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

Toshihiko SADO 

DISCCSSION 

I. Normal spermatogenesis 

Germ cell deve10pnumt in the larva. Although the cytological 
features of spermatogenesis in the silk\vorm have already been described 
in detail by a number of workers (Verson 1889, 1891, 1894, Toyama 
1894. 1909. GrUneberg 1903, Katsuki 1918, Oguma 1919, Kawaguchi 1928, 
Machida 1929, 1935), there has been very little information on the 
correlation between the stage of spermatogenesis and the developmental 
phases of the insect. The present study revealed the following facts: 
(i) as observed by a number of previous workers (Tazima 1947, Taki­
zawa and Tamazawa 1959), the maturation division (metaphase I) rarely 
takes place before the fifth instar. It becomes prevalent in the middle 
of this instar, but spermatocytes have already differentiated in the 
second instar. From the second to the early fifth instar spermatocytes 
are in the growth stage, or meiotic prophase. (ii) The majority of 
germ cells in the testis of the early fourth instar are primary sper­
matocytes in the synaptic and pachytene stages. Spermatogonia are 
much less numerous than spermatocytes. (iii) During the early fifth 
instar the testis contains germ cells from the primary spermatogonia 
to the young spermatids, cells in late meiotic prophase forming the 
majority. During the growth stage of the spermatocytes, the nuclei 
enter into meiotic prophase. Thus, spermatocytes in meiotic prophase 
can also be described as growing spermatocytes. 

The correlation between larval stages and germ cell stages is 
shown schematically in Fig. l. 

Dura.tion of spermatogenesis. Information about the duration of 
spermatogenesis is required for an accurate interpretation of the results 
of irradiation experiments. Some conflicting interpretations that have 
appeared in literature on radiation genetics are doubtless due to lack 
of accurate knowledge on the duration of spermatogenesis. Bateman's 
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(l956b) interpretation of his data on radiation-induced dominant lethals 
in mice and the subsequent discussions by Auerbach (1957), SirEn and 
Edwards (1957) and by himself (Bateman 1957) are a case in question. 
For the mouse reliable data on the timing of cell development in 
each stage of spermatogenesis are now available (Oak berg 1956, 1957). 

A similar situation exists for Drosophila. As reviewed in the 
earlier part of this paper, the period of temporary sterility, or lowest 
fertility, observed on the 7--9th day after irradiation has been attributed 
variously to irradiation effects on late spermatogonia and"ior youngest 
spermatocytes (Friesen 1937, Auerbach 19~4, I ves 1960), meiotic slages 
(Demerec and Kaufmann 1941, Bateman 19;)6), or spermatids (LUning 
1952, Fritz-NiggJi 19.55). Correspondingly, it has been considered that 
sperm derived from irradiated spermatogonia can be utilized for fer­
tilization on the 9th day (Friesen 1937, Auerbach 195,1), while some 
others claimed that sperm which were spermatogonia at the time 
of irradiation may be inseminated tirst during the IS--19th day after 
irradiation (Demerec and Kaufmann 1941). Gliicksmann (1947) stated 
that total duration of spermatogenesis in adult Drosoph£la may be 
about 15 day::;. 

So far as the present author knO\vs, no reliable data on the 
duration of spermatogenesis have yet been published for the silkworm 
or other insects.* The answer could readily be obtained if in citro 
culture of spermatogenic cells were successful, but so far attempts by 
the auth()r to culture spermatogenic cells of silkworms in ritro, have 
not been successful (Sado 1959a). A rough estimate of the time re' 
quired for each stage in spermatogenesis has been derived from the 
time table of the first appearance of germ cells of successive stages in 
untreated animals. The:-;e studies suggest that meiotic propha:-;e ex· 
tends through about 10 days, while late meiotic stages are fairly short. 
The time required from the end of the second meiotic division to the 
completion of spermiogenesis has been estimated as about 6 days. 
These values are not inconsistent with those obtained from observations 
on the regenerated germ cells after irradiation. It \vas noted that 
irradiation of primary spermatogonia of the silkvwrm with WOO r 
scarcely affects the subsequent development of treated germ cells. 

