a sort 
of simple gene mutations as it had been interpreted by BAUR 
(1932, and others) for Antirrhinum species. Such a genome com­
posed of 10 chromosomes has been termed "a" by MORINAGA. 
In addition to" a" two other genomes, "b" and "c", are known 
as the primary ones in Brassica. The" b" genome consists of 
the haploid chromosome set of B. nigra (n=8) and the "c" of 
B. oleracea (n=9) (MORINAGA, 1928-1934). Three amphidiploid 
natur.al forms, i.e., jj aabb ", U aacs: ", and H bbcc ", derived each 
from the two of the three primary genomes, are also made known 
by MORINAGA, SASAOKA (1930) and U (1935). No such a form 
containing all these three genomes together, i.e_, "aabbcc" plant, 
however, is encountered with nor is artificially produced as yet. 
Artificial formation of some amphidiploid Brassica forms has been 
also achieved by some workers. U (1935) succeeded in artificial 
rai~ing of a form quite like natural B. napus (aacc) from the cross 
B. campesln's (aa) x B. oleracea (ee). MORINAGA (Unpublished) 
has also obtained amphidiploid forms "aacc" and "bbcc" respec­
tively from the hybrids, B. chinensis (aa) x B. alboglabra (cc). and 
B . oleracea (ee) x B. nigra (bb). The former form is B. nap,,!; 
(aacc) in all its morphological respects, but produces white flowers, 
while the latter form is nothing but B. carinata (bbcc) , though it 
differs in minor points from any carinata forms in his collection 
(C/. KARPECHENKO and BOGDANOVA, 1937). Success in artifiCial pro­
duction or synthesis of the above mentioned forms seems to prove 
positively the genome constitution hypothesis of Brassica proposed 
by MORINAGA (1934). B. cheiranthas (2n=48) is the only species 
with the highest number of chromosomes in the genus_ It is sug­
gested by SIKKA (1940) that this species may have been originated 
from a certain hybrid between species with 12 haploid chromo­
somes, _such as B. m01U!lIsis and B. Wrigitlii, through chromosome 
doubling. 

The genus Raphanus, in striking contrast to Brassica, contains 
only one genome "R ", which is composed of 9 chromosomes of 
R. sativus. 
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Manners of chromosome association in meiosis of various in­
tergeneric F, hybrids hitherto worked out between Raphanus and ' 
Brassica are summarized in Table 11. Those of other Raphanus­
Brassica hybrids with extra set of parental chromosomes appeared 
among normal F, plant or in later generation of the latter, and 
those of F, plants obtained from the crosses with artificially raised 
, Raphanobrassica' . of KARPECHENKO as one parent, are given in 
Table 12_ 

Table 11. Chromosome pamng in meiosis of various inter­
generic F, hybrids between Brassica and Raphanus 
species_ 

HybridslJ 
R. satiVU$ x B. oleraceo 
2n= 18, .. Rc" 

f' (3 ind.) 
F, I - UN 

. . ·F, 11-12 

Fl. 7-3* 
FJ 10-9* 
F, 10-14" 
FI 11-11* , 
Fl's 2' .4 and 42 
F l'S 17 and 22 
F,A 
F, H 
F, I 
F, J-l 
F, J-2 
F,G 
F, D (2 ind.) 

B. oleracea x R. sativus 
2n=18, "cR" 

F, (? ind.) 
F, K 

R. sativus x B. alboglabra 
2n= 18, "Rc" 

F, E (5 ind.) 

CJ.1Tomosome. pairing 

18, 
(0-6),,+(18-6h 
(0-6),,+(18-6), 
(0- 8)n +(18-2)] 
(O-'6)n + (18-6), 
(O-9)n +(18 -0), 
(1-8)" + (16 -2), 
(0-4)n+ (18-10),** 
(0-5)" + (18-8)," 

18, 
(0- 5)u + (18-8h 
(0-4)u+(Hl-1O), 
(0-6hl+(18-6)1 
(0-5)u+ (18-8)1 
(O-3n+(18-12 j, 

181 

(0-3)" + (18-12)r 
(0-5),,+ (18-8)1 

Authority 

ICA RPECHENKO (1924) 
R ICfIlL\ RIA (1937a) 

.. 
H OWARD (192Sb) 

F UKUSHI)'IA (1929) 
F ll KUSHlMA 

" 

U e/ af: ( 1937) 
F UR L'SHIMA 

FU!WSHlMA 

1) Chromosome number ! and genome constitution in somatic tissues are de· 
scribed for each kinf,i of cr~ss·combinations. Original experiment No. or notations 
of I:, .individuals are represented. When more than two sister plants were raised, 
the number of sister inividpals examine~ is shown in parenthesis, and (? ind.) de· 
notes the case where the number of sister plants was not reported in the original 
literature. 
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B. chinensis x R. sativus 
2n=19, "aR" 

F, (? ind.) 

F, (' ind.) 
Fl (? ind.) 

R. sativus x B. rapa 
2n=19, ."Ra" 

F, (? ind.) 
R. sativus x B. campesfris 
20=19, ~"Ra" 

. F, (1 ind.) 
B. cannata x R. satiVltS 
2n=26, "bcR" 

F, (1 ind.) 
Fl (? ind.) 
Fl (? ind.) 
Ft (? in d.) 
F 1 F (3 ind.)' 

B. ccrnua x R. sativus' 
2n=27, ".bR" 

F, B (3 ind.) 
B. juncea x R. sativus 
20=27, ~'abR" 

Fl C (2 iod~) 

(O-I)n+ (19-17)[ 

(0-8)n+(19~:l), 
(0-5)n+(19-9), 

(1~7)I1+(17-5h 

(0-3)11 +(19-13), 

(0-2)n+(26-22), 
26[ 

(2-9)n + (22-8)[ 
(O-9)n + (26-8)[ 
(O-4ln + (26-18)[ 

TERAS."WA and 
SHl"JOTOMAI (1928} 

RICH HARIA . (1937a) 
TER~Sf!.WA- (Unpubl) 

R~CHHARIA (193,! a) 

U et al. (1937) 

MlJRW,\G". (1933) 

U (1935) 
RrCHHARIA (1937a) 

KARPEC!!ENKO (1937a) 
Fm,USlllMA 

FL:KUSH[~IA (1929) 

* With these F~ hybrids, RICHIIARIA usually obtained slightly larger amount of 
II-chromosomes at I-Metaphase than at late diplotene, owing to misinterpretation of 
secondarily associated univalents as stated eisewhere. 

** HOWARD did oat show, in his statistic data, the frequency of I-Metaphase 
spindles ,.,.ith non-pairing, but the actual occurrence of such spindles is inferred 
from his descriI;ltions. 

