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In their modern context questions of heredity have come to be

closely aligned with theories of evolution because all such theories

require the presence of heritable variation. Thus the need for an

understanding of a source of variation and a mechanism for its in-

heritance became very apparent with the general acceptance of organic

evolution among biologists in the 1870's.

Yet no one theory of evolution or of heredity became generally

accepted until the modern synthesis of the 1930's. This thesis ad-

dresses the question of how this modern synthetic theory gained wide-

spread acceptance and seeks to answer it by studying the development

of a theory of heredity both before and after the rediscovery of

Mendel ca. 1900.

Those factors making possible the rediscovery in terms of the

developments in heredity and evolution are treated as a background

for the reception of Mendel. Theories discussed include those of



Charles Darwin, August Weismann, Hugo de Vries and the American neo-

Lamarckians.

These theories also serve as a background against which to see the

life and work of William Ernest Castle. This man was trained during the

1890's, receiving his Ph.D. under E.L. Mark at Harvard. In 1900 he

became one of the very first to begin Mendelian experiments on animal

material, working with small animals.

Castle's life and work extended into the second half of the twen-

tieth century and his career, therefore, reveals much of the development

of genetics in the United States. Thus his work serves as a focus for

an understanding of the impact of the Mendelian research program on the

biological community. Castle was important as a popularizer of Mendel-

iam, as a theoretician of sex-heredity, and as a mammalian geneticist.

In addition, he did much to shape American genetics by his training of

twenty Ph.D. geneticists at Harvard.

The work of William Castle also included a lengthy series of selec-

tion experiments which served to elucidate the function of selection

in evolution. The controversies generated by these experiments were

very influential in leading many Mendelians to become Darwinian evolu-

tionists and thus stand as a milepost in the development of the modern

synthetic theory of evolution.

Castle's position in history has been very tenuous because he was

perceived as "wrong" in a number of controversies. But his work elab-

orated and clarified important principles of modern genetic and evo-

lutionary theory. This thesis stands as a contribution to an under-

standing of the development of these theories by its focus on the

work of William Castle.
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WILLIAM ERNEST CASTLE: AMERICAN GENETICIST

A CASE-STUDY IN THE IMPACT OF THE

MENDELIAN RESEARCH PROGRAM

INTRODUCTION

Prior to the publication by Charles Darwin (1809-1882) of his

Origin of Species in 1859, few naturalists in the United States or

Great Britain would have given much credence to the notion that

species could be transmuted. Yet so persuasive was his argument

(and the evidence he accumulated and presented to support it) that

within a few years of its appearance, the Origin had transformed

the thinking of many. The idea that extant species are the de-

scendants of earlier, often extinct ones had, by 1870, come to be

widely accepted. Organic evolution rapidly became a most important

working hypothesis in the biological sciences.

Darwin's mechanism for evolution was natural selection and

largely by its operation, he supposed new species were created.

Darwin's thesis was simple:

As many more individuals of each species are born than
can possibly survive; and as, consequently, there is a
frequently recurring struggle for existence, it follows
that any being, if it vary however slightly in any manner
profitable to itself, under the complex and sometimes
varying conditions of life, will have a better chance of
surviving, and thus be naturally selected.1

1
Charles Darwin, On the Origin of Species by Means of Natural

Selection or the Preservation of Favoured Races in the Struggle for
Life (London: John Murray, 1859), fascimile of the first edition
with intro. by Ernst Mayr (Cambridge: Harvard University Press, 1964),
p. 5.
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But persuasive though he had been in convincing his fellows of evolu-

tion, his proposed mechanism for its accomplishment was not so well

received.

In the years which followed the Origin, Darwin's theory was

attacked and revised and condemned. From the voluminous discussion

which ensued emerged an almost bewildering array of evolutionary

theories. In them were suggested numerous other mechanisms, some

auxiliary to and some alternative to natural selection. In his

masterful survey of the then-current standing of Darwinism, Vernon

L. Kellogg (1867-1937) required nearly 200 densely-packed pages to

discuss these, bearing, as they did, names such as "heterogenesis,

orthogenesis, metakinesis, geographic isolation, biologic isolation,

organic selection [and] . . . orthoplasy."
2

Two theories attained

the greatest ascendancy in the United States as the century drew to

its end. One of these was the important revision of Darwin's hy-

pothesis known as neo-Darwinism. The other, quite inimical to

Darwinian evolution, was called by its adherents neo-Lamarckism.

With so many theories, each with its own proponents, it seems

remarkable that any kind of consensus ever was reached on evolution.

Yet for much of the last fifty years the modern synthetic theory has

held (at times somewhat stormy) sway, at least in the United States

2
Vernon L. Kellogg, Darwinism To-Day. A Discussion of Present-

Day Scientific Criticism of the Darwinian Selection Theories, To-
gether with a Brief Account of the Principal Other Proposed Auxiliary
and Alternative Theories of Species - Forming (New York: Henry Holt
and Company, 1907), p. 187. See chapters 8-11, pp. 187-373.
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and Great Britain.
3

The question of how this theory emerged trium-

phant from its multitude of fellows has no easy answer. To blithely

assert that it is true, or that it is explanatory of evolutionary

phenomena, is to beg the question.

A common feature of all the theories of evolution proposed

was the requirement of heritable variation for their functioning.

The questions of the source of this variation and of how it is in-

herited were both crucial to evolutionary theory. (Many of Darwin's

critics thought the inability of his theory to answer these two

questions one of its greatest weaknesses. Darwin concurred.) Be-

cause of the reliance of evolution on heredity, the proliferation

of evolutionary theories evoked a corresponding proliferation of

attempts to explain heredity. And because the (often unstated)

metaphysical bases of these evolutionary theories were often mutu-

ally exclusive, it is not surprising that a theory of inheritance

acceptable, for example, to a neo-Darwinian was not acceptable to

a neo-Lamarckian. Thus in the nineteenth century theories of evolu-

tion and heredity were implicitly tied together.
4

With this in mind it seems entirely likely that a theory of in-

heritance which led to a really fruitful approach in elucidating the

3
See for example Ernst Mayr and William B. Provine, eds., The

Evolutionary Synthesis. Perspectives on the Unification of Biology
(Cambridge: Harvard University Press, 1980).

4
Cf. R.C. Olby, "Introduction to Symposium 8: Relations between

Theories of Heredity and Evolution (1880-1920)," in E.G. Forbes, ed.
Human Implications of Scientific Advance, Proceedings of the XVth
International Congress of the History of Science, Edinburgh, 10-15
August, 1977 (Edinburgh: Edinburgh University Press, 1978), pp. 443-
450.
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problems of heredity also should greatly have influenced which theory

of evolution came to be accepted. Thus the modern synthesis largely

resulted from a coming together of Mendelian genetics and neo-Dar-

winian evolution. For that reason a study of the development of

genetics has proven to be a profitable approach to the question of

how a consensus on evolution was reached.

The history of Mendelian genetics is fraught with its own dif-

ficulties, however. Not least among them is the fact that Gregor

Mendel (1822-1884) first reported his results in 1865, yet they were

virtually ignored by science before 1900.
5

After the rediscovery in

1900, Mendelism still had its share of opponents; it was not accepted

without a fight. Yet despite the resistance history is clear: Gregor

Mendel's findings became part of the basis for the science of gen-

etics.

What happened in the interim between 1865 and 1900 which made

the scientific community able to appreciate the importance of Mendel?

I believe an important element of the answer to this question is

found in the tremendous ferment of ideas regarding evolution and

heredity in the last two decades of the nineteenth century. Out

of the agitation and debate which took place during that time arose

5
Gregor Mendel, "Versuche fiber Pflanzen-Hybriden," Verhandlungen

des naturforschenden Vereines in BrUnn, Abhandlugen, 4(1865):3-47.
A translation of this paper appears as "Experiments in Plant-Hybridi-
zation," in William Bateson, Mendel's Principles of Heredity: A De-
fence (Cambridge: The University Press, 1902), pp. 40-95. The story
of the rediscovery is beyond the scope of this thesis. For a good
account see Curt Stern and Eva R. Sherwood, The Origin of Genetics:
A Mendel Source Book (San Francisco: W.H. Freeman and Co. 1966); cf.
A.H. Sturtevant, A History of Genetics (New York: Harper & Row, 1965),
pp. 10-30.
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an awareness of the nature of the problems and an approach to their

solutions which made the value of what Mendel had accomplished more

readily appreciable. In the first section of this thesis I shall

show the development of some of the main lines of thought and the

important events leading up to Mendel's rediscovery in 1900.

Because Mendelism appeared to reveal the workings of heredity

it also was seen as potentially holding the key to evolution. This

is evidenced by the words of William Bateson (1861-1926) whose work

as the popularizer and defender of Mendel's work was so critical

to its acceptance.

In the Study of Evolution progress had well-nigh
stopped. The more vigorous, perhaps also the more
prudent, had left this field of science to labour in
others where the harvest is less precarious or the
yield more immediate. Of those who remained some
still struggled to push towards truth through the
jungle of phenomena: most were content supinely to
rest on the great clearing Darwin made long since.