It is interesting to note that in the silkworm, as in the mouse 
(Oakberg 1957), meiotic prophase and the spermatid stage occupy fairly 
long periods. This similarity between two widely different species 
suggests an underlying general feature of spermatogenesis. 

Eupyrcnc and apyrene spermatozoa. As stated in the earlier part 

After the present paper has been sent to the press, Chandley and Bateman 
(1962) published their data on the timing of spermatogenesis of adult Drosophila 
llsing I-F---thymidine C~ature, 19:-;: 290-300). 
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of this paper, two types of spermatozoa, eupyrene and apyrenc. were 
known to occur in the pupal test is of the si lkworm. Machida (929) 
a nd Omura (1936) cons idered tha t t he former type of s permatozoa is 
uti lized for fertili za tion while the latter degenerate in t he tes t is. Fu rther, 
it has been claimed that two kinds of sperm. hig hly a<.:tive and weakly 
motile, are observable in the reproductive tracts of female moths after 
copulation a nd that the former is de rived from the apyrene spermatozoa 
and the latter from the eupyrene spermatozoa (Tsukaguchi and Kurotsu 
1922, Iriki 1941). 

In t he present s tudy, it was shown that no apyrene spermatozoa 
are found in the seminal ves icles of the newly e me rged male moths 
even thoug h the two kinds of sperm were a lways observa ble in the 
bursa copulat rix of females after mating. These two kinds of sperm 
were also observed in the bursa copulatrix of females mated with 
sterile males irradiated in the early fifth instar. 

This observation leads to the conclusion that the a pyrene spero 
matozoa do not migrate into the extra-testicular organs and , hence, 
are not ejacul a ted into female sex ual organs. Both active a nd non · 
mot ile sperm obser ved in the fe ma le sexua l ol-ga ns are probably derived 
from e upyrene sperma tozoa. 

II. Radi'ltion effects on spermatogenesis 

Sensitivity of spcnnatogellic cells fo irratiiati01I . Differentia l ~en' 

s iti \' ity of germ cells dur ing variolls stages of spermatogenesis in 
a ni mals has bee n demonstrated ill ter ms of sensi ti vi ty of ceil-k illing, 
chromoso me aberrations, induced mutations and so on_ 

The re!o;uits of the histological examination of the irradiated testes 
of the s ilkworm were in good agree ment with those reported for mice 
(l-lertwig 1938b, Oak berg 1955), g rasshoppers (White 1935, Eker 19:37. 
Cocchi and Uggeri 1944) and D rosophila (Fri esen 19;~7 , Bourgin et al. 
1955, Welshons and Russel l 1957), sho\ving an extre me sensiti vity of 
late sperma togo nia to the k iJli ng effects o f X-rays. Accord ing to some 
earlier investigators the younges t !:iper matocytes in Drosophila a nd 
gras~hoppers are most readil y killed by rad iation (Mohr 1919, Friesen 
1937) ; bul, judged from the obse rvation of si lkworm sper matogenesi s, 
it seems that the youngest spermatocytes are not ;.dways easily d is· 
tinguished from the latest spermatogonia. The prese nt study revea led 
the foll owing facts: (i) the first sig n of degeneration was observed in 
the late secondary spermatogonia, (it) the degeneratiun of secondary 
spermatogonia beca me more strik ing 24 hours or more after irradiation. 
(i i i) seconda ry s permatogonia were rarel y observed 3 days after t he 
exposure. and (iv) degenera tio n of the youngest s permatocytes was 
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observed only in very few insta nces. These resul ts suggest tha t where 
necrosis of the youngest s permatocytes was recorded. this may, in 
fact, have been of cells tha t were in late secondary s perma togonia at 
the time of irradiation. This interpretation is s upported by evidence 
presen ted by Oakberg (1955), who showed that degeneration of sper· 
matogonia of the mouse occ urred primarily when damaged cells reached 
the la te interphase or ea rly prophase of the ir first post-irradiation 
division ; a few cells might undergo one or more division before 
degeneration. Cocchi and Uggeri (1944) also observed some necrotic 
earl y sperma tocytes after irrad iation, but cons idered that these cells 
had been irradiated in the telophase of the last sperma togonia l mi toses. 
However, Kogure and Na kajima (1958) reported in s ilk worm tha t , . ... .. . 
until 48 hours after irrad iation (of early fifth ins tar), no apparent 
distinction (in histocytologicai sense) in the germ cells of the irradiated 
and the control testes was found." They furth er continued in stat ing 
that" radiation sensitivity of spermatogonia is much lower than that 
of prophase spermatocytes." This is Quite inconsistent with the pre.sent 
results, in which during 24 ·48 hours a fte r irrad iati on highest incidence 
of necro:3 is o f the s~condary sperm~togon ia was observed in the treated 
tesles. That this disagree ment may be d ue to the differences in rad ia · 
ti on quality (X-rays 11S. r -rays) or dose-I'ate (1 47 r / min. V$. 17 r!min, ) i ~; 

quite improbable. Because it has been shown that secondary spermato· 
goni a of this insect an~ ki lled after acute as well as chronic , ­
irrad iations (Sado 1961b). Conceivably, they have missed observing 
necrosis of late sperm atugonia in the irradi ated testes. 

Spermatocytes ha ve bee n cons idered fairl y res ista nt to radiat ion 
(RusseIJ 1954), but there have been indicat ions that irradia tion of 
s permatocytes leads to the production of non-functio nal sperm (Sc haefer 
1939, Oakberg 1955, Casarett a nd Casarett 1957a . Bateman 19;:)8, Oakberg a nd 
DiMinno 1960). The present experiment revea led that in the silkworm 
spermatocytes in early meiot ic prophase, especia lly in synaps is a nd 
pachytene, are more resista nt than those in la te meiotic stages. The 
majority of cells irradiated in the former stages with 2000 r and those 
treated at the latter stages with 1000 r could not develop into norma l 
functiona l s perm but dege nerated duri ng spermiogenes is or turned into 
non·functional sperm. It was, however. reported by Kog ure a nd Na ka· 
jima (l958) that earl y prophase spermatocytes are most sensitive (0 

radi at ion and cells irradiated at this stage later transform into apyre ne 
spermatozoa. This again is not consistent with the present resu lts. 
There are possible explanat ions for these apparent discrepancies, First, 
it seems that they have m isidentified spermatocytes at late meiotic 
prophase as early prophase, because they claimed that sperma tocy tes 
at early prophase are the most prevalent cell type in the test is of 
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early fifth instar. 1£ S0, it is expected from the present experiments 
that in their experiments extremely high sensitivity to the sterilizing 
effect of radiation occurs late in the fifth instar. However, this was 
not the case in their experiment. Second, in their report majority of the 
structurally abnormal eupyrene spermatozoa in the present experiments 
were described as apyrenc spermatozoa. When the present author 
discussed with Professor Kogure and his colleagues on this point, he 
was told by them that they classified structurally abnormal spermato­
zoa, as shown in Plate 12, Fig. 20, into apyrenc spermatozoa in their 
report. Thus, although there are some discrepancies in the descrip­
tions of cytological features of irradiated testes between Kogure's (1958) 
and the present results, the same conclusion may be reached that 
irradiation of silkworm larvae at early fifth instar causes the func­
tional oligosperrny of the treated individuals as a result of reduction 
in number of functional eupyrene spermatozoa. 

As mentioned before, it has been suggested that spermatocytes 
carrying gross chromosomal aberrations as a result of irradiation will 
not give rise to sperm capable of fertilizing eggs (White 1937, Creighton 
1941, Ohnuki 1958, Oakberg and DiMinno 1960). Possibly the majority 
of degenerating spermatids or abnormal spermatozoa reported in this 
paper were derived from the cells that had gross chromosomal dis­
turbances induced by X-rays, but no cytological proof for this assump­
tion is available. 

At any rate, the finding that spermatocytes at early meiotic stages 
of the silkworm are more resistant to X-rays than those at late meiotic 
stages is in good agreement with Sparrow's (1951) observations on 
radiation effects on pollen mother cells of Trillium. Quite similar 
data have recently been published by Oakberg and DiMinno (1960) for 
mouse primary spermatocytes. 

Spermatids and sperm are much more resistant to X-rays than 
early spermatocytes_ Cells irradiated at these later stages of spermato­
genesis do not themselves show any detectable changes, but radiation 
damage may appear in the offspring of the treated cells. 

Variations of radiation induced mutation rates during gametogenesis 
have been reported by a number of workers (LUning 1952, Auerbach 
1951, Bateman 1956a, 1958, Tazima 1958b), and possible reasons for 
these findings have been discussed. Reviews will be found in the papers 
of Glass (1956), and Muller (1959) on Drosophila, of Hcrtwig (1957) and 
Russell, Russell and Oakberg (1959) on the mouse, and of Tazirna 
(1959, 1961) on the silk\vor111. 

Regeneration of spermatogonia. The histological observations on 
the regeneration of irradiated spermatogonia showed that the fate of 
regenerated germ cells differed depending on the time at which the 
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insects had been irradiated. In Table 9, the relation between the 
stages at which regenerati on of irradiated spermatogon ia occurs and 
the type of spermatozoa prod uced by the regenerated spermatogonia 
is summarized. 

T able 9. Relation of the stages at which regeneration of irradiated 
spermatogonia occurs to the types of spermatozoa produced 
by the regenerated spermatogonia. 

Stages 
irradiated 

Unirradiated 

[!I- I 

JV-2 

V- 2 

Stages at which 
regenerat ion of 
spermatogonia 

occurs 

Types of spermatozoa 
d eveloped from the 

regenerated spermatogonia 

Both eupyrene and apyrene 
spermatozoa 

Both eupyrene and apyrene 
spermatozoa 

Apyrene spermatozoa 

None 

-----------------
It "viII be seen that spermatogonia regenerated before the IV- 2 

stage (2nd day of the fourth instar) produced both eupyrene and apyren(' 
spermatozoa as in the unirradiated group. Spermatogonia regenerated 
at the middle of the fifth instar transform into apyrene spermatozoa 
but not into eupyrene spermatozoa. Furthermore, spermatogonia 
regenerated at a very late larval stage or in the pupal stage never 
transform into either eupyrene or apyrene sperma tozoa . 

It was noted that when irrad iations were given during the second 
instar the rate of development of germ cel ls derived from regenerated 
spermatogonia does not markedly differ from that of unirradiated 
cells_ 

It should be remembered that the total duration of spermatogenesis 
in the silkworm takes about 20 days, of which meiotic prophase uc­
cupies more than 10, and that spermatocytes which undergo maturation 
div ision in the pupal testes will not differentiate into eupyrene sper­
matozoa (Machida 1929). In the strain used in the present e xperiment. 
it takes about 7 days from the beginning to the end of the fif th insta r 
(maturation of larva) and 14- 15 days from maturation to the emergence 
of moths. 2·-3 days before the emergence, eupyrene spermatozoa begin 
to migrate from the testis into the ductus eftere ns testis. Thus, in 
the non-irradiated mal es, the last formed eupyrene spermatozoa in the 
pupal test is presumably were spermatogonia in the early fifth instar. 
It is suggested that under norma l condit ions spermatogonia present in 
the late fifth instar larvae or pupae will not be utilized for the pro­
duction of functional eupyrene spermatozoa. 



