










3M 

The number of chromosomes of the silkworm has also been a 
point of some disagreements. Toyama (1894) and Katsuki (1918) re­
ported that 28 chromosomes can be counted in diploid cells (spermato­
gonia) and 14 in haploid ones. On the contrary, Yatsll (1913) cQunted 
2n=50-60 in spermatogonia and n---:28 in the first maturation division. 
This number was confirmed again later by Oguma (1919), Kawaguchi 
(1928) and many other investigators. 

Spennatids. The processes occurring during the spermatid stage 
are more complicated than in the earlier stages. This stage begins 
with the end of ·the second maturation division and terminates at the 
time of completion of spermatozoa. Spermiogenesis of the silkworm 
,vas studied in detail by Machida (1935). 

Eupyrcne and apyrene spennatozoa. In the silkworm, as in other 
Lepidoptera, two types of spermatozoa are ahvays distinguishable in 
pupal testes. They are eupyrene and apyrene spermatozoa. The dif· 
ference between these two types of spermatozoa will be seen in Plate 
12, Fig. J 9. As seen in the plate, bundles of spermatozoa are contained 
in cysts. In case of eupyrene spermatozoa bundle, a mass of nuclei , 
or heads of spermatozoa, are seen in the anterior end of the bundle 
(eup); while in apyrene spermatozoa cysts the nuclei are granular in 
shape and are situated in the central part (apy). The nature of these 
two types of spermatozoa was investigated experimentally by Machida 
(1929). He showed that spermatocytes \\'hich have terminated the matura­
tion divisions during the larval stage develop into cupyrene spermatozoa, 
those that completed them in the early pupal stage produce both types 
of spermatozoa, and those that completed them in the late pupal 
period transform into apyrene spermatozoa. He also found that apyrene 
spermatozoa degenerate usually in the distal portion of the testicular 
follicle. Machida (1929) and Omura (1936) considered that apyrene 
spermatozoa cannot be observed in the extra-testicular organs of this 
insect except in very rare cases. However, Iriki (1941) stated that 
they can be observed in the extra·testicular organs of males as \vel[ 
as in the bursa copulatrix and the receptacu1 um seminis of females 
after copulation. According to him, eupyrene spermatozoa observed 
in the female reproductive organs are thicker and larger but less 
active than the apyrene spermatozoa, which are thin, small and highly 
active. A similar view had been presented earlier by Tsukaguchi and 
Kurotsu (1922). 

These facts should be kept in mind in the interpretation of the 
results of irradiation experiments. 

(d) Intra- and extra-testicular behaviour of spermatozoa. 

In the testis bundles of spermatozoa are contained in cysts. Each 
bundle passes out into the ductulus efferens through the membrana 
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most resistant to the induction of cell death, whereas pre-leptotene 
and leptotene were most resistant and metaphase I most sensitive to 
chromosome breakage_ Furthermore, they found that while 500r does 
not kill all products of spermatocytes, it could reduce the number of 
functional sperm to such low numbers that fertility was impaired. 
Thus, it is clear that, while destruction of spermatogonia is the major 
cause of the sterile period, irradiation of spermatocytes may contribute 
to it through causing functional oligospermy. Cells irradiated as 
primary spermatocytes may give rise to morphologically abnormal 
spermatids and spermatozoa (Schaefer 1939, Oakberg 1955, Oakberg 
and DiMinno 1960, Casarett and Casarett 1957a). 

Sperm at ids and spermatozoa that had been formed before irradia­
tion are much more radiation resistant than earlier stages (Oakberg 
1955). 

In insects, the cytological effects of irradiation on spermatogenesis 
have been intensively investigated in grasshoppers because of the ease 
with which cytological work can be carried out. The first report on 
this subject was published by Mohr (1919), who showed that earliest 
spermatocytes of the grasshopper were the most sensitive stage to 
radium-irradiation while other types of germ cells were fairly resistant. 
However, White (19:35) found that X-rays induced pycnosis in the spero 
matogonia but not in the spermatocytes. Eker (1937) and Cocchi and 
Uggeri (l9!14) also reported that in the same insect the late, or the 
secondary, spermatogonia are extremely sensitive lto the killing effect 
of radiation, but the primordial or the youngest spermatogonia were 
highly resistant. Although Cocchi and Uggeri (1944) observed that 
some early spermatocytes became pycnotic after irradiation they con­
sidered that these degenerating cells were irradiated as cells in the 
telophase of the last spermatogonial mitosis which, according to them, 
was the most sensitive. They found that cells at late gonial stages 
were drastically impaired by irradiation with a dose as low as 25 r 
and most of them degenerated after 100 f. Spermatocytes and spermatids 
are 600 times and 240 times, respectively, more resistant than the late 
secondary spermatogonia. Primordial spermatogonia and sperm were 
far more resistant than the spermatids. 

Chromosome aberrations induced by irradiation of spermatocytes 
have also been investigated by a number of workers in this material 
(White 1937, Creighton 1941, Ohnuki 1958). It is suggested that cells 
carrying these aberrations will not give rise to sperm capable of 
fertilizing eggs (White 1937, Ohnuki 1958). 