Such was our state when two years ago it was
suddenly discovered that an unknown man, Gregor
Johann Mendel, had, alone, and unheeded, broken
off from the rest -- in the moment that Darwin was
at work -- and cut a way through.6

These words are an eloquent and fitting estimate of the value Bate-

son and other saw in Mendel's work; especially as a means of elu-

cidating evolution.

Largely because of this perceived utility, Mendelism had an

immediate impact on workers in both England and the United States.

Many were to change their entire research programs to take up the

6
Bateson, Mendel's Principles of Heredity, p. v.
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work of extending the Mendelian findings. In the United States the

first to do so was William Ernest Castle (1867-1962). A major pur-

pose of this thesis is to study the impact of Mendelism -- not as

merely the simple principles of Dominance and Segregation, but as a

research program with both theoretical and methodological elements --

on the life and work of this man. The second section of this thesis

is devoted to that end. From a study of his life it will be possible

to see the effects of the Mendelian research program both in terms

of its value and its limitations. One of the important limiting

aspects of Mendelism was its reliance upon breeding methodology.

We shall see in the work of this man the limiting effects of this

methodology on his career. This will be especially clear in his

controversies with the Morgan group. This is also a fitting way

to probe the question of the effect of Mendelism on the development

of evolution, for the work of William Castle contains a most inter-

esting chapter involving the efficacy of natural selection.

Historians of genetics and evolution have, in recent years,

turned away from an earlier tendency to focus only on Darwin and

Mendel. Recent useful reviews of developments in this history are

provided by Ernst Mayr and Daniel Kevles.
7

Implicit in nearly all

the recent work in these areas is the importance of the interaction

between evolution and heredity, though this is not always made ex-

plicit.

7
Ernst Mayr, "The Recent Historiography of Genetics," Journal

of the History of Biology, 6(1973):125-154; Daniel J. Kevles, "Gen-
etics in the United States and Great Britain, 1890-1930: A Review
with Speculations," Isis, 71(1980):441-455.
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An important part of recent work in the history of genetics and

evolution has focussed attention upon persons very important in the

development of these fields. For example, both William Coleman and

A.G. Cock have treated the life and work of William Bateson.
8

Work

on Bateson had largely been concerned with his role as the popular-

izer of Mendelism and the conflicts in which he became embroiled,

for example his opposition to the chromosome theory (and see be-

low). Other questions regarding Bateson, such as how great was the

influence of his "presence and absence" theory remain open and seem

worthy of study.

The work of important continental figures such as August Weis-

mann (1834-1914) and Wilhelm Johannsen (1857-1927) has received

attention by Frederick B. Churchill. J.H. Wanscher and Nils Roll-

Hansen also have written contributions to an understanding of Johann-

sen's theories.
9

These articles have tended to dwell upon internal

developments in these men's thinking. Important and useful though

these studies are, both Weismann and Johannsen had a great influence

in American genetics and evolution. The present work suggests some

8
William Coleman, "Bateson and Chromosomes: Conservative Thought

in Science," Centaurus, 15(1970):228-314; A.G. Cock, "William Bateson,
Mendelism and Biometry," Journal of the History of Biology, 6(1973):
1-36.

9Frederick B. Churchill, "August Weismann and a Break from
Tradition," Journal of the History of Biology, 1(1968):91-112; and
"Hertwig, Weismann and the Meaning of Reduction Division ca. 1890,"
Isis, 61(1970):429-457; and "William Johannsen and the Genotype Con-
cept," Journal of the History of Biology, 7(1974):5-30; and see J.H.
Wanscher, "The History of Wilhelm Johannsen's Genetical Terms and Con-
cepts from the Period 1903-1926," Centaurus, 19(1975):125-147; Nils
Roll-Hansen, "The Genotype Theory of Wilhelm Johannsen and its Re-
lation to Plant Breeding and the Study of Evolution," ibid., 22(1978):
201-235.
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ways in which these men influenced the development of theories of

evolution and genetics, especially in the United States.

The rediscovery of Mendel, and particularly the role of Hugo

de Vries (1848-1935) in that rediscovery, has figured prominently in

recent historical work. Malcolm J. Kottler and Peter W. van der Pas

have both dealt with this issue and arrived at quite different con-

clusions. (Kottler's article has, in addition, been of great value

to historians by making the results of de Vries's breeding experi-

ments available in English for the first time.) Somewhat of a de-

bate had arisen regarding whether de Vries actually independently

rediscovered the Mendelian principles of dominance and segregation

or merely applied them to his own experimental findings. Internal

evidence in publications by de Vries prior to 1900 seems to support

the latter view. Margaret Campbell has recently reviewed the evi-

dence on both sides and concluded that de Vries obtained Mendelian

ratios, but did not independently derive the principles of dominance

and segregation.
10

The Mutation Theory of de Vries also has received attention in

an excellent article by Garland E. Allen. Here, not only is the

theory well reviewed, it also is placed against a background of

questions prominent in biology at the time. Against this background

the quick acceptance of mutation theory is made understandable. The

present work uses de Vries's earlier speculative work on heredity

10
Malcolm J. Kottler, "Hugo de Vries and the Rediscovery of

Mendel's Laws," Annals of Science, 36(1979):517-538; Peter W. van
der Pas, "Hugo de Vries and Gregor Mendel," Folia Mendeliana, 11(1976):
3-16; Margaret Campbell, "Did de Vries Discover the Law of Segregation
Independently?", Annals of Science, 37(1980):639-655.
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similarly, showing how this theory led to his hybridization work and

thus to the rediscovery of Mendel. In addition, this theory is

shown to be important as a part of the intellectual agitation over

the questions of heredity and evolution which made acceptance of

Mendel possible. I have also extended Lindley Darden's argument that

de Vries's theory of heredity was built on a Darwinian tradition,

by making explicit in this thesis how the tradition developed.
11

Historians of science also have begun to focus attention upon im-

portant American figures in genetics and evolution. Monographs on

Thomas Hunt Morgan (1866-1945) by Garland E. Allen and Hermann J.

Muller (1890-1967) by Elof Axel Carlson are of particular value.

Allen's recent article on Morgan and his group at Columbia is also

excellent. More general treatments of American developments in gen-

etics and evolution have been presented by Edward J. Pfeifer, Charles

E. Rosenberg and Arnold Ravin.
12

11
Garland E. Allen, "Hugo de Vries and the Reception of the

'Mutation Theory'," Journal of the History of Biology, 2(1969):55-
87; Lindley Darden, "Reasoning in Scientific Change: Charles Darwin,
Hugo de Vries and the Discovery of Segregation," Studies in the His-
tory and Philosophy of Science, 7(1976):127-169.

12
Garland E. Allen, Thomas Hunt Morgan. The Man and His Science

(Princeton: Princeton University Press, 1978); Elof Axel Carlson,
Genes, Radiation and Society. The Life and Work of H.J. Muller
(Ithaca: Cornell University Press, 1981); and see Allen, "The Rise
and Spread of the Classical School of Heredity, 1910-1930; Develop-
ment and Influence of the Mendelian Chromosome Theory," in The
Sciences in the American Context: New Perspectives, ed. Nathan Rein-
gold (Washington: Smithsonian Institution Press, 1979), pp. 209-228;
Edward J. Pfeifer, "The Genesis of American Neo-Lamarckism," Isis,
56(1965):156-167; Charles E. Rosenberg, "Factors in the Development
of Genetics in the United States: Some Suggestions," Journal of the
History of Medicine, 22(1967):27-46; Arnold W. Ravin, "Genetics in
America: A Historical Overview," Perspectives in Biology and Medi-
cine, 21(1978):214-231.
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Much historical work on the American scene remains to be done,

and this thesis begins the process of filling certain voids. For ex-

ample, though "great person" history has a place of importance, it

seems clear that these persons did not make all of history. The

present thesis also focusses on a person of importance, whose work

contributed in several ways to the development of both genetics and

evolution. But his importance has been eclipsed by, for example,

Morgan, and Castle's work has not received any kind of full treat-

ment. This inequity may largely be due to the limitations inherent

in Castle's methodology as compared with Morgan's. This thesis be-

gins to redress the problem of great-man history by focussing on a

lesser personage and showing his work also to be of value. Thus the

picture we have of early twentieth century genetics is enlarged and

its history enriched.

Conflict has seemed to play an important role in the development

of genetics and evolution. For example the debate between Weismann

and Herbert Spencer (1820-1903) over the heritability of acquired

characters has received the attention of Frederick B. Churchill.

He showed that this debate, by focussing attention on the issue of ac-

quired characters, contributed to the demise of that idea even though

it was not clear at the time that Weismann's position was any stronger

than Spencer's.
13

P. Froggart and N.C. Nevin have described in some detail the

conflict between Bateson and Karl Pearson (1857-1936). Lyndsey A.

13
Frederick B. Churchill, "The Weismann-Spencer Controversy over

the Inheritance of Acquired Characters," in Human Implications of
Scientific Advance, pp. 451-468.
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Farrall has analyzed this conflict from the standpoint of how such

conflict may affect the development of a science. He concluded that

this conflict probably was adverse to the development of genetics in

alienating people, and thus in blocking the acceptance of Mendelism

by particularly the Darwinians. There is a hint here that this con-

flict could have delayed the synthesis of Mendelian genetics with

Darwinian evolution.
14

The present study treats Castle's most

important conflicts over selection and the linearity of the chromo-

somes and shows their importance in clarifying these concepts.

