{LEY

(e

SELF - FERTILIZATION INDUCED BY ARTIFICIAL
MEANS.

BY
T. H. Morcax.

[t has long been known that the pollen of some plants will
not fertilize the ovules of the same plant. The cause of this
impotence has not yet been detected.

It is also known that pollen from another plant is often pre-
potent in those cases where normal self-fertilization may occur.
It has further been shown, especially by Darwin, that the offspring
from self-fertilized ovules are in general not so vigorous as those
from cross-fertilized ones.

There are here two problems, which, even if they should prove
to be fundamentally related, can be most profitably examined
separately ;— first, the problem of the inability of the male ele-
ment to fertilize the female germ-cells of the same individual:
and, second, the effect of self-fertilization (in those cases in which
it occurs) on the offspring. Both problems appear to be within
the range of experimental examination.

There are only a very few cases known amongst animals where
conditions similar to those in plants have been found to prevail,
although very few hermaphroditic animals appear to have been ex-
amined in this respect. Close inbreeding, which is commonly sup-
posed to bring about deterioration in some cases, is perhaps not
very dissimilar to self-fertilization. Whether in the case of in-
breeding there is ultimately a loss of power to fertilize the egg,
or whether the egg fails to develop after it has been fertilized,
has not, so far as I know, been determined.

Castle discovered in the ascidian, Ciona intestinalis, a case ap-
parently similar to those in plants. The eggs are generally in-
capable of self-fertilization, yet can be readily cross-fertilized; i.e.,
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136 T. H. Morgan.

the spermatozoa of an individual will I'!l}t .ff_’t‘li“;’.l: the uggs of
that individual, but have the power to fertilize the eggs of any
other individual. o ‘

My object in undertaking a s.ru‘ly of this problem was, |}1Ithe
first place, to determine if possible :h.cl nature of t}.w c;ndmon-;
that prevent or interfere with sc]f-fcrt_lhz:ltmn: :md‘ in the second
place, I was not without hope of ln:l:!ii{ l:lhic to find some way
in which self-fertilization could be nr{1[1cta|]y induced. .'.\S will
appear in the sequel, these two questions are not two snfies Ef
the same problem: for, while it has bee'n p0'55|h|‘e to d:sFm er the
means of bringing about sclf-fcrtiliz:_mon, it still remains to be
definitely determined what conditions in the cgg n.ormally prevent
the entrance of the spermatozoa of the same |ndw|du511:

Since Castle's obse.vations had shown that the ascidians offer
favorable material for a study of this sort, I ﬁrs:t turned my
attention to this group, using the three most avmlnt.)]e species
found at Woods Hole, or in the vicinity.; namt:'ly, Ciona intes-
tinalis, Molgula manhattensis, and Cynthia partita (.?.'_\'a’fa sp.) .
The work was done while holding the Bryn Mawr Table at the
Marine Biological Laboratory, from June to September, 1903.
Owing to the scarcity of Ciona I have not been able to wr_;rllllc out
completely a number of important prnl.)lcms connected with one
of the two main questions that I exnmlm.:d. I.n t}}e near future
I shall hope to complete this side of the investigation.

EXPERIMENTS WITH CIONA INTESTINALIS,

The ovary of Ciona is a sac-shaped body of fair size lying
loosely attached in the coil of the intestine. It can c‘asnly be
removed without cutting into the testis. Its lumer{ contains some
of the ripe eggs, but the majority of these are in the ov_nluct.
The oviduct can readily be opened and the eggs set free without
cutting into the vas deferens, which follows a course parallel to
the oviduct. If the animal is kept isolated for 24 hours the ovi-
duct becomes greatly distended with eggs, and after another 24
hours even more eggs may have accumulated. The eggs are
laid normally in the early morning, at dawn, ar_ld Castle has re-
corded that Ciona deposits its eggs and sperm with the regularity
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of the rising sun. The rough handling incidental to removal and
isolation appears to cause Ciona to retain its eggs for several
days. The individuals to be used were isolated, as a rule, from
24 to 48 hours, and in most cases were rinsed in fresh water before
opening. It was not found necessary to boil the water; for check
experiments showed that eggs left to themselves were never fer-
tilized by stray spermatozoa in the sea-water. Since Ciona de-
posits its eggs only in the very early morning, the chances are
very slight that functionally active spermatozoa would be present
in the sea-water in the late morning and in the afternoon when
the experiments were carried out.

