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Spermatogenesis of the silkworm and its bearing on 
radiation induced sterility. I 

Toshihiko SADO 

INTl{ODUCTION 

The silkworm as a material for research on mutagenesis 

Differences in radiation sensitivity and mutability of germ cells 
at various stages in maturation have been investigated and discussed 
by a number of workers (see reviews by Glass (1956). Muller (1958) 
for Drosophila; Russell (1954), Hertwig (1957), Russell, Russell and 
Oakberg (1958) for mice; Tazima (1959, 1961) for the silkworm). 

Most of the investigations dealing with this subject have been 
carried out in the mouse and adult nrosophila, where germ cells in 
different phases exist together in the testis and the response pattern 
has been determined by testing successive brood at definite intervals 
after irradiation (Hertwig 1938a, Bateman 1956a, b, 1958, Friesen 1937, 
LUning 1952, Auerbach 1954, Alexander et al. 1955, 1959, Ives 1960). 
However, it is not easy to determine exactly which type of cells 
are being tested when the adults have been irradiated, and this has 
occasionally given rise to conflicting interpretations as seen in the 
discussions by Bateman (1956b) and Auerbach and Sirlin (1956), and 
Auerbach (1957), Sirlin and Edwards (1957) and Bateman (1957). 

The use of the silkworm has an advantage in this respect because 
the majority of germ cells develop almost simultaneously in the testis 
during the larval stage of the silkworm. Tazima (l958b, 1959, 1961) 
has made use of this for investigating the changes in radiation induced 
mutation rates during different stages of gametogenesis in this insect. 
Only few studies which are comparable to this have been done in 
Drosophila larvae (Khishin 1955a, Alexander 1954, 1960). A precise 
analysis of the relation between the stage of spermatogenesis and the 
developmental phases of the silkworm, and knowledge of the duration 
of the successive stages of spermatogenesis is indispensable for the 
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interpretation of the results of irradiation experiments. The results 
of such an analysis are presented in this paper. 

Cytological basis of radiation induced sterility in animals 

It is now well established that the period of temporary sterility 
observed at definite intervals after irradiation of adult male mice and 
fJrosophila is the result of destruction of late spermatogonia (and/or 
the youngest spermatocytes) by radiation (Hert\vig 19:~8b, 1957, Russell 
1954, Russell, Russell and Oakberg 1958; Friesen 1937, Vil elshons and 
Russell 1957, lves 1960). HO\vever, a special problem was raised by 
Tazima's (1958a) finding that an extremely sensitive stage to the 
sterilizing effect of X-rays occurs early in the fifth instar of the male. 
Since it is known that by this time most of the germ cells have 
already differentiated into spermatocyte.:;, these results seemed to sug­
gest that in the silkworm spermatocytes are the most sensitive stage 
to radiation damage (Tazim3 1958a, Kogure and Nakajima 1958). This 
suggested the possibility of a species specificity in radiation response 
of spermatogenic cells in animals. 

Careful investigation of the stage distribution of spermatogenic 
cells in this insect cotlfirm~d tn]t the stage of excessive sterility 
corresponds to the late prophase of the primary spermatocyte;, but 
secondary spermatogonia are also easily destroyed by moderate doses of 
X-rays. Yet, in spite of this fact, the sterility due to the destruction 
of spermatogonia can hardly be recognizable in the silkworm. To 
solve this seeming contradiction, regenerative process of the irradiated 
germ cells were studied. 

These studies have made it possible to establish a consistent 
explanation of results obtained for silkworm, Drosophila and mouse, 
concerning the cause of radiation induced sterility in these animals. 

Estimation of mutation rates induced m spermatogonia 

The genetic material of the human male is carried in spermato· 
gonia during most of the life cycle; the length of time occupied by 
meiosis and spermiogenesis is not accurately known but it is unlikely 
to exceed a year and may well be less. Therefore, in a human 
population exposed to chronic irradiation, spermatogonia form the 
majority of treated cells and it is their sensitivity which in the main 
determines the genetical effectiveness of the exposure. 

It has been well established that in Drosophila sperm radiation 
induced mutation rates do not depend on radiation intensity (Lea 1954, 
~1uller 1954). This is true also for mouse spermatozoa (Russell, 
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Russell a nd Kelly 1958). However, Russe ll , Russell a nd Kelly (1958) 
found that in mouse s permatogonia chronic r ·jrradiation is mutageni ­
ca ll y less effect ive than acute X-ray irradiation. In view of the 
importance of the problem for the estimation of genetic hazard of 
radiations to man it has become of great concern whether the same 
principle holds ,true in other animals than the mouse. 

In addition to the advantage menti oned above, i.e., the synchronous 
development of germ cells. the sil kworm has one further great ad­
vantage for the estimation of mutation rates in that very large numbers 
of individuals ca n easily be examined by using egg color mutants, 
~uch as pe and re, as specific markers (Taz ima 1956, 1958b, 1959, 1961). 
Thus, statistically more reliable data can be obtained on this material 
more easily tha n on mice or Drosophila. 

Slnce s permatogenesis 0-( the si lkworm does not take place jn the 
adult, the methods for inferring the stage of the germ cells during 
treatme nt are different from those used for mice a nd ad ult Drosophila. 
In these anima ls the sterile period has been used as a ma rke r for 
separating genet ic cha nges induced in spermatogonia from those in ­
duced in later germ cell stages (Russe ll 1%1, Russell, Russell and Kelly 
1958, Friesen 1937, Auerbach 1954, Alexander et al. 1955, 1959, Ives 
1960). 

In the silkworm, the correlation between the developmental stage 
of the whole animal and the types of germ cell present in the testis 
can be used instead. Thus, it was found that irradia tion should be 
g iven before the middle of the second instar in order to sample sperm 
irradiated as spermatogonia. That the irradiated spermatogonia actu ­
ally develop into functional spermatozoa was shown histologically. 
(Jsing this method. the genetic effects of acute and chronic irradiations 
on gpe rma togonia and oOgonia of the s ilkworm were investig.ated a nd 
the results were reported elsewhere (Tazima, Kondo and Sarlo, 1961). 