This brief survey of the pertinent literature would not be com-

plete without noting the valuable general histories of genetics by

L.C. Dunn, Hans Stubbe, and A.H. Sturtevant, and the background of

Mendelism provided by Robert C. Olby. These volumes all provide

factual material and references of great value to both the historian

and the research geneticist. There is a tendency in them, however,

to portray the history of genetics as a linear progression from a

point of ignorance regarding the science of heredity to a later

point when the current viewpoints were developed. The histories of

William B. Provine and Elof A. Carlson, focussing as they do on

the development of particular aspects of genetics, are similarly

14P. Froggart and N.C. Nevin, "The 'Law of Ancestral Heredity'
and the Mendelian-Ancestrian Controversy in England, 1889-1906,"
Journal of Medical Genetics, 8(1971):1-36; Lyndsay A. Farrall, "Con-
troversy and Conflict in Science: A Case-Study -- the English Bio-
metric School and Mendel's Laws," Social Studies in Science,
5(1975):269-301.
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problematic.
15

Interpreting the history of genetics in light of the

development of one specific concept has led to some distortion.

In such a linear view of history, experiments, theories and

persons whose work does not fit are seen as having no place or their

place is seriously distorted. Because the work of William Castle

does not easily fit into such a view of the history of genetics, his

very important contributions have been generally overlooked. But

while science does not progress linearily (or, indeed, maybe not at

all) it does seem clear that both theoretical constructs and method-

ologies do change over time. This thesis shows how some of the change

in the emerging science of genetics came about through a focus on

the work of William Castle.

I will trace the most important developments in evolution and

heredity between approximately 1880 and 1900. In the first chapter

I will include a survey of the development of neo-Darwinian and neo-

Lamarckian thought. In the second chapter I will show how those

theories influenced the development of a theory of heredity and

trace this development through the work of August Weismann and Hugo

de Vries. In this chapter also will be included a section on the

advances made in cytology during that period. This is necessary for

without that background it is difficult to understand the speculative

15
L.C. Dunn, A Short History of Genetics (New York: McGraw-Hill

Co., 1965); Hans Stubbe, History of Genetics, 2nd. ed. (Cambridge:
MIT Press, 1965); A.H. Sturtevant, A History of Genetics (New York:
Harper & Row, 1965); Robert C. Olby. Origins of Mendelism (London:
Constable & Co., Ltd., 1966); William B. Provine, The Origins of Theo-
retical Population Genetics (Chicago: University of Chicago Press,
1971); E.A. Carlson, The Gene: A Critical History (Philadelphia: W.B.
Saunders and Company, 1966).
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formulations of Weismann and de Vries who both consciously based

their theories on those advances.

Thus the first section of this thesis will provide a useful

summary of the theorizing and controversy which made possible the

reception of Mendel in 1900. This section also will provide the

backdrop against which we may view the work of William Castle. He

received his training as a scientist during this period and its

richness of ideas, its controversies and the prevailing excitement

over evolution and heredity were very much a part of that training.

The focus in the second section of this thesis will be on the

life and work of William Castle as typical of the emergent Mendelian

geneticist. In the third chapter we will see how the Mendelian re-

search program changed his own work and look at some of his con-

tributions to the development of genetics. In the fourth chapter I

will analyze in some detail Castle's important controversies with

other geneticists. I also will show how the agitation he created

helped to clarify the role of selection in evolution and to establish

the linearity of the chromosome. In the last chapter I shall offer

some conclusions on the nature of the science of genetics and the

impact of the Mendelian program as seen in the work of William

Castle.

We shall see that this man was more than merely typical of the

emergent Mendelian geneticist. As his student L.C. Dunn said of

him,

The life of William Ernest Castle was so intimately
connected with the develpment of the science of genetics
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in the United States that an account of his scientific
career is also a

16
story of the early years of genetics

in this country.

Thus this thesis provides a valuable addition to an understanding of

the development of evolution and genetics in bringing that important

career into clear focus for the first time.

16
L.C. Dunn, "William Ernest Castle: October 28, 1867-June 3,

1962," National Academy of Sciences Biographical Memoirs, 38(1965):33.
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CHAPTER ONE

THE SCIENTIFIC BACKGROUND FOR THE RECEPTION OF MENDEL CA. 1900: I

THEORIES OF EVOLUTION

With the acceptance of organic evolution following from Darwin's

Origin came the necessity of explaining how this occurred. Some saw

Darwin's natural selection as an adequate mechanism. Others saw it

as partially explanatory and added to it auxiliary mechanisms in an

attempt to more completely explain evolution. Yet others were to

reject Darwin entirely and formulate their own theories of evolu-

tion, some quite inimical to Darwin's.

Closely following the various evolutionary ideas came numerous

theories of heredity. These served as important additions to

evolutionary thought because of the necessity that variation be

heritable which all evolutionary theory had in common.

As a background for the reception of Mendel's rediscovery in

1900 I shall discuss the developments in evolution and heredity

during the 1880's and 1890's. It was in the agitation and debate,

which ensued as ideas regarding evolution and heredity were suggested

and argued, that the stimulus which made possible an appreciation

of Mendel may be found. Thus in the first section of this thesis

some of the most prominent of these ideas will be discussed.

In the first chapter I will deal with theories of evolution.

The discussion will begin with a look at Darwinian thinking, re-

viewing Darwin's theory itself and that of his most famous reviser,

August Weismann. In the second portion of this chapter I will discuss
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the ideas of American neo-Lamarckism, focussing largely on the specu-

lative formulations of Edward Drinker Cope (1840-1914). I will turn

in the second chapter to a discussion of theories of heredity.

Darwinian Theories

Historically the most important revision of Darwin's theory came

to be called neo-Darwinism and was largely the work of August Weis-

mann. Later in this chapter I will discuss in some detail the de-

velopment of his ideas. It is first necessary, however, to explore

Darwin's theory itself for it was in that tradition which Weismann

worked. As noted, Darwin proposed the theory of Natural Selection

in 1859 in his Origin of Species. His first two chapters dealt

with variation in domesticated animals and in natural populations.
1

Having established that variation is a real phenomenon by numerous

examples he then discussed what he termed the "struggle for existence"

in the third chapter.
2

This term had more than one sense to Darwin:

I should premise that I use the term Struggle for Ex-
istence in a large and metaphorical sense, including de-
pendence of one being on another, and including (which
is more important) not only the life of the individual,
but success in leaving progeny. Two canine animals in a
time of dearth, may be truly said to struggle with each
other which shall get food and live. . . . A plant which
annually produces a thousand seeds, of which on an aver-
age only one comes to maturity, may be . . . truly said
to struggle with the plants of the same and other kinds
which already clothe the ground. . . . Several seedling
missletoes, growing close together on the same branch,
may . . . truly be said to struggle with each other.
As the missletoe is disseminated by birds, its existence
depends on birds; and it may metaphorically be said to

1
Darwin, Origin of Species, pp. 7-59.

2
Ibid., pp. 60-79.
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struggle with other fruit-bearing plants, in order to
tempt birds to devour and thus disseminate its seeds
rather than those of other plants. In these several
senses, which pass into each other, I use for conven-
ience sake the general term of struggle for existence.

The struggle for existence was the inevitable result of "the

high rate at which all organic beings tend to increase."
4

Even a

species which increased at a very low rate would soon cover the

earth with the offspring from a single pair if some were not

destroyed. From his calculation that one pair of elephants could

produce in 500 years 15 million offspring he concluded that all the

offspring of any species could not live, and thus, a struggle for

existence characterized nature.

In his fourth chapter he developed the central idea of his

thesis, natural selection.

Can it, then, be thought improbable, seeing that vari-
ations useful to man have undoubtedly occurred, that
other variations useful in some way to each being in
the great and complex battle of life, should sometimes
occur in the course of thousands of generations? If

such do occur, can we doubt (remembering that many
more individuals are born than can possibly survive)
that individuals having an advantage, however slight,
over others, would have the best chance of surviving
and of procreating their kind? On the other hand,
we may feel sure that any variation in the least
degree injurious would be rigidly destroyed. This
preservation of favourable variations and the re-
jection of injurious variations, I call Natural Sel-
ection.5

By preserving those variations which made an organism better suited

for life and eradicating those rendering their possessor less suited

3
Ibid., pp. 62, 63.

4
Ibid., p. 63.

5
Ibid., pp. 80, 81.
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for the conditions of life natural selection caused modification.

As modifications were accumulated over time the offspring slowly

diverged from the original form. Thus, in time, divergence could

become sufficiently large that a new species was formed.