The eggs of Ciona are surrounded by a rather thick membrane.
Standing out like broad spikes over the surface of the membrane,
and forming a beautiful aureole around the egg, are the trans-
parent follicle cells, each with a shining drop in its outer end.

A number of preliminary experiments confirmed Castle’s con-
clusion that self-fertilization is rarely possible in Ciona intes-
tinalis. The evidence, however, on which Castle based this con-
clusion is not altogether satisfactory, since he records many cases
in which self-fertilization occurred. Instances are cited in which
isolated individuals gave go, 25, 16, 5y 4y O per cent. of self-
fertilized eggs. Castle supposes that, in the first of these cases
at’ least, the spermatozoa of onc day fertilized the eggs of the
next, but it has not been shown that the spermatozoa have this
power if left so long in sea-water. The same individuals that
had been used for these isolation experiments were killed (after
being washed in 9o per cent. alcohol), and the eggs and sperm
of each taken out and mixed together. The results gave so, 4
1, %5, o per cent. of self-fertilized eggs. The same experiment
repeated with fresh individuals gave 5o, 1214, 10, §, 2, O per cent.
of self-fertilized eggs. From these figures it is clear that in some

cases a considerable amount of self-fertilization occurred, unless
there was some source of error in the experiment. In fact, Castle
believes that in those cases where a large number of eggs were
fertilized there was some contamination. My own results with
Ciona have never given so large a percentage of self-fertilized
eggs, and I am inclined to attribute this result in part to the
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138 T. H. Morgan.
3°
.caution that 1 took to isolate the individuals thc‘ day be.turc
pl:“l r.c, to be used. I have rarely seen more than from 1 to 10
they were ; . . o _
pcr‘ cent. of self-fertilized eggs segment, :md_ in thhc g:.\tu}r mL:lmI
- 1 other han
a single egg segmented.  On the n
ber of cases not a single eg . I ke o 1
found. as did Castle, that as a rule 100 per cent. of cross fertilize
und, = astle,

gs develop, to which statement I should add, provided the
egys }

g in “good” condition.
ermatozoa are i good _ g ’
sp What is the meaning of these remarkable facts? S\h:i d;)
t the sperm fertilize the eggs produced by the sam\e in nbl u:.f,
i I individual? A number o
ili : ther individual? .
j tilize those of any o ! )
gt suggest themselves, and since the following

ibilities readily ; .
o ) test these suggestions they may be

pages record an attempt to
briefly mentioned here: _ -
1. That the spermatozoa are not made sufficiently hactn;: by
sccr;:tiuns from the eggs of the same individual, but by those from
; .r individual. .
the eggs of any other indivi ‘ .
2 gé["h-u the spermatozoa are not * attracted” to the eggs of the
ame individual. ‘
: That the egg contains, or secretes some sul?:,m.mfz rhl:lt les-
senz;. the activity of the spermatozoa of the same indivi uat. .
- . . - . g zoon
4. That some mechanical difficulty prevents the spermatoz
from entering the egg of the same tf!ljl.\'lduill‘ ‘ y Sesiine
5. That even if the spermatozoon enters, it can no cral g
the ‘egg of the same individual, in the sense of causing the cgg
begin to develop. .
N Ingurder to discover if the lack of power to self fcrtlhzet;:i
eggs is due to the absence of some substance arf)und the egg;'mecI
cEcitcs the spermatozoa, the following expcn]’:ncntf was t; g
; indivi cere tak rom the ovi-
i E dividual (A) were taken
t. The eggs of an In wete 1 :
(cjl:ct Similarly the eggs of another indiv idual (B) wBt.)l'ﬁ alie
‘ { we
taken out. Then the ovary of (A) and th::jtic:jf (”[‘he o
' little sea-water was added.
rushed separately, and a v <ges
Ef (A) \\’Erc then allowed to soak in the lcrushed F{\;—ary c:r,:ort
of (B) and those of (B) in the extract of (A). ! [cl'h:I .( o
time the sperm of (A) with a little water was added t(;lt ¢ dum
1 4 ort
eggs, and the sperm of (B) to the (B)-eggs. I.f ;':;dzﬂ}\ =
of tl;c eggs in the extract of the ovary of another indi
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the postulated eficer, or if the presence of the extract of the ova ry
of another individual has the postulated effect on the sperm, fer-
tilization ought to have occurred. The results showed, however,
that fertilization did not take place.