LITERATURE REVIEW 

1. Spermatogenesis in the si lkworm 

~1any investigations have been carried out on spermatogenesis in 
the silkworm (Verson 1889, 1891, 1891, Grlineberg 190:1, Toyama 1894, 
1909, Tichomirow 1898, Kawaguchi 1928, Machida 1929, 1935). The 
number of chromosomes has been studied by Toyama (1894, 1909), Yatsll 
(1913), Katsuki (1918), Oguma (1919) and Kawaguchi (1928), the structure 
of the testis by Toyama (]894, 1909) and Omura Cl936). the intra· and 
extra·testicular* behaviour of t he spermatozoa by Omura (1936, 1938a) 

:oj: According to the suggestion of Dr. C. Auerbach, the term 'extra-testiculal· · 
will be used instead of 'post-testicular' proposed by Omura (1936, 1938a). 
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a nd the embryonic development of the gonads by Toyama (1902, 1909) 
a nd Miya (1958, 1959). The following is a s ummary of these investiga­
t ions. 

(a) Structure of the testis_ 

The testes are paired, kidney-shaped organs and lie immediately 
under the dorsal skin of the eighth segment where the star spots a re 
seen. Each testis consists of four testicular follicles, which are covered 
with a common envelope, membrana communis, and each is placed 
facing the other with the concave side, on both side of the dorsal 
vessel. From the proximal end of each testic ular follicle one ductul us 
efferens testis arises. Four ductuli efferentes testis unite to form a 
ductus effe rens. The testicular fo llicle is partit ioned from its ductulus 
efferens test is by the membrana bas ila r is. De tailed descl'iptions of t he 
structure of the tes t is a nd those of the extra-testic ular organs we re 
g iven by Omura (1936). 

(b) Di;{ferentiation of germ ce:/,.; duri-ng embryonic stagf'. 

Embryonic development of the gonads was fi rs t described briefly 
by Toyama (1902, 1909) and ha ~, been thoroughly inves Ligated more 
recently by Miya (1958, 1959). The determination of the germ cells 
of th e s ilkworm is brought about through the entrance of some 
cleavage nuclei into the definiti ve region of the periplasm i.e., the 
germinal cytoplasm, and is completed at the time of blastoderm forma­
tion. The germinal cytoplasm is located on the ventral side at a 
distance from the poster ior pole of about one third the whole embryonic 
length. The multiplication of t he primord ial germ. cells occurs for 
t he first time during bla stoderm format ion and ceases at the time of 
i ts comple lion. The determined germ cells make a group and are 
clearly distinguished from the cells of the germ ba nd . O wing to the 
e longalio n of the germ band, the germ ce lls are d istributed over severa l 
seg me nts. Usua lly germ cells are observed most frequentl y in the 6·-
8th segments; sometimes they are recog niza ble not onl y in t.horacic 
segments but i n t he gnatha l one of the head. 

At 60 hours after egg laying, gonad formation is induced by seg­
menta l genital ridges which ha ve originated from the ventral wall of 
the coelomic sacs in the 6-·-!::Jth segments. As a result, germ cell s 
which happen to be distributed to other segments than the abov e four 
can not be included by genital ridges and are then excluded from 
gonad formation; In the 90 hours old embryos, gonad formation is 
a lready completed. The number of primordial germ cells participating 
in the formation of gonad varies with the strain used, namely, f rom 
18 to 47 cells per one gonad. 
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A full description of the embryonic development of the gonad can 
be found in the papers by Miya (1958, 1959). 

(c) The development of male germ cells. 

In the embryonic stage, each testis consists of only one follicle 
in which a few primordial germ cells are observed. When the larva 
is about to hatch three depressions appear inside the follicular wall. 
They gradually deepen until four cavities are formed. At the blind 
end of each cavity, there appears a large cell, which is termed' apical 
cell.' 

Apical cells. In the history of the studies on spermatogenesis of 
the silkworm, apical cells come first, because they have been the main 
subject of investigation during 1889-1909. There have been some COll­

flicting opinions as to the origin and function of apical cells. Some 
workers considered that they are formed from epithelial ceIls of the 
gonad (Toyama 1894), but others insisted that they are derived from 
the primordial germ cells (Verson 1889, 1891, 1894, Grrtneberg ]903, 
Toyama 1909). Recently, Miya (1959) reported that apical cells might 
be deformed germ cells. As to the function of these cells, Verson 
OFS?, 1891, 1894) considered that they are progenitors of the germ 
cells, but Toyama (1894) concluded that they are not germ cells but 
are supporting cells which connect all the younger genital elements 
(spermatogonia) with the \\la11 of the testicular follicle and probably 
nourish them. This view has been generally accepted by later inves­
tigators (Tichomirow 1898, Gri.1neberg 190:~). 

S/Jcrmatogonia. Spermatogonia are situated Ilear the blind end 
of each testicular follicle and are arranged concentrically around the 
apical celL In the ne,vly hatched larva, only small numbers of germ 
cells are present in the testis and these gradually increase with the 
developm~:nt of the larva. The cytoplasm of the youngest spermatogonia 
(primary spermatogonia) is connected with that of the apical cell by 
a spine-like process. The more advanced spermatogonia (secondary 
spermatogonia) are contained in a common cyst, in \vhich, according 
to Kawaguchi (1928), six synchronous divisions may occur resulting in 
the production of 64 (2G

) primary spermatocytes. 
SjJennatocytes. In the first parl of the spermatocyte stage, the 

size of the cell is small due to the preceding repeated mitoses of the 
spermatogonia. Early spermatocytes in the resting stage are similar 
in appearance to spermatogonia. They then enter into the growing 
stage and their nuclei undergo remarkable changes (meiotic prophase) 
and enter into the maturation division (metaphase D. It is noteworthy 
that in the silkworm two stages between pachytene and diakinesis 
have been de,cribed as secondary contraction- and diffuse-stages (Kawa­
guchi 1928); they correspond to the diplotene stage in other organisms. 
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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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basilaris in a particular and complex manner each perforating its own 
pathwa y by its O\"'In action. In the cour:3e of passing o ut, the sheath 
of the hu ndle is cast away and left in the lobulus. The passing out 
of the spermatozoa begins in the la te pupal stage about 3 days 
before emergence, and the majority of the spermatozoa migrate into 
the extra-test icular organs during the pupal stage. No formation of 
new sperm atozoa in the lobulus accompanies this migration_ Con­
sequently the testis becomes sma ller ''lith age. Spermatozoa gain 
activity only in the course of migration. Full maturity of the sper­
matozoa is attained dur ing the ir passage from the testis into the 
ductus deferens. 

Omura ( 938) carried out carefu l investigations on the struc ture 
and func t io n of each part of the extra-testicular organs of males. He 
~hO\ved that in the extra-testicu lar system, no secretion other than the 
pro:::tatic one is required for the induction of normal activ ity in fully 
matured spermatozoa. 