393 

,Stage limit for the production of junctional sjJcrm from irradiated 
spermatogonia. It was confirmed that functional sperm is produced 
from spermatogonia irradiated during early larval life, i.e., before the 
third instar. During the early third instar, the testis contains sper­
matogonia as well as spermatocytes, so that irradiation at this stage 
results in spermatozoa 
of treated germ cells. 

that might have been derived from either type 
Even after irradiation during the late second 

instar, a few available spermatozoa might stem from irradiated sper­
matocytes. However, this is not the case after irradiation with 2000 r 
or more, because after such high doses most of the primary spermato­
cytes can not develop into functional sperm. Thus, the fertility curve 
of males exposed to 2000 r refers only to spermatogonia and provides 
information on the stage limit for the production of functional sperm 
from regenerated spermatogonia. From Fig. 2, it will be seen that 
this limit occurs early in the third instar. 

Thus, if one wants to test radiation effects on spermatogonia 
uncontaminated by other germ cell types, exposure has to be given 
before the middle of the second instar. 

III. Nature of radiation induced sterility of the 
silkworm males 

There are two accepted causes of sterility, in irradiated animals: 
(aJ lack of fertilization due to the destruction of late spermatogonia, 
and at higher doses---spermatocytes (Hertwig 1938a, b, Russell 1954, 
Oakberg 1955, Oakberg and DiMinno 1960), (b) embryonal deaths due 
tu dominant lethal mutations, with peak frequency in spermatids 
(Lll11ing 1952, Auerbach and Slizynski 1956, Bateman 1958). 

J t has been known that in the silkworm an extremely sensitive 
stage to the sterilizing effect of radiation occurs early in the fifth 
instal' of the male larva (Tazima 1958a, Kogure and Nakajima 1958). 
The present studies show that this excessive sterility can be explained 
by the fact that celis in the latc meiotic prophase are highly sensitive 
to irradiation and either degenerate during spermiogenesis or form 
spermatozoa many of which are non-functional, resulting in the func­
tional oligospermy of the treated insects. Thus, in the present studies, 
sterility of irradiated insects has been attributed to direct damage of 
irradiated germ celis, and the degree of sterility has been measured 
in terms of unfertilized eggs. A distinction bet\veen fertilized and 
unfertilized eggs in the silbvorm is usually based on their coloration, 
unfertilized ones being pale yellow, fertilized ones dark as a result of 
serosal pigmentation. A possible source of error in this procedure is 
that eggs dying from dominant lethals at a very early stage may be 
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unpigmented. 
In Habrob1'aCOIl and Drosophila, it has been shown that more than 

50 per cen t of the dominant lethal mutations that are induced in 
mature odc.ytes or mature sperm result in death before formation of 
blastoderm, i.e., at a very early embryonk stage (von Eorstel 1958, 
von Borstel et al. 1959). If the same principle holds true also for the 
silkworm, some of the letha l carrying embryos may die before serosal 
pigmentation and hence in the present studies may have been classified 
as unfertilized eggs.* 

This question has been discussed very recently by Tazima (1960, 
19(1). He found that the incidence of unpigmented eggs was not 
s igniflca ntiy increased when mature sperm were irradiated with up to 
5000r and he concluded that ea rly acting dominant lethals are rare in 
the silkworm. In the present experiment, there was a negative cor· 
relation betv.'een the amount of spermatozoa observed in the femaie 
reprod uctive organs, particularly in the receptac ulum seminis. and the 
per cent of unpigmented or unfertilized eggs (see Table 8). Thus, death 
through early acting dominant lethals does not appear to contribute 
s ignificantly to radiation induced sterility in the s ilkworm. The rt::sults 
of the present experiment can best be explained by concluding t hal 
destruction or damage of ger m cells was the main cause oi observ~d 

sterility. 
This agrees with observations on Drosophila , where during the 

period of lowest fertility about 7---9 days after irradiation the repro ­
ductive tracts of femal es mated with irradiated males contained no or 
very few sperma tozoa (Friesen 19:j7, Auerbach 1954), \vhile the his · 
to logica l exa mination of the eggs laid during lhis time revea led no 
ev ide nce for sperm entrance (Kaplan ]958). 

IV. General considerations on radiation·induced 
sterility in animals 

The observations on irradiated silkworm males differ from those 
obtained on other animals in several ways. 

Firstly, a temporary sterile period due to the destruction of type 
B, or late, s permatogonia has been observed uy lhe successive brood 
technique both in mice (Sc haefer 1939) and Drosophila (Friesen 1937. 
Auerbach 1954, Alexander and Stone 1955, lves 1960). However, this 
technique is hardly applicable to the silkworm, because the adult moths 
are too short-lived for this technique. On the contrary, in mice and 

;;< In the silkworm, blastoderm formation is completed 15-20 hours after egg 
la ying, while the forma t ion of the serosal membrane and ils pigmentat ion occurs 
at :iO hours and 48-72 ho urs afte r the egg laying respective ly. 



adult Drosophila spermatozoa mature and are ejaculated successively 
for considerable time and a temporary sterile period appears when 
cells irradiated as late spermatogonia should have ma tured in to f unc ­
t iona l sperm. After this period, fer t il ity is restored, because by this 
ti me sperm has been prod uced from regenerated spermatogonia. 

Contrary to t he findings in mice and adult Drosoph ila, sterility 
due to the destruction of spermatogonia is hard ly observable in t he 
silkworm eve n though spermatogonia are easil y killed by radiation . 
This seeming contradiction may be explained as follows. When X· 
irradiation is ad ministered before the third instar, most of the secondary 
spermatogonia are killed but t he regenerated spermatogonia have 
enough time to develop into functional sperm. On the other ha nd, 
irradiation with lOOOr of older larvae in the third or fourth instar 
yields fu nctiona l sperm from irradiated primary spe rmatocytes but not 
from regenerated spermatogonia, because the spermatocytes are fairl y 
resistant tu rad iation while the regenerated sper matogonia have no 
time to develop into functi onal sperm. Thus, irradiat ion before the 
fou rth in star does not marked ly affec t fert il it y of emerging male moths. 

Secondl y. it 5hould be noted that in t he s il kworm pronounced 
s ter ility occurs whe n germ cells have been irrad ia ted in late me iotic 
pro phase l. Th is has not been observed in o ther animals ; it may be 
explained as fo ll ows. In mice, Oakberg (1 956. 1957) has shown that 
the ead y meiot ic prophase stages, especially pachytene, 3re of very 
long duration, while the late meiotic stages are fair ly short. Hence, 
when adult mice are treated, only a small proportion of late meiotic 
stages will be ex posed among several o the r cell ty pes of diffe re nt 
rad i:ltion sensit ivity. Among t hose, s permatocyl.es in early meiotic 
prophase I and young spermatids a re fairl y resis tant to radiation. For 
t his reason, the s ter ility caused by irradiation of cells in late meiotic stages 
may not be recognized in mice. This may also be true for adult Drosophila 
male::;. In t he s ilkworm, however, sterility caused by the irradiation 
of late meiotic s tages can be detected clearly because the synchronous 
de\.rclopmenl of germ cells results in only a small admixture of other 
cell ty<pes. Observations of Khishin (1955a , b) o n Drosophila a re h igh ly 
suggestive in this respect. He descr ibed t hat irradia tion with lOOOr of 
prepupae. where cells in me iogis a re prevalent., res ults in comple te or 
alm ost comp lete sterility of the emerging flies while irradiation of 
third i n,~tar larvae, \vhere growing primary spermatocytes, or auxocytes, 
are prevalent, affects fertility much less severely. This observation is 
consistent. with t he results obtained on the silk\vorm. 

In silkworms as in m ice t he steri le period is exte nded by exposure 
to high doses of radia t io n, for most of the irrad iated primary spero 
ma tocytes at ea rly meiotic prophase do not Lhe n develop i nto functiona l 
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Fig.·4o. Relation between the stages of spermatos-enesis and the sterility induced by 
moderate and high doses of X-rays. 