In Drosophila, histological observations were made on the testes 
of irradiated adult males with similar results to those obtained with 
mice and grasshoppers (Friesen 1937, Welshans and Russell 1957). 
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RESULTS 

I. Spermatogenesis in the silkworm 

1. Development during the larval stage. 

The testis of a newly hatched larva of C 108 strain as well as 
of other races contains only a mass of primordial germ cells. Three 
days after hatching, primary and secondary spermatogonia* are dif­
ferentiated but spermatocytes do not yet appear. The primary sper­
matocytes at the resting stage can hardly be distinguished from the 
latest spermatogonia. Differentiation of spermatogonia into primary 
spermatocytes occurs first in the middle of the second instar, 6 days 
after hatching. Since primary spermatocytes in synapsis are situated 
very close to the latest secondary spermatogonia, the duration of 
development from the resting stage to synapsis of the primary 
spermatocytes must be very short. As the larva grows in the third instar, 
differentiation of primary spermatocytes from spermatogonia occurs 
more frequently. Pachytene spermatocytes appear in the late third 
instar (IO--ll days after hatching). At the beginning of the fourth 
instar (!:-}-14 days after hatching), a majority of cells in the testis are 
in synapsis and pachytene stages of the primary spermatocytes. At 
this time spermatogonia have become much less numerous than sper­
matocytes. In the late fourth instar (16 days after hatching) the most 
advanced spermatocytes enter into the second contraction- and diffuse­
stages. The meiotic prophase persists until the larvae reach the fourth 
molting or the very early fifth stage (17--18 days after hatching). when 
cells in diakinesis and in metaphase I are observed for the first time. 
\iVithin a day after metaphase I, secondary spermatocytes and the first 
spermatids appear in the testis. This suggests that the duration be­
tween metaphase I and the formation of the first spermatid is very 
short. Around the end of the fifth instar (24 days after hatching), 
fully formed eupyrene spermatozoa appear in the testis. Apyrene 
spermatozoa make their appearance in the early pupal stage (31 <i2 
days after hatching, or 1--2 days after pupation) and thereafter increased 
progressively in number (see Tables 5, 6 and Fig. :1). The time table 
of the first appearance of the cells at the successive stages of sper­
matogenesis is summarized in Table 1. The majority of the cells 
develop about two or more days later than indicated in the table. 
The relation between the development of spermatogenic cells and the 

* In this paper, spermatogonia that locate very closely around the apical 
cells are termed 'primary spermatogonia'; their cytoplasm is connected with 
that of the apical cell by a spine-like process_ Spermatogonia that are covered 
with a common envelope, the gonocyst, are described as 'secondary spermato­
gonia.' 
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the regenerated germ cells after acute X-irradiation, as will be seen later. 

Table 2. Approximate length of duration of each stage of 
spermatogenesis in the silkworm. 

Stage of spermatogenesis Duration 
---- ---+-------------

Spermatogonia 

Spermatocytes 

:\Ieiotic prophase 

:\Ietaphase I-Anaphase 11 

Spermatids 

Spermatozoa 

Total spermatogenesis 

a few days 

10-11 days 

within 1 day 

5-6 days 

4-1;j days* 

about 20 days 

* In silkworms, spermatozoa are stored in the testis 
until a few days before ejaculation. Therefore, the duration 
of storage varies from 4 days to IS days. 

3. Types of spermatozoa. 

The reproductive tracts of female moths mated with normal males 
usually contain two types of spermatozoa. One type is thicker, longer 
and much less active than the other, which is small and highly active. 
Some workers considered that the former type might be derived from 
the cupyrene spermatozoa and the latter from the apyrene ones 
(Tsukaguchi and Kurotsu 1922), but others assumed that apyrene sper­
matozoa, since they cannot be observed in the extra-testicular organs 
of males, degenerate within the testis (Machida 1929, Omura 1936). 
This assumption lost weight by the observation of Iriki (1941), who 
found both apyrene and eupyrene spermatozoa in the extra-testicular 
organs of male moths as well as in the reproductive tracts of females 
after copulation. These two types of spermatozoa were separated by 
centrifugation. When eupyrene spermatozoa alone were introduced 
by artificial insemination into the bursa copulatrix of female moths, 
they could not reach the receptaculum seminis. From this experi­
ment, Iriki concluded that eupyrene spermatozoa are carried from 
ihe bursa copulatrix into receptaculum seminis by highly active 
apyrene spermatozoa. If this conclusion is correct, apyrene spermatozoa 
are necessary for the normal process of fertilization_ 

In view of the significance of this question for the nature of 
radiation-induced sterility the seminal vesicles of newly emerged moths 
were examined in Feulgen smear preparations. If, according to Iriki's 
view, the small active spermatozoa in the bursa copulatrix are derived 
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when the exposed insects attained maturity, the regenerated spermato­
gonia increased in number and some germ cells had differentiated into 
the sy napt ic stage of the primary spermatocytes (Plate 11, Fig. 8). 
However , these regenerated germ cells did not differentiate into eupyrene 
spermatozoa but transformed only into apyrene ones. The fate of the 
regenerated germ cells was the same when larvae of this stage were 
irradiated with 2000 r. 