2. Radiation effects on spermatogenesis 

The effects of irradiat ion on spermatogenesis have been studied 
by meanS of fert ility tests, microscopical study of sperm, histological 
study of the testes, and induction of mutations_ This part of the 
literature review consists of two sections, namely, (a) histological and 
cytological effects on spermatogenesis and (b) effects on fertility of 
males. 

(a) Histological and cytological effec ts 011 spermatogenesis. 

The effec ts of X -irradiation on the testis were first reported by 
Albers-Schi.i neberg as early as 1903. He found that daily delivery of 
X-rays sterilized the testes of five rabbits and s ix guinea pigs without 
affecting their sexual potency. The first fairly compl ete study of the 
X-irradiated testes were done hy Bergonie and Tribondeau (1904). 
Since then the voluminous papers on this problem have been published 
by a number of workers . As to the histologica l res ults, there ha ve 
been considerable disagreements among authors. Some workers reo 
ported that spermatocytes or spermatids are the most sensitive to 
radiation, but many others concluded that late spermatogonia are the 
most sensitive. These studies have been revie\ved by Russell (1954), 
Kaufmann (1951), Casarett and Casarett (1957a) and Hertwig (1957), 

Tn ma mmals, there is now a good agreement tha t late spermato­
gon ia are ex tremel y sensitive, and that spermatocytes. spermatids and 
sperm are more res istant to radiation (Russell 1954. Oakberg 1955). 
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Oakberg (1955) calculated an LD", of 20-25 r for intermediate and type 
B spermatogonia. This statement would be much more useful if LD~o's 
for source of the other stages were given for comparison. In the 
irradiated testis, reduction in numbers is found first in spermatogonia 
and the later germ cell stages disappear successively in the order of 
spermatogenesis (Her twig 1938b). It is generally accepted that the 
disappearance of these stages is attributed to the failure of replacement 
by the depleted spermatogonia (Russell 1954). Degeneration of spero 
matogonia in the mouse occurs primarily as damaged cells reach the 
late interphase or early prophase of their first post-irradiation division; 
a few cells may undergo one or more divisions before degeneration 
(Oakberg 1955). Type A spermatogonia show heterogeneous radio­
sensitivity (Oakberg 1955, Jones 1960) and a considerable number of 
this type of cells escapes from the radiation damage and repopulates 
the germinal epithelium (Hertwig 1938b, Oakberg 19;,);:)). 

A much debated question is whether necrosis or inhibition of 
mitosis is the important factor in spermatogonial depletion after 
irradiation. Oakberg (1955, 1959) insisted that depletion of spermato­
gonia in the mouse irradiated \vith doses ranging from 25 r h GOO r of 
acute X- or r-rays can be explained by cell death (necrosis) wilhout 
postulating a mitotic inhibition of type A spermatogonia. On the 
contrary, Bryan and Gowen (1956, 1958) and Jones (1960), working \\'ith 
rats, concluded that this depletion is brought about through the in· 
hibition of mitosis with cell death playing only a minor role. Cas,rrett 
and Casarett (1957b) proposed a cooperation of several factors. They 
stated that in the rat depletion of spermatogonia after acute irradiation 
,vas brought about largely by inhibition of mitosis of type A spermato· 
gonia and normal differentiation of type B spermatogonia, to some 
extent by spermatogonial death and by inhibition of mitosis of type B 
spermatogonia and possibly by premature or increased rate of differen­
tiation of spermatogonia. Jones (1960) suggested that gross quantitative 
differences may exist between the rat and the mouse in the responsf' 
of spermatogonia to irradiation. 

Spermatocytes are more resistant to radiation than late spennato· 
gonia, but several investigators described various forms of abnorma 1 
sperm derived from irradiated spermatocytes in mice (Schaefer 19::59) 
and in rats (Casarett and Casarett 1957a). Bateman (1958) also stated 
that in mice sperm from primary spermatocytes irradiated with 500r 
are incapacitated in some subtle way while 200 r does not seem to 
have this effect. Recently, Oakberg and DiMinno (1960) studied the 
radiation sensitivity of mouse primary spermatocytes and found that 
there is an inverse relation between cell-killing and chromosome 
breakage: pre-leptotene was most sensitive and diakinesis·metaphase I 
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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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To summarize, it is now evident that in mice, rats, grasshoppers. 
Drosophila very similar pictures have emerged: preferentia l destruction 
of late spermatogonia; chromosome abnormalities leading to non -func­
tional sperm in spermatocytes; relatively high resistance to killing 
(not to chromosome breakage and mutation) in post-meiotic stages. 

(b) I:.-:ffects on fertility of males. 

It has long been recognized that in rodents a period of ferti li ty 
immediately following irradiation is succeeded by an interval of tem­
porary s terility after which fertility is restored. It is also known tha t 
the length of the ini tia l fertile period and that of the tempora ry 
sterile period vary depending on the s pecies, the radiation doses a nd 
other biological factors. Sperm used in the ma tings during t he initial 
period of fertility foll owing irradiation were mature spermatozoa at 
the time of treatment: s perm utilized dur ing the later part of this 
period were irradiated as s permatids or spermatocytes. Based on the 
histologica l findings tha t t he latc spermatogonia are destroyed by 
modera te ly high doses of irradiation which do not destroy the other 
ge rm cell s tages (He rtwig 1938b, Oak berg ]955), the period of te m pora ry 
s te r ility is taken to corres po nd to the in t.erval in which rep laceme nt 
of the destroyed germ ce lls from younger ones has not yet bee n co m· 
pleted. Consequently, sper m used in the mat ings of the post-s ter ile 
period are considered to have been sperma togonia at the time of 
irradia tion. The sterile peri od is thus used as a marker for sepa rat ing 
genetic changes induced in spermatogonia from those induced in la ter 
germ cell stages (Russell 1951, Russell, Russell and Kelly 1958). As 
will be seen below, the same princi ple has been applied a lso to irradiated 
ma les of adu lt Drosophila (Friesen 1937, Auerbach 1954, A lexander e/ 
al. 1955, 1959). 