Irra(Jiakd 
stage 

Spermatogonia 

Eilrl.\ Late 

Sprrma tocytt's 

r..leiotic prophase I l\lela-phase 
+ 

'----v---" 

Sperm at ids Sperm 

Scnsiti\ily 

'---v---' 
l{esist- Highlj I'-a i r I j 

resistant 
Sensitive to 
chromosome 
aherrations 
(I ater death) 

Resistant Resistant 
ant s('nsltIV(~ 

( Destroyed) ... .< 
F~'rtilitJ [;('rule Sterile Ster; le1 Fertile Fertile 

'---v---" V 

Sensilivi ty Hesist- Highly 
ant sensitive 

Sensitive II) chromosonH' 
aJlelTations 

I{esistant Resistant 

" Uestroyed" (Laler deathl 

',------------------~v--------------------, 
Fer!iji!.\' Feni Ie Sterii(' Fertile Ferti Ie 

* The dose level differs with species. 
t Sterility which corresponds to the destruction of late spermatogonia is not identifiable in 

the silkworm. 
t Sterility which corresponds to the irradiation of late meiotic stages is not detectable in 

the mouse. 
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sperm. In the silkworm, this was clearly shown in the present experi­
ment. In mice, the length of the initial fertile period continues for 
about 6 weeks after irradiation with 200 r (Schaefer 19:39) but only for 
2 to 4 weeks after exposure to 600 rand 1000 r (Russell 1954). Bate­
man (1958) also observed the earlier onset of the sterile period after 
500 r as compared with 200 r and suggested that sperm developed from 
spermatocytes irradiated with 500r is incapacitated in some subtle way_ 
Cytological data relevant to the explanation of these phenornema are 
presented by Casarett and Casarett (1957a) for the [at and by Oakberg 
and DiMinno (1960) for mice. 

From the foregoing discussions, the cytological basis of induced 
sterility observed after irradiation of adult males, where germ cells at 
various stages of maturation exist together in the testis, corresponds 
to the interval in which replacement of later germ cell stages has not 
yet been completed owing to the destruction of spermatogonia. This 
was shown in mice and adult Drosophila but not in the silkworm. 
On the other hand, when animals are irradiated as larvae in which 
the male germ cells develop more or less synchronously, an excessive 
sterility is induced by the failure of sperrnatocytcs irradiated at late 
meiotic stages to form functional sperm. This \vas clearly shown for 
silkworm larvae and possibly for Drosophila larvae (Khishin 1955a, b). 
When animals are irradiated with high doses, the level of which 
depends on species and other biological factors, the sterilizing effect 
of radiation is very severe and extends towards the interval corre· 
sponding to the irradiation of primary spermatocytes. This is so be­
cause after such doses the cells at these stages cannot develop into 
functional sperm. Fig. 4 summarizes the relation behveen the stages 
of spermatogenesis in animals and the sterility induced with moderate 
and high doses of X·rays. 

S[JMMAI<Y 

The present study consists of two parts. In the first part of this 
paper, the normal spermatogenesis of the silkworm was described with 
special reference to the correlation between the developmental stages 
of the larvae and the germ cell stages and to the duration of the 
successive stages of spermatogenesis. In the second part, radiation 
responses of spermatogenic cells were investigated by means of fertility 
tests and histological and cytological observations on the irradiated 
testes (or germ cells). The main purposes of this experiment were, 
first, to investigate the reasons for the seeming contradiction between 
the findings on mice and adult Drosophila on the one hand, and those 
of the silkworm on the other as to the cytological causes of radiation 
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induced sterility and, second, to est ablish the latest larval stage at 
which irradiation yields spermatozoa that were treated exclusively as 
spermatogonia. The results may be summarized as follows. 