This experiment was performed four times, giving eight sets
in all.  In six of these sets not a single egg segmented. In two
others a very few eggs segmented (6 per cent. in one, 5 per cent.
in the other), but this sometimes occurs in self-fertilized eggs
not treated in any special way. Moreover there may have been
contamination in the latter case,

Another experiment similar in some respects to the last was also
carried out. The heart of one individual was opened and the
blood collected. The eggs of another individual were put into
this blood and allowed to stand. Later, sperm of the same indi-
vidual was added in sea-water, but no fertilization occurred in
one set and only one per cent. in the other. Check eggs were also
kept in this experiment to make certain that no sperm had acci-
dentally gotten into the blood. That none were present was
shown by the fact that no fertilization took place. It is evident
from this experiment that self-fertilization can not be brought
about by soaking the eggs in the extract from the ova ry or in the
blood of another individual, although the somewhat high per-

. centage of self-fertilized eggs that segmented in two cases after

treatment with the ovarian extract may have resulted from the
influence of the extract on the spermatozoa.

Lf the spermatozoa are excited to greater activity by the pres-
ence of the eggs of another individual it seemed not improbable
that this might be directly observed. Therefore, I placed some
of the sperm with the eggs of another individual and more
of the same sperm with the cggs of the same individual, and
compared the two preparations under the microscope. The sper-
matozoa of Ciona are not very active as a rule, nor do they
accumulate in crowds around the eggs, as they do in many other
animals, or at least not to any marked extent. It seemed to me
in both cases that sometimes the spermatozoa were more active
immediately in the vicinity of the eggs, and in the spaces between
the follicle cells, but as they also show the same activity around
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140 T. H. Morgan.

pieces of the tissue of the body of the same or of &!IIHTI'IEI' in-
dividual I have not laid much stress on this observation, or qc.
credited the results to the presence of an exciting substance. Ay
times I have thought that the spermatozoa were more active
around the eggs of another individual than around the eggs of t‘h,:
same individual, but as there is no very accurate means of dcrem.'.m.
ing their relative motility, unless very n“l:trkcd,.[ shuu]-.l not wish,
as vet, to give a final answer to this qucstu?n. 1t is certain that there
is no such great difference in the behaviour of the spermatozoa
in the presence of the eggs of the same and ?f another Il'ldhl\'ldll‘..ll
as to suggest that the difference in the result is clunncl:ted with this
factor. And even if this were the case, the _mﬂu:.-nce probably
extends for only a short distance from the surface of the egg, as
the following experiment shows. ‘ ‘

The eggs were taken from the oviduct, great care lll‘{lilg t‘.:lkc:
not to injure the sperm-duct. The eggs from another llldl\'l.dllal
were collected in the same way. An equal number of eggs from
each were put together and fertilized with the sperm from onc
of the individuals. In another dish another _lot of _th:: same eggs
were mixed half and half, and these fertilized with the sperr
from the other individual. In each of these two sets half at
least of the eggs should be fertilized by the othcr.spc.rr.n. but half
should not be fertilized unless the eggs of one individual exer
some influence that causes the sperm to fertilize the eggs of the
same individual also. It was found that only about |‘Eil‘1f ({f th.t
eggs were fertilized. This result shows that the fertilization i
probably not due to some substance set free by the eggs that acts

on the sperm or at least that if such a substance is set free its.

action is confined to the immediate vicinity of the egg. T‘hc
experiment does not show, however, whether the egg, or ;]t:
membranes, may not contain some substance t_hat_ Prcvents‘ the
spermatozoa from entering the eggs of the same individual. lfll\lr'e(ri
if such a substance is set free from the eggs it may not have :i.d
time in my experiment to accumulate sufficiently in [hc‘slul:l'Du::lh;
ing water to have prevented thf: spermatozoa from fClthlIZI!‘lg ;
other egpgs, which may be quickly entered. This view can be

tested by letting eggs stand in a small amount of water for :

-
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long time, then taking out some sperm from the same individual,
first making it active by placing it in sea-water, and then putting
it into the water in which the eggs have stood. On the hypothesis
these sperm should soon be brought to rest. and if then the eggs
ot another individual are added, they should not be fertilized. o

at least not in the same proportion as when the sperm is take:
directly from the oviducts, put into sea-water. and then added t

the eggs.