Table 12. Chromosome pairing, in meiosis of various Brassica­
Raphanus hybrid plants with extra set of parental 
chromosomes and of various F, hybrids obtained 
from crosses with 'Raphanobrassica (RRcc)' ~s one 
parent. 

Hybridsl ) 

R, sativus x B. oleracea 
F2 2n-=27, "RRc" 

F2 20=36, "RRcc" 
F: 2n=45, "RRRcc" 

B. olemcea x R. sativu5 
Fl 2n=27, "ccR" 

Chromosome pairing 

9n + 9r 
18[[ 

18[[+9[ 

Authority 

KAR[,ECHF.~KO (1927a, b; 1928) 

U et al. (1937) 

l! "9hrOll1osome number and genome constitution in somatic tissues are repre· 
sen ted for each kind of the hybrid individuals. 
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B. chimnsis x R. sativus 
Fs 2n=38, .. aaRR" 

R. sativus X B. campestris 

Eiji FUKUSHIMA 

19J1 TE:RASAU'A (1932b) 

F, .2n-28, "RRa" 9,,+101 Uetal. · (1937) 
Raphanp!Jyossica x R. sativus 

Fl 2n= 27, "RRc" 9n+9I KARPECIIE NKO and S!!CHAVIN SKAIA (1929) 
Raphano"" assica x R. rapha11istmffl 

Fs 2n=27 ... PRe" 9JI+9 KARPF.CII ENKQ (1929b) 
Raphanoorassica x B. oleracea 

Ft .2n=27. "Rcc" 91I+9 K ARVECIIENKO and SnCtlAVIl'<SKAIA (1929) 
Raphlmobrassica X B. campeslris 

F, 2n-28, "Rac" (5-6)u+(18-16)1 K ARPECHENKO ( l929b) 
RaphmlObrassica x B. carinala 

F, 2n-35, "Rbcc" (9-1711+(17-1)1 
4n-B.olcracea X Raph(l'twbrassica 

FJ 2n ... 38. "Rccc" (O-8)pr+(9-1)n +(18-10) KA RPECHE:-tKO (1937b) 

F, hybrids, "Rc" or "cR ", between 1<. sativus and B. oleracea 
(including B. alboglabra) show variable types of chromosome as­
sociation as represented in Table 11, ranging from the 'complete 
absence of pairing (OIl) to the complete pairing (gIl). Types (O-8)I1 
and (0-9)u are obtained only by RrCHHARIA (1937a) at the I-Meta­
phase of his Fl plant. As it has been discussed, his data in the 
I-Metaphase, which give a larger maximum number of paired 
chromosomes than in late diplotene, do not seem to' be reliable. 
The maximum association range, i.e., «(}-6)u, obtained by the pres­
ent author with those Fis at the I-Metaphase is quite concurrent 
with that of RIcHHARIA'S F, hybrids at late diplotene. 

When variable number of bivalent chromosomes appear, the 
frequency occurrences of paired chromosomes do not show usually 
any chance distribution. Thus the F,'s with the same maximum 
number of paired chromosomes, e.g., 4, or 5, do not necessarily 
show a same type of frequency distribution of paired chromosomes, 
showing usually some discrepancies according to the differences in 
varietal cross-combinations (Cf, Fig_ 30). Association potentialities 
of the respective pairs of chromosomes, no, dou bt, vary more or 
less witb the differences in genotypes. 

It is generally recognized that, with the progress of differen­
tiation, the quantity of association between two genomes, which 
have been derived from a perfectly homologous one, decreases as 
a whole, and that . at last there may occur no longer any paired 
chromosomes at all. . An autotetraploid plant in which duplicated 



Cytogen~tic Studies on BraSsica and · R apha""s 375 

genomes are at this stage of differentiation will no longer be de­
tected as such on the basis of chromosome association. Thus a 
polyploid form may become a new form of functional diploid, 
though its chromosomes are of polyploid in amount. Many grada­
tional series of stages are conceivable to occur before the above 
situation is reached. From the premise that the homology inter­
relationship between two sets of chromosomes (or genomes) is 
esta1;>lished by the total sum of the homology relationships existing 
between each pair of all the corresponding homologous chronio­
somes, HAGA (1940) tried to demonstrate the grades of partial 
homologous relationships between the genomes by the percentage 
ratios of the average amounts of pairing to the complete associa­
tion of all the chromosomes concerned. Such association indices 
ca1c.ulated with all .. Rc "-F,'s examined by the present author are 
respectively 16.2, 16.3, 20.0, 25.9, 26.7, 27.3, 29.9, 30.0, and 39.8 
per cent., while the indices obtained by other workers are 16.9, 
21.8, 22.8, 25.8, 32.3 and 35.S per cent. respectively. The existence 
of such variable degrees of chromosome pairing among the same 
species cross is also noticed in other intergeneric hybrids raised 
between R. salivas and various Brassica species other than B. 
oleracea and B. alboglabra (See Tables 11 and 12). 

It may be duely approved that the association of a correspond· 
ing pair of chromosomes is possible when these chromosomes are 
entirely similar in kind and amount, and in arrangement of the 
genes throughout their whole length, or when they have such a 
portion or portions in common as above mentioned, though the 
pairing potentiality in the latter case may vary according to the 
length of such portions .or segments. Differentiation of chromo­
some will be recognized first as the mutation of gene or of chromo­
some. With the accumulation of such changes the pairing potenti­
ality of a certain homologous chromosomes will decrease, and with 
the accumulation of such changes in a group of chromosomes (or 
in a genome) the index number of association quantity as de· 
scribed before, no doubt, decreases, causing gradational series of 
such indices. When a decrement is noticed in the pairing potenti· 
ality of a certain homologous chromosomes, or in the association 
index of a certain homologous genomes, the homology of those 
chromosomes or genomes is understood to have · decreased in that 
extent. As one of the remarkable cases of such gradational varjp· 
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tion of association quantity, the results obtained by SKOVSTED 
(1937) with the diploid FJ hybrids (n= 13) of GossyPiu11l species 
may be cited. SKOVSTED obtained a continuous series of average 
number of bivalent chromosomes, which ranged from 2.45 to 13, 
respective number found in the series being 2.45-3.20-4.35-5.35-
5.1O:-7.65-8.80-9.68-10.90-1l.35-12.45-1~.OO. A similar situa: 
tion is also noticed in a large number of diploid F, hybrids raised 
by intra· and inter-genus crosses covering Aegilops, Triticum and 
some allied forms (KrnARA and LILIENFELD, 1932; 1935; Cf. KIHARA'S 
"Studies on Wheat Plant§ ", 1938). In all probability, the minor 
intra'specific differentiation within a certain species also proceeds 
along a line quite similar to that of the interspecific situation 
mentioned above. NamelY, there may exist no intrinsic distinc· 
tions between these two ways of genome differentiation. The reo 
suIts of examinations on Intergeneric F, hybrids among different 
kinds of . varieties or races of R . sativus and B. oler(u;ea will J>e 
taken as evidences that will give positive supports to the con· 
sideratioll above stated. 

It is worthy of note here, however, that the differences in 
the amount of association cannot be wholly attributed to the dif· 
ferent grades of genetic differentiation, especially of structural one, 
among species or varieties. Therefore, when we discuss the 
chromosome association in connection with phylogeny we must 
carefully consider, at least, the following points; that the chromo· 
some pairing and other meiotic behaviours are to some extent 
affected by temperature or other environmental conditiOlis (Cf. 
NAKAMURA, 1936; MATSUURA, "1937; MICHAELIS, 1926; SAX, 1937; 
STRAUB, i937a, b), and that the influence of external conditions 
may be ~xaggerated in the hybrids composed of genomes having 
only remote homology from each other. The author have dis­
cussed elsewhere upon such variable modes of chromosome pairing 
with some of the present F, hybrids. KUlARA (1929), KIHARA and 
LILIENFELD (1935), and MATHER (1935) also reported on the occur. 
renee of similar cases in their F, hybrids in Triticum and Aegilops. 

On the other hand, there are several cases in which non· 
association of chromosomes is governed by a ' special gene (BEADLE 
and MCCLINTOCK (1928, 1933) in maize; BERGNER, CARTLEDGE and 
BLAKESLEE (1934) in Datura ; CLAUSEN, J. U930) in Viola;- CLAUSEN, 
R. E. (1931) in Nicotiana; HUSKINS and HEARNE (1933) in oats and 
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wheat; HUSKINS and SMITH (1934) in Sorghum; KOLLER (1938) in 
Pisum). Such ' genetical non-association . of homologous chromo· 
somes is also observed by the author in ' some strains of Brassica, 
Raphanus, and their hybrids (Unpublished). Thus even the homo· 
logous chromosomes fail to pair when such a gene exists. More· 
over, the effect of such a gene may be affected by a modifying 
gene or genes, or by some environmental factors. Further, the 
phenomenop. of "differential affinity" of homologous chromosomes, 
which has been noticed sometimes in the polyploid species or 
hybrids;. is worthy of attention' in this connection (CI. DARLINGTON, 

1928). U (1935) discusses this phenomenon in his Brassica hYorids. 
These conditions stated above will all modify, in some oCca­

sions , the pairing of homologous chromosomes, or that of chromo· 
somes with homologous segment. 0n the contrary, there is a 
peculiar case of association of non· homologous chromosomes, which 
is first presented by KOSTOFF (1938b). KOSTOFF (1938a, b; KOSTOFF 

and ARUTIUNIAN, 1938) thinks that this type of association or con· 
nection occurs between the inert regions of the chromosomes. 
All these facts will surely give certain limitations on the considera· 
tions pertaining to the problems of cbromosome pairing. 

F, hybrids with "Rc" genome combination show 6 paired 
chromosomes at the maximum association. Whether each of these 
paired chromosomes is of allosyndetic one between " R" and "c", 
or of autosyndeticone within "R" or " i;", cannot be confirmed 
exactly. The nature of these paired chromosomes may be deter· 
t'nined or presumed only in connection with the pairing behaviours 
in various other F, hybrids containing Brassica and Raphmms 
genomes. ,The following Table 13, which is compiled from the 
data given in Tables 11 and 12, shows all kinds of genome com­
binations hitherto obtained together with the corresponding modes 
of chromosome pairing at their meiosis. The type of chromosome 
pairing at the maximum range of variation is represented in the 
table for each genome combination. Similar data hitherto obtained 
for various interspecific F, hybrids, including two or three kinds 
of B~assica genomes, are given in Table 14 (CI. Tables 4 and 6 
in HAGA, 1938b). 

As sh~wn in these tables, the pairing of the homologous 
genomes is always complete throughout the four kinds of genomes, 
"a ", "b ", "c" and " R ". When a hybrid, which is composed of 
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two homologous genomes and a single non-homologous one, pro­
duces trivalent chromosomes besides bivalents and univalents, and 
the total number of trivalents and bivalents corresponds to the 
chromosome number of the homologous genome, the number of 
those trivalents will show the actual amount of allosyndetic pair­
ings which occllr between these two kinds of genomes. For in­
stance, the occurrence of 0-5 trivalent chromosomes in "acc"· 
plant reveals the fact that the maximum amount of allosyndetic 
pairs betweep "a" and "c" genomes is five . Such a method is 

Table 13. Chromosome pairing in . meIosIs of plants' with 
various combinations of the genomes . of -Bmssica 
and Raphan-us. 

Genome constitution 
of plantsO 

Ra 
Rc 
Rab 
R a c 
R b c 
R c c 
R c c c 
R b c c 
R Ra 
R Rc 
R R a a 
R Rc c 
R RRc c 

Chromosome pairing in meiosis'! ) 

(O- S)II +(19-3)[ 
(0 - 6)11 + (lS-6)1 

271 ' 
(5-6)u + (lS-16)[ 
(0-9)0 + (26-S)1 

911+91 
(O-S)m + (9-1)n+ (18-10)1 
(9-17)u+(lT-1)1 

9n + lOr 
91I+91 
19n 
ISn 
l Sn + 91 

rather indirect but there is no other kind of data at present which 
will give morc direct sources of evidence to the interrelationships 
existing among those four kinds of genomes, "a") "b", "c" and 
"R". The maximum number of bivalent chromosomes in "ac"· 
plant is 8, and the number would show the maximum number 
of allosyndetic pairs (or alIo·pairs) between" a "-" c", if there fails 
any ()Ccurrence of autosyndetic pairs (or auto-pairs) in the genomes · 
concerned. However, if we take 5 pairs out of 8 ·appeared in .- .. 

I) Genome constitutipn in somatic tissues is represented. 
'! ) Type of c hromosome pairing at the maximum variation is presented. 
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Table 14. Chromosome pairing in meiosis of plants with 
various combinations of Brassica genomes." 

Genome constitution 
of plants:> 

a a 
c c 
ab 
a c 
a a b 
a a c 
a b b 
bbc 
a c c 
bcc 
abc 
a a c c 
a abc 
a b b c 
abc c 
b c c c 

Chromosome pairing in meiosisZ l 

IOn 
9" . 

(0--3)11 + (18-12)1 
(0-8)11+(19-5)1 

- 10n+ 81 
10ll+91 

811 + 101 
811+91 

(O--S)m + (9-4)11+ (10-5)1 
9ll+81 

. (9-1)n +(9-25)1 
19n 
10n+ 171 

(8-16)n + (19-3)1 
(0--6)m + (9-3)11+(18-12)1 
(9-5)m + (0-4)11 + (8-12)1 

H ac"-plant as allo-pairs between "a "-" c ~' , as the maximum 
number of trivalents in "acc "'plant is five, the maximum number 
of auto-pairs will become 3 for "ac" genomes. . " aabc "'plants 
show exclusively 1011+ 171 configuration, so that no alIo-pairs be· 
tween "b" and "c" are expected. Thus 6 trivalents appeared 
in " abcc "-plant may indicate the possibility of 6 allo-pairs between 
"a" and "c ". "abbe "-plant produces complete 8 pairs by "b"­
"b" and additional 8 pairs at maximum. And at least 5 out of 
the latter 8 pairs. are ' similarly alIo·pairs between " a" and" c ", 
as the plant may produce 3 auto·pairs at maximum from "a" and 
"c" genomes. The maximum number of bivalents in "'ab" -plants 
is 3, and this number may be ' taken as the maximum number of 
alIo·pairs between "a"-"b", though the chance of alIo·pairing in "a" 
is not excluded. Of 9 maximum pairs appeared in .. abc "-plant 

1) 'B. napus ' (0=18) of CATCIIESI OE (1934) and of F RANDSEN and WING!; (1932) is 

considered to be different from B: napus (0=19) or B. .J.Vapella (0 ...: 19), which are 
treated by the author and other workers, so that data with ' B . noplts' are not com-
piled in the table. . 

2) See remarks in, Table 13. 
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the following considerations will be made: If we admit that tlie 
allo-pairs between " a " and " b " range between 0-3, and 3 auto­
pairs are possible in ~'a" and '"c", the number of aHo-pairs b~ 
tween " a "-" c" will beco~e 6-3, concurring well with i, a "-:-" c" 
relation above suggested, If" a "-" c" allo-pairs are presumed to 
be 6-8 and ,aulo-pairs none, "a "-" b" allo-pairs will become 3-1, 
the number also concurring with those suggested by "ab "-plant_ 
Chiefly from those considerations, the number of allo-pairings be­
tween two of the three B rassica genomes are presumed as follows: 

{

From 5 to 8 allosyndetic pairs may occur between" a " and" c ", 
From 1 to 3 allosyndetic pairs may occur between" a" and " b ", 
None (or undecided) pair may occur between" b" and" c " , 

The possible number of auto-pairs within the respective genome 
may be suggested as follows: 

f One or 2 autosyndetic pairs for each of " a" and " c ", 
INone (or undecided) autosyndetic pair for" b ", 

From the homology interrelationships above suggested among 
Brassica ~enomes and from the results of pairing behaviours of 
intergeneric Raphanus-Brassica hybrids compiled in Table 13, the 
following intergeneric genome relationships may , be provisionally 
obtllined on the assumption of non-occurrence of autosyndesis 
within " R " genome: The allo-pairs between " R " - " c" may be 
4-6, as the maximum number of bivalents in . i Rc "-plants is 6 
and 0-2 auto-pairs within" c" may have a probable occurrence, 
Allo-pairs between" R "-" a " may be 6-8, as t he maximum number 
of paired chromosomes in "Ra "-plants is 8, and as 0-2 auto-pairs 
within "a" may have a probable occurrence, Allo-pairs between 
"R "-" b" may be 3-5, since the maximum number of bivalents 
in " Rbc "-plants is _9 and 4-6 allo-pairs may occur between " R "­
" c " as above presumed, and none of "b" auto-pair is probable, 
"Rbcc "-plant produces excessive 0-8 pairs in addition to 9 occur~ 
ring by the complete pairing of "c" -" c ", so that the forme r 0-8 
pairs may be taken as the allo-pairs between "R" -" b ", 

'The author, however, observed a rare occurrence of one 
trivalent chromosome in some " Rc "-plants, In a similar hybrid, 
HOWARD (1938b) also reported such a trivalent chromosome, The 
occurrence of these trivalent chromosomes may be duely attributed 
to autosyndesis in "c " genome, .. But the · chance of their produc-
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tion by autosyndesis of "R "-chromosomes is not excluded. because 
the author encountered very rarely with one tetravalent chromo­
some in R. sativus and also with several radish strains which are 
interchanged heterozygotes (FUKUSHIMA. 1937). Thus the author 
cannot give any decisive conclusion on this point. 

Studies of chromosome behaviour in the haploid individuals 
may. no doubt, give some significant contributions of genome 
analysis. Haploid mutant of B. Napella (aacc) is a unique ex­
ample in Brassica and its relatives (MORINAGA and FUKUSHIMA, 

1933). Raising of various other haploid mutants of Brassica and 
Raphanus species is thus most desirable in this connection. 

Genome interrelationships supposed above among "a", "b", 
" c" and "R" are represented schematically in Diagram 1, though 

Diagram 1. 
Genome interrel':ltionships among genomes 'of Brassica and Raphanus, "a ". 

"b ", "c" and" R ", showing the numbers of paired chromosomes. Numbers in 
thick lett~rs represent the probable minimum numbers of paired chromosomes, 
and the sum of numbers in thick and thin letters shows the probable maxi· 
mum number of pairing chromosomes. Numbers in parentheses show the 
probable maximum amount of autosyndetic pairs. 

the analyses are deficient in some measure and not quite enough 
in minor details. 
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Since partial homologous relationships are established between 
"an_He" and between "a"-"b", and eaeh of "a") "b" and "e" 
is in a partial homologous relation with "R", so "b" and "c" 
are supposed to be in a similar partial homologous relation too, 
though any positive source of evidences could not be obtained 
for actual" b "-" c " pairings. Now it will be recognized very easily 
that all these genomes which show a remarkable aneuploidy rela­
tionships are originated from an "Urgenom" or a common basic 
genome. 

the maximum number of pairs occurring between genomes 
in a partial homologous relation shows only the upper variation 
limit of association and does not necessarily represent 'the actual 
number of partially homologous chromosomes existing between 
the respective genomes. Therefore, it must be kept in mind that 
the actual number of such homologous chromosomes may be, in 
general, somewhat larger than those taken into the' above con· 
siderations. 