(iii) Irradiation during the second instar. T abl e 4 summarizes 
results of a h istological study of regeneration of spermatogonia in 
animals irradiated with 1000 r on the 2nd day of the second instaL 
Three days after irradiation, t he testic ular fol licles were a lmost empty 

Table 4. Development of regenerated germ cells after irradiation wi th 
1000 r o n the 2nd day of the second instar. 

Days after 
irradiation 

8-9 

17- 18 

24 

Development of regenerated germ cells 

Hegeneration of spermatogonia begins 

Diffe ren tial ion of spermatocyte I (synapt ic stage ) 

Meiotic metaphase I 

First appearance of fully formed eupyrene spermatozoa 

and dege nerati ng cellular debris was observed, but a few primary 
spermatogonia were found unchanged (Pl ate 11, Fig. 9). The repopula ­
tion of s pe rmatogonia commenced 5- 6 days afte r exposure, and the 
differentiation of these cells in to s permatocytes was ouserved on the 
8th or 9th day. Many s permatocytes deri ved from the regener ated 
spermatogonia were in the synaptic and pachytene stages 1:1 days after 
exposure, namely, on the 2nd day of the fifth stage (Plate 11, Fig. 10). 
Spermatocytes at various meiot ic s tages and early s permatids were 
observed 011 the 18th day after treatment, when the irradiated la rvCJ 
attained maturity (Pl a te 11, . Figs. 11, 12). 24 days after irradiation, i.e ., 
on the 2nd day of pupa t ion, full y formed eupyrenc sperma tozoa " 'ere 
observed, a nd these inc reased in number thereafter. Fertili ty tests 
showed that they are functiona l (see Fig. 2). 

From T able 4, the time required for the successive stages in 
spermatogenesis can be estimated in the way described in Section 1- 2. 
This results in est imates of 3, 1.0 a nd 6 days for the spermatogonia l 
stage, meiotic prophase and t he s permatid stage respectively. It is 
also found that even after irradiation with 2000r, regenerated sperma ­
togonia deve loped into functional spermatozoa. I t is a noteworthy 
fac t that irradiat ion with lOoor of primary spermatogonia scarcely 
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affects the time required for each stage in the subsequent deveiopment 
of the treated germ cells. This agrees with the findings that in mice 
doses as high as 1000 r have no retarding effect on meiosis or on sper­
miogenesis of cells irradiated as spermatids, and that maturation of 
spermatids arising from cells irradiated as spcrmatocytcs is not retarded 
by 100 r, although it may be retarded by higher doses (Oakberg 1957), 

(iv) Irradiation during the first instar. When silkworms "\vere 
irradiated with 1000 r during early in the first instar, there was hardly 
any observable degeneration of spermatogonia. However, the develop­
ment of germ cells was somewhat retarded as compared to that of the 
unirradiated larvae. The first appearance of meiotic metaphase I \vas 
observed two days later than in the control. Apparently, primordial 
germ cells and primary spermatogonia, which at this stage form the 
bulk of the irradiated germ cells, are not killed but retarded iron; 
mitosis for a few days. 

A few tests with much higher doses were also carried out. Larvae 
just before hatching were irradiated \vith 5000 r or 10000 r. Development 
of germ cells was also observed in these cases, but the fertilities of 
the treated insects could not be tested because all of them died 
before emergence. From this experiment, it may be concluded that 
the primordial germ cells are extremely resistant to X-rays. 

(v) Production of giant cysts from regenerated spennatogvnia. 
Even after irradiation during early larval stages the regenerated sper­
matogonia do not always develop into normal eupyrene and apyrene 
spermatozoa. Usually, 64 primary spermatocytes are counted in one 
cyst (Kawaguchi 1928). As a result of the maturation division, one 
primary spermatocyte produces /1 spermatids or spermatozoa. Thus 
normally one cy:::;t gives rise to 256 spermatozoa. In the irradiated 
testes, giant cysts containing hundreds of spermatogonia, spermatocytes 
or spermatids developed sometimes from regenerated spermatogonia. 
Plate 11, Fig. 13 shows some of those abnormal cysts. Serial cross 
sections showed that one of them contained at least 798 primary spero 
matocytes; if all of these had been able of further development, this 
cyst would have given rise to at least 3192 spermatids. Two other 
giant cysts are also shown in Plate 11, Fig. 13, but their cells were 
not counted. In general, it is not easy to count the number of spero 
matids in these abnormal cysts because a considerable part of the 
spermatids are degenerating. It is very likely that most of the germ 
cells contained in these abnormal cysts will not develop into normal 
spermatozoa. 

2) Sensitivity and time of degeneration of spermatocytes irradiated 
during meiosis. 

The hypersensitivity of secondary spermatogonia shown in the 
