Darwin considered natural selection to be analogous to the

artificial selection exercised by breeders of animals and plants,

but much greater in its effectiveness:

Man can act only on external and visible characters:
nature cares nothing for appearances, except in so
far as they may be useful to any being. She can act
on every internal organ, on every shade of constitu-
tional difference, on the whole machinery of life.6

The selection which the human exercised was much less rigorous than

that of nature. Humans did not destroy all inferior animals, nature

did. And for Darwin, the difference in time available to the human

and that available to nature "during whole geological periods"
7

gave

nature much greater

variation, even the

work very slowly in

these slow changes

the long lapses of

power. Yet, acting as it did upon "every

slightest," natural selection was thought to

improving organic beings. "We see nothing of

in progress, until the hand of time has marked

ages. ,18

Darwin then proceeded to illustrate the possible action of

natural selection. His illustrations included the wolf, hard-

pressed for food, surviving if it was the "swiftest and slimmest."
9

6
Ibid., p. 83.

7
Ibid., p. 84.

8
Ibid.

9
Ibid., p. 90.
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The flower which produced nectar would attract insects and thus

would be cross-pollinated and produce "very vigorous seedlings."
10

Natural selection, by its continual action of modifying and

adapting organisms" to their several conditions and stations," was

supposed to be the main factor in evolution:

Natural selection, as has just been remarked, leads
to divergence of character and to much extinction of
the less improved and intermediate forms of life. On
these principles, I believe, the nature of the affin-
ities of all organic beings may be explained. It is
truly a wonderful fact -- the wonder of which we are
apt to overlook from familiarity -- that all animals
and all plants throughout all time and space should
be related to each other in group subordinate to group,
in the manner which we everywhere behold.

But while natural selection was most important in his scheme, Darwin

admitted the value of other factors, such as isolation, in producing

new species.
11

We have seen that Darwin believed variation to exist and that

those variations of benefit to the organism were selected for by the

rigors of existence. How did such variation arise? Darwin pro-

posed two sources of variation. He believed the reproductive sys-

tem was particularly susceptible to "changes in the conditions of

life." Thus, indirectly, environmental change could induce vari-

ability.
12

He also believed "that use in our domestic animals

strengthens and enlarges certain parts, and disuse diminishes them;

and that such modifications are inherited."
13

He was less certain

10
Ibid., p. 92.

11
Ibid., p. 128, and see Darwin's discussion of the role of iso-

lation, pp. 173, 174.

12
Ibid., pp. 131, 132.

13
Ibid., p. 134.
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of this in "free nature" though he cited a number of examples of

"structures which can be explained by the effects of disuse."

Some variation also could be explained by what Darwin called "cor-

relation of growth." Variation resulted from the fact that organ-

isms are so unified in growth and development that a slight variation

in "any one part" caused other parts to become modified with it.
14

Darwin posited that variation was regulated by two laws. The

first: "A part developed in any species in an extraordinary degree

or manner, in comparison with the same part in allied species, tends

to be highly variable. "15 Examples of this principle included

secondary sexual characters and specific characters. And the second

law: "Distinct species present analogous variations; and a variety

of one species often assumes some of the characters of an allied

species, or reverts to some of the characters of an early progen-

itor.
"16 As illustrations of this law Darwin cited the case of

domestic pigeons presenting the markings of the ancestral "rock-

pigeon." The occasional appearance of horses with spinal stripes,

shoulder stripes and leg stripes was another example given. These

he considered to be reversions to the traits of the ass and zebra.

In summary, he stated "our ignorance of the laws of variation is

profound."
17 Thus Darwin was very aware of the tentative nature of

his ideas on variation. And he, along with many of his critics,

14
Ibid., and see PP- 143f. for Darwin's discussion of correla-

tion of growth.

15
Ibid., p. 150.

16
Ibid., p. 159.

17
Ibid., p. 167.
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considered this ignorance to be a serious impediment to a full un-

derstanding of evolution.

A complete description of everything contained in the Origin

is not necessary to this thesis. The main points of Darwin's

theory of evolution by natural selection may be summarized as

follows: He suggested that (1) individuals varied among themselves.

(2) There was a struggle for existence between and among individuals.

(3) The rigors of that struggle preserved those individuals possessed

of advantageous variation and destroyed those with detrimental vari-

ation. Thus, in time, small variations accumulated incrementally

until modification of form occurred. This process accounted for

both the apparent adaptation of forms to their environments and the

descent, with modification, of one species from another.

Neo-Darwinism or "ultra-selectionism," as it came to be called,

was largely the formulation of August Weismann. Weismann's special

area of study was the evolution of the lower animals. He eluci-

dated the complicated reproduction and development of the group of

crustaceans known as Daphniidae (or "water fleas"). Beginning in

1881 Weismann published a number of essays in which he attempted to

develop a mechanism to account for the phenomena of heredity. This

work was profoundly to alter Darwinism.

Weismann took as his starting point the observation that uni-

cellular organisms multiply by fission (one cell giving rise to two,

those two to four, etc.) and thus were essentially immortal.
18

He

18
August Weismann, "The Duration of Life," (1881), reprinted in

Essays upon Heredity and Kindred Biological Problems, ed. E.B. Poul-
ton, Selmar Schtinland, A.E. Shipley, 2nd ed. (Oxford: Clarendon Press,
1891), I, 26, 27.
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explained death as a restriction of the ability of somatic tissue

to reproduce which had arisen as a result of the differentiation of

tissue in metazoans. He considered "that death is not a primary neces-

sity,but that it has been secondarily acquired as an adaptation."
19

In a second essay, "On Heredity" (1883) he went another step in

the development of his ideas:

Among these unicellular organisms, heredity depends
upon the continuity of the individual during the continual
increase of its body by means of assimilation.

But how is it with the multicellular organisms which
do not reproduce by means of simple division, and in which
the whole body of the parent does not pass over into the
offspring?

In such animals sexual reproduction is the chief means
of multiplication. In no case has it always been com-
pletely wanting, and in the majority of cases it is the
only kind of reproduction.

In these animals the power of reproduction is con-
nected with certain cells which, as germ cells, may be
contracted with those which form the rest of the body.

20.
they alone possess the power of preserving the species.

Thus Weismann considered the "continual division of the reproductive

cell" to be analogous to reproduction by fission in unicellular forms.

In 1885 Weismann formulated his theory of "The Continuity of

the Germplasm" (founded on these ideas) in an essay of the same name.

In this essay he suggested that:

. . . germ cells are not derived at all, as far as their
essential and characteristic substance is concerned, from
the body of the individual, but they are derived directly
from the parent germ-cell.

Weismann thought that "the germ-cells of successive generations are

directly continuous. . ." for he wrote:

19
Ibid., p. 25.

20
In Essays upon Heredity, I, 67-106, quote from p. 73.
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I have attempted to explain heredity by supposing that in
each ontogeny, a part of the specific germ-plasm contained
in the parent egg-cell is not used up on the construction
of the body of the offspring, but is preserved unchanged
for the formation of the germ-cells of the following gen-
eration.21

On September 18, 1885, Weismann delivered a paper, "The

Significance of Sexual Reproduction in the Theory of Natural Sel-

ection," to the Association of German Naturalists at Strassburg.
22

He based his remarks on the ideas which he had previously formulated.

For Weismann, heredity depended upon the continuity of germ-plasm

from one generation to the next. Thus, he argued, "it follows that

the transmission of acquired characters is an impossibility."

The opposite view has, up to the present time,
been maintained, and it has been assumed, as a matter
of course, that acquired characters can be transmitted;
furthermore, extremely complicated and artificial
theories have been constructed in order to explain how
it may be possible for changes produced by the action
of external influences in the course of a lifetime,
to be communicated to the germ and thus to become her-
editary. But no single fact is known which really
proves that acquired characters can be transmitted.

Weismann did not make this strong statement without understanding

its implications for the theory of evolution; particularly for Darwin's

principle of natural selection:

Individual variability forms the most important founda-
tion of the theory of natural selection: without it the
latter could not exist, for this alone can furnish the
minute differences by the accumulation of which new forms
are said to arise in the course of generations. But how
can such hereditary individual characters exist if the

21"The Continuity of the Germ-Plasm as the Foundation of a
Theory of Heredity" (1885), in Essays upon Heredity, I, 163-254,
quotation from p. 170.

22
In Essays upon Heredity, I, 257-342.

23
Ibid., p. 273, 274.
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changes wrought by the action of external influences,
during the life of an individual, cannot be transmitted?
We are clearly compelled to find some other source of
hereditary individual differences, or the theory of
natural selection would collapse, as it certainly would
if hereditary individual variations did not exist.24

Weismann had removed the major source of variation thought to be

available. Now he was faced with the problem of elucidating another

source of variation upon which natural selection could act.

He found the source for such variation in sexual reproduction.

Heritable change could only come by change in the germ-plasm. This

change was the result of fertilization. In this process the "heredi-

tary tendencies" of two parents are united and thus a new germ-plasm

is formed. Offspring are "therefore, as it were, a compromise be-

tween two developmental tendencies." This process can lead to great

variation since "in the tenth generation, a single germ contains

1024 different germ-plasms, with their inherent hereditary tendencies,

it is quite clear that continued sexual reproduction can never lead

to the appearance of exactly the same combination."
25

We may summarize Weismann's idea, then, as follows: (1) repro-

ductive-cell division was seen as analogous to the fission of uni-

cellular organisms. Thus, like unicellular organisms, germ-plasm

was immortal in essence, or continuous from generation to generation.

(2) Since all heredity was based upon the germ-plasm it was impossible

for acquired characteristics to be transmitted. (3) Sexual repro-

duction, in uniting the germ-plasm of two parents, could provide

24
Ibid., p. 274.

25
Ibid., p. 283.
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sufficient variation to explain evolution by natural selection.

Weismann's formulation made natural selection the only operative

factor in evolution. "The essence of Darwinism" it was recently

suggested,

lies in a claim that natural selection is the primary
directing force of evolution, in that it creates fit-
ter phenotypes by differentially preserving, generation
by generation, the best adapted organisms from a pool
of random variants that supply raw material only, not
direction itself. Natural selection is a creator; it
builds adaptation step by step.

Darwin, as has been seen, had supposed characters acquired or modif-

ied by use and disuse to be an important source of variation upon

which natural selection could act. But use and disuse are the re-

sponses of an organism to its environment, and variation produced by

this response it pre-conditioned by the environment to be adaptive.

Such variation, then, is pre-adapted, already directed, and needs no

selecting. This variation diminishes the creative role of natural

selection, and in the extreme case, selection is reduced to having

the merely negative utility of eliminating detrimental variation.

As will be seen, even the neo-Lamarckians accepted natural selection

in those terms. Weismann's reformulation of Darwinism had eliminated

this source of potential internal conflict from the theory.

The reaction to Weismann's work was immediate and intense. In

1887, he was invited to the meeting of the British Association at

Manchester. In addition to delivering a paper on polar-body forma-

tion, he participated in a panel which debated the question "Are

Acquired Characters Hereditary?" According to E.B. Poulton

26
Stephen Jay Gould, "Darwinism and the Expansion of Evolution-

ary Theory," Science 213(1982):381.
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(1855-1943) the same subject was again debated at the 1889 meeting in

Newcastle. As he recalled: "It was only natural that Weismann's con-

clusions should rouse intense opposition, for they undermined the

foundations on which so much evolutionary theory had been erected."
27

Weismann did his work in Germany and lectured and published in

German, yet his influence was sufficient that the English-speaking

world was aware of it almost immediately. The editors of Weismann's

Essays upon Heredity state: "The attention of English biologists and

men of science was first called to Professor Weismann's essays by

an article entitled 'Death' in 'The Nineteenth Century' for May,

1885, by Mr. A.E. Shipley" (1861-1927). And they include references

for the abstracts of Weismann's essays which had appeared in Nature

almost concurrently with their publication in Germany.
28

The first

edition of Essays upon Heredity, containing those mentioned above,

as well as other essays, was published in 1889 and the second edition

appeared in 1891, such was the demand for this work.

The controversy generated was sufficient that Weismann's editors

listed 29 books and articles (in numerous journals including American

Naturalist), as well as about 30 letters to Nature in a section

titled "Reviews, Volumes, Letters, etc., dealing with the Subject of

the Essays, which have appeared in England and America since the pub-

lication of the First Edition (1889)."
29

27
E.B. Poulton, "A Hundred Years of Evolution," Science 74(1931):

347.

28
Essays upon Heredity, p. xii.

29
Ibid., p. xiii.
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But the real core of the conflict was the exchange between Weis-

mann and Herbert Spencer (1820-1903) between 1893 and 1895. Their de-

bate attracted attention beyond the scientific world because it took

place largely in the pages of the Contemporary Review, a journal

more accesible to the educated public than Nature or American Natural-

ist. A recent treatment of this debate states that the proponents of

transmission of acquired characters were "clearly on the offensive

in producing examples to document their cause."

Those who argued against such inheritance found them-
selves in the awkward position of probing a negative.
This meant refuting the empirical proofs of their op-
ponents or resorting to new principles which were not
universally accepted or even understood.3°

Weismann received strong criticism from the neo-Lamarckians in

the U.S. as well. His view that acquired characters could not be

inherited went to the very heart of their evolutionary mechanism.

Sometimes their comments fell short of being legitimate scientific

arguments. John A. Ryder (1825-1895) called Weismann's theory "the

"extravagant claims made by Prof. Weismann, the author of the doctrine

of the isolation of the germ-plasma." He concluded his comments

with the following:

. . . we therefore realize what a colossal fabric of
speculative rubbish must be consigned to the limbo of
untenable and forgotten hypotheses in what is repre-
sented by the misguided labors of the advocate of the
existence of an unalterable germ-plasma.31

30
Frederick B. Churchill, "The Weismann-Spencer Controversy over

the Inheritance of Acquired Characters," in Human Implications of
Scientific Advance, p. 451.

31
John A. Ryder, "A Physiological Hypothesis of Heredity and

Variation," American Naturalist, 24(1890):92.
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Some of the arguments used against Weismann were more, however,

than mere name-calling. A serious criticism came from the botanists

because of the lack of any noticeable germ-cell isolation in plants.

Furthermore, the development of the reproductive cells constituted

"the very last stage of ontogeny" in plants.
32

It also was thought

that the pollen of the male plant could "exercise a direct influence

on the soma of the female."
33

The phenomenon called "bud-variation"

was yet another objection to Weismann's view. This consisted of

the sudden appearance of a peculiarity on the part of a
shoot which develops from a single bud. When such a
peculiarity arises, it admits of being propagated, not
only by cuttings and by other buds from that shoot, but
also by seeds which the flowers of the shoot subsequently
produce -- in which case all the laws of inheritance
that apply to congenital variations are found to apply
also to bud-variation.34

Thus the various means by which plants reproduced themselves called

into serious question the universal applicability of Weismann's sep-

aration of the germ-plasm from the somato-plasm.

But even more serious was the criticism of Edward Drinker Cope

concerning germ separation in animals:

It is asserted by Weismann that the reproductive cells
are separated from the primitive layers of the blastoderm
at a very early period, and are set apart from those
which develop into the other tissues and organs, so as
to be uninfluenced by all the later changes undergone
by them.

But, he went on to point out, "in some of the rodent mammalia they

do not appear until the thirteenth day after the first appearance of

32
George John Romanes, An Examination of Weismannism (Chicago:

The Open Court Publishing Co., 1893), p. 74.

33
Ibid., p. 79, and cf. the discussion on pp. 78-81.

34
Ibid., p. 95.
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the blastoderm. Furthermore the isolation of these cells is not

complete after they appear."
35

Weismann could only modify his view

so that the alleged separation of the germ- from the somoto-plasm

was not so absolute as he had originally stated.

A third important problem for Weismann's position was the alle-

gation that sexual reproduction could not be the entire source of the

variation upon which natural selection acted. A good example of

criticism on this point was published by Sydney H. Vines (1849- ?),

an Oxford botanist, in 1889. Weismann had been so strong in his as-

sertion of sexual reproduction as the only source of variation that

he had claimed parthenogenic species did not display any variation.

Vines replied that the Basidiomycetes (fungi) are entirely asexual

in their reproduction and are extremely varied. He was even sure

"that in the Fungi, new species have been developed from partheno-

genetic forms." Nor was Vines willing to give up the inheritance of

acquired characters as a source of variation. Thus, he closed his

argument by asserting that "new hereditary characters can be produced

by the action of external influences on the germ."
36

Weismann responded at length to this attack in 1890 and appeared

to modify his position somewhat. He was "of the opinion that the

origin of sexual reproduction depends on the advantage which it

affords to the operation of natural selection. . ." But he was

willing to concede:

Still, I am at present inclined to believe that Prof. Vines

35
E.D. Cope, "On Inheritance in Evolution," American Naturalist,

23(1889):92.

36
Sydney H. Vines, "An Examination of Some Points in Prof.

Weismann's Theory of Heredity," Nature, 40(1889):626.
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is correct in questioning whether sexual reproduction is
the only factor which maintains Metazoa and Metaphyta
in a state of variability.37

The criticism regarding this point became so strong that in 1895 Weis-

mann proposed his theory of "Germinal Selection" to augment sexual

reproduction as a source of variability.
38

This theory proposed that determinants (Weismann's term for the

carriers of the hereditary material which he called biophors) were

strengthened or weakened according to whether the part they determined

was being selected for or against by the current environmental con-

ditions. If a determinant was weakened it was less able to compete

for nutrition in the germ and it was thus gradually eliminated. If

strengthened its competitive ability was enhanced. This theory rested

on the idea that the heterogeneous biophors, of which the determin-

ants were composed, were in numerical balance and these "ultimate

units of life" themselves were selected for. Changes in the quanti-

tative ratios of the biophors arising from this selective process

were the cause of qualitative changes in the determinants, and thus

of the changed traits resulting from the determinants. This theory

provided a substantial alternative source of variety, and, at the

same time, allowed for an indirect modification of the germ-plasm

itself by the selective powers of the environment.

Weismann also believed this theory explained how it was that the

needed useful variation was always present. Here he gave up too much

to the neo-Lamarckian position for he said: "we may assert, therefore,

37
"Prof. Weismann's Theory of Heredity," Nature, 41(1890):322.

38
0n Germinal Selection (Chicago: The Open Court Publishing Co.,
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in general terms: a definitely directed progressive variation of a

given part is produced by continued selection in that definite di-

rection."
39

By allowing for directed variation this theory once

more introduced a possible source of conflict with the principle of

natural selection as Darwin had proposed it to be.

Yet another attack came from the "traditional" Darwinians as

typified by George John Romanes (1848-1894) who maintained a belief

that natural selection was the central force in evolution. He re-

jected Weismann's notion of the isolation of the germ-plasm, however,

and continued to believe in the transmission of acquired characters.

In 1893 Romanes published An Examination of Weismannism which sum-

marized Weismann's work and the various criticisms regarding it.
40

Despite the criticism from many quarters the opinions of Weis-

mann were not to be ignored. Such was their importance that his

work influenced nearly everything written on the subjects of evolution

or heredity well into the twentieth century. One could take any of

several positions on the problem, but one could not ignore it. Prior

to Weismann, even those whose theory did not make the transmission of

acquired characters central in evolution (i.e. the Darwinians) at

least had acknowledged it as a fact. As Henry Fairfield Osborn

(1857-1935), a student of Cope and an important neo-Lamarckian, wrote

in 1895, ". . . his [Weismann's] first permanent service to Biology

is his demand for direct evidence of the Lamarckian principle."
41

39
Ibid., p. 19.

40
See above, footnote 32.
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Influential scientists who accepted Weismann's position included

E.B. Poulton; embryologist Edwin Ray Lankester (1847-1929), later

director of the British Museum of Natural History; H.N. Mosely (1844-

1929), founder of the department of zoology at Oxford; William Thisel-

ton-Dyer (1843-1929), director of the Royal Botanical Gardens at Kew;

and Alfred Russell Wallace (1823-1913), co-discoverer of the principle

of Natural Selection. In the United States William Keith Brooks

(1848-1908), who, as professor of morphology at Johns Hopkins (which

offered the first Ph.D. program in biology in the U.S.), had a pro-

found effect on American biology, and Othniel C. Marsh (1831-1899),

whose collection of fossil vertebrates at the Peabody Museum of Yale

University was unprecedented in size and completeness, were quickly

won over to Weismann's viewpoint.
42

On both sides of the Atlantic,

then, Weismann's revision of Darwinian evolution was adhered to by

able and influential scientists.

The Neo-Lamarckians

The first "significant expression" of neo-Lamarckism in the

United States came in 1866.
43

Alpheus Hyatt (1838-1902) presented to

the Boston Society of Natural History a paper "On the Parallelism be-

tween the Different Stages of Life in the Individual and Those in the

42
See Keith Rodney Benson, "William Keith Brooks (1848-1908): A
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(Ph.D. dissertation, Oregon State University, 1979) for an analysis of
Brooks's influence on American science, and Charles Schuchert and Clara
Mae LeVene, O.C. Marsh. Pioneer in Paleontology (New Haven: Yale Uni-
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Entire Group of the Molluscous Order Tetrabranchiata."
44

In this

paper Hyatt argued that fossil genera of molluscs showed cycles cor-

responding to the life cycle of a single individual. When young,

genera were fruitful in producing subordinate species. A decline

in numbers of species produced indicated declining vigor in the genus

and finally the shells became contorted, foretelling extinction of

the genus. He attributed this to a process which he called "accel-

eration and retardation."

By acceleration he meant that characters "belonging to adults of

a maturing species became embryonic in the next higher species."
45

Thus, as a genus progressed, later species enjoyed more advanced

traits at an earlier age. They could then make even further gains

to pass on to their offspring. As a genus became older its "vital

power" diminished, and the process reversed itself. Thus increasingly

degraded traits were inherited until the genus disappeared. This was

the process of retardation.

Edward Drinker Cope had come to a very similar conclusion re-

garding the course of evolution through his work with fossil amphibi-

ans completed in 1865. This remarkable coincidence resulted in Hyatt

and Cope becoming the joint founders and guiding lights of American

neo-Lamarckian thought.

The principles of "acceleration" and retardation" were to become

a central, agreed-upon point in the otherwise somewhat diversified

44
Memoirs of the Boston Society of Natural History, 1866-1867,

I, Part 1:193-209, cited in ibid., p. 156.

45
Pfeifer, "American Neo-Lamarckism," p. 156.
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neo-Lamarckian position. But most important to the neo-Lamarckian

evolutionary scheme was the inheritance of acquired characters. For

this reason they were closely allied with, though initially independ-

of, Jean-Baptiste-Pierre-Antoine de Monet de Lamarck (1744-1829) whose

name was a fitting appellation for their program.
46

Like Lamarck, the neo-Lemarckians believed that characters were

modified by the effects of use and disuse and that such characters

were heritable. And like him they also believed this principle to

be the driving force in evolution; such acquired adaptive features

accumulated in successive generations and thus new species occurred.

Also like Lamarck, the neo-Lamarckians supposed that the adaptation

of an organism was a goal-directed (i.e. teleological) process, and

that evolution itself was progressive from the simple to the complex.
47

In Cope's formulation his fourth law of evolution was the law of

"Teleology." Here is a representative statement:

. . . we perceive that an almost infinite chance exists
against any usual amount of variation, as observed, pro-
ducing a structure which shall be fit to survive in con-
sequence of its superior adaptation to external

46
See Stephen Jay Gould, "The Rise of Neo-Lamarckism in America,"

in Lamarck et son Temps, Lamarck et notre Temps. Colloque internation-
al dans le cadre du Centre d'Eiudes et de Recherches interdisciplin-
aries de Chantilly (C.E.R.I.C.) (Paris: Librairie Philosophique J. Vrin,
1981), pp. 81-91 for an excellent discussion of the influence which
Lamarck's work actually had upon Cope and the American neo-Lamarckians.

47
See Lamarck's discussion of these points in Zoological Philos-

ophy. An Exposition with Regard to the Natural History of Animals:
The Diversity of their Organization and the Faculties which they Derive
from it; the Physical Causes which Maintain Life within them and Give
Rise to their Various Movements; Lastly, those which Produce Feeling and
Intelligence in Some Among them, trans. with intro. by Hugh Elliot (New
York: Macmillan and Co., 1914) reprinted by arrangement (New York:
Hafner Publishing Company, 1963), pp. 113-130.
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circumstances. It would be incredible that a blind or un-
directed variation should not fail in a vast majority of
instances to produce a single case of the beautiful adap-
tation to means and ends which we see so abundantly around
us. 48

It is readily seen in this statement how a teleological evolution is

directly inimical to evolution by natural selection as formulated

by Darwin.

A closer examination of Cope's theory is called for since his

ideas were the most influential among (and thus representative of) the

neo-Lamarckians. Cope's view comes directly out of his perception of

the inadequacy of natural selection to account for the phenomena of

evolution. For Cope "this doctrine is no doubt a true one, and has

regulated the preservation of the variations of species, and assigned

them their locations in the economy of nature." But,

great obscurity has arisen from the supposition that natural
selection can originate anything, and the obscurity has not
been lessened by the assertion often made that these vari-
ations are due to inheritance! What is inheritance but
repetition of characters possessed by some (no matter what)
ancestor; and if so, where did that ancestor obtain the pe-
culiarity? The origin of variation is thus only thrown up-
on an earlier period.

Another reason why natural selection fails to account
for the structures of many organic beings is the fact that
in expressing "the survival of the fittest" it requires that
the structures preserved should be especially useful to
their possessors. Now, perhaps half of all the peculiar-
ities of the parts of animals (and probably of plants) are
of no use to their possessors, or not more useful to them
than many other existing structures would have been. It

fails to account for many characters which express the
relations of homology and parallelism, and is almost con-
fined in its exhibitions to features which express tele-
ology. . . . Huxley, while defending Darwinism. . . says

48
E.D. Cope, The Origin of the Fittest, Essays on Evolution (New

York: D. Appleton and Co., 1887), p. 6, 7; quotation from p. 24.
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that "What the hypothesis of evolution wants is a good
theory of variation."49

Cope's program was explicitly intended to provide that much needed

"good theory."

Cope put forth nine hypotheses to explain how variations arose

in response to the use or disuse of parts and how these variations

were transmitted to the offspring of the changed organisms. Central

to his argument was a type of growth-force which he called "bathmism."

It was the energetic action of this force which accounted for the

origin of new characters. Growth-force became apparent to the ob-

server in cell-division through its exact origin was obscure. But

it was correlated to other forces such as the conversion of food into

energy and nerve force, "for its exhibitions cease unless the proto-

plasm exhibiting it be fed." He regarded growth-force as potential

in all organized tissue, but as energetic only during growth.

Bathmism or growth-force must be static or potential
in each unit or plastid (cell) of a living organism, the
type differing with each organic species. When it is in
excess in a given loca14x it becomes energetic, and builds
tissue in various forms.'

Notice that not only was bathmism supposed to build tissue, (and thus

new characters when needed) but it also differed in type "with each

organic species." This point is important in understanding how Cope

viewed the inheritance of these new characters.

Cope thought that "all modifications of form can be thus traced

49
Ibid., p. 15, cf. pp. 174-175.

50
Ibid., pp. 190, 191.
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to activity of this energy [bathmism] at particular points."
51

The

question of how growth-force was directed to the appropriate point was

an important one. He wrote:

What are the influences locating growth-force? The only
efficient ones with which we are acquainted, are, first,
physical and chemical causes; second, use; and I would add
a third, viz.: effort. I leave the first, as not especially
prominent in the economy of type-growth among animals, and
confine myself to the two following. The effects of use
are well known. We can not use a muscle without increas-
ing its bulk. . . . The hands of the laborer are always
larger than those of men of other pursuits. . . . Use thus
determines the locality of new repetitions of parts al-
ready existing, and determines an increase of growth-force
at the same time, by the increase of food always accom-
panying increase of work done, in every animal.52

His third influence, "effort," served as a similar function in the case

where a useful part did not already exist at the site of need:

But supposing there be no part or organ to use. Such
much have been the condition of every animal prior to the
appearance of an additional digit or limb or other useful
element. . . . Therefore I am disposed to believe that
growth-force may be, through the motive force of the animal,
as readily determined to a locality where an executive organ
does not exist, as to the first segment or cell of such an
organ already commenced, and that therefore effort is x in
the order of time, the first factor in acceleration.5.3

Growth-force was drawn to the area of need, then, by use of a part if

present and by effort (or "motive force") if one was not. In both

cases the result was the generation of the proper form of an organ

or part to meet the need of the animal in question.
54

Cope also considered consciousness to have "played a leading part

51
E.D. Cope, "On Inheritance in Evolution," American Naturalist,

23(1889):1064.

52
Cope, Origin of the Fittest, p. 195.

53
Ibid., pp. 195, 196.

54
Cf. Pfeifer, "American Neo-Lamarckism," p. 160.
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in evolution." He could not believe "that a designed act can have been

performed for the first time without consciousness on the part of the

animal of the want which the act was designed to relieve or supply."

The origin of the acts is, however, believed to have been
in consciousness, not only for the reasons above stated,
but also from facts of still wider application. The hypo-
thesis of archaesthetism then maintains that consciousness
as well as life preceded organism, and has been the primum
mobile in the creation of organic structure.55

This necessity led Cope to suggest a scale between the level of con-

sciousness of an organism and the character of stimulus affecting

it. The lowest were "passive or motionless beings" and the highest

"Movable beings by desire directed by reason."
56

The necessity of

consciousness in evolution also led him to hypothesize that "when

there is no nervous system we must suppose sensibility to be general-

ly distributed throughout the protoplasmic substance of the animal."

Cope's "archaesthetism" may be seen, then, as parallel to Lamarck's

idea that it was the "needs" of an animal which caused the develop-

ment of new or altered parts.
57

Thus we have seen that the neo-Lamarckians developed a theory

remarkably similar to that of Lamarck, but with the addition of a

belief in cycles of acceleration and retardation of the changes in

traits to be found in genera of organisms. Like Lamarck, they be-

lieved that traits acquired in one generation could be inherited in

the next. Such changes were thought to come about as the result of

55
Cope, Origin, pp. 424, 425.

56
Ibid., p. 228.

57
Ibid., p. 415; cf. Lamarck, Zoological Philosophy, p. 107.
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the use of the parts and were generated by complex forces (somewhat

parallel to Lamarck's "fluids"). Evolution proceeded as the parts

modified in the course of life in an organism were inherited by suc-

ceeding generations. In fact, for Cope, "there would have been no

evolution of animal types at least, if acquired characters were not

inherited."
58

Evolution was thought by the neo-Lamarckians to be

directed by the conscious needs of the animal.

The influence of these ideas on American biologists was quite

broad. Neo-Lamarckism is said to have "spread so rapidly that within

fifteen years a number of distinguished naturalists professed this

view of evolution."
59

Hyatt and Cope, both distinguished paleontolo-

gists, were the leaders of neo-Lamarckian thought. The entomologist,

Alpheus S. Packard (1839-1905) soon joined their ranks, and likewise

became a leading figure. Others included paleontologist William H.

Dali (1845-1927), botanist Thomas Meehan (1826-1901), ornithologist

Joel A. Allen (1838-1921), geologists Clarence King (1842-1901) and

Joseph Le Conte (1823-1901), and H. F. Osborne who also came to take

role.
60

In 1867 Hyatt, Packard and Cope began the journal American Natural-

ist which gave them a forum to express their views. As the editors

of this journal, they took full advantage of this opportunity. Thus,

58n
On Inheritance," p. 1066.

59
Pfeifer, "American Neo-Lamarckism," p. 157.

60
See Hamilton Cravens, "American Scientists and the Heredity-

Environment Controversy, 1883-1940" (Ph.D. dissertation, The University
of Iowa, 1969), pp. 359-363, for others and for biographical informa-
tion. And see Cravens, The Triumph of Evolution: American Scientists
and the Heredity-Environment Controversy, 1900-1941 (Philadelphia: Uni-
versity of Pennsylvania Press, 1978).
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at least from the 1870's and into the first decade of the 20th century,

the neo-Lamarckians were a prestigious and influential group of natural

historians in the United States.

It already has been noted that because of the directedness of

Lamarckian acquired variation the very idea that they were inherited

was inimical to Darwinian evolution (see p. 25, above). Another im-

portant difference must be seen: Throughout the writings of Lamarck

and Cope there is a consistent reliance upon vital forces, energies

and fluids, to explain the phenomena under discussion. Recall, for

example, that "retardation" resulted from the decline in "vital power"

as a genus became older (see p. 33, above). Lamarck had, similarly,

posited an acceleration of "the energy of the movement of the fluids"

as an explanation for directedness in evolution.
61

Cope's principle

of "archaesthetism" maintained that "consciousness as well as life

preceded organism" (see p. 38, above). There was an intangible, vital-

istic quality to these writings. Forces and energies were posited and

named, and by their existence phenomena were explained. But with no

material basis for these devices it was almost impossible to prove

their existence.

Thus, the controversy which ensued between neo-Lamarckism and

neo-Darwinism over the inheritance of acquired characters really had

deeper roots. Darwinism was staunchly mechanistic. Weismann's

theory of Germinal Selection, with little alteration, could have pro-

vided the neo-Lamarckians with a material basis for the inheritance

of acquired characters. Yet because of their bias against materialism

61
See Lamarck, Zoological Philosophy, p. 130.
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it was dismissed out of hand.

No matter to which school of evolutionary thought one adhered,

it was necessary that variation be heritable. But whether one thought

of evolution in vitalistic or material terms profoundly affected the

means of effecting heredity which would be acceptable. It was for this

reason that evolutionary and hereditary theories were nearly insepar-

able during this period.

In the next chapter we shall follow some of the more prominent

thinkers in their attempt to formulate the much-needed explanation

of how heredity occurred. Here we shall see the strongly material-

mechanistic formulations of the Darwinians and the corresponding

"dynamic" theories of the neo-Lamarckians. In their attempts to ex-

plain heredity the metaphysical commitments of these opposing groups

were made apparent.
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CHAPTER TWO

THE SCIENTIFIC BACKGROUND FOR THE RECEPTION OF MENDEL CA. 1900: II

THEORIES OF HEREDITY

The agitation and debate over evolution was, as we have seen,

an important aspect of biological activity during the late nineteenth

century. This debate served also to bring much attention to the need

for a theory to explain the phenomena of heredity. Darwin's Origin

of Species had devoted considerable space to examples of variation,

and had shown that in some cases this variation was heritable. But

he was able to offer no explanation of how heredity took place.

By the 1860's and 1870's cytologists were beginning to make im-

portant discoveries which were suggestive that the cells were the

basis for inheritance. As the century progressed it began to appear

that this basis could further be localized within the nucleus of the

cell.

In this chapter I will discuss the most prominent mechanistic

theories of heredity which emerged during that time. I will begin with

the theories of Pangenesis proposed by Darwin and revised by William

Keith Brooks (1849-1908). While these theories may seem to offer lit-

tle by way of explaining heredity in today's terms, they did have a

profound influence on later theories and thus on an understanding of

heredity. I will follow with a brief survey of the discoveries in

cytology directly pertinent to heredity as a background for the work

of Weismann and de Vries.

In the last portion of this chapter I will discuss the important

theories of August Weismann and Hugo de Vries. These formulations
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were built directly upon their knowledge of cytology and were solidly

within the Darwinian tradition. I will conclude this section with a

discussion of the status of questions of heredity and evolution as the

nineteenth century drew to a close. Thus this chapter will complete

the background material to the reception of Mendel and the emergence

of Mendelian genetics.

Theories of Pangenesis

The close linkage existing between theories of evolution and

heredity in the nineteenth century is perhaps no better illustrated

than in the case of Darwin's "Provisional Hypothesis of Pangenesis"

proposed in 1868.
1

As has been already noted, acceptance of the gen-

eral theory of evolution (i.e. that species are descended from other

species) quickly became widespread after 1859. But a persistent

criticism of the view that the natural selection was the mechanism of

evolution was its inability to explain either the cause of variation

or how variation was inherited.

Another serious problem for Darwin was that of blending inheri-

tance, widely thought to be the predominant mode of inheritance during

much of the nineteenth century. The problem centered on the idea that

traits were inherited in such a way that they were blended in the off-

spring. Thus black and white fused to make gray, short and tall to

make medium height, etc.

For Darwin's theory of natural selection this was a serious dif-

ficulty. Even if a variation of value to an organism were to arise,

1
Charles Darwin, The Variation of Animals and Plants under Domesti-

cation (London: John Murray, 1868), II, 358-404.
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it would be swamped by blending in the offspring of the organism.

Natural selection would be unable to get at the advantageous variation

in its blended condition and thus no accumulation of such variations

could occur.

This point served, for his critics, as an important attack on

Darwin's theory. But there were characters known which did not seem

to blend at all, and Darwin was well aware of these. He included a

section "on certain characters not blending" in his exhaustive review

of variation. (Darwin called a trait "prepotent" that was able to

emerge from a cross without blending.) And while he apparently be-

lieved blending to be the more general rule, the theory of Pangenesis

was an attempt to explain all that he knew about the phenomena of

heredity. Thus Darwin seems to have formulated his "provisional hy-

pothesis" not only as an answer to his critics, but also as a serious

attempt to solve these several problems of heredity as they related

to his theory of evolution.
2

That Darwin recognized the speculative -- and problematic -- nature

of Pangenesis is evidenced by the following from an undated letter

(ca. 1865) to Thomas H. Huxley (1825-1895), one of his most ardent

defenders:

I do not doubt your judgement is perfectly just, and I will
try to persuade myself not to publish. The whole affair is
much too speculative; yet I think some such view will have

2
See the discussion of Darwin's debate over blending inheritance

in Peter J. Vorzimmer, Charles Darwin: The Years of Controversy. The
"Origin of Species" and its Critics 1859-1882 (Philadelphia: Temple
University Press, 1970), pp. 97-126. For Darwin on non-blending char-
acters see Variation, pp. 92-95; on prepotency see pp. 65-71; regard-
ing his hypothesis "it may be serviceable by bringing together a multi-
tude of facts which are at present left disconnected by any efficient
cause," p. 357; and see Vorzimmer, pp. 119, 120.
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to be adopted when I call to mind such facts as the in-
herited effects of use and disuse, &c.3

Huxley replied to Darwin:

I did not at all mean by what I said, to stop you from
publishing your views, and I really should not like to
take that responsibility. Somebody rummaging among
your papers half a century hence will find "Pangenesis"
and say "see this wonderful anticipation of our modern
theories, and that stupid ass Huxley prevented his pub-
lishing them. . . ." All I say is publish your views,
not so much in the shape of formal conclusions, as of
hypothetical developments of the only clue at present
accessible and don't give the philistines more chances
of blaspheming than you can help.4

Darwin seems to have followed Huxley's advice by publishing his theory

of Pangenesis as "Provisional."

The theory itself was intended to tie together a number of

"facts." These included: (1) asexual reproduction via "gemmation,

that is by the formation of buds. . .", (2) sexual generation, (3)

what he called "Graft-Hybrids." These he explained as occurring

"when the tissues of two plants belonging to distinct species or

varieties are intimately united, buds are afterwards produced which,

like hybrids, combine the characters of the two united forms." Darwin

considered there to be a similarity between these processes. (4) The

direct action of the male element on the female (e.g. "when Gallesio

fertilised an orange-flower with pollen from the lemon, the fruit

3
Life and Letters, (1887), III, 44. Quoted in Edward Bagnall

Poulton, Essays on Evolution 1889-1907 (Oxford: Clarendon Press, 1908),
p. 126.

4
L. Huxley (ed.), Life and Letters of T.H. Huxley (London: Mac-

millan and Co., 1908), I, 387. Quoted in M.R. Pollock, "From Pangens
to Polynucleotides: The Evolution of Ideas on the Mechanism of Bio-
logical Replication," Perspectives in Biology and Medicine, 19(1976),
p. 460.
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bore stripes of perfectly characterised lemon peel").
5

(5) The fact

that structures in development are independent of one another. This

was related to (6), the functional independence of the elements of

the body. (7) The inheritance of acquired characteristics. (8) Re-

version, or the resemblance of offspring to ancestors more remote

than the parents of the offspring. It has been pointed out that some

of these "facts" might better be termed "factual claims," since some

have proven not to be facts at all.
6

Nevertheless, Darwin's theory

was an attempt to explain them.

Darwin's statement of his theory was clear:

. . . I assume that cells . . . throw off minute granules
or atoms, which circulate freely throughout the system, and
when supplied with proper nutriment multiply by self-division,
subsequently becoming developed into cells like those from
which they are derived. These granules for the sake of dis-
tinctness may be called cell-gemmules, or. . . simply gem-
mules. They are supposed to be transmitted from the parents
to the offspring, and are generally developed in the gener-
ation which immediately succeeds, but are often transmitted
in a dormant state during many generations and are then de-
veloped. Their development is supposed to depend on their
union with other partially developed cells or gemmules which
precede them in the regular course of growth. . . . Gemmules
are supposed to thrown off by every cell or unit, not only
during the adult state, but during all the stages of de-
velopment. Lastly, I assume that the gemmules in their
dormant state have a mutual affinity for each other leading
to their aggregation either into buds or into the sexual
elements. Hence speaking strictly, it is not the reproduc-
tive elements nor the buds, which generate new organisms,
but the cells themselves throughout the body. These assump-
tions constitute the provisional hypothesis which I have
called Pangenesis.7

5
Variation, II, 364, 365.

6
Lindley Darden, "Reasoning in Scientific Change: Charles Darwin,

Hugo de Vries and the Discovery of Segregation," Studies in the His-
tory and Philosophy of Science, 7(1976), p. 134.

7
Variation, II, 374.
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He further had to assume the "elective affinity of each gemmule for

that particular cell which precedes it in the order of development."
8

This, then, was the theory: each cell gave off minute "gemmules"

at all stages of development which circulated freely in the body and

aggregated in the germ cells. These gemmules could multiply when

provided with nutrition. During the course of development in the off-

spring each gemmule could develop into a cell which corresponded to

its parent-cell in the parent organism. Development took place in

the proper order because of the "elective affinity" of the gemmules

for those representing the cell immediately preceding their own

parent-cells in development.

When organisms hybridised, the gemmules united by the joining of

the germ cells became hybrid gemmules. Some would remain pure, how-

ever, and be passed along in a dormant state. Thus, the appearance of

offspring resembling the grandparent or earlier ancestor was explained.

Variation was explained, firstly by

. . . the deficiency, superabundance, fusion, and trans-
position of gemmules, and on the redevelopment of those
which have long been dormant. In these cases the gemmules
themselves have undergone no modification; but the mutations
in the above respects will amply account for much fluctuat-
ing variability.

and secondly:

. . . in the cases in which the organization has been modified
by changed conditions, the increased use or disuse of parts,
or any other cause, the gemmules cast off from the modified
units of the body will be themselves modified, and, when
sufficiently multiplied, will be developed into new and
changed structures.9

8lbid., p. 380, 381.

9
Ibid., p. 396, 397.
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By this hypothesis Darwin tied together all the related "facts" and

provided not only a source of variety, but a mechanism for its in-

heritance.

Unfortunately the problems generated by this theory were worse

than those it claimed to solve. The number of gemmules needed to ex-

plain heredity in a complex animal like a mammal, for example, was

enormous. Such a large number of material particles required an al-

most infinitely complex germ cell. Darwin had no way to account for

the aggregation of the gemmules in the germ cells. To further compli-

cate things, it was necessary that dormant gemmules be present from

previous generations to explain reversion.
10

Darwin's cousin, Francis Galton (1822-1911), sought experimental-

ly to prove Darwin's hypothesis. He transfused the blood of a for-

eign variety of rabbit into a pair of grey ones, assuming he would ob-

tain dappled offspring if Pangenesis was true. All of the offspring

were grey.1' For most, this was conclusive evidence of the falsity

of Pangenesis. Darwin replied that he had never said the gemmules

circulated in the blood; other body fluids could account for this cir-

culation. Nevertheless, Calton was led to discard the inheritance of

acquired characters by 1875 as a result of these experiments.
12

In 1877 W.K. Brooks stepped forward as a defender of Darwin with

10
Cf. Poulton, "Theories of Heredity" (1889), in Essays on Evolu-

tion 1889-1907 (Oxford: Clarendon Press, 1908), pp. 124, 125.

11
Francis Galton, "Experiments in Pangenesis, by Breeding from

Rabbits of a Pure Variety, into Whose Circulation Blood Taken from
Other Varieties had Previously Been Largely Transfused," Proceedings
of the Royal Society (Biology), 19(1871), pp.393-404.

12
Cf. Erik NordenskiOld, The History of Biology. A Survey (New York:

Tudor Publishing Co., 1928), p. 585.
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"A Provisional Hypothesis of Pangenesis" of his own. His theory dif-

fered from that of Darwin in two major respects: (1) gemmules were

given off only by those cells which were actively being disturbed by

a change "in the environment, either external or internal to the body."

(2) Altered gemