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General introduction and statement of problem. 
Among the many controversial problems which have aroused bio- 

logists to intensive investigation during the past half century, none 
perhaps is more prominent than that  of the origin of the germ cells. 
Years of research on the development of many organisms have resulted 
in the accumulation and presentation of much information and numerous 
conflicting conceptions. Certainly the majority of investigators who 
have studied the problem in invertebrate animals are agreed that  the 
germ cells arise from early blastomeres of the embryo (See HEGNER, 
1914). Among the workers on vertebrates, however, there remains an 
active conflict of opinion (See HEYs, 1931), and the exact status of the 
question has remained more or less doubtful since its origin. The pro- 
blem is concerned principally with the question of a somatic or an in- 
depedendent origin of the reproductive ceils. Those who claim an in- 
dependent origin, or origin from the primary blastomeres of the embryo, 
have difficulty in conceiving of an origin of reproductive elements from 
differentiated somatic elements. This obstacle is not apparent to those 
who, with CHmD (1906) and others, can even picture a dedifferentiation 
of somatic cells. I t  is readily believable that  the early tissues may be 
made up in part  of undifferentiated or embryonic cells from which the 
germ cells take their origin. Furthermore, the hereditary elements may 
remain unaltered in somatic cells, and thus the apparent difficulty of 
a conception of a transformation of somatic cells to cells of reproductive 

1 Contribution from the Zoological Laboratory, University of Michigan. 
Z. f. Zel l forschung u. mik r .  Ana tomie .  B4. 18. 30  
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function is overcome. If we accept the chromosome theory of heredity, 
the Weismannian conception of a "Keimbahn",  or continuity of a germ 
cell lineage from one generation to the next, seems to lose much of its 
significance. Nevertheless, the idea of germ cell integrity is, contrary 
to the s ta tement  of H~RGITT (1926) that  biological sciences would profit 
by discarding it, of importance in many philosophical and unifying 
concepts of life and life processes. The problem will always retain a 
significant an4 fundamental place in embryological investigations, as 
well as those related to reproduction and sex. 

Numerous other embryological problems are so interrelated with 
studies of germ cells that  it is advisable to consider them all at the same 
time, insofar as it is possible. Among these are the problems concerned 
with gonadogenesis, which involves the histological changes occurring 
during the development of the genital ridges and the formation of the 
testis or ovary. Controversial questions still exist in regard to the origin 
of the rete-eords, sex-cords, and other components of the sex-glands. 

Sex differentiation presents still another problem of interest and 
importance. In  a great many animals, the sex-chromosomes are, par- 
tially at least, responsible for the determination of the sex of the indi- 
viduals. In  some forms, these elements do not seem to play an important  
part  in sex differentiation. In  either case, the early developmental 
stages are similar in the two sexes, but  sooner or later the development 
of the reproductive organs proceeds along one of two alternative direc- 
tions. In  some forms (Cyelostomata, Pisces, Amphibia), this period is 
marked by the appearance of certain hermaphroditic tendencies, cha- 
racterized by the simultaneous presence and growth of structures repre- 
senting both sexes. In other forms, the change of the sexually indifferent 
embryo to a definitive male or female occurs rather abruptly. 

Of all vertebrate classes, the Reptilia alone have not contributed 
their proper share to our knowledge of the germ cells or of other morpho- 
logical problems. PAI~T~ (1921) has already pointed out that  they 
offer a virgin field to the cytological investigator. Very little is known 
about the cytoplasmic constituents or the chromosome complex (See 
MATTHEr, 1931) of these forms, and there are but few accounts dealing 
with the interesting morphology of the reptilian group. Also, in view 
of the fact that the literature reveals very little about sex determination 
and sex differentiation in Reptilia, it seemed probable that  some inter- 
esting conditions in regard to the prevailing problems of sex might be 
uncovered in such an investigation. 

The primary purpose of this work lies in an at tempt  to place our 
knowledge of the development of the reproductive system of a chelonian 
upon a basis which will allow satisfactory comparisons with the facts 
already known concerning related questions in other vertebrate forms. 
Because of the phylogenetically intermediate position of the reptiles 
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in relation to the lower and higher vertebrates, one might reasonably 
expect to find significant correlations between the distinct types of 
reproductive systems. The following discussion constitutes the first 
of a series of papers which consider several phases of the development 
of the reproductive system as determined from a study of the common 
Musk Turtle, sometimes known as the "Stink-pot Terrapin", Sterno- 
therus odora~us (L&TRE1LLE). 

My sincere appreciation and thanks are extended to Professor PETER 
O. OKKELBERG of the Department of Zoology of the University of 
Michigan, under whose direction this investigation was begun and carried 
out. I wish also to thank Professor E ~ L  WlTSCHI of the Department of 
Zoology of the State University of Iowa, who has kindly read the manu- 
script. 

I. The embryonic origin and migration of the primordial germ cells. 

A. Introductory statement. 

Particular emphasis in the following observations and discussion 
is directed toward the following problems: the primordial germ cells 
and their extraregional embryonic origin, their migration to the gonad 
region, and their behavior in the undifferentiated germ glands. The 
question of germ cell origin in reptiles remains ~nsettled, especially 
since the investigations of SIMKI~S (1925) and S ~ K ~ S  and ASA~A (1930). 
The same argument exists among workers on reptiles as among workers 
on other vertebrates. The majority of investigators are agreed that  the 
germ cells are segregated early in the life of the embryo, and that  they 
persist to give rise to the definitive germ cells of sexually mature animals. 
S ~ K ~ S  and ASA~A are apparently the only investigators in this field at  
the present time. They are emphatic in their position that  there never 
are any such cells as primordial germ cells, and that  germ cells are not 
present in the reptilian embryo until the formation of the genital folds 
when they arise from the cells of the germinal epithelium. The literature 
will be considered more fully in the discussion of our results. 

B. Material and Methods. 

The material used in this study consists of a complete series of embryos 
collected by the writer during several summers of observation upon the 
habits and embryology of the Musk Turtle, Sternotherns odoratus 
(LATREILLE). For further information regarding the natural history of 
this turtle, the reader is referred to another publication by the writer 
(RIsLEY, 1933). Due to various difficulties encountered in obtaining the 
eggs from a normal environment at the times when embryos were 
desired, the eggs were collected during the egg-laying season and brought 
to the laboratory, where development proceeded very satisfactorily. 

30* 
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The embryos were removed from the eggs at  the desired intervals 
and fixed in various solutions. BouIN'S fluid gave the most consistent 
and best results. Z~NKSl~'S, C~AMPY'S and cold FLEMMINO were also used 
occasionally. For all general purposes, BoviN's fluid gives very satis- 
factory preparations of reptilian material. HEIDENHAIN'S Iron Haema- 
toxylin was used almost exclusively in staining, and only occasionally 
was it followed with a counterstain of Eosin or Licht Grtin. Other stains 
used were EHRLICII'S Haematoxylin,  and MArEI~'S Phosphomolybdie Acid 
Haematoxylin,  especially applicable with the younger specimens and for 
the demonstration of cell membranes. 

I t  is well known that, in the developmental stages of reptilian embryos, 
there is a remarkable degree of variation. Collections of Sternotherus 
embryos during three summers have disclosed no entirely satisfactory 
way of designating the exact stage of any given embryo. I t  has been 
found best to group the embryos according to size and approximate age. 
The stages to be described are given in terms of the antero-posterior 
length in millimeters, as measured after fixation. The cervical and caudal 
flexures appear early, and measurements are made in terms of the distance 
between the points of flexure. Only representative stages are considered 
in the observations recorded. 

C. Observations. 

1. Origin o/ the primordial germ cells. 
Embryos of approximately 72 hours after laying (1.6 to 1.75 ram. 

in length). These embryos are characterized by the presence of the open 
neural groove, and the first to the third somites. The head-fold is well- 
defined, and the amnion extends well over the embryo although its 
degree of development is somewhat variable (fig. 1). 

The entodermal cells underlying the embryo proper anterior to the 
neurenteric canal have lost most of their yolk granules and cellular 
differentiation is progressing rapidly. In  a typical transverse section 
just anterior to the neurenterie canal of an embryo of this stage (fig. 2), 
the entoderm may  be divided into three regions : 1. That  which underlies 
the embryo proper and extends laterally to the edge of the area pellueida 
- -  the definitive entoderm. I t  consists of a layer of one or occasionally 
two cells in thickness, and the cells are characterized by  a noticeable 
absence of yolk granules. 2. Towards the margin of the area pellucida, 
the entoderm gradually increases in thickness, becoming from three to 
six cells deep. The cells in this intermediate zone contain numerous small 
yolk granules, which vary from 3 to 9 micra in diameter. 3. In  the 
area opaca, the entodermal (vitellin entoderm) cells are much larger, with 
vaeuotated cytoplasm and many  large yolk granules. The yolk granules 
of the yolk-sac entoderm may  sometimes even reach a diameter of 
27.5 micra. 
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The intermediate region of the entoderm will be known as the germ- 
cell zone, for it is here that  the germ cells are first recognized. An examina- 
tion of the serial sections reveals the position of the germ-cell zone in 
relation to the blastoderm (fig. 1). From the 
neurenteric canal, the germ-cell zone extends 
cephatad on each side of the area pellucida to 
a point about one-third (500 micra) of the distance 
between the neurenteric canal and the cephalic 
end of the embryo. As the arms of the zone are 
followed anteriorly, they become smaller, taper 
off and disappear. In  the region of the neurenteric 
canal, the lateral arms gradually converge posteri- 
orly towards the median line, where they meet 
and become continuous for several sections at the 
ventralsurface of the primitive plate. ALLEN (1906) Fig. 1. Photomicrograph 
already has described this region as horse-shoe of a three somiteembryo. 

The ge rm cell zone is 
shaped, d rawn  in out l ine in i ts  

approx ima te  position wi th  
The individual cells of the germ cell zone are respect to the remainder 

characterized by the presence of numerous yolk of the cmbryo.( • 9.) 
granules in the cytoplasm (fig. 9). This is 
their most pronounced character at this time, primarily because of the 
absence of the yolk granules in most of the other cells of the embryo 

Fig. 2. Pho tomie rog raph  of a t r ansve r se  section th rough  the  g e r m  cell zone of a 1.75 m m .  
embryo  (3 somites) ,  showing the  relat ions of the  en todermal  par t s .  ( • 52.) 

proper. Because of the crowded arrangement of the cells the cell outlines 
are irregular in many instances; the cell membranes are also more distinct 
than those of adjacent entodermal elements. The germ cells appear in 
compact groups, and entodermal cells, which are usually somewhat 
flattened so as to remind one of follicle cells (fig. 6), surround them. 
In cases where the cytoplasm may be seen, it is of a clear homogeneous 
nature, distinctly different from that  of the smaller cells of various 
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other regions of the embryo in which the cytoplasm is more granular 
and more deeply stained. The nuclei of the primordial germ cells differ 
from those of the entodermal cells in the immediate vicinity of the 
germ cell zone mainly in their general spherical shape, in the presence 
of one or two large nueleoli, and in the more indistinct chromatin. The 

Fig.  3. P h o t o m i c r o g r a p h  of a t r a n s v e r s e  sect ion of a 5 somi te  e m b r y o  showing  the  posi t ion 
of t he  g e r m  ce]l zones. They are  now s e p a r a t e d  f r o m  the  vi te l l in  e n t o d e r m  a n d  lie in  the  

de f in i t ive  en tode rm.  ( x  52.) 

nuclei may  be central in position but  they are often crowded to one side 
of the cells by  yolk granules. They are approximately 10 micra in dia- 
meter, while the cells themselves vary some in size but average about  

Big. 4. P h o t o m i c r o g r a p h  as  in  Fig .  2, showing  the  presence of the  g e r m  cell zone on one 
side only. No te  the  h a e m o b l a s t s  in  the  e n t o d e r m  of the  s a m e  region.  I n  a d j a c e n t  sect ions,  

t he  i so la ted  blood cells are  connec ted  w i t h  the  e n t o d e r m .  ( • 52.) 

17 micra in diameter. A primordial germ cell is compared with an ento- 
dermal cell of this region in fig. 7. Fig. 8 shows a cell from the ventral  
region of the primitive plate of an earlier stage, in which the cells are 
undifferentiated. I t s  character is very similar to that  of the primordial 
germ cell. 

Occasionally, the primordial germ cells are found in mitosis during 
this stage (fig. 6). During the earlier periods when embryonic cells 
are morphologically similar, cell division apparently occurs more or 
less uniformly in all regions of the embryo, except in certain growth 
centers where it is more rapid than in others, such as in the walls of the 
blastoporic canal, the dorsal lip of the blastopore, and the primitive plate. 
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Since numerous primordial germ cells are present, mitoses must have 
occurred among them. Their divisions in the early developmental stages 
are looked upon as constituting a primary period of multiplication. 

Fig.  5. P h o t o m i c r o g r a p h  of a t r an sve r se  sect ion of  an  e m b r y o  of t en  somites .  The  g e r m  
cells are  located  in  two regions  of the  e n t o d e r m  on e i t he r  s ide of the  m e d i a n  line. ( • 52). 

Nearby, but  lateral to the germ cell zone, certain cells, which are 
taken to be angioblasts, appear among the cells of the vitellin entoderm 
(fig. 12 and 13). The cells are small and their staining capacity is 

Fig.  6. D r a w i n g  of the  g e r m  cell zone of the  r i gh t  s ide of an  e m b r y o  of 1.75 m m .  
PGC P r i m o r d i a l  g e r m  cell. D E  D e f i n i t i v e  en tode rm.  V E  Vitel l in  e n t o d e r m .  Z G e r m  cell 

zone. A Angiob las t s .  A C  A m n i o n  a n d  Chorion.  N Notoehord .  N G  N e u r a l  g roove .  

decidedly more basophilic than that  of the surrounding cells. They are 
grouped together exactly as the cells of the blood islands which are just 
appearing between the splanchnic mesoderm and the vitellin entoderm 
of the area opaca. Transitional forms between the cells of this region 
and primitive blood cells are also demonstrable. The cells at the edge of 
the pellucida undergo a decrease in size, become more basophilic in 
staining reaction, and increase in number by rapid cell divisions. 
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ALLEN (1906) states that,  "The cord-like anlage of the red-blood corpus- 
cles appears immediately above the sex-cell zone." He was undecided, 
however, as to the question of the origin of the angioblasts, although he 
was inclined to consider them as derivatives of the mesodermal layer. 
There is no evidence of the presence of blood cells within the area pellncida 
at  this stage, except for the ones encountered in the margin in close 
relation with the germ cell zone. The blood cells of the area opaca are 
apparent ly derived from the mesoderm. The presence of the blood cells 
in the entoderm might be accounted for by  assuming that  they had 
migrated from the mesoderm into the entoderm. They find their way 

Fig. 7. 2~ drawing  of a p r imord ia l  g e r m  cell and  a n e a r b y  en tode rma l  cell of the  same 
embryo  as  Fig. 6. 

into the blood stream later, but  at  this particular time, there is little 
or no activi ty on the par t  of the angioblasts themselves. Since the cells 
in question are found among the deeper entodermal cells, ventro-lateral 
to the germ cell zone, and since transitional cells are present in this region, 
it appears that,  in this form, the entoderm may  be a contributing factor 
in blood cell formation. R~CKERT (1906) has described an origin of blood 
cells from the entoderm in embryos of the Selachia and the Reptilia. 
JORDAN and FLIPPIN (1913), however, did not find vascular elements 
among the yolk-laden cells of the vitellin entoderm in turtle embryos. 

2. Migration el the primordial germ cells. 
(1) Embryos of 2.0 mm. total length (approximately 4 days following 

laying). In  embryos of this stage, the neural groove is partially closed. 
The notochord is completely set off from the entoderm, and five somites 
a r e  visible. 

The germ cell zone is no longer closely at tached to the large cells of the 
yolk-sac entoderm, but is separated from them by  a few entodermal 
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cells which resemble the cells of the definitive entoderm between the 
germ cell zone and the median axis of the embryo (fig. 3). Little change 
occurs in the position of the germ cell zone in relation to the remainder 
of the embryo. The germ cells are still dividing although probably 
very slowly, judging from the number of mitotic figures present; it is, 
however, very difficult to distinguish a dividing primordial germ cell 
from an entodermal cell in mitosis. The separation of the germ cell 
zone from the vitellin entoderm in this stage is more likely due to the 
widening of the area pellucida rather than to an actual shifting of the 
germ cell zone as a mass toward the median line. 

A variation which seems especially worthy of notice is the absence 
of the germ cell zone on the right side of an embryo of four somites. The 

germ cell zone of the left side is distinctly 
hypertrophied, probably compensating for its 

Fig. 8. Drawing  of an  ear ly  Fig. 9. Drawing  of a Fig. 10. Drawing  of a p r imer -  
embryon ic  cell f rom the  floor pr imordia l  ge rm call. dial ge rm cell f r o m  the  meson- 
of the  p r imi t ive  pla ta  of an  to ry  of a 25 semi te  embryo, 

embryo a t  gas t ru la t ian ,  showing a m o e b o i d  charac te r .  

absence on the opposite side (fig. 4). I t  is a common occurrence to find 
the germ cell zone of the left side of the embryo somewhat larger than  
the right one; the opposite condition has never been encountered. 

The resting primordial germ cells are now very easily distinguished 
from the surrounding entodermal cells (fig. 11). They may  be identified 
by  their spherical, oval, or sometimes irregular contours, which make 
them stand out sharply in contrast to the elongated columnar elements 
of the entoderm proper. Definite cell membranes form cytoplasmic 
boundaries which allow no doubt concerning their identification. Irregu- 
larities in the cell outlines at  this time are due to the compact arrangement 
of the groups of cells. The nucleus is almost spherical in shape, and is 
enclosed by a deep-staining nuclear membrane, showing a concentration 
of chromatin around the periphery. A fine granular network of chromatin 
extends irregularly throughout the nucleus and surrounds a slightly 
excentric nucleolus. Yolk granules are typical structures of the cyto- 
plasm, but, in some of the cells they have already disappeared, and 
in many  of them, they are now decreasing in number and size. A new 
structure appears in the cytoplasm as a crescent of deeply stained granules 
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in close juxtaposition to the nucleus, forming a nuclear cap a t  one pole of 
the cell. I t  represents the centrosphere, together with mitoehondria and 
minute yolk granules, and will be designated as the attraction sphere. 
The attraction sphere can only be observed in those cells which have 
lost or are losing their yolk granules, and is correlated in some way 
with the disappearance of the yolk. I t  persists and forms a most valuable 
criterion for the identification of the primordial germ cells in the later 
stages. 

(2) Embryos  of approximately 2.5 mm. total  length (about 6 days 
after laying).  In  embryos of about ten somites, the primordial germ cells 
have become somewhat separated in the anterior portions of the germ 
cell zone, although they retain a cord-like arrangement in the greater part  

Fig .  11. D r a w i n g  of a p r imord iM g e r m  cell 
f r o m  the  g e r m  cell zone of a 2.0 ram.  embryo .  
No te  the  large a t t r a c t i o n  sphere and  the  

presence of smal l  yolk  gramfles .  

Fig.  lB. D r a w i n g  of an  a n g  ioblast  f r o m  an  
ea r ly  embryo .  

of their antero-posterior distribution. The germ cell zone appears as two 
cords, one on each side of the embryo. The cords are not continuous in 
every section, but  the apparent  segmentation does not in any  way corres- 
pond to the segments of the embryo, and only calls to mind the "Gono- 
tome Theory" of Rt~eKERT (1888). The germ cells lie either singly or 
in groups in the entoderm about midway between the median axis and 
the margin of the area pellueida. They are found as far forward as the 
sixth somite and may  be observed in almost every section as far back as 
the neurenteric canal where they become more scattered. There is still 
some indication of the posterior connection of the two lateral arms of 
the germ cell zone. Coincident with the elongation of the embryo, there 
has been a slight increase in the eranioeaudal extent of the germ cell 
zone, which is now about 710 micra in length. 

A comparison of the embryos at  this stage of development shows tha t  
variation is quite extensive. Consequently, an exact position and distri- 
bution of the germ cells can not be accurately given. These differences 
are probably due to variations in the rates of growth and differentiation 
of the individual embryos. The folding of the splanchnopleure and the 
widening of the area pellucida results in a shifting of the germ cell zone 
towards the mid-line of the embryo (fig. 5). Generally speaking, the 
primordial germ cells lie in the entoderm on each side of the embryonic 
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axis between the median line and the outer edge of the area pellucida, 
and in the posterior third of the blastoderm. 

(3) Embryos  of 3.25 ram. total  length and approximately 8 days after 
laying (14 somites). In  embryos of fourteen somites, the most cranial 
germ cells are in the region of the tenth semite. The cord-like germ cell 
zones have become broken up and are less continuous than  in early stages. 
The primordial germ cells are now often found as single cells in the ento- 
derm; this presages the beginning of an independent migration of each 
individual cell. The breaking up of the groups of primordial germ cells 
is more pronounced at  the anterior end of the germ cell zone than  at  the 
posterior, where the cords of cells still remain intact. The zones now 
extend over a distance of about 800 micra. Only occasional germ cells 

Fig. 13. Drawing  of a por t ion  of the  en to4e rm of a 
3-semite  embryo ,  showing the  pr imordia l  g e r m  cells 

and  the  angioblas ts  in the  g e r m  cell region. 

Fig. 14. Drawing  of a res t ing  and  a 
dividing pr imordia l  ge rm cell f rom the  
geni ta l  r idge of a 5.0 m m .  embryo .  

appear  in the vicinity of the neurenteric canal, and one has been found 
in the splanehnic mesoderm. DUSTIN (1910) and JOIRDAN (1917) have 
both seen primordial germ cells in the splanchnic mesoderm during the 
early migration stages, but this is apparent ly the result of a deviation 
from the normal migration path. There has been a progressive decrease 
in the yolk content of the germ cells, and in many  of them there is no 
longer any trace of the yolk granules. The cells often have irregular 
outlines, indicative of an amoeboid character. 

With the increase in the length of the embryonic axis, the region 
of the germ cell zone which extended across the embryo, connecting 
the two antero-Iateral arms just posterior to the neurenteric canal on 
the ventral  surface of the primitive plate, disappears. I t  has been stated 
by  ALLEN (1906) that,  in embryos of about  this stage, there are no germ 
cells to be found in the yolk-sac entoderm of the blastoderm posterior 
to the embryo proper. He suggests several reasons for their absence: 
"This may  be due to a folding forward of the entoderm of tha t  region 
to assist in the closure of the alimentary tract, coupled no doubt  with 
independent migration of the sex cells. - -  I t  may  be possible tha t  at  
least some of the sex cells may  degenerate in situ or be transformed 
into somatic cells, although I think it unlikely tha t  such is the case." 
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In  order to answer this question if possible, 3[ have examined these 
stages very carefully. I t  seems evident tha t  the disappearance of the 
yolk-laden cells of this region is correlated with the elongation of the 
embryo posteriorly, and that  it occurs before the formation of the hind- 

gut. Furthermore, the cells in the posterior region 
of the germ cell zone are still arranged in compact 
groups and have not reached a stage of independent 
migration. None of these cells appear to be degen- 
erating. I t  is possible tha t  the primordial germ 
cells may  become entodermal cells of the hind-gut, 

Fig. 15. Drawing  of a 
degenerating primor- but  there is no evidence for such a view. I t  seems, 
dial germ cellfrom the rather, tha t  the primordial germ cells of the posterior 
indifferent  gonad  of an  

8.0 ram. embryo, curve of the germ cell zone are forced to a lateral 
position as the embryo elongates. One embryo, in 

which the hind-gut has formed unusually early, shows the presence of 
a few of the primordial germ cells in the entoderm of the hind-gut, as 

F ig .16 .  Pho tomic rograph  of a t ransverse  section t h rough  the  m e s e n t e r y  of a 4.9 n~m. 
embryo ,  showing the  passage of the  pr imordia l  g e r m  cells f rom the  en tode rm to positions 

in the  mesen t e ry  and  the  per i toneal  epi the l ium.  ( •  293.) 

well as some in the yolk-sac entoderm posterior to the embryo. I t  
seems unquestionable tha~ growth factors involved in the elongation 
of the embryo are responsible for the lateral position of the primordial 
germ cells in the posterior part  of the embryo. 

(4) Embryos  of 3.8 mm. total  length and about  9 days after laying 
(18 somites). In  eighteen somite embryos, the neurenteric canal is still 
open and the hind-gut may  or may  not have begun its development. 
The germ cells lie in the entoderm on both sides of the open gut below 
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the lateral walls of the aorta. They appear  as two more or less closely 
packed groups of cells in the fold of the entoderm, which is being carried 
ventrally by  the folding of the splanchnopleure. Some of the cells may  
lie in the entoderm as isolated units. The germ cell zones extend anteriorly 
from the neurenteric canal for a distance of about  1000 micra. No 
change is noted in the structure of the primordial germ cells. 

(5) Embryos  of 4.9mm. total  length (11 days incubation, 28 somites). 
In  the 28 somite stage, the primordial germ cells have reached the 
median axis of the em- 
bryo, where they are 
scattered among the ento- 
dermal cells and in the 
dorsal mesentery. The 
mesentery is short and 
thick anti is in the pro- 
cess of formation. Fig. 16 
illustrates the migration 
of the primordial germ 
cells from the entoderm 
into the splanchnic meso- 
derm of the mesentery. 
A few of the germ cells 
are encountered as far 
forward as the tenth so- 
mite. Jus t  posterior to 
the omphalomesenteric 

arteries they become very Fig. 17. Photomicrograph showing the primordial germ 
numerous. None of them cells in the m e s e n t e r y  and  in the  geni ta l  ridges. Yolk 

g r a n u l e s m a y  be e i ther  present  or absen t  in the  pr imordia l  
a r e  in mitosis, and g e r m  cells of these l a t t e r  s tages.  ( • 293.) 

practically no structural 
changes appear in this stage. In  embryos fixed in Z~.~K~R'S fluid 
and stained in M_AYE~'s Phosphomolybdic Acid Haematoxylin,  the cells 
stand out very clearly from the mesodermal elements of the mesentery. 
The cell outlines are distinct and definite; often irregular contours 
demonstrate amoeboid characters (fig. 10). 

(6) Embryos  5.0 ram. in length from the cervical to the caudal flexure 
(about 12 days incubation). Impor tan t  changes in the form of the 
embryos have occurred in the eleventh and twelfth days of the develop- 
mental  period. The cervical flexure becomes accentuated and the caudal 
flexure appears. A single section through the mid-gut region shows 
the presence of primordial germ cells in the entoderm, in the elongating 
dorsal mesentery, and in the genital ridges which are just  beginning to 
appear. The genital ridges are made up of one or two layers of epi- 
thelial cells among and beneath which the primordial germ cells are 



473 Paul L. Risley: Contributions on the Development of the 

located (fig. 17). Mitotic figures in the per i toneum and in the underlying 
mesenchyme indicate the beginning of the format ion of the indifferent 
gonads. The mesenehymM cells are few in number,  apparen t ly  due to 
the  presence of the large subcardinal veins immediately  dorsal to the  
genital  ridges. 

Statistical studies of the number  of primordial  germ cells have hereto- 
fore proved relatively unprofitable, but  they  have shown tha t  there 
is an  extreme range of variation. ALLEN (1907) found the number  to 
v a r y  from 302 to 1744, averaging about  700 for each embryo.  DUSTIN 
(1910) and JORDAN (1917) have found the number  to be much smaller, 
the  average being about  300. I n  the first embryo counted by  the writer, 
approximate ly  984 were found, while in the second, there were 1532. 
Table I illustrates the distr ibution and approximate  number  of pri- 
mordial  germ cells in the embryo under  discussion. Because of the 
large variation,  only two counts were made.  

T a b l e  1. 

Embryo 
No. 109 

Anterior 
Slide No. 8 
Slide No. 9 
Slide No. 10 

Slide No. 11 

Slide No. 12 
Slide No. 13 

Posterior 

Gut 

Ento- l~Iesen- 
derm chyma 

0 0 
11 1 
5 1 

45 40 

193 153 
2 2 

256 207 

~lesentery 

Meso- :Mesen- 
thellum chyma 

2 2 
7 2 

28 29 

264 

33 2101 

Genital 
Ridges 

Left Right 

Abnormal 
in Position 

130 

2 1 
7 9 

46 41 

9i 78 

45 44 
1 1 

i 
Position I No. 

0 
0 

Mesenehyme 3 
of Body 

Near Aorta 1 
Sympathetic 

Ganglion 1 
In  Aorta 1 

mesenchyme 
of Body 2 
Coelom 2 

0 

Total 

7 
37 

153 

648 

680 
7 

Total 200 508 192 172 10 1532 

Table illustrating the number and distribution of the primordial germ ~ells in 
an embryo of 5.0 ram. in length from the cervical to the caudal flexure. Ap- 
proximately 42 sections at 10 micra per slide. 

Primordial  germ cells are found in mitosis as soon as they  reach the 
vicinity of the genital ridge (fig. 14). Some of them are in the early 
prophases of divisions while still in the  dorsal pa r t  of the mesentery.  
The small number  of mitotic figures encountered in the mesenteric 
region renders it probable tha t  divisions of the primordial  germ cells 
are relatively infrequent during the migrat ion period. The resumption 
of cell division, a l though slow at  first marks  the beginning of a so-called 
secondary period of multiplication. 
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Certain of the primordial germ cells are found in distinctly abnormal 
positions (Table 1). These will be considered more fully later, since 
they are more commonly observed after the majority of the germ cells 
have reached the developing sex-glands. 

3. The germ cells o] the indi//erent gonads. 
During the early formative period of gonadogenesis, the morphological 

pictures are complicated to a marked degree by the development of the 
numerous blood vessels of the mesonephric region, the mesonephroi 
and their glomeruli and 
capsules, the appearance of 
the urogenital connections, 
and the adrenal tissues. 
All of these, together with 
the growing genital ridges 
and the mesenchymal ele- 
ments, contribute to the 
confusion which exists con- 
cerning the problem of early 
gonado-genesis and the ori- 
gin of the various elements 
of the germ-glands. This 
has been pointed out by 
FI~KET (1914), who says: 
((La principale cause de 

l'obscuritd qui r~gne encore Fig.  18. P h o t o m i c r o g r a p h  of a t r a n s v e r s e  sec t ion  
s u r  cette question rdside t h r o u g h  the  ind i f f e ren t  g o n a d s  of a n  e m b r y o  of 6 . 0 m m .  

l e n g t h  (cervical  to  c a u d a l  f lexure) .  No te  t h e  def in i te  
d a n s  l e  p e u  d e  n e t t e t ~  d e s  cell ou t l ines  of t he  p r i m o r d i a l  g e r m  cells a n d  the  
images que l'dbauche pr~- presence or  absence  of yo lk  g r anu l e s ,  also t h e  absence  

of d e g e n e r a t i n g  g e r m  cells o r  t he  t r a n s f o r m a t i o n  of 
sente.~) The indistinct ap- epi the l ia l  e l emen t s  in to  g e r m i n a l  cells. ( • 208.) 

pearance of the numerous 
cord-like lumenless structures of these early stages has resulted in 
as many conflicting views on the origin and growth of the uro- 
genital connections and the sex-gland components as there are possi- 
bilities. The observations recorded here are concerned primarily with 
the primordial germ cells and their subsequent history during the 
indifferent period of gonadogenesis, which signifies that  period of develop- 
ment during which the genital ridges proliferate and enlarge before the 
appearance of definite sex characters, such as sex-cords, spermato- 
genii or oogonia, etc. Briefly stated, the period constitutes one in 
which the genital ridges undergo an organization into definite medullary 
and cortical primordia in preparation for sex-differentiation. 

(1) Embryos of 5.0 to 7.5 ram. in length (cervical to caudal flexure; 
12 to 18 days after laying). Except for occasional mitoses, the primordial 
germ cells are relatively inactive during th i s  period of germ-gland 
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organization; at least they show no outstanding morphological modi- 
fications. They retain the same clear cytoplasm with definite cell bound- 
aries, the characteristic nuclear shapeand number of nucleoli, tim attraction 
sphere, and other characters which have designated them as cells of a 
special and distinct type from those of the mesonephric region and the 
coelomic epithelium. Some yolk granules are retained by some of the 
germ cells throughout the entire period, and some have been found 
with yolk granules in much later stages (embryos in sex differentiation 
- - 1 1 . 0  mm. carapace length). A few cells are apparently unable to 

Fig.  19. Same  as  18, b u t  of an  e m b r y o  of 7.5 ram.  length .  The  p r imord ia l  g e r m  ceils a re  
abou t  equal ly  d i s t r ibu ted  in the  epithelial  l ayer  a n d  in the  inner  por t ion of the  gonad.  

( x 208.) 

assimilate the yolk and carry on; these undergo degenerative changes 
(fig. 15). The degenerating cells are never very numerous, however, 
and degeneration of the primordial germ cells is not a general feature 
of this period of development, as postulated by some authors [DusTIN 
{1910) and SI~KINS and ASA~A (1930)]. 

The most prominent change during this period is the increase in the 
size of the genital ridges (figs. 18 and 19). Cell divisions occur in 
large numbers in the germinal epithelium and in the underlying 
mesenchyme, producing a thickening of the germinal epithelium, which 
becomes two or three cells deep. I t  appears as if cells from the epi- 
thelial layer break away and enter the inner portion of the dense mass 
of cells and there is no very definite line of demarcation between the 
epithelial and inner portions. Whether additional cellular elements are 
added to the complex from the mesonephrie tissue is extremely difficult 
to  determine, because of the great similarity of all of the elements 
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including the mesenchymal cells of the region. I t  seems likely that  both 
sources contribute to a certain extent, but  the problem will be dealt 
with in more detail in a later paper of this series. At the beginning of 
the indifferent period, the germinal ridge extends posteriorly over ten 
or eleven somites, beginning cranially in the region of the eleventh 
primary Malpighian corpuscle of the mesonephros. Toward the end of 
the period, they are slightly longer, and can be measured upon dis- 
section under the binoculars; they are then about 1.1 mm. in length. 
There is practically no appreciable difference in the width of the ridges 
until somewhat later, and no differences in the general size and appear- 
ance of the left and right gonad anlage have been observed. 

Among the increased number of cells of the indifferent gonads are 
numerous primordial germ cells. The additional ones are the results 
of divisions of early arrivals in the gonadal region, and many of them 
are newcomers from the entoderm by way of the dorsal mesentery. 
The migration is entirely completed by the end of this period, at which 
time the primordial germ cells are about equally distributed among the 
cells of the thickened germinal epithelium and the cells of the inner 
medullary portion of the gonad (fig. 19). There is no evidence that  
indicates a transformation of cells of the germinal epithelium into 
"primary germ cells", as SIMKINS and ASANA (1930) and SIMKINS (1925) 
have at tempted to demonstrate. 

D. Literature and Discussion. 

1. Historical rdsum4. 
In 1870, WALDEYE~ Was the first to advance a theory of the embryonic 

origin of vertebrate germ cells. He observed the presence of large spheri- 
cal cells in the coelomic epithelium of the genital ridge of a chick embryo, 
and believed them to be early developmental stages of ova ("Ureier"). 
The peritoneal epithelium of this region of the coelom was designated 
by him as the "Keimepithel",  or germinal epithelium, from which the 
so-called germinal epithelium theory of germ cell origin has taken its 
name and significance. Numerous investigators have ardently given 
their support to the idea that  the germ cells are derived from the meso- 
dermal elements of the peritoneal or germinal epithelium of the growing 
gonads. Most of these have made their investigations upon mammalian 
forms (HAI~GITT, SIMKINS, STIEVE and others), although not exclusively 
so. In fact, some of the authors [WALDEYER himself (1903), FELIX 
and Bt)HLEI~ (1906), and FELIX (1912)] suggest that  the germ cells may 
arise earlier in vertebrates below the mammals phylogenetically, but 
insist that,  in mammals, the germ cells arise only from the epithelium 
of the germ-gland. 

Evidence favoring an early segregation of germ cells has slowly, 
been accumulating. In certain invertebrates, Sagitta [O. HE,TWIG (1880)] 

Z. f. Zellforschung u. mikr. Anatomic. Bd. 18. 31 
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Ascaris [BovERI (1887)], certain Diptera, Coleoptera, and Hemiptera 
[HEGNE~ (1914), HASPER (1911)], Drosophila [HUETTNER (1923)], 
and many others, it has been possible to show that  the germ cells are 
derived from cells of early cleavages. In the vertebrates, studies in 
cell lineage are much more difficult, and the material does not lend 
itself to such accurate demonstration of the history of single cells in 
early cleavage stages. EmENMAZ~ (1896) believed that  in Cymatogaster 
the close similarity in size and structure of the germ cells to the blasto- 
meres of the 32-cell stage indicated a segregation at that  time. I t  has 
been adequately demonstrated that  the germ ceils of vertebrates, at 
least those below the mammals phylogenetically, originate extraregion- 
ally and migrate to the sex-gland anlage. The, are usually located 
in some special zone of entoderm or mesoderm, and are distinguished 
in early stages principally by their location and the presence of large 
numbers of yolk granules. I t  is impossible to mention here all of the 
investigators who have favored the theory of early segregation. NVSS- 
BAUM (1880), WEISMA~N (1885), BEARD (1904), WOODS (1902), ALLEN 
(1906, etc.), KING (1908), WITSCHI (1914), SWIFT (1914), OKKELBERO 
(1921), SWI~GLE (1925), HAhN (1927), GOLDSMITH (1928), and CrIE~G 
(1932), as well as many others have given accounts which are inter- 
preted as favoring early segregation. 

Many modifications of the above theories have been presented. 
While some workers (RUBASCHKIN, ALLEN, WITSCHI, OXKELBERG, 
HANN, SWINOLE and others) have been able to show that  the primordial 
germ cells actually give rise to the definitive germ cells of the adult, 
others have assumed that  such is the case without examination of 
later developmental stages. Or some [Fn~KET (1920), ~r (1931)] 
believe that  a few of the primordial germ cells may possibly become 
definitive gonia, but  that  the majority of the definitive germ cells are 
derivatives of mesodermal elements of the germinal epithelium. VoN 
WINIWARTER et SAIMONT (1909), KINGERY (1917) and HARGITT (1926) 
believe that  the so-called primordial germ cells are only transient struc- 
tures that  later degenerate; the definitive germ cells are then derived 
from the germinal epithelium. KUSCHAKEWlTSCH (1910) thinks that,  
in Rana esculenta, the oogonia are derived from the primordial germ 
cells, but  that  the spermatogonia are transformed mesodermal cells 
from the axial mesenchyma. VON BERENBERG-GossLm~ (1914) ques- 
tions the identity of the primordial germ cells as germinal elements, 
and concludes that  they are merely entodermal wandering cells which 
participate in a late period of mesoderm formation. According to 
GATENBY (1916), there is a seasonal transformation of peritoneal cells 
into definitive germ cells in Bana, although later (1924) he admits that  
the primordial germ cells may form some of the definitive reproductive 
elements. BUTCHER (1928) found that  both primordial germ cells and 
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cells from the germinal epithelium form the definitive germ cells of the 
lake lamprey. 

Many excellent reviews of the literature have been made during 
the past ten years. The' reader is referred to OKKELBERG (1921) and 
HEYS (1931) for more detailed references and literature lists concerning 
the general problem. 

The very early investigators of reptilian material were primarily 
interested in the general developmental history of the reproductive 
organs rather than in the germ cell history, and only cursory attention 
was given to the problem of germ cell origin. B~AUN (1877), working 
on embryos of Lacerta agilis and Anguis ]ragilis, observed large cells, 
"Primordialeier", in the germinal epithelium, from .which lie believed 
they were derived. VoN MIHALKOVICS (1885) also observed the same 
cell types in Lacerta agilis, but he called the large cells "grol~e Ge- 
schlechtszellen", pointing out that  it was impossible to distinguish 
whether or not they were primitive ova. HOFF~_~NN (1889), also working 
on Lacerta, observed large cells in the peritoneal epithelium of the 
splanchnopleure in very young stages, but was unable at that  time to 
trace them to the sex-gland anlagen. This is apparently the first inti- 
mation that,  in the Reptilia, the large cells of the germinal epithelium 
might have an extraregional origin. 

In 1906, B. M. ALLV, N published the results of an investigation on 
the origin of germ cells in the painted turtle, Chrysemys marginata. 
In a 1.7 mm. embryo, he was able to locate the primordial germ cells 
in the entoderm between the area pellucida and the area opaea, entirely 
outside of the embryonic area and opposite the posterior third of the 
embryo. The primordial germ cells are readily distinguished from the 
surrounding entodermal units by their large nuclei with a single nuc- 
leolus, their clear cytoplasm and well-defined cell boundaries. Another 
important characteristic for their identification is the presence of yolk 
granules in the cytoplasm. In later stages, the cells migrate toward the 
median line of the embryo, where they enter the mesentery. The migra- 
tion of the primordial germ cells continues dorsally through the mesentery 
to the genital ridge. He was able to show that  these migrating cells 
persist through the later stages to give rise to the definitive germ cells 
of the adult. In a later paper (1907), ALL]~N describes a large variation 
in the number of germ cells present in each embryo. I t  was possible 
to determine that  a more restricted range of variation occurred in 
embryos of the same parentage than in embryos from different parents, 
thus suggesting that  variation in germ cell number is possibly hereditary 
in nature. 

JARVIS (1908) described an early segregation of germ cells in Phryno. 
soma cornutum. However, only two stages of development were consi- 
dered, and they show no fundamental differences from the condition 

31" 
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in Chrysemys. No transitional cells between purely entodermal cells 
and primordial germ cells were observed. The migration path agrees 
with that  described by ALLEN. GASPARRO (1908) demonstrated the 
presence of the large migrating primordial germ cells in embryos of 
Gongylus ocellatus, and traced them from a position in the entoderm to 
their final location in the indifferent gonads, thereby confirming the 
results of ALLEN. 

Although DUSTI~ (1910) confirmed ALLEN'S observations on  Chry- 
sems, his conclusions differed from those of ALLEN. After studying the 
embryonic stages only up to the embryo of 8.5 mm. in length, he con- 
cluded that  the primordial germ cells degenerate and are replaced by 
peritoneal cells which become the definitive germ cells of the adult, 
making two generations of germ cells. Controversial papers were published 
by DUSTI~ (1911) and ALLE~ (1911). Because of the completeness of 
ALLEN'S investigation, it must be given the greater attention. 

VoN BE~ENBERG-GoSSLER (1914) has drawn some unique con- 
clusions after a study of the migrating primordial germ cells of Lacerta 
agilis. According to him, the cells in question are not to be considered 
as germ cells at  all, but as mesoderm-forming cells. He interprets the 
migration of the so-called primordial germ cells from the entoderm as 
a method of late mesoderm formation, and presents evidence for such 
a view. Instead of finding all of the "entodermal wandering cells" 
entering the sex-gland anlage as germ cells, he has observed many of 
them contributing to the formation of the WOLF~IAN duct, which is in 
itself a unique condition. This conception must be discarded much as 
the "Gonotome Theory" of germ cell origin [I~ffCKERT (1888)] has been. 

According to H. E. JORDAN (1917), the origin and migration of the 
primordial germ cells in Caretta caretta follows the same general plan as 
described by ALLE~, DUSTIZq, JA~WS and GAsPA~go. The primordial 
germ cells migrate from the yolk-sac entoderm in to the lateral border 
of the area pellucida on each side of the embryonic disc during the 
second day. By the beginning of the third day, they become segregated 
into two bilateral cords situated in the entoderm of the area pellucida. 
With further development, these cords migrate toward the median line 
of the embryo where they enter the mesoderm of the mesentery or the 
splanchnopleure. The migration continues to the end of the sixteenth 
day, when the majority of the sex cells are found in the undifferentiated 
germ-glands. 

In a more recent paper, SIMKI~S (1925), working in Trionyx (species 
not mentioned), has reopened the question. He states that  there is no 
evidence to indicate an extraregional origin of primordial germ cells 
in this species. After a survey of embryonic stages up to hatching, he 
concludes that, "The gonocytes arise from the fundaments of the sex- 
glands during the development of the mesonephros, either from the 



reproductive System in Sternotherus odoratus (Latreille). I. 479 

stroma or from the germinal epithelium." This is the only case in which 
the large yolk-laden and migrating cells have not been found in reptilian 
embryos, except for the early reports of B~Aun and M~m~T,KOWICZ, 
who were unaware that  such cells existed. VoN BE~ENBE~o-GossLE~ 
was later successful in finding them in Lacerta agilis. SIM~Ins' con- 
clusions were arrived at apparently without reference to an earlier paper 
by ALLEn (1904), in which ALLEn states that  he found the large pri- 
mordial germ cells seemingly migrating through the splanchnopleurie 
mesoderm to the point where the germ-glands are about to develop. 
These cells were observed by ALLEn in a 3 mm. embryo of Trionyx, 
the same stage of the same form in which SIMKInS Was unable to find 
them. 

Later, on the germ cells of Calotes, SI~IKInS and ASANA (1930) de- 
scribe the occurrence of certain large yolk-laden cells in the mesentery 
and in the genital ridge, which they call "Nurse-cells". The origin of 
the "Nurse-cells", which are probably none  other than the primordial 
germ cells of other authors, has not been traced in stages previous to 
the appearance of the genital ridge. According to these authors, the 
"Nurse-cells" degenerate in the third week of incubation without under- 
going mitosis or ~vithout giving rise to any germinal elements. The 
primary germ cells of the embryonic gonads are described as differentiating 
from the cells of the germinal epithelium. They say: "The preponderance 
of opinion now supports the contention of WAL])~YE~ that  the repro- 
ductive elements arise from the germinal epithelium, by a process of 
differentiation of somatic cells into germ-cells." From the above review 
of the literature regarding the germ cells of Reptiles, it is quite obvious 
that  such a broad statement cannot be applied to the status of the 
problem in reptilian species, since it is not in agreement with any of the 
recorded evidence. 

2. The origin o/ the primordial germ cells. 
The time, place, and manner of origin of the primordial germ cells 

in S. odoratus corresponds closely to that  described by ALLEn, DusTIN, 
JARvIs and~ JORDAN. Before the primordial germ cells can be distinguish- 
ed, a localized region of relatively undifferentiated embryonic cells, 
which resemble in all characters the cells of the primitive knot, is located 
in the entoderm. This region has been designated as the germ cell zone; 
it surrounds the posterior part of the embryo and continues anteriorly 
on both sides along the zone of junction of the area pellucida and the 
area opaca. JORDAn (1917) has observed that  little difference exists 
between these elements in the early stages. He states that  " the resem- 
blance signifies, most probably, a similar low grade of differentiation 
from the original blastomeres. - -  These two types of cells are similar 
because they are practically undifferentiated". OKKELBERG (1921), 
working on the lamprey Entosphenus, has said that, " In  one sense, 
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all the yolk-bearing cells of the entoderm may be considered as undif- 
ferentiated cells." The loss of yolk from the entodermal cells between 
the bilateral germ cell zones produces changes which distinguish them 
from and demonstrate the presence of the still undifferentiated pri- 
mordial germ cells. Likewise, certain changes in the cells of the yolk-sac 
entoderm lateral to the germ cell zones at about the same time makes 
it possible to recognize the small group of primordial germ cells when 
seen in cross-section. I t  seems that  the time when the primordial germ 
cells first appear is closely associated with the assumption of a nutritive 
function upon the part of the cells of the yolk-sac entoderm, and the 
loss of nutriment from the cells of the embryo proper. Practically all 
authors have regarded the presence of yolk granules in the cytoplasm 
of the primordial germ cells for relatively long periods as a manifestation 
of their early origin and primitive condition. I t  is most certainly true 
that  a description of the primordial germ cells at the earliest stage at 
which it is possible to recognize them, would also apply to many cells 
of the still earlier stages, particularly the cells of the primitive plate 
and the floor of the posterior part of the blastoporic canal. I t  is quite 
apparent that  certain cells remain localized and relatively inactive 
during early differentiation. When these cells are.followed in their 
later history, they may be traced to the sex-gland anlage, where they 
form the reproductive elements of the early gonads. The evidence derived 
from this study must be interpreted as favoring the idea of an early 
segregation and extraregional origin of the primordial germ cells. 

The work of VON BER~NBERG-GoSSLER (1914) on the lizard has 
been criticized by JORDAN (1917), who states that  vo~ B~REN~RO- 
GOSSLER'S observations and conclusions are unique in the literature 
on germ cell origin. According to vex  BE~B~RG-GossL]~R, the major- 
i ty of the migrating entodermal elements become transformed into 
mesodermal cells and thus disappear. However, he also was of the 
opinion that  some of the wandering cells found their way into the peri- 
toneal epithelium of the genital ridges, and there gave rise to definitive 
germ cells. The inclusion of the migrating cells in the WOLF~AN duct, 
as described by him, was probably due to an individual abnormal distri- 
bution, since it does not conform to any accepted idea of the formation 
of the duct. In Sternotherus, there is certainly no great tendency for 
the primordial germ cells to be found in places very remotely removed 
from the genital ridges, except previous to and during the very early 
migration stages, when they are still in the entoderm. No evidence that  
the primordial germ cells transform into somatic cells has appeared in 
our preparations. 

While vo~ BERENBERG-GOsSLER and Dvs~IN (1920) were both able 
to identify the primordial germ cells in their migration, and even though 
their interpretations of the significance of the migration and the origin 
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of the definitive germ cells were a t  variance with other authors, SIMKI~S' 
opinion tha t  the migrating cells are not primordial germ cells and never 
become reproductive elements seems to be unsupported in the literature. 
The evidence tha t  somatic cells of the germinal epithelium transform and 
differentiate into cells of reproductive function seems to be inconclusive 
and quite untenable in view of the imposing array of data in favor of 
the opposing theory. 

3. Criteria /or the identi/ication o/ the primordial germ cells. 
The appearance of the so-called primordial germ cells in an extra- 

regional position outside of the embryo .and far removed from the genital 
ridge has led some investigators to conclude that  they are not germ 
cells. Vo~ BEI~ENB~G-GossLER has spoken of them as entodermal 
wandering cells which move to various locations and eventually form 
mesodermal elements. SIMKINS believes tha t  they have been confused 
with early blood cells which, according to him, agree with the usual 
descriptions of the primordial germ cells. He states, however, tha t  the 
nuclei of the blood cells are smaller than the nuclei of cells of other 
tissues, an entirely correct observation. The small nucleus of the hemo- 
blast is one of the best possible characters on which to base the distinction 
between blood cells and the primordial germ cells, as well as other cells. 
The statement of JoR])A~, tha t  " . . . n o  confusion between blood-cells 
(hemoblasts) and germ cells seems possible", is likewise applicable to m y  
material. 

SIMKINS has made statistical studies of the diameters of nuclei of 
cells in various parts of the embryo, especially in the mesentery, and has 
based his measurements upon diameters only. His observations tha t  
"At  no time is there a variation of more than 1 micron - -  a figure well 
within the limit of error. There is no evidence from the relative size 
of the nuclei tha t  germ cells ever pass through them."  are probably 
correct insofar as the measurements are concerned. However, the data 
as presented are too incomplete to permit  the conclusions which have 
been drawn. I t  is difficult to understand how SIMKI~S' measurements 
of the diameters of nuclei of entodermal or mesodermal cells were made, 
for there is a pronounced tendency of the nuclei of these two types of 
cells to be elongated or oval in shape. Whether  the long or the short 
diameters were measured is not stated. At tempts  have been made 
in this s tudy to verify the data obtained by  SIMKI~S by  the use of his 
method, but  too many  uncertainties are involved to render it of value. 
I f  the long diameters of the mesodermal elements were used, there 
would probably be no differences between them and the diameters 
of the nuclei of the primordial germ cells. The only accurate statistical 
method of determining differences in the sizes of the nuclei of mesenterie 
and primordial germ ceils would rest in the computation of the nuclear 
volumes. In  embryos of 5.0 ram. in length, the nuclei of the primordial 
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germ cells compare favorably in size with those of the entodermal cells, 
and both are decidedly larger than the nuclei of the mesodermal cells 
of other embryonic regions. I t  is probable tha t  the failure of SIMKINS 
(1925) to recognize the primordial germ cells during the migration 
stageswas largely dueto the methodof identification used. He apparently 
neglected the cytoplasmic characters, which are decidedly more valuable 
in distinguishing the germ cells from other cellular units of the embryo 
than are the nuclei, just as they are more valuable in identifying any 
other type of cell. Differences in nuclear size in the germ cells and in 
other cells of the embryo do not form good criteria for their recognition 
as distinct units. 

The criteria which have been most widely used in the identification 
of the  primordial germ cells are mainly cytoplasmic in nature. The 
presence of yolk granules in the cytoplasm in early stages and the 
retention of the yolk material for a long period has been cited as evidence 
tha t  the cells are relatively undifferentiated. The clear cytoplasm and 
definite cell membranes are both definitive characters. The criticism 
of JORDAN'S figures by  SIMKI~S, who says that  the cell membranes are 
indistinct, does not seem justifiable. SIMKINS' (1925) own figures (see 
his fig. 14), illustrating the indefiniteness of the cell membranes of the 
germ cells found in the developing gonad, seem to demonstrate a clear 
demarcation of the lighter staining cytoplasm of the germ cells from the 
more deeply staining cytoplasm of the somatic cells. If  such definite 
differences in the cytoplasmic portions of the two types of cells exist 
as figured, limiting boundaries appear to be present and must  be inter- 
preted as such. 

The primordial germ cells of a 2.0 mm. embryo show the appearance 
of an additional cytoplasmic structure, the exact nature of which is 
uncertain. I t  has been called the at traction sphere. SWIFT (1914) 
used the at traction sphere as one of the useful characters ~n the identifi- 
cation of the primordial germ cells of chick embryos. JonDA~ (1917) 
also demonstrated the presence of an at traction sphere in the primordial 
germ cells of the Loggerhead Turtle after FL~MINO'S fixation. He does 
not, however, show the attraction sphere in his figures of the germ cells 
of young embryos, nor does he mention its occurrence. His attraction 
sphere apparent ly refers to the central bodies and centrosphere only, 
and not to a densely granular portion of the cytoplasm which lies in a 
close ]uxtanuclear position, as I have used the term. I t  has been impos- 
sible for me to identify the attraction sphere in stages earlier than the 
5-somite embryo. Whether this is due to the methods used, or to the 
presence of the numerous yolk granules in the earlier stages has not 
been determined. I t  seems probable tha t  the formation of the attraction 
sphere is correlated with the disappearance of the yolk, since the last 
traces of the yolk granules are always within the granular crescent of 
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the attraction sphere. The structure is of great importance in distin- 
guishing primordial germ cells from other embryonic cells, because of 
its large size and its prominent appearance. 

B o u l o g n e  (1927, 1929) has described a similar structure in the 
primordial germ cells of Rana temporaria and calls it the "chondriome". 
By using it as a criterion for identifying the primordial germ cells, he 
claims to have traced the primordial germ cells to earlier stages than 
have previous investigators who have used more ordinary methods. 
In regard to the nature of the juxtanuclear crescent, he states that,  
~Pour le moment, on peut supposer qu'il s'agit d 'un cytoplasme spdcial, 
fiche en substance lipoidiques, structur6 primitive homogbne et dans 
lequel s'organiseraient peu ~ peu des mitochondries~, SWIFT (1914) 
has noted that  a certain relationship seems to exist between the attraction 
sphere and the distribution of the yolk granules, which arrange them- 
selves about the attraction sphere as they decrease in size. The diplo- 
some forms a part  of the attraction sphere, and appears to vary in its 
relation to the granular portion and to the nucleus. With the decrease 
in the amount of yolk, the granular crescent becomes more prominent 
and distinct than in somatic cells. BOUNO~:~E'S description of the "chon- 
driome" is probably applicable to the attraction sphere present in the 
primordial germ cells of the birds and reptiles. 

Numerous investigators have compared the mitochondria of the 
germ cells with those of the somatic cells in an at tempt to show that  
the mitochondria of the germ cells are of a specific form and arrangement. 
RUBASCHKIN (1910, 1912) was the first to state that  the mitochondria 
of the germ ~:ells were in the form of small granules, while those of the 
somatic cells were thread-like in character. TSCHASCHIN (1910) came 
to the same conclusions with regard to the germ cells and somatic cells 
of the chick. VoN B]~EN]3~.RG-GoSSLER (1912), SWIFT (1914) and 
FII~XET (1914, 1920) were unable to confirm these observations. KINOEI~Y 
(1917) was also unable to find definite mitoehondrial characteristics which 
separated the primordial germ cells from cells of non-reprod;~etive 
function. RAUH (1928), who worked on the rat, believes that  the mito- 
chondria and the chondriome are both good criteria for the identification 
of germ cells. He states that, ,,Sie haben ein eharakteristisches Chon- 
driom, welches nur k5rnige Bestandteile (Plastochondrien) aufweist. 
Das Chondriom ist durch seinen Formenzyklus ein relatives Merkmal 
der primordialen Genitalzellen und ihrer AbkSmmlinge." His con- 
clusions are in direct opposition to those of HARGITT (1925, 1926), who 
claims that  no primordial germ cells appear, and that  the definitive 
germ cells are produced from the germinal epithelium after the degene- 
ration of several previous generations of germ cells. 

I t  is possible to identify the primordial germ cells only by the use of 
the sum total of all the characters of the cell, namely: its large size 
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and definite cell boundaries; its prominent nucleus, the size of which 
is accentuated by the clear lightly staining cytoplasm; the attraction 
sphere and chondriome; the yolk granules; and the position of the cell 
in the embryo. 

4. The migration o/ the primordial germ cells. 
The fact that, during progressive embryonic stages, the primordial 

germ cells appear first in the extra-embryonic entoderm, in the entoderm 
of the median line of the embryo proper, then in the splanchnopleure 
as well as in the mesenteric mesoderm, and finally in all of the above 
positions and the genital ridges, indicates that  a migration and shifting 
of position does actually occur. The above statement describes the 
actual route of migration, which agrees closely with that  described by 
previous authors for other turtles. 

Although the actual manner of migration has never been observed, 
there are certain indications that  at least two factors are involved in the 
action. Vo~ B~NB~RG-GossLE~ emphasizes the fact that  migration 
is passive, resulting from a mechanical process of unequal growth. HuM- 
Pn:aEv (1925), on the basis of his conclusions that  the primordial germ 
cells of all vertebrates are derived from the germ ring in the Amphibia, 
or the equivalent blastodermic margin in the Reptilia and Ayes, believes 
that  the mechanical growth factors of various forms are responsible 
for the diverse situations of the primordial germ cells in the vertebrates 
at the time when the cells are first recognizable as such. To be more 
specific, the mechanism of gastrulation and germ-layer formation in 
different vertebrates determines the primary position of the primordial 
germ cells at the time of first discovery. He believes that  migration of 
germ cells is due to "growth shiftings of related parts". Undoubtedly 
growth is an important factor in the change in position of the primordial 
germ cells, particularly during the early stages. I t  has been shown that  
the primordial germ cells of reptiles are located in the entoderm as two 
bilateral cords. I t  seems impossible that  these cords would be able to 
move as a whole through the entoderm toward the mid-line. Certain 
growth processes can account for the apparent change in position of 
the cords during the early migration. The widening of the area pellucida 
and the recession of the area opaca together with the lateral growth 
of the embryo proper produces an apparently closer location of the germ 
cell cords to the median axis. In reality when the distance between the 
two germ cell cords is measured, little difference exists. The bending 
inward and downward of the splanchnopleure to form the embryonic 
gut may also assist in accounting for a closer position of the cords. How- 
ever, these processes do not seem to account for the breaking up of 
the cords, and for the transposition of the germ cells from the entodermal 
layer to the mesodermal cells of the elongating mesentery. A somewhat 
new conception of the origin of the gonad primordia is presented by 
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DANTSCHAKOFF (1931), who speaks of ,,die Verschiebung der Gonaden- 
anlage als Ganzes". She states that,  in the chick, ,,Die Gonadenanlage 
bildet sich im Mesoderm der Splanchnopleura, also im ventralen Blatt 
des Mesoderms aus. In  ihrer endgfiltigen Lage nimmt sic den medialen 
Teil der Somatopleura ein, somit liegt sic im dorsalen Blatt  des Meso- 
derms". In explaining the changing position, which assists in the trans- 
portation of the primordial germ cells along the borders of the mesentery, 
she says, ,,Dagegen wird die endgiiltige Lage der Gonadenanlage durch 
Wachstumsvorgi~nge der Mesonephroi und des Darms bedingt". Al- 
though this introduces the idea that  the gonad primordia or genital 
ridges are present in earlier stages than heretofore accepted, it may be 
a more true representation of the actual state of affairs than the older 
belief that  the genital ridge first appears on the ventro-medial wail 
of the mesonephros. If such is the case and it is applicable to the rep- 
tilian embryo as well as the chick as would be expected, the migration 
of the gonad primordia from a position in the splanchnopleure along 
the mesentery dorsally to the mesonephric wall adequately explains 
the process of migration of the primordial germ cells through the mesen- 
tery. 

As indicated above, it seems necessary to look for some other factor 
to account for certain stages in the migration. ALLE~, JORDAn, Sw:vr, 
and others have suggested that an inherent factor of the primordial 
germ cells themselves, amoeboid movement, accounts for the migratory 
nature of the cells. There is considerable evidence that  an amoeboid 
movement actually occurs, especially in the chick embryo, where the 
migration of the primordial germ cells via the blood vessels allows the 
best observational possibilities. ALLE~ (1906) and JORDA~ (i917) both 
believe that  the irregular shape of the primordial germ cells and the 
compressed nature of the cells surrounding them indicates their amoeboid 
nature. JORDAN figures two such cells (see his fig. 3, aa and ha). WooD- 
oE~ (1925) has demonstrated pseudopodia of the primordial germ cells 
of the chick, and so has DANTSC~KOF~" (1931). SWIFT (1915) believes 
that  different numbers of primordial germ cells in the assymetrical 
ovaries of the chick give positive proof that  the cells migrate to the 
left side in preference to the right. I t  is in reality most difficult to prove 
that  an amoeboid movement does occur, since the usual fixing fluids 
do not, as a rule, preserve pseudopodial processes. I t  seems probable, 
and there is some evidence in the irregular character of some cells, that  
an amoeboid factor plays an important part in the migration. On the 
evidence cited above, it seems that  both embryonic growth changes and 
inherent capacities of the primordial germ cells for migration are the 
factors which produce the translocation of the primordial germ cells 
from their extraregional positions to their place of residence in the 
germ-gland anlage. 
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5. Multiplication and degeneration o/ primordial germ cells. 
I t  has been observed by SWIFT (1914) that  the primordial germ 

cells divide before as well as during the migration stages. BECCA~I 
(1921), in anurans, has also observed them in division before the migration 
begins. In S. odoratus, the primordial germ cells divide before the 
migration begins. However, it is very difficult to distinguish a dividing 
primordial germ cell from entodermal cells in mitosis. Although JORDAN 
(1917) has apparently observed divisions during the migration through 
the mesentery, I have been unable to determine that  divisions do occur 
at  that  time. Towards the end of migration, divisions are relatively 
frequent in the dorsal part  of the mesentery and the genital ridge. Appa- 
rently there is a slowing up of divisions during the migration period, 
which might be explained by assuming that  the cells are utilizing their 
available energy for the movements required in moving through the 
tissues. 

The primordial germ cells of the indifferent gonads have been ob- 
served to undergo no changes other than that  of normal mitotic division 
and an occasional degeneration. At the end of the indifferent period 
the yolk granules have practically disappeared, but  there are a few 
cells which retain the yolk until later stages. Up to this time there is 
no difficulty whatsoever in distinguishing the reproductive elements 
of the germ-gland from the somatic or epithelial elements. No inter- 
mediate forms appear. Even S~KINS (1925) has been unable to demon- 
strate transformation stages between the cells of the germinal epithelium 
and the germ cells in Trionyx. He admits that  "These large ceils do not 
betray their derivation from the germinative epithelium directly". In 
an at tempt  to explain the absence of such transitional forms, he says, 
" I t  is quite possible to assume that  they were derived from that  layer 
by a process of downgrowth in the form of epithelial cords, which sub- 
sequently enlarged in place, but  no such clear-cut indications of such 
a process of epithelial proliferations are discernible,. . . . .  ". I t  is ex- 
tremely difficult to understand how such a proliferation of cords of 
cells from the germinal epithelium could result from or have anything 
to do with the enlargement of one cell of a cord to form a single cell, 
germinal or otherwise. In  their investigation of the germ cells of Calotes, 
SIMKI~S and ASANA (1930) have described the presence of large yolk- 
laden cells in the indifferent genital ridge, but they have not traced the 
origin of these so-called "Nurse-cells". They also have never observed 
any division figures in the "Nurse-cells". I t  is singularly odd that  the 
disappearance of the "Nurse-cells" coincides with the appearance of 
new and smaller elements, ,,primary germ cells" according to their 
nomenclature, and that  their entire discussion makes no mention of 
the possibility of cell divisions. The writer finds it difficult to understand 
the absence of divisions in their material, for they are decidedly plentiful 
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in the indifferent gonads of Sternotherus. A comparison of the cells 
in their figure 5, plate 4 (Compare with fig. 13, pl. 2 of this paper) shows 
that  the two smaller cells are obviously the result of a division of one 
of the larger cells, that  should be considered as one of the large "Nurse- 
cells" which has assimilated the yolk content of earlier stages. Their 
denial of the migratory nature of the "Nurse-cells" is not supported by 
evidence, since the earlier stages which should show the migration and 
origin of these elements, if they are the primordial germ cells of other 
writers, were not examined by them. The arrangement of the germ cells 
of the indifferent gonads in groups of twos and fours can only be ex- 
plained by the division of larger pre-existing elements, the only ones 
present being the primordial germ cells. This interpretation is supported 
by the almost identical size of the adjacent germ cells. Igolated germ 
cells are, on the other hand, somewhat larger than those arranged in 
groups; they are approximately the same size as the primordial germ 
cells at the time they enter the genital ridge. During this period, the 
number of primordial germ cells in the gonads increases not only by 
cell division, but  also by the late entrance of additional cells from the 
mesentery. There is no evidence that  a differentiation of epithelial or 
somatic cells into germ cells at this period adds to the number of germ 
cells present in the indifferent sex-glands. 

6. Experimental results on the origin and/ate o/the primordial germ cells. 
The use of experimental methods in attempts to confirm the results 

of morphological investigations on the early embryonic origin of the 
primordial germ cells is only beginning to show results. In only four 
instances have such attempts been made on vertebrates. REAGAN (1916) 
operated on chick embryos which were still in the pre-somite stages. 
He succeeded in removing the crescent-shaped area of the proamnion, 
in the entoderm of which, according to S w i f t  and others, the primordial 
germ cells first make their appearance. None of the embryos upon which 
the operation was performed survived longer than five days, and exami- 
nation of the gonads at that  time showed only the presence of stromal 
tissue with its peritoneal covering. The gonads were completely sterile. 
The possibility remains, however, that  if the embryos had been kept 
alive somewhat longer, the gonads might have shown the origin of 
secondary germ cells as described by Fn%KET (1914, 1920). 

In  the Amphibia, KUSCHAKEWITSCH (1910) and WITSC•I (1914, 
1924) were able to prevent the germ cells from entering the germinal 
ridges by modifying the developmental processes through delayed fertili- 
zation of over-ripe eggs. Sterile genital ridges were produced which, 
somewhat later in development, showed the presence of germ cells, 
which KUSCItAKEWITSCH believed were derived from the indifferent 
cells of the testicular ampullae by transformation, and which WlTSCHr 
believes are late arrivals of the primordial germ cells which were slowed 
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up in their migration by the experimental procedure. Hv~P~R~Y 
(1927 a) at tempted to duplicate the results of KUSCHAKEWITSCH and 
WITSCHI by using operative and chemical methods to suppress the 
migration of the primordial germ cells from the entoderm of anuran 
embryos. Unsatisfactory results were obtained, for apparently the 
elimination of the primordial germ cells was incomplete in many in- 
stances. At a later time, using Amblyostoma embryos (1927 b), he was 
able to remove the intermediate mesoderm, in which the primordial 
germ cells are found before the migration to the germinal ridges, from 
the seventh to the sixteenth somites on one side of the embryo. In  
cases of complete unilateral extirpation of the primordial germ cells, 
no gonad developed on the operated side in 34 animals killed at intervals 
of from 33 to 290 days following operation. This result is the most 
satisfactory of the experimental data on Amphibia. 

The recent results of DoMM (1929), who obtained spermatogenesis 
in the right ovary of the chick after removal of the loft ovary before the 
primordial germ cells completely disappeared from the right, would 
seem to offer evidence to show that  the primordial germ cells were 
necessary for the formation of the definitive germ cells. DANTSCHAXOrF 
(1931), in an extensive series of experiments using operative techniques, 
was successful in demonstrating that  the primordial germ cells of the 
entoderm of the proamnion were the same cells which are to be seen 
in the genital ridge of later stages. She also demonstrated that  the blood 
vessels are followed in the migration from the proamnion to the region 
of the genital ridge. The evidence that  a "Keimbahn" is present in 
the chick seems to be founded on adequate morphological and experi- 
mental evidence. Further attempts along experimental lines are desirable 
upon suitable material, but  until more successful methods of experi- 
mental approach are devised, the principal evidence on the origin of 
the germ cells must come from morphological observations, upon which 
the truth of the "Keimbahn" theory is largely based at the present time. 

A recent investigation of the origin of the germ cells of the chick 
embryo by MATStZMOTO (1932) has been brought to my attention since 
the completion of my manuscript. This interesting paper describes a 
different place of origin and a different mode of migration than those 
described by previous investigators on the chick (SWIFT, GOLDSMITH, 
DANTSCHAKOFF). This author finds the primordial germ cells in the 
developing primitive streak of the blastoderm of 10--14 hours incubation. 
They remain in the primitive streak until the 26-hour stage, when they 
are given off into the medial portion of the proliferating lateral mesoderm. 
With the formation of the coelom, the majority of the germ cells are 
carried into the splanchnic layer, but some also enter the somatic layer 
of mesoderm. Those of the splanchnic layer are displaced dorsally 
during the elongation of the mesentery, and are eventually included 
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with the others of the somatic mesoderm in the developing genital ridge. 
Certainly these observations are more closely related with observa- 
tions made on other forms than those of an aberrant extraregional origin 
of the primordial germ cells in the proamnion area, and the migration 
through the blood vessels to the genital ridge of other authors. The 
observations coincide with those on reptiles and teleosts, and permit 
much greater generalization than has heretofore been possible. I t  is 
obvious that  the entire problem needs further consideration, especially 
in relation to the earlier stages of primitive streak formation and germ 
layer differentiation. This I am attempting to do, and a future paper 
will consider the relation of the primordial germ cells to the primitive 
plate and the differentiation of the germ layers. 

E. General Conclusions and Summary. 

(1) In  Stenotherus odoratus (LATI%EILLE), the primordial germ cells 
are recognized first, in embryos of 1.6--1.75 mm. total length (1--3 so- 
mites), as large undifferentiated elements which are similar in character 
to the cells of the floor of the primitive plate. They are located in a 
definite horseshoe-shaped germ cell zone. The bend of the horseshoe 
is in contact with the ventro-median part  of the primitive plate, and 
the two lateral arms of the zone lie in the entoderm at the junction of 
the definitive entoderm and the vitellin entoderm, opposite the posterior 
third of the embryo. An anomaly appears in certain embryos in which 
the germ cell zone lies on only one side, the left. 

(2) The primordial germ cells may be distinguished from other cells 
of the embryo by their large size, clear cytoplasm, definite cell membrane, 
the presence of yolk granules, in later stages by the presence of the 
large attraction sphere, and their embryonic position. 

(3) Succeeding developmental stages show that  the primordial germ 
cells move from their lateral extraregional positions to a median one 
in the entoderm. They then pass into the mesoderm of the mesentery 
and splanchnopleure, from where they migrate dorsally and laterally 
through the mesentery into the genital ridge. The transposition of the 
primordial germ cells is primarily the result of certain mechanical alter- 
ations in the embryonic tissues during growth and differentiation, but  
is also probably due to amoeboid migratory movements on the part  
of the individual germ cells. 

(4) The early divisions of the primordial germ cells during the period 
prior to their recognition and their migration out of the entoderm con- 
stitute a primary period of multiplication. Divisions during the migra- 
tion stages are rare. Towards :he end of migration, mitoses in the prim- 
ordial germ cells begin to reappear; this marks the beginning of a 
secondary period of multiplication. Throughout the indifferent period 
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of gonadogenesis, the primordial  germ cells divide a t  a slow rate. The 
a m o u n t  of degenerat ion is negligible. 

(5) The t ime of arr ival  of the pr imordial  germ cells a t  the genital  
ridges coincides with the beginning of germ-gland formation.  

(6) I n  m a n y  of the primordial  germ cells, the yolk granules disappear 
early, bu t  t h e y m a y  still be found in  the germ cells of embryos of l l . 0 m m .  
carapace length. Wi th  the disappearance of the yolk granules, a large 
a t t rac t ion  sphere appears in  the cytoplasm (as early as embryos of 
5 somites). 

(7) No un i formi ty  in the n u m b e r  of pr imordial  germ cells appears 
in  different individuals.  

(8) The germ cells of the indifferent gonads are derivatives of primor- 
dial germ cells which arise in early stages in  an  extragonadal  position. 
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