THE INFLUENCE OF ETHER ON CROSS-FERTILIZATION
EXTERIMENTS WITH CIONA.

My first experiments with ether were made in order to deter-
mine whether when eggs are etherized it might not be possible to
self-fertilize them. The results turned out somewhat differently
from what I had anticipated, for although T found that it was
possible to self-fertilize the eggs in ether-solutions, the result
seemed to be due to the action of the ether on the sperm rather
than on the eggs.

The experiment was first made with Cynthia, which in most
cases has very sluggish spermatozoa. | observed that the first
effect of the ether was to make the sluggish sperm very active, and
even greatly quickened the activity of already active sperm. Fur-
thermore I found that spermatozoa that scarcely moved at all
in sea-water became active in the ether-solutions. Finally I found
that in cther-solutions of certain strengths the eggs of Cynthia and
of Ciona could be self-fertilized. The eggs behave in this respect
so capriciously that I was obliged to carry out a large number of
zexperiments in order to determine the conditions that lead to the
self-fertilization of eggs in ether-solutions. The outcome was
only partially satisfactory, but the experiments opened up a field
for research, in which it may be possible to obtain further results
of interest.

The experiments with ether were carried out as follows: At
first T used a nearly saturated solution of ether and diluted it a
half, or a fourth, etc. In the later experiments I used solutions
of known strength. It was found by trial that the solutions were

effective between 0.25 and 5 per cent.  Some of the results may
now be given in detail.
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Experiment 1. The eggs were removed from an individual that
had been isolated 20 hours. The sperm was also taken out, and,
together with the eggs, was put into ether-solutions, 3, 2, 1, 0.7,
0.5 per cent. in sea-water. After 5 minutes, and again after 1o
minutes, the eggs were removed to pure sea-water. The eggs
were injured by the ether in the strongest solution, but neverthe.
less one segmented. In all of the other solutions about 8o per
cent. of the eggs divided; the most in the weaker solutions.

Experiment 1I. In this experiment the eggs and the sperm
were put together into ether solutions of 5, 2, 1, 0.7, 0.5 per cent*
Some of the eggs were transferred to water after 5 and to min-
utes, but others were left in the solutions. In the strongest solu-
tion the eggs were killed. In the others the following results were
obtained:

Eggs segmented Eggs segmented.

Ether 5 minutes in ether. 10 minutes in ether,
2. per cent. 20 per cent, 25 per cent.
i & i . i
L. ' 5 75
0.7 e 2 13 2 i
0'5 ie IO i 5 13

It is clear that the stronger solutions gave the best results, and
that ten minutes immersion was better than five minutes. None
of the eggs that were left in the ether-solutions segmented. This
does not mean that they were not fertilized, but that the ether so
injured the eggs after a long immersion, that they failed to de-
velop. Several check experiments were also made in this case.
In one the eggs were not self-fertilized but were put into a 3
per cent. ether-solution, and transferred after ten minutes to
sea-water. They did not segment, nor did a few that were left
behind in the ether solution. In another check series the eggs
were not fertilized, and were left in sea-water. None segmented,
which shows clearly that the ether in the preceding experiment
was in some way responsible for the self-fertilization of the eggs.
It should also be recorded that tadpoles developed from all the
fertilized eggs that had been in the ether-solutions.

Experiment III. The eggs and sperm of the same individual
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were put into ether-solutions of 3, 2, 1, 0.7, 0.5 per cent., and
were removed to sea-water after 10, 20 and 30 minutes.

Ether 10 min. 20 min. 30 min.
3‘ pCl{" cent. 20 PC!‘ cent. 20 per cent. 0 per cent.
2' i 33 :: [? . 90 .

1. 50 2 e 10 .
0'7 i 50 i 20 (13 o 13
o5 v 20 “ 20 . 12 H

The table shows that eggs segmented in all of the solutions,
best however in the stronger solutions, although in one case the
eggs became so injured by the ether that they did not develop
further than the segmentation stages. In a check series, in which
rh_r: self-fertilized eggs were put into sea-water, about ten per cent.
of r!lc eggs segmented. There may have been some source of con-
tamination, or else, and this seems more likely since the indi-
vidual had been isolated 20 hours, self-fertilization took place
on a larger scale than usual.

Experiment IV. Eggs and sperm were mixed in ether-solutions
of 4, 2, 1, 0.5 per cent.

Ether 2 min. 4 min,
4. 0 0
2. 40 1
L. 35 30
0.5 1 I

.l"hcsc results show that the 4 per cent. solution was too strong,
Whl|e> t?u: 0.5 per cent. solution appears to have been too weak.
The injurious action of the 4 per cent. solution appears to have
been mainly on the sperm rather than on the eggs, for these
cggs after they had been in sea-water 4 hours were capable of
being cross-fertilized, and 25 per cent. of them developed.

Experiment V. Eggs and sperm were put into a 2 and into a
0.5 per cent. ether-solution and removed after 5 minutes.

Ether § min,
2. 90
0.5 90
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observed nothing that would support such a conclusion, and this
interpretation of the process would be foreign to what we find
in general in connection with fertilization even in cases where the
sperm of one species does not fertilize the eggs of another.

We come now to a more subtile argument, and one that we
are scarcely in position to discuss profitably in our present state
of ignorance concerning the union of egg and spermatozodn.
[t may be assumed that there is some sort of “‘chemical affinity"
between the egg and the spermatozoon that causes the two to
unite when they come together. On this assumption we should
have to suppose in Ciona that this affinity does not exist, or at
least is less strong, between the egg and the spermatozoa of the
same individual than between those of different individuals. Such
a statement carries us no further, however, than the facts, and in
the case of Cynthia we should have to assume that the affinity is
so nicely balanced that sometimes the spermatozoén can unite, and
sometimes it can not. In the case of Molgula the affinity must
be assumed to suffice to bring about self-fertilization. Until we
can give some more tangible form to this idea it does not appear
to have any greater value, than the mere statement of the facts,
and indeed may have less value, since it may give a wrong im-
pression as to the real factors at work.

Finally there might be advanced what may be called the electro-
chemical hypothesis. The union of the egg and the spermatozodn
may be supposed to be an electrical phenomenon, connected with
a difference in the chemical composition of the two elements. The
sperm head is almost pure nuclear chromatin, while the surface
of the egg is protoplasmic. Possibly the spermatozoén and the
egg have different electrical charges and unite with each other
if brought near enough for the charges to become effective. But
on this supposition it is not clear why the eggs and the sperm of
the same individual would not unite. Here also we get no light
on the absence of self-fertilization in Ciona.

I have kept constantly in mind while at work on this problem
the possibility that the spermatozodn may really enter the egg, but
fail to develop there, or fail to start the development of the egg,
because, coming from the same individual, it was not sufficiently
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different in composition to supply the necessary stimulus. The
ether might be supposed to make the sperm sufficiently different
from the egg to start the cleavage, or the ether might itself supply
. the stimulus which is capable of starting the development of the
# egg after the spermatozodn has entered.

N The test of this view should be found in direct observation
of the eggs themselves. I prepared therefore a series of eggs
of Ciona, some unfertilized for check series, others self-fertilized,
but not put into ether, and others like the last, but put into ether.

The difficulties of determining whether the spermatozoa can
. o enter the eggs of the same individual, but fail to start the devel-
R opment, are greater than may appear at first sight. The sperm
: i head is so minute that if after it entered no changes were af-
fected in the protoplasm about it, its presence might be readily
overlooked, and since the spermatozodn of Ciona enters the egg
in a granular zone that colors more deeply in certain stains than
does the rest of the egg, the difficulty is thereby increased. Of
course I have been on my guard against cases where the sur-
rounding sperm have floated over the section, as sometimes hap-
pens, or have been carried over it by a defect in the knife, and I
have also been careful to exclude all cases where specks of foreign
matter may have been on the slide, or in the fixative. There are
also two further precautions to be taken. When the egg with-
draws from the membrane and the test-cells are extruded, as it
were, from the outer zone of the egg, the protoplasm is some-
times drawn out in mamiliform processes that stain deeply and
resemble the entrance cone formed by the spermatozodn pene-
trating certain eggs. Even when the protoplasm does not pro-
trude, deeply staining spots are generally present and are espe-
cially obvious after iron haematoxylin. Careful staining with
Delafield’s haematoxylin shows clearly that these spots have noth-
ing to do with the entrance of spermatozoa. Furthermore these
- spots are found in unfertilized eggs. After iron haematoxylin
» minute deeply staining bodies, flattened against the outer surface
of the egg, can generally be found, and these strongly suggest
spermatozoa. That they are not such is shown by their presence
iin unfertilized eggs, and by their absence after the Delafield
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stain. I mention these points because they might easi'v lead one
after only a casual examination to conclude that soermatozon
enter the eggs. My best results have been obtained v drawing
out the iron haematoxylin until the protoplasm has los all of its
color, or better still by using the Delafield stain, an& also thor.
oughly extracting the color from the protoplasm.

Although I have examined a large number of premarations |
have not seen a single definite case without ether im which a2
spermatozoén has entered the egg of the same individizal. Diff.
cult as it admittedly is to be absolutely certain on this point, yet if
the spermatozoa had entered and had begun to enlzrge [ feel
certain that I should have detected their presence. That un-
developed sperm-heads may be present I must admit as a pos-
sibility, but I have not detected them, and believe thzr 1 should
have been able to do so were they present. It is also 2 point of
some importance that I have not found any spermatozoa within
the egg membrane, although quantities of them may Te outside.

There is a further point in this connection, the importance of
which I did not appreciate until I had closed the experimental
part of my work. In the eggs of many animals a chrange takes
place in the egg, after the penetration of one spermzrozoén, of
such a sort that the entrance of more spermatozoa is prevented.
I have found in Ciona that, after the sperm has stood with the
eggs of the same individual and has failed to fertilize them, these
eggs could still be readily fertilized by spermatozoa frem another
individual. If a spermatozodn of the same individnal really
enters the egg it does not in consequence bring about such a change
in the egg that other spermatozoa can not enter, and therefore
many spermatozoa of the same individual from which the eggs
were taken should be expected to gain entrance, but T am quite
certain that this, at least, does not occur. From this comsideration
also it may be inferred that the spermatozoa do not normally pene-
trate the eggs of the same individual.

In the light of these observations it seems probable thzz whenever
a spermatozodn enters the egg, the egg begins to develop regard-
less of whether the spermatozodn comes from the same or from
another individual. The ether must therefore induce a change
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of some sort that directly effects the entrance of the spermatozoon
into the egg, and at present [ see no other interpretation that is
left than that this entrance is due to the greater activity of the
spermatozodn that causes it to overcome some resistance, either
on the surface of the egg itself, or in the membrane surrounding
it. The nature of this resistance I did not detect, and this must
be the next step in the analysis. One method by which this view
may be tested is obvious, and has already been referred to. The
spermatozoa made active by sea-water must be placed in an ex-
tract of the eggs (or body-tissues) of the same individual, and
then, after a time, the eggs of another individual added. On
the hypothesis these eggs should be less likely to become fertilized
than eggs placed directly in contact with the fresh sperm.

It has been found that certain substances secreted by the glands
of the reproductive organs of the male mammal arouse the sper-
matozoa to greater activity. It has also been found that many
other substances have a similar effect on spermatozoa. It would
“be equally interesting to discover if the secretions.of other parts
- of the genital ducts of the male or of the receptacula of the fe-
male, when such are present, may not bring the spermatozoa
to rest, or keep them quiescent until some other exciting agent
arouses them. It seems almost certain that this must be the case
in those animals in which the spermatozoa of the male are stored
up in receptacula of the female, as for instance in the honey bee,
or in such a-hermaphroditic animal as the earthworm. The
. length of life of the spermatozoa in some of these forms would
& seem to make some assumption of this sort necessary. Experi-
- ments can easily be made that would decide this question. Kol-
liker has shown, in fact, that water quiets the spermatozoa of
»mammals without killing them.
¢ In the ascidians it is probable that the spermatozoa in the vas
deferens are quiescent. It is significant that in these hermaphro-
ditic forms the oviduct in which the eggs are stored takes a course
parallel to the male duct. Possibly the proximity of the two
ucts may be connected with the lack of power of self-fertilization
fi the eggs, because the egg may be saturated with the same
& substances that keep the sperm quiescent. It may be, however,
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