In insects. the effec ts of X-rays on the fertility of ma les have 
been investigated by a number of Drosophila workers, in connectio n 
with genetica l probl ems (~'riesen 1937, LUning 1952, Auerbach UJ54, 
Bate man 1956a, Ives ]960). In D. melanogaster, it has been shown 
repea ted ly that a period of lowest fertility occurs about 7-9 days after 
irradiaton of adu lt males. In D. virilis, t he period of pre·steri le 
fertility continues for ]7·_·]9 days, when the temporary sterility occ urs 
as a res ult of aspermy (Alexander et at. 1955, 1959). Some wor kers 
considered that this low fer t ility may be the result of domina nt le tha Is 
(LUning 1952, Bateman 1956a), but others showed that fert ilization rarely 
occurs during this peri od (Friesen 1937. Auerbach 1954. Kapl an 1958). 
Ther e have been some conflic ting opinions a mong these authors con­
cerning the cell stage which corresponds to the sterile peri od. Some 
workers cons idered that this period corresponds to irrad iated la te 
spermatogonia a nd /or youngest spermatocytes (Friesen 1937), while 
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some others attributed sterility to the destruction of meiotic stages 
(Demerec and Kaufmann 1941) or to dominant letha Is in spermatids 
(LUning 1952, Fritz-Niggli 1955)_ Auerbach (1954) insists that the rate 
of sperm utilization is a very important factor in the determination 
of the cell stages in successive broods. 

There are two accepted causes of reduced fertility in irradiated 
animals (Friesen 1937, Hertwig 1938a, b, Auerbach 1954, Russell 1954, 
Bateman 1958): (a) lack of fertilization due to destruction of late 
spermatogonia and-at higher doses~spermatocytes, (b) inability to 
produce progeny as a result of dominant lethal mutations, with peak 
frequency in spermatids. 

3_ Radiation effects on silkworm germ cells 

In the silkvl"orm, a sterilizing effect of X-rays ,vas reported first 
by Katsuki (1925). The histological changes of the testes after X-irradia­
tion were briefly described by Obata (1934) and Hayashi (1935). How­
ever, these studies were not sufficient for a clear understanding of the 
general effects of irradiation on spermatogenesis in this insect. The 
fact that the silkworms were exposed to repeated doses of X-rays 
ob~~cures the primary effects of the radiation on germ cells. 

Recently, Tazima 0958a, 1959) found an extremely sensitive stage 
to the sterilizing effect of X-rays early in the fifth instar of the male. 
suggesting a higher sensitivity of spermatocytes than of spermatogonia. 
Soon after the present author started the work to be reported here, 
Kogure and Nakajima (1958) published their extensive \-vork on the 
same problem_ They stated that early prophase of the primary sper­
matocyte is most sensitive to irradiation; however, cells irradiated at 
this stage are not killed but transformed into apyrene spermatozoa. 
They concluded that this may be the main cause of radiation induced 
sterility in the silkworm male. They further stated that spermatogonia 
are more resistant to irradiation than spermatocytes. On the contrary, 
the preliminary experiments of the present author showed clearly that 
the secondary spermatogonia, especially at later stages, are ex.tremely 
sensitive to radiation while other types of cells are much more re­
sistant (Sad a 1959b)' He also found that spermatocytes at early meiotic 
prophase are more resistant than those at late meioti~ stages (Sado 
1961a). Regeneration of irradiated spermatogonia was also investigated 
by him (Sado 1959b) and will be presented here in full detail. In 
spite of these apparent disagreements, the same explanation may be 
possible that irradiation of silkworm larvae at early fifth instar causes 
the functional oligospermy of the treated individuals as a result of 
reduction in number of functional spermatozoa (Sad a 1960c, 1961c). 
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MATERIAL AND METHODS 

A wild type strain (C 108) was used as material. Male larvae a t 
various stages were exposed to X-rays. The conditi ons of irradiation 
were 180 kvp, 25 rna, wi th 1.0 mm Al filter; target distance, 50 em in 
a ir ; dose·rate, 147.7 r/min.; total doses, 500 r, 1000 r a nd 2000 r. In a 
few experiments, much higher doses rang ing from 5000 r to 15000 r of 
acute X-rays were also given to the larvae just before hatching and to 
the late pupae on the day before emergence. The irradiated stages 
va ried with the purpose of the experiment. lrradiated individuals 
were divided into two groups, one for testing fertility after emergence 
and the other for histological exa mination . 

Hi stological observations were made on material that had been 
fixed (Brmin's fluid) and sectioned (7--1011) by the usual paraffin method. 
Sections were stained with Dela field's hematoxylin a nd eosin. Doses 
a nd intervals between irradiati on and fixat ion are given in eac h part 
of the experimental res ults_ 

The fat.e of irradiated germ cells in the semi na l vesicles of adu lt 
male moths a nd in the reproductive tracts of fema les after mating 
\Vas studied with Feu ige n smears and on the living materials. In order 
to make the Feulge n s mear preparations. contents of the orga ns to be 
e xam ined were s meared on a s lide-glass, fixed wit h Carn~y's fluid for 
10---30 min utes, and stai ned with the usual Feulgen procedures. 

In order to estim ate the reduction in number of spermatozoa pro­
duced by the irradiated insec ts, total nu mbers of eupyrene and apyrene 
spermatozoa bundles were counted on ~er i al sectio ns. According to 
Machida's (929) method, testes were fixed with Bouin's fluid, embedded 
in paraffin, sectioned at 20 p and stained with Delafie ld's hematoxylin. 
On s uch pre parations a mass of nuclei of each type of spermatozoa 
bundle can eaSil y be discrimina ted from othe r part of a bundle. Thus, 
tota l number of sper matozoa bundles in eac h testis was scored on a 
serial section only at the porti on where nuclei are ohserved. In thi s 
me thod, possible source of error is that single mass of nucle i may be 
scored twice or more. Therefore, the tota l number scored by t his 
method was corrected by the equation, N = K x A. where N and A re­
prese nt scored and rea l number respectively, while K is a proportion­
ality constant dependent on the size and form of the mass of nuclei 
of a bundle and the thickness of the sectioned material. Accurding 
to Machida (1929), K is about 2.0 for the eupyrene spermatozoa bundle 
and 3.0 for the apyrene one, when the counting is made for 20p thick 
preparations. 
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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.' 



372 

developmental stages of the silkworm is illustrated schematica lly in 
Fig. 1. 

Table 1. Deve lopment of spermatogenic ce lls dur ing larva l life 
of the s ilkwor m. 

Days after Larval I 
I Stage of the most advanced germ cells hatching stage 
I .... _-_._--- - - --

I 
6 days II-2 Spermatocyte I. synaptic stage 

10 11 II J..:.3 Spermatocyte I, pachytene s tage 
I 

Hi IV-3 
, 

I 
Spermatocyte I, second contrac tio n and d i flus~ 

17- 18 

18- 19 

24 

II . t ehi", 
L3r " .1 1 

Ins t" 

4th molt 
V- I 

V-2 

V-6 

s tage 

Spermatocyte I, diakinesis and metaphase I 

! Secondary spermatocyte:; and earliest stage of 
spermatids 

Fu lly formed cupyrene spermatozoa 

Fig. 1. Schematic illustration of spermatoge nes is in re!atiGn to the 
developmental stages of the silkworm male. 