The above discussions are undertaken by the author absolute· 
lyon the results of actual chromosome pairings, On the other 
hand, explanations of aneuploid condition in Brassica and Raphanus 
have been tried by several workers on the ground of "secondary 
association" hypothesis as mentioned before. CATCHESIDE (1934, 
1937), ALAM (1936), RICHHARIA (1937a) and RAGA (1938a) studied 
the "secondary association" of meiotic chromosomes with various 
species of Brassica, namely those with 8, 9, 10 and 18 haploid 
chromosomes, and of Raphanus, attaining a similar conclusion that 
these various genomes are supposed to have been derived from an 
" Urgenom'" which has n = 6 as the primary basic number. Sup· 
posed composition formul~ given to the respective genomes, how· 
ever, are more or less different according to the authors. From 
the results of his studies on the "secondary association ", also 
well referring the data of genome analyses undertaken by other 
workers, HAGA (1938a) advanced the view that the aneuploidy reo 
lationships among Brassica genomes may be most easily recogniz· 
able when we give them the following formul~ of genome con­
stitution: 

"a"=[AA BCD E Fl 
BCD J 
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"b"=[A B C D E ~] E 
"c"=[~ B C D E F] 

B C 

Recently SIKKA (1940) examined three species of Brassica and 
obtained jive groups of chromosomes at the maximum "secondary 
association" and gave the following composition formulae to the 
respective species,: 

B. nigra (n=8) - [~ B C D EJ B C 

B. sinapistrum (n=9)=[~ B C D EJ B C D 

B. monensis (n=12) = [~ B C D 

EJ B C D 
B 

Thus SIKKA suggested the primary basic number of Brassica 
to be n = 51), and on this assumption he supposed that three species 
with 2n=30 in the genus Erucastrum of Brassicinae to be of hexallioid 
origin, and that a polyploid series of chromosome numbers, 2n= 
30, 60, 90 and 120, which prevail in the genus Crambe.of Raphiniae 
to be of mUltiples of 5 or of mUltiples of 30. Further, he stated 
the situation of Brassica as follows: Up to the present time the 
chromosome number of 19 species of Brassica has been determined. 
Of those, 7 species have 2n=20, 3 2n=18, 2 2n=24, 1 2n=16, and 
the remaining ones are amphidiploid derivatives of species having 
lower numbers of chromosomes, so that about half of these Brassicas 
may be considered to be of the secondary tetraploid (5 as basic 
chromosome number) in origin. Thus SIKKA insists on the signif­
icant development of tetraploidy on the evolution of Brassica. On 
the disparity between these two basic numbers, 5 and 6 cited 
above, SIKKA thinks that it may possibly be explained by the fact 
that the forms examined' by other workers may be of remote 
origin, so that structural differentiation of some homologous chromo­
somes has occurred to some extent, and that their affinity is no 

1) CATCllESlDE (1934) also observed very rare occurrence of 5 groups of chromo~ 
somes in B. oleracea, but the fact' was not much accounted Qf and he attributed 
this to some superimposed structural changes. 
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longer enough to cause attraction and, accordingiy, the maximum ­
secondary pairing amounting to true basic number may be ofa very 
remote possibility in such cases. The application of the hypothesis 
of the "secondary association" has in fact a serious limitation in 
this way. Moreover, as mentioned elsewhere, the hypothesis itself, 
according to the author's view, cannot be approved as a thorough­

-Iy proved one of experimental cytology. This hypothesis seems 
to have been applied only with important unproved premises, and 
we cannot give a similar weight to the results obtained from 
" seco[ldary association" as to those obtained from genome analysis 
which is based on actual chromosome pairing. 

There are several well known cases of artificially raised 
secondary polyploids, including 'Raphanobrassica' of KARPECHENKO 

and 'B. napocampestris' of FRANDSEN and WINGE (1932), but there 
is no clear example yet which can duely compete with the natural 
species. Though these examples are not quite sufficient yet to reveal 
the mechanism of such species formation, it is generally believed 
that the phenomenon of secondary balance established through 
hybridization and chromosome doubling might have played a very 
important part in species formation. Thus, it becomes very desir­
able to have any direct method of inquiry upon the chromosomal 
constitution of the secondarily balanced genomes. We have no 
direct source of evidences to assume that the secondary association 
occurs by the same causal mechanism as the primary pairing. 
And the problems in this connection have hitherto been discussed 
with the species which are likely presumed as secondary polyploids 
on genetical and other more or less indirect source of evidences. 
Through future developments of investigations on the pOlyploid 
plants, especially on the artificially raised polyploid ones, the hypo­
thesis of secondary association may be established on a more con­
crete foundation of experimental cytogenetics. 

In the above considerations it is made known clearly that the 
secondary balance has played a very important part in the evolution 
of genomes in the genera Brassica and Raphan2ts. The question, 
in what way such genomes are generally possible to result, how­
ever, is not yet answered sufficiently, though the establishment of 
such a secondary balance is suitably recognized as one of the im­
portant ways of evolutionary development of organisms. 

Now the author will refer to the state of differentiations or 
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developments in various Brassica genomes, whose establishment 
has been already reflected upon. in the above discussion. The 
direction of such a differentiation is traced within the group of 
species with either 10 or 18 chromosomes. Differentiation of 
species' within tliese groups is considered to have been derived 
mainly through the accnmulation of simple genic changes. This 
interspecific differentiation is quite similar in nature as that which 
is characteristic for intraspecific one, though it clearly differs in 
its extent. Genetic behaviours of the hybrids between these 
species were dealt with elsewhere. 

The differentiation in Brassica in the second direction has 
been found in the natural amphidiploid forms produced by the 
hybridization of elementary species accompanying the doubling of 
chromosomes. As mentioned before, a few examples of artificially 
raised amphidiploid forms resembling the natural ones in various 
characters will suffice to show the species evolution along such a 
direction in nature. For the production of such amphidiploid forms 
from hybrid plants the following three main ways are considered 
as probable; (1) by the union of unreduced gametes, (2) by the 
somatic doubling, or (3) by the gametic doubling (Cj. DARLINGTON, 
1937; U, 1935). But it· is a rather difficult task to determine 
which one of these three ways was followed by each of those 

. Brassica amphidiploid forms. An artificially raised amphidiploid 
B. napocampestris is considered to have been produced by somatic 
doubling (FRANDSEN and WINGE, 1932). The origin of Raphano­
brassica of KARPECHENKO (1927a, b; 1928, . 1929a) is attributed to 
the union of unreduced gametes. U (1935) considers his 'B. napus' 
as originated somatically through the endodupIication which oc­
curred in the earliest cleavage stage. The author has already re­
ported the natural occurrence in certain strains of B. japonica of 
unreduced and still higher polyploid gametes derived from giant 
mother·cells produced through irregular archesporial divisions 
(FUKUSHIMA, 1931). Moreover, the author has hitherto encountered, 
in some other Brassica species and in Raphanus, a similar sponta­
neous production of giant gametes witli various polyploid number 
of chromosomes, though its frequency is very low. . By fusion of 
unreduced gametes thus produced, a sudden occurrence of auto­
tetraploid forms in pure species or of amphidiploid ones in hybrids 
may· be naturally expected (CI. RAMANUJAM, 1940; MORINAGA and 
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KURIY AMA, 1937). New species formation along this 'line was first 
advocated by WINGE (1917), and since then many data obtained 
with a large number of plant genera have been adduced in support 
of his view. It is generally recognized that allopolyploids are more 
favourable in nautre than autopolyp\oids and that these polyploid 
forms l!sually have much greater potentiality for variation through 
mutations and structural changes than is possessed by the diploid 
forms. Hybridization is considered, therefore, to have played an 
important rOle in the species formation in Brassica. 

The third direction of the variation system in Brassica is 
noticed in the structural changes of chromosomes, With clearcut 
contrast to gene mutations, structural change is characterized by 
its bringing about of rather rapid evolutionary changes. Structural 
changes ultimately bring about hindrance of pairing-of homologous 
chromQsomes and intersterility results. This intersterility would 
place the new type thus produced at a new centre of variations, 
through which such a type will get to a new species in the long 
run (C[. GATES, 1938; DOBZHANSKY, 1937; GOLDSCHMIDT, 1940). 
Out of various structural changes of chromosomes segmental inter· 
changes and inversions are generally considered to have most 
significant bearing on the species formation, as ring· forming plants or 
inversion heterozygotes occur not infrequently in nature, In Bras· 
sica, SIKKA (1940) observed a frequent occurrence of a ring of 
four chromosomes in his FJ hybrid between B. Tournefortii and 
B. trilocularis. He also observed in his B, nigra and B. Wrightii 
a higher multivalent formation which may partially be due to 
reciprocal translocation. The author encountered with a spontane' 
ous occurrence of interchange heterozygotes in some strains of R, 
sativus (FUKUSHIMA, 1937), _ SIKKA (1940) observed inversions in 
his two interspecific hybrids, B. Juncea x B, cmnpestris and B. 
Tournefortii x B. trilocularis, and in one pure species B. Wrightii. 
The al!thor also met, in some rare occasions, with bridge forma· 
tion in B, oleracea, B. albogiabra and R. sativtts, 

In conclusion, the author will indicate particularly one of the 
characteristic features revealed by the present investigation. Vari· 
ous FJ plants obtained between R. sativlts and B, oleracea show 
variable amounts of chromosome pairing according to varieties or 
races used in the crosses. Such differences among varieties or 
races, as described elsewhere, are naturally ascribed to be a mani· 
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festation of the variable degrees of genetic differentiation among 
them. Such intraspecific genetic differentiation is considered not 
to be detected in varietal s>r racial crosses, as each pair of rela­
tively changed chromosomes to such a minor degree may associate, 
resulting in a bivalent chromosome of normal appearance. There­
fore, the studies of intergeneric or interspecific hybridization with 
many different racial combinations may be inferred as one of the 
fruitful means to make clear the progress of such intraspecific 
differentiation which cannot be fully elucidated through genetic 
analyses of varietal or racial crosses. 

6. SUMMARY 

(1) During the period of 1926-1937, the author tried a large num­
ber of genus·crosses between Japanese radishes (Raphanus sativ1ts) 
and various cultivated Brassica species, and succeeded in obtaining 
true F, hybrids in the following 11 different crosses, the number 
of F, individuals raised amounting to 22 in all (C/. Table 2): 

Di-genome F 1 hybrids (" Rc ") ; 

(1 ) R. sativus L. (0 = 9) X B. oleracca var. caPitala L. (0 = 9) .. 
.( 2) x 
( 3) x 
( 4) x 

.. . (F, A) 

...(F, H) 
.... (F, I) 
... (F, J) 

( 5) x var. wulorapa DC. (n-=9) ... . .. (F1 D) 

( 6) X 
(7) B. oleracea var. capitala L. (n =9) X R. sa/ivus L. (n=9) . 
(8) R. sativus L. (n-=9) x B. o.lbogJabra BAILEY (0=9) 

Tri-genome FI hybrids (" Rbc " and" Rab ") ; 

( 9) B. carinata B RAUN ( 0= 17) X R. sativw; L. (n=9) 
(10) B. cemua H E!>m .. (n=18) x R. sativus L. (n=9) 
(11) B. jU~lcea Coss. (n = 18) x R. sativus L. (0=9) .. 

... (F, G) 

...(F, K ) 
...... (F, E) 

... (F, F) 

... (F, B) 

... (F, C) 

All the F, hybrids covering (1)-(8) had the same · genome 
consti~ution "Rc" and so they were treated in Part I, while the 
remaining three F, hybrids, (9)-(11) with "Rab" or "Rbc" 
genomes, were treated in Part II. 

(2) Remarkable differences prevailed in degree of success 
in obtaining those intergeneric F, hybrids, depending, on one hand, 
directly on the species, strains, or individuals concerned, and, 
on the other, on various environmental conditions surrounding 
the mother plants. Crosses between B. oleracea and R. sativus 
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. were much more successful when the latter species was taken as 
the seed parent. Only one reciprocal hybrid B. oleracea x R. 
sativus (F, K) was obtained by the author, and he could not notice 
any differences in characters between those reciprocals. As usually 
the case with the interspecific crosses, F, hybrids between Raphanus 
and amphidiploid Brassicas, namely, B. carinata, B. cernua, or 
B. juncea, were only obtainable when the latter species of larger 
chromosomal number were taken on the maternal side. 

~~* 
(3) Morphological characters of those F, hybrids differed to 

some extents even in the same species combination, in both di· and 
tri-genome hybrids, according to the genotypic constitution of the 
respective plants. From very early stage of growth on, there 
were noticed marked heterozygous nature existing in the hybrid 
organisms raised from the same cross. The development of F, 
embryos, and the size and the germinating power of F, seeds 
differed remarkably. Weak seedlings induding albinos and other 
chlorotic ones, which soon died out, were produced to a certain 
extents together with normal vigorous sister individuals. 

, (4) Di-genome "Rc "-hybrids showed a strong tendency of 
heterosis, in the height of plant, in the number of side flowering 
branches, and in the. number and size of leaves. Every mor­
phological character of those F, plants was. in some measure 
intermediate, though a certain parental characters predominated in 
the F, plants. 

(5) Tri-genome F, F plants, "Rbc", also showed as vigorous 
a growth as the "Rc "'plants, while F, Band F, C plants of 
" Rab" did not. The morphological characters of the Brassica 
parent, which has an amphidiploidal number of chromosomes, 
usually predominated in F, hybrids, the situation being quite similar 
to that generally recognized in the interspecific hybrids. 

(6) Marked prolongation of the blooming duration and the 
enlargement of flowering clusters occurred in "Rc ". and" Rbc "-Fl - , 
plants. These characters were, no doubt, partly caused physilologi-
cally in connection with the nearly complete sterility of those F, 
hybrids. Some FJ individuals of R. sativus x B. oleracea showed 
a strong regenerative activity, outliving two 01: three seasons or 
more. 

(7) The intergeneric F, hybrids were extremely sterile. But 
there could be stilI noticed some differences in the degree of 
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fertility among them. Some" Rc "-F, plants were completely 
sterile, and the most fertile one produced several viable F, seeds_ 
Furthermore, one of the two sister F, individuals raised from a 
certain cross R. sativus x B; oieracea, F, D, was completely sterile, 
while the other was partiaily fertile, though there could be noticed 
no definite difference in their chromosome behaviours in meiosis. 
Fis H, D, and G plants obtained from a similar cross R. sativus 
x B. oleracea, F, E plants from R. sativus x B. alboglabra, and F, 

F plants from B. carinata x R. sativus, produced several F, seeds 
respectively, and the author succeeded in raising F, progenies from' 
these crosses. Fertility problems were also discussed in connection 
with the karyological behaviours of those F, hybrids. 

(8) Karyological studies were carried out with all the F, in­
dividuals, 22 in number, above mentioned. Chromosome numbers 
were reascertained for all varieties and strains used in hybridiza­
tion, revealing no irregularities at all. 

(9) All the F, hybrids between R. sativus and B. oieracea, 
including F, R. sativus x B. alboglabra, had exclusively 18 chromo­
somes in diploid state. Somatic number of chromosomes of tri­
genome F, hybrids, B. carinata x ,R. sativus (F, F), B. cernua x 
R. sativus (F, B) and B. juncea x R. sativus (F, C), also showed 
exactly the sum of the haploid parental numbers, namely, 26, 27, 
and 27. 

(10) Studies of the F, microsporogenesis were mainly confined 
to the stages after diakinesis. Special attention was payed on the 
association of chromosomes in the heterotypic division. F, hybrids, 
R. sativlfs x B. oieracea, B. oleracea x R. sativU5, and R. sativus x 
B. alboglabra, all of which having the same "Rc" genome con· 
stitution, showed variable chromosome pairing according to the 
parental varieties or strains used (Cf.Table 5 and Fig. 30). 

(11) Of those "Rc"- F, hybrids, Fis A, D and E plants did 
not show any positive evidence of chromosome pairing, producing 
exclusively 18 univalents, while the remaining F,'S H, I, ],' G and 
K produced variable number of bivalents, maximum variation be­
ing respectively (0-5)11, (0-4)11, (0-6)11, (0-3)11, and (0-5)11. 

(12) F, Band F, C plants, each with "Rac" constitution, 
also produced no bivalent chromosome, while F, F plants with 
"Rbc" produced variable number of bivalents, the number of 
which ranged between zero and four eCf. Tables 7 and 8). 



390 Eiji FUKUSHIMA 

(13) The amount of chromosome pairing also varied, within 
certain limit, with individuals as well as flowers. Thus it was 
ascertained that the chromosome pairing depended not only on 
the genotype but also on the environmental conditions, external 
and internal. Nature of those paired chromosomes, whether tlley 
are of autosyndetic or of allosyndetic, was discussed and suggested. 

(14) Each frequency distribution polygon of paired chromo­
somes represented by Fig. 30 did not follow the type of chance 

. distribution, but took generally a more or less distorted form. 
Such a distortion of distribution was accounted for by the pre­
sumption that each pair of those associated chromosomes had 
more Or less different pairing potentiality. or it had different 
amount of partially homologous segment or segments in common. 

(15) Considerable differences existing in the amount of pair­
ing potentialities in "Rc"- F, hybrids, namely, from complete 
absence of pairing to (0--6)n pairs at maximum, are attributable 
mainly to certain differences existing between the varieties or 
strains concerned in crossings. This situation was discussed in 
connection with the problems of intraspecific evolution. 

(16) The bivalent chromqsomes appeared in the present F, 
hybrids had usually one chiasma and bivalents with two chiasmata 
were encountered very rarely. Terminalization of chiasmata was 
nearly complete at the I-Metaphase. 

(17) The author found, in "Rc "-hybrids, five metaphasic 
figures, each containing one trivalent chromosome. Two figures 
were found in F, H, one figure in F, I and two figures in F, K. 
No higher multivalents were encountered at all. Such trivalent 
chromosomes would have been caused by the spontaneous chromo­
some alterations such as translocation or like. 

(18) Usual course of ~eiosis in PMCs was similar with all 
the FJ hybrids examined. Bivalent chromosomes took a regular 
position on the equator at the I-Metaphase, and they disjoined later 
regularly into their halves. Univalent chromosomes behaved 'in 
two ways, a part of them splitting at the I-Anaphase and the rest at 
the II-Anaphase. Behaviour of chromosomes in homotypic division 
also followed the typical way, and the diad chromosomes divided 
equationally at the II-Anaphase, while the monad ones were lagging 
behind . . Some of the lagging chromosomes showed splitting, but 
they did not divide again. 
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The author, however, obtained an exceptional case of II-divi­
sion in F, B, B- cernua x R_ sativus, where all II-Meta phasic 
chromosomes, both diad and monad ones, appeared arranged them­
selves on the equatorial plane and they divided equationally_ Thus 
some of those monad chromosomes, no doubt, had undergone 
division twice_ 

(19) The majority of F, sporads were higher polyads rather 
than tetrads, containing supernumerary small spores produced by 
the lagged chromosomes excluded from the ordinary major nuclei. 
Nearly all of the F, microspores thus produced ceased to grow 
sooner or later ;md degenerated finally, owing perhaps to the 
genetic unbalance of their' nuclear contents, 

(20) Restitution at the I-Anaphase occurred not infrequentty, 
and its frequency occurrence varied with the kinds of crosses and 
so also with the genotypic differences of the hybrid individuals,_ 
though it seemed to be more or less affected by some environ­
mental conditions (See Table 6). The amount of diads produced 
by such restitution must have an intimate relation to the fertility 
of the hybrid individuals. 

(21) Following several irregularities were noticed in the F, 
meiosis, though some of those irregularities may not be attributed 
directly to the hybridity itself: 

(i 5 The occurrence of giant (polyploid) PMCs among the 
normal diploid ones was noticed not infrequently, The mode of 
occurrence of this irregularity was quite similar to that already 
reported by the author in a certain strain of B. ja"onica. 

(ii) Syndiploid PMCs were observed in some rare occasions. 
Such irregular PMCs were also considered to have been derived, 
like (i), by the irregular premeiotic cell division. 

(iii) Plasmodium-like ceJls or tissues were noticed rarely in some 
anther-Iocules of F, A and F, D plants_ 

(iv) PMC with two or three minor spindles instead of the 
ordinary one was observed not infrequently in F, E plants, R. 
sativus x B. alboglabra. Total number of chromosomes appeared ' 
on such minor spindles in a PMC was always exactly 18, i.e., 
the niploid number of that F, hybrid. The origin of these abnor­
mal spindles was attributed to the nuclear budding, which was 
observed ratl1er frequently in the hybrid nucleus at meiotic pro­
phase, but not to cytomixis. 
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(v) Cytokinesis after the second nuclear division did not com­
plete in some occasions, or rather frequently in F, E hybrid, R. 
sativus x B. alboglabra. In some monad spores thus resulted, 
fusion of micronuclei was detected to occur. A giant nucleus 
caused by such fusion contained nearly di-diploid number of 
chromosomes. 

(vi) In some F, anthers, interruption of division processes oc­
curred at various stages in meiosis, and such PMCs soon degenerated. 
In some exceptional cases, PMCs degenerated at their premeiotic 
stages without undergoing division processes. 

(vii) In some rare F, anthers, monad spores were produced 
directly from the archesporial cells without undergoing meiosis. 
The author could not tell the future destiny of such abnormal 
spores. 

(22) Megasporogenesis and female gametophyte formation 
were studied in some details in the case of F, D hybrid, R. sativus 

>< B. oleracea, though they occurred only in a slight percentage 
of F, ovules. Megasporogenesis seemed to proceed quite similarly 
as the microsporogenesis. After meiosis, one of the iour cells 
produced, the one lying at the chalazal end, usually underwent 
further divisions and produced an emhryo-sac in quite a usual 
manner. The mature embryo-sac had the typical appearance, con­
taining in it two synergids, three antipodals, one egg-cell and two 
pole nuclei. The formation of such a matured embryo-sac occurred 
only in a very small percentage of the ovules produced. De­
generation occurred at various stages of both the megasporogenesis 
and the female gametophyte development. Some EMCs degene­
rated without undergoing meiosis_ Various kinds of abnormal 
ovules examined were also described in some length_ 

(23) In conclusion, the author discussed various problems 
pertaining to the species formation in Brassica and Raphanus, in­
ferring the data obtained by the present investigation as well as 
the result of works hitherto carried out by other authors. In the 
genus Brassica there prevails a remarkable development of aneu­
ploidy, as shown in Table I, therefore the studies on the genus 
are of very deep significance in connection with the general prob­
lem of the origin of aneuploidy. 

(24) Genome differentiation in minor order may be under­
stood as a . differentiation of genes. The differentiation of this 



Cytogenetic Studies on Brassica and Rapl!mltls 393 

category will result through an accumulation of simple gene muta­
tions. The group of Brassica species with 10 chromosomes ("a") 
or 18 (" ab ") may have developed mainly through such genome 
aifferentiation. 

(25) Another category of genome differentiation occurs through 
chromosomal variations, which proceed in two ways, structural 
and numerical. Structural variations will produce · a group of 
genomes which show various established interrelationships among 
them. The variable amounts of chromosome pairing notiCed among 
the Fl hybrids raised between R. sativus and B. oleracea are 
ascribed as an expression of such genetic differentiation of the 
genomes concerned. Those minor intraspecific structural variations 
seem to the author to be so meagre in order that they cannot 
be detected by the ordinary varietal or racial crosses, as each pair 
of chromosomes relatively changed to that minor extent may pos­
sibly associate. With the progress of such differentiation, associa­
tion quantity between two genomes decreases, showing a grada­
tional series of variation, and at last there may no longer occur 
any paired chromosomes at all. The formation of a quite new 
genome will. result . in this manner. Thus the author suggested 
that the minor intra-specific differentiation of a certain species may 
also proceed in a way quite similar as in the inter-specific situa­
tion, though less in its extent, leaving no intrinsic distinctions 
between those two situations of genome differentiation. 

(26) In connection with the "secondary balance" of genomes, 
the hybridization, accompanying the doubling of chromosomes, 
has, no doubt, played a great rOle on the species formation in 
Brassica. As the decisive case of such "secondary balance" in 
nature, three amphidiploid species derived from each two of the 
three primary genomes, i.e., H a "-, II b ·J and "c", are well known 
in the genus Brassica. Examples of artificial raising of some 
amphidiploid forms and of some new Raphano-Brassica amphidi­
ploid forms are also reported by several workers. 

(27) There exist four different kinds of elementary genomes, 
namely, "a ", "b ''', He" and " R ", among Brassica and RaphallttS, 
and these genomes are consisting of 10, 8, 9 and 9 chromosomes 
respectively. Cytology is considered to give a conclusive clue to 
explain the origin of those genomes, of which chromosome num-
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bers are in such a marked aneuploidy relation, though there also 
exist various other ways of approach. . 

As the. most reliable and direct cyt910gical mean, the author 
has taken up "genome analysis ", based on the actual primary 
pairing of chromosomes in interspecific or intergeneric hybrids·. 
Doing thus the author discussed the interrelationships existing 
among the genomes above mentioned from the data obtained on 
the prei ent intergeneric F\ hybrids, l:eferring also to the results of 
other wOli,kers on the similar " hybrids and " on various " interspecific 
ones raised among Brassica species. The author also pointed out 
in that connection several factors which may affect the chromo· 
some pairing. 

(28) Manner of chromosome pairing in meiosis of various 
interg~neric Fl hybrids hitherto worked out between Raphanus 

"and Bmssica and also those of various other Brassico·Raphanus 
hybrids" as well as of various interspecific Bmssica hybrids, are 
summarized i.n Tables 11-14. 

(29) Genome interrelationships, which are suggested from the 
above chromosome analyses, are represented schematically in Dia· 
gram 1 (page 381). Though the diagram is yet neither perfect in 
certain points nor sufficient in minor details, it may suggest the 
fact that aU th9se . genomes, "a", "b", "c" at:ld . H R", are 
originated from a common basic genome or an "Urgenom ". 

(30) The author has also made a discussion on the proposals 
to make clear such "abasic chromosome set or" common "basic genome 
of Brassica and Raphanus on the ground of "secondary associa­

" tion" hypothesis. But the hypothesis itself, according to the 
author's view, cannot be approved yet as a thoroughly proved 
one of experimental cytology. " 

(31) As described above, it is clearly made known that the 
"secondary balance': has played a very important part in the 
evolution of genomeS in Bmssica and Raphan1ts. The author dis· 
cussed, in that connection, on the general problems concerning the 
establishment of "secondary balance ", through which a series of 
genomes in aneuploid relation might have been produced. 
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