1. During normal spermatogenesis of the sil kworm primary sper­
matocytes differentiate first around the middle of the second instar and 
increase in number with the development of the larva. In the testis 
of the early fourth instar larva. primary spermatocytes in syna ptic 
and pachytene stages prevail. The testis uf the early fifth instar larva 
contains germ cells ranging from primary spermatogonia to very early 
spermatids, with the spermatocytes in late meiotic prophase forming 
the majority. 

2. The duration of each stage in spermatogenesis of the s ilkworm 
was estimated from the time table of the first appearance of cell s in 
s uccessive stages. It was found fha t meiotic prophase takes a bout to 
.days, while late meiotic stages proceed within a short time. It takes 
about s ix days from the begin ning of the spermiogenes is up to the 
completion of the eupyrene spermatozoa. 

The estimates obtained from a si milar s tudy on the development. 
of regenerated spermatogonia after 1000 r irradiation agreed well with 
those obtai ned from unirradiated germ cells. This indicates that irra­
diation of primary spermatogonia with 1000 r does not affect the sub­
sequent development of the treated germ cells. 

:~. Examination of the semina l ves ic les of the newly emerged 
male moths showed that no apyrene spermatozoa were transferred from 

the testis to the extra-testicu lar organs of males. This observat ion 
led to the conclusion that both active and non-motile sperm usually 
observed in the bursa copulatrix of females after copulation are derived 
from the eupyrene spermatozoa. The cause for the difference in activity 
among eupyrene spermatozoa remains unexplained. 

4. Results of the histologica l examinat ion of irradiated teste:s of 
t he s ilkworm were in good agreement with those of previous workers 
on other animals. The seconda ry spermatogonia, especially in their 
later stages, were shown to be the most sensitive to damage by radia · 
tion and to be easily killed even by low X-ray doses. These dead 
cells degenerate rapidl y and are removed from the testis within a short 
time. 

Spermatocytes were shown to be more sensitive to radiation in 
late meiotic prophase than in the synaptic and pachytene stages. The 
majority of the cells irradiated with 1000 r of acute X-rays in the 
former stage or with 2000r in the latter stages degenerate in the sper­
matid stage or turned into non·functional sperm. 

Thus, two types of cell death could be distinguished by their time 
of occurrence, namely the immediate death of irradiated spermatogonia 



399 

and the later death of irradiated spermatocytes. 
Primordial germ cells, primary spermatogonia, spermatids and 

sperm were shown to be resistant to irradiation. 
5. The regeneration of spermatogonia after irradiation was inves­

tigated. It was found that the fate of the regenerated spermatogonia 
differed with the stage of the animal at the time of irradiation. When 
irradiation was given in the sufficiently early stages of larval life, 
i.e., before the early third instar, the regenerated spermatogonia could 
develop into eupyrene and apyrene spermatozoa as in unirradiated 
insects. When X-rays were given during the fourth or fifth instar, 
the regenerated spermatogonia failed to differentiate into eupyrene 
spermatozoa. 

The stage limit for the production of functional spermatozoa from 
regenerated spermatogonia occurs near the early third instar. 

6. Since the spermatocytes begin to differentiate around the middle 
of the second instar, irradiation should be given before this stage in 
order to obtain sperm samples treated as spermatogonia. When the 
irradiation is given in the late second instar, sperm utilized for ferti­
lization will be contaminated by spermatozoa that developed from 
irradiated primary sperm3.tocytes, although their contribution to the 
total sperm sample probably is very small. 

7. In the silkworm, sterility due to the destruction of late sper­
matogonia is not detectable, even though the cells are easily killed 
by radiation. Pronounced sterility after irradiation of the early fifth 
instar is the result of functional oligospermy because the prevalent cells 
at this stage, Le., spermatocytes in late meiotic prophase degenerate 
in the spermatid stage or tUrn into non-functional sperm. 

8. These findings have been discussed in relation to comparable 
ones on mice and DrosojJhila, and it has been shown that a consistent 
picture of radiation induced sterility in animals can be obtained. 
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