2. Duration of spermatogenesis. 

From the foregoing histological observations, the approximate 
duration of each stage of spermatogenesis in the silkworm has been 
estimated (Table 2). 

It will be seen that the meiotic prophase of the primary sper o 
matocy tes takes about 10 days, while the late meiotic stages proceed 
within a short time. It takes about a week from the beginning of 
spermiogenesis to the completion of eupyre ne spermatozoa. The es· 
timated va lues agree well with those obtained from the observation of 
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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 



374 

from apyrene spermatozoa, the latter should be present in the semina l 
vesicles. 

Preliminary tests showed that the nuc lei of apyrenc spermatozoa 
in the testis stain deeply with Feulgen·Schiff reagent (Plate 12, Fig. 17, 
apy). 

18 such preparations of seminal vesicles were examined and about 
15,000 spermatozoa bundles 'were scored. However, no apyrene sper­
matozOa wefe found in any of these preparations (Plate 9, Fig. 1). 

This observation does not support the view that the smaller and more 
acti ve spermatozoa in the bursa copuiatrix arc derived from apyrene 
spermatozoa and confirms the ea rlier observation by Machida (1929) 
and Omura (1936). 
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Fig . 2. Fertility of males irradiated ~at differe nt developmental stages 

II. Radiation response of spermatogenic cells 

L E.iJect of X ·rays on the ferliiity of males. 

Although it was already known that the male larvae in the early 
fifth instar are most sensitive to the sterilizing :effect of radiation 
(Tazima 1958a, 1959, Kogure and Nakajima 1958), a further tes t was 
carried out by the author in order to compare the results of fertilit y 
tests with histological and cytologica l observations. The data on 
fertility are given in Table 3 and a re shown graphically in Fig. 2. 
They are consistent with those reported by Tazima (1958a, ]959) in 
s howing the extreme sensitivity of the germ cells in early fifth instar. 
When animals were exposed to a higher dose, 2000 T, the sterilizing 
effect of X-rays was very severe and extended toward the younger 
larval stages, but treatment before the early third instar gave good 
fert ility even after exposure to 2000 r. 

Males from the same two irradiated series were used for the 
histological and cytological s tudies reported below. 



Table 3. Relation between the irradiated stages of males and the per cent of fertilized eggs in FJ* 
(Exp. 592, 593). 

Dose 

Irradiated 
stages 

1~2 

II~2 

III~1 

III~3 

IV~1 

IV~2 

IV .. 3 

V~1 

V~3 

V-6 

Control 

No. of 
treated 
males 

11 

19 

13 

30 

18 

23 

11 

No. of 
eggs 

scored 

5,738 

8,893 

5.387 

5,646 

2,018 

6,581 

10,937 

6,351 

1000 r 

No. of 
fert. 
eggs 

5,485 

8,208 

4,891 

4,998 

17 

3,211 

10,182 

6,236 

No. of 
unfert. 

eggs 

253 

685 

686 

648 

2,001 

3,370 

754 

115 

~{, of 
fert. 
eggs 

95.6 

92.3 

90.8 

88.5 

0.8 

48.8 

93.1 

98.2 

No. of 
treated 
males 

6 

25 

20 

21 

16 

13 

17 

22 

No. of 
eggs 

scored 

1,735 

8,681 

5,526 

2,979 

719 

581 

2,109 

9,782 

2000 r 

No. of 
fert. 
eggs 

1,350 

967 

408 

o 

o 
214 

8,843 

No. of 
unfert. 
eggs 

385 

3,256 

4,559 

2,571 

719 

518 

1,895 

919 

% of 
fert. 
eggs 

77.8 

62.5 

17.5 

13.7 

0.0 

0.0 

10.1 

90.4 

* All pigmented eggs are scored as fertilized and all unpigmented ones as unfertilized. Contribution of 
unpigmented eggs that have been fertilized but died before pigmentation to percentage of fertilized eggs 
might be small, if any. The reason for this will be discussed in the continuing paper (section Ill). 
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2. Histological and cytological effects of X-rays on sper­
matogenesis and the nature of radiation-induced 

sterility of the male silkworm 

1) Radiation response of spermatogonia. 

(a) Degeneration of spermatogonia af ter irradiation. 

As the testis of the early fifth instar contains various cell types 
ranging from primary spermatogonia to young spermatids (Fig. 1), the 
relative sens itiv ity of these cells to X·rays ca n be determined by 
irradiating the larvae a t this stage. Testes f rom irradiated males 
were fixed a t definite intervals after irradiation a nd were exa mined 
histologically. 

Six hours after the irradiation a few necrotic cells were observed 
in the gonia l reg ion ; these increased in number wi th time after irradia· 
tion up to the period of 24 to 48 hours (Pla te 9, Fig 2). The first 
sign of dege neration was observed in the late secondary spermatogo nia 
but, in very few instances, necrosis of the youngest sperrnatocytes was 
also observed . About 60 to 70 per cent of the seco ndary sperma togonia, 
especiall y at the later stages, were necrotic 24 hours after exposure to 

1000r (Pla te 9, Fig. 3). At 18 hours, most of the secondal·Y s perma togonia 
were degenerating (Pla te 9, Fig. 4). Thereafter, these dead ce lls dis· 
appeared ra pidly from the irradiated testis, greatly reducing the number 
of spermatogonia. Thus, on the third day after exposure to 1000 r or 
more, secondary spermatogonia were rarely observed but apical cells 
and prima ry spermatogonia still s urv ived withou t showing any cytolog ical 
abnormalities (Plate 9, Fig. Ga, Pla te 10, Figs. 5b, 50, 5d). 

Quite s imilar res ul ts were obtained when larvae were irrad iated 
at younger stages (Plate lD, Figs 6, 7, Plate 11, Fig. 9). 

(b) Regeneration of spermatogonia after irradiation . 
Fi ve or more days afte r irradia tio n with 1000 r, regenera tion of 

s permatogon ia occurred in the depleted gonia 1 regio n. The fate of the 
regenerated germ cells va ried with the stage of the irradiated larvae. 

( i) Irradiation during the early fifth instar. When larvae were 
t reated on the 2nd day of the fifth instar, regenera~ion of spermatogonia 
occ urred 7 days after treatment, when the irradiated indiv idua ls had 
matured to the s pinning stage. Diffe rentiation of regenerated sper­
matogonia into spermatocytes was obser ved first in the middle pupal 
stage but they never tra nsformed into eupyrene or apyrene sperm atozoa. 

(ii) In'adiation during the f ourth instar. Similarly, when 
a nimals were irradia ted on the 2nd day of the fourth ins tar, regenera· 
t ion of spermatogonia was observed 7 days after trea tment, na me ly on 
the 4th day of the fif th ins tar. On the 11th day a fter the expos ure, 
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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 
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foregoing section does not account satisfactorily for the excessive 
sterility of insects irradiated in the early fifth instar because at that 
time most of the germ cells have already differentiated into spermato­
cytes. Therefore, the effects of X -rays on the spermatocytes "vere 
investigated. 

In the silkworm, spermatocytes, especially at meiotic prophase r, 
are a very long lived cell type. As described in Section 1- ·1, the 
majority of germ cells contained in the testis of the early fourth 
instar are spermatocytes in the synaptic and pachytene stages,* while 
spermatocytes at late prophase-j- prevail in the early fifth instar (Fig. 
n. The effects of X-rays on the spermatocyLes at early and late meiotic 
stages were investigated by irradinting larvae of these two stages \\lith 
1000 r or 2000 r. 

Most, if not all, of the spermatocytes irradiated with 1000 r at 
early meiotic prophase did not show any degenerative figures before 
or after meiosis and developed into eupyrene spermatozoa. A testicular 
follicle shown in Plate 12, Fig. 14 contains metamorphosing spermatiris 
and rully rormed eupyrene spermatozoa that had developed from sper­
matocytes treated in early meiotic prophase. Fertility data (Fig. 2) 
confirm that these spermatozoa were functional. However, after irradia­
tion with 2000 r, degeneration occurred later on in the spermiogcnic 
stage and structurally abnormal spermatozoa were produced (Plate 12, 
Figs. 15, 16). From this experiment, it is clear that spermatocytes at 
early meiotic prophase are fairly resistant to X-rays. 

Spermatocytes treated with 1000 r at the late meiotic stages also 
completed maturation divisions without showing any necrotic figures. 
However, 5 days after the treatment, spermatids with necrotic nuclei 
were frequently observed (Plate 12, Fig. 15). Furthermore, eupyrene sper­
matozoa with structurally abnormal heads (nuclei) appeared later on 
in the pupal period, 10 days or more after exposure (Plate 12, Fig. 16). 
Since the spermatocytes at early meiotic prophase are less affected by 
this dose, there can be no doubt that most of these abnormalities were 
derived from cells irradiated at late meiotic stages, especially late 
prophase. 

When the primary spermatocytes of the grasshopper or the mouse 
are exposed to X-rays, various types of chromosome aberrations are 
observed immediately or at a certain interval after irradiation (White 
1937, Kashiwabara 1957, Ohnuki 1958, Oakberg and DiMinno, 1960), It 

* Hereafter, the term 'early meiotic prophase' will be applied to both these 
stages. 

t Hereafter, it will be subsumed under the term' late meiotic stages,' since a 
few spermatocytes at meta- and telophase and even at early post-meiotic stages 
are also found at this time. 
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has been suggested that the cells which carry t hose aberrations will 
not g ive rise to sperm capable of fertilizi ng eggs. It seems likely 
that a lso in the s ilkworm the majority of t he abnormal spermatids 
and spermatozoa derived from cells in which X-rays had induced gross 
chromosomal disturbances. Actually chromosome a berrations have been 
observed in some of the irradiated testes (Plate 12, Fig. 18). Howeve r, 
the detection of such aberration is not easy in the silkworm beca use 
the chromosomes are too sma ll and numerous for cytological analysis. 

3) Radiatioll response 0/ spernzatids and mature spermatozoa. 

As the testis at la te fifth instar larva conta in!:> germ cells at 
various s tages in s permiogenesis. this mig ht be most fa vora ble materia l 
for examin ing radiation se nsitivi ty of spermat ids of the s ilkworm. 
Male larvae on the 6th day of the fifth instar were irradiated with 
2000 r a nd their testes were examined histologica lly 3, 5 and 10 days 
after the treatment. No detectable changes were observed in cell s 
irrad iated as spermatids. 

]n order to know radiation sensitivity of mature sper matozoa, 
male insects were irradiated with 5000r, lOOOOr a nd 15000 r on the last 
day of the pupal stage, i.e., one day before emergence. 20 hours after 
the treatment, spermatozoa in the sem inal vesic les of the newl y e merged 
moths were examined microscopically with the Feulgen smear pre para . 
tions. A ny abnormal figures were not found among 20 such prepara ­
tions. 

From t hese observations, it ca n be sa id that spermatids and spero 
matozoa, particularly the latter, are highly resistan t to radiation. 
IIowever, it might be presumed that radiation damage to thege ce lls 
appears after the fert ili za tion (Tazima, 1961). 

1) Reduction in ihe uumber of sperm produced by irradiated males. 

Since it was found that spermatocytes treated at late mei otic. 
stages degenerate later on during the spermatid stage or transform 
into inviable sperm, it can be expected tha t the number of sperm 
produced by the treated individuals is reduced. Therefore, a q uant ita· 
tive histologica l stud y of the eupyrenc and a pyrene sperma tozoa bu nd les 
(PJale 12, Fig. 19) was carried out ;in the testes of males which had 
been exposed to 1000 r on the 2nd day of the fift h instar. The results 
are presented in Tables 5 and 6. 

From Table 5, it will be seen that in the irradiated testes, only 
a few bundles of apyrene spermatozoa were found, while many more 
such bundles were observed in the non-irradiated ones throughout the 
pupal period. Thi s effect of radiation, however, ca n have no bearing 
o n the induced sterility. since, as stated earlier, apyrene spermatozoa 
do appear to play no rolc in fertilization even under normal cond it ions. 
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Table 5. Number of apyrene spermatozoa bundles in t he testes at various 
inte rvals after i rradiation (Exp. 601). 

Stage observed 
No. of Obsd. no. of 
testes apyrene sperm 

examined bundles 

Corrected no. 
of apyrene 

spe r m bundles 
K -:1.0'[ _ ... _,._---- ---

5- 9 Control 8 0 0 

(7 days*) Irradiated 8 0 0 
P- .l Contro l 8 .J 13.4 

(10 days*) Irradiated 8 0·1 17.9 

P- 3 Control 3 11,204 3,n1.3 
(12 days*) Irradiated 8 4,026 1,:138.8 

P-5 Contl"OJ R 38,7-1-1 ll ,580.3 
( 1-1 days*) Irradiated 8 218 72.7 

P-7 Control 7 35,555 11,851.6 
( 16 days*) Irradiated 8 312 100.6 

P- 9 Contro l 6 37.3.18 J2,449.4 

l I8 days"') Ir rad iated 6 108 36.0 
.- --.. - .--. ... _--_ .. _- -

* Days after irradiation. 

Corrected no. 
of apyrene 

sperm bundles 
per testis 

0 

0 

1.7 

2.2 

-!6G.4 

J67.3 

1,·H7.5 

9.1 

1,693.1 

12.6 

2,074.9 

6.0 
- - -------- -

t K is a constant calculated from the size of a nuclear mass of spermatozoa 
b und le (on an average, that of apyrene spermatozoa is 28/-' in diameter and ;)(Ill 

in length) and thickness of the sections (201..L). - Machida (1929) 

Table G. Number of eupyrene spermatozoa bundles in the testes at various 
intervals after irradiation (Exp. 601). 

St<lge ob~erved 

5-9 Contro l 

(7 d ays*) Irradiated 

P- l Con tro l 

( 10 da ys*) Irradiated 

P- 3 Control 

( 12 days*) lrrad iated 

P- 5 Control 

(1-1 days*) Ir radiated 

P- 7 Contro l 
(1\) days*) Irradiated 

P- 9 Control 

(18 days*) Irradiated 

No. of 
testes 

examined 

8 
8 

8 

8 

8 

S 

8 

8 

7 

8 

6 

6 
._ 0. ____ .. 

'"" Da ys afte r irradiation. 

Obsd. no. 
of eupyrene 

sperm bundles 

3,285 
3,071 

11,940 

9,836 

22,948 
1fi,762 

28,906 

21,39 1 

26,888 
21,398 

27,314 

17,599 

Corrected no . 
of eupyrene 

sperm bundles 
K - 2.0t 

J,642.5 

J,535.5 

.;,820.0 

4.918.0 

11,475.5 

8,381.0 

1-1 ,453.0 

10,197.0 

13,494.0 

10,693.5 
13,657.0 

8,799.5 
._ .. _--_. 

Corrected no. 
of eupyrene 

sperm bundles 
per testi s 

205.:l 

191.9 

72.0.0 

614.8 

1,433.4 

1,047.6 

1,806.6 

1,274.6 

1,927.8 

1,336.7 

2,276.2 

1,466.G 
_ .. _------

'j' K is a constant calculated from the size of a nuclear mass of spermatozoa 
bundle (on a n average, that of eupyrene spermatozoa is 2011 in diameter and 22jl 
in length ) and thickness of the sections (ZOp). - Machida (1929) 



382 

As regards the eupyrene spermatozoa, Table 6 shows that the 
testis of irradiated indi viduals contained, a t the 5~9 and P- l stages, 
as many bundles of this type of spermatozoa as the non-irradiated 
testis. Since, at the time of treatment, the tes tis contained a coo­
siderable number of post-meiotic cells this result is considered to 
suggest that the observed eupyrene spermatozoa might have been de­
rived from cells which were irradiated as early spermatids. After the 
P-3 stage, the number of eupyrene spermatozoa bundles per testis was 
markedly reduced in irradiated animals, and a considerable proportion 
of the sperm bundles was structurally abnormal (Plate 12, Figs. 16, 20). 
The proportion of these abnormal bundles to the total counted is 
shown in Table 7. It will be seen that the proportion of norma l 
spermatozoa bundles decreased with the growth of the pupa up to the 
P- 7 stage (16 days after the exposure). After this stage a slight in· 
crease was observed. Early spermatocytes presented at the time of 
irradi at ion may be responsible for this increase. 

2000 
J:up y rene s p erm b und le:'} 

sperrn burndlf!!!l 

~ t 1 000 

~" 
~ . •• ::: .... 
"0 
~§ 
O ~ 

o 
p., 
(10) * 

p- J P- 5 

(12)* (14)" 
S.taees of' bisects 

ar>e r;-, u und l e~ 

Apyr e n e 

p·7 

(16) * 
p· 9 

(18)" 

Fig. 3. Number of eupyrene and apyrene sperm bundles in the testes of 
irradiated and non· irrad iated insects (Exp. 601). Black: Non-irradiated 
group. * Days after irradiation. 

[n order to compare the number of structurally normal 
spermatozoa bundles in irradiated and non-irradiated testes, 

eupyrene 
the pro-
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portion of abnormal bundles in the irradiated group was subtracted 
from the total given in T able 6. The calculated number of morpho· 
logica lly normal eupyrene s pe rmatozoa bundles a nd apyrene ones are 
shown graphically in Fig. 3. 

Table 7. Proportion of normal eupyrene spermatozoa bundles to the total 
examined in the testes of irradiated insects (Exp. 6(1). 

Stage 
observed 

"-9 

P- 1 

P- 3 

p-~ 

P- 7 

P-9 

: No. of normal I No. of ,Total no. of Ratio of normal 
le upyre e sperml abnormal I eupyrene eupyrene sperm 

I bn dl Ileupyrene sperm sperm bundles bundles to the 
un es bund les examined total examined 

603 603 1.00 

1.626 72 l ,698 0.96 

1,134 507 1,64 l 0.70 

798 58·1 1,382 0.53 

703 555 1,258 O.GG 

985 471 l,456 0.68 

5) Types and numbers of spermatozoa observed iu the reproductive 
organs 0/ females mated with irradiated ,males. 

(aJ Types of spermatozoa. 

If t he highly active s perm observed in the fema le reproductive 
organs were actua ll y deri ved fro m apyrene spermatozoa, as Iriki (194]) 
considered, no or very few acti ve sperm s hould be found in the bursa 
copulatrix of females mated with males irradiated in the early fifth 
instar, for as shown in the foregoing section, only very few apyrene 
spermatozoa are produced in the testes of such ma les. 

25 bursae copulatrices co nta ining sperm were exa mined. Both 
active and non-moti le sperm were found in all of them. 

From thi s observation it may be considered that both active and 
non-motile s pe rm observed in the reproducti ve organs of females after 
copulation are deri ved from the eupyrene s perma tozoa , t hough the 
reason why suc h a differentia ti on appears among eu pyrene spermatozoa 
was not k nown. 

(b) Numbers of spermatozoa. 

Omura (1938b) showed that sperm is ejacul ated first into the 
bursa copulatrix, from there it is transferred to the receptaculum 
sem inis and finally enters the egg. The amount of sperm in the 
bursa copu latr ix and the receptaculum seminis of adult females mated 
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with irradiated males was exami ned, a nd the results are s umma rized 
semiquantitativeJy in Table 8. In a ll femaJ es mated with non-irradiated 
males large quantities of sperm were present in both bursa copu ia trix 
and receptaculu m semlnlS. On the contrary, the receptaculum se minis 
of females mated to males that had become sterile after ~rradiation 

Table 8. Amount of sperm observed afte r ov iposition in the reproductive 
tracts of females mated with irradia ted males and the percentage 
of fertilized eggs. 

, 
Irradiated 

I 

I stage a nd ! dose 
________ i 

592 IV-2 
(1000 r ) 

592 IV- 2 
(2000 r ) 

No. of 
indivi -
duals 

1 

2 
3 

4 

5 

1 
2 

3 

4 

592 V- 2 
(1000 r ) 

1-
5 

··--1-602 V- Z , 
I 

(1000 r ) 

592 Cont. 

2 

3 

4 

5 

6 

7 

2 

3 

4 

5 

6 

1 

2 

3 

4 

5 
6 

i 

I 

Amount of sperm in 

bursa 
copulatr ix i 

receptaculum 
seminis 

.. _--- ----------
+++ 

++ 
++ 

+++ 
++ 

++ 
+-+-

+ 
++ 
++ 

++ 
+ 

++ 
++ 

++ 
+ 

± 

+ 

++ 

+ 
,,~ .. -

+++++ 
+++++ 

++++ 
++++ 

+++++ 
+++++ 

++ 
+ + 

+ 
++ 
++ 

? 

+ 

+ 
± 

+ 
± 

----.- -
++++ 
++++ 
++++ 
++++ 

+++ 
++++ 

Per cent of 
fertilized eggs 

88.9~;' 

73.2 

86.3 

95. 1 

90.7 

,I-- -- -~~ 
0.0 

I 

I 
I 

19.3 

0.0 

5.3 

0.0 

10.0 

0.0 

0.0 

0 .0 

0.0 

0.0 

M 
0.0 

0.0 

0.0 

0.0 

96.5 

99.1 

97.6 

98.4 

92.3 

95.3 
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with lOOOr or 2000r contained very few or no spermatozoa, even though 
a considerable number of sperm was found in the bursa copulatrix. 
It seems that most of the spermatozoa in the irradiated group were 
no longer functional. 

In summary, it may be concluded that irradiation of larvae in 
the early fifth instar causes firstly, a reduction in number of sper­
matozoa produced and secondly, the formation of non·functional sperm, 
resulting in the functional oligospermy of the treated insects. 



Explanation of Plate 9 

Fig. 1. Bundles of eupyrene spermatozoa in a seminal vesicle of a newly 
emerged male moth. Note that nuclei of apyrene spermatozoa are not ob­
served. Feulgen smear preparation. (x 12G) 

Fig. 2. Necrosis of the secondary spermatogonia. 2.:1- hours after irradiation 
with 1000 r. Spermatocytes in the synaptic stage are normal in appearance. 
( x756) 

Fig. 3. Gonia! region one day after irradiation with 1000 r. (x 252) 

Fig. 4. Gonial region two days after irradiation with 1000 r. (x 252) 

Fig. 5a. Depleted gonia} region three days after irradiation with 500 r on the 
second day of the fifth instar. Apical cells and primary spermatogonia are 
not killed. (x 232) 

~~~ ----~ ~~ ~--~~-
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Spermatogenesis of the silkworm. 



Explanation of Plate 10 

Figs. 5b, £ie, 5d. Depleted gon ia l regio n three days a fte r irrad iation with (b) 
1000 r a nd (c) 2000 r on the second day of the fifth instar. Apical ce lls and 
primary spermatogo nia 'are not ki lled. Cd ) Conlr~:d. ( x252) 

Fig . 6. Testis of a larva on the third day of the seco nd instar after exposure 
to lOOOr on the previous day (24 hOUfS before). See nec rosis of the secondary 
spermatogonia. (x 252) 

Fig. 7. T estis of a larva on the first day of the third instar that had been ex· 
posed to 1000 r t1u"ee da y ea rli er. ( x 126) 
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Sperma tog enesis of the silkworm. 



Explanation of Plate 11 

Fig. 8. I<_egenerated gonial region on the 11th day after irradiation with 1000 r 
on the 2nd day of the fourth instar. Some regenerated germ cells have dif. 
ferentiated into primary spermatocytes. (x 126) 

Fig. 9. Gonial region of the same testis as shown in Plate 10, Fig. 7. Apical 
cell and primary spermatogonia have survived unch<wged. (x 800) 

Fig. 10. Regenerated germ cells observed 1:-3 days after exposure to 1000 r on the 
2nd day of the second instar. Spermatocytes in synaptic and pachytene stages 
have already differentiated. (x 232) 

Fig. 11. Part of a testicuiar foliicie, showing spermatocytes in various stages of 
meiosis; ahd spermatids that have developed from the regenerated spermato­
gUIlla. 18 days after irradiation with 1000 r on the 2nd day of [he second 
instar. (x 126) 

Fig. 12. Another part of the testicular follicle shown in Plate 11. Fig. 11. (x 126) 

Fig. 13. Giant cysts of primary spermaiocytes (spc) and spermatidR (spt) developed 
from regenerated spermatogonia. Note that some cells are degenerating. 
(x 126) 
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Spermatogenesis of the silkworm . I 



Explanation of Plate 12 

Fig. 14. Testicular follicle showing regenerated gonial region and fully formed 
eupyrene spermatozoa that are derived from cells irradiated in early meiotic 
stages. 11 days after exposure to 1000 r on the 2nd day of the fourth instar. 
(x 126) 

Fig. 15. Necrotic nuclei of spermatids that are derived from irradiated sper­
matocytes. (x 252) 

Fig. 16. Bundles of eupyrene spermatozoa with structurally abnormal heads 
(nuclei) from irradiated spermatocytes. Note that the number of spermatozoa 
on one cyst is much less than in Plate 12, Fig. 17. Feulgen smear prepara­
tions. (x 504) 

Fig. 17. Bundles of eupyrene spermatozoa without structural abnormality in a 
non· irradiated testis. Note that the nuclei of apyrene spermatozoa are deeply 
stained. Feulgen smear preparations. (x 504) 

Fig. 18. Chromosome bridges observed three days after irradiation in early fifth 
instar. (x 1100) 

Fig. 19. Bundles of eupyrene (eup) and apyrene (apy) spermatozoa in a testis of 
a non-irradiated pupa. 20p. thick section_ (x 150) 

Fig. 20. Bundles of eupyrene spermatozoa with structurally abnormal heads 
(nuclei) from irradiated spermatocytes. 20p. thick section. (x 200) 
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Spermatogenes is of the s ilkworm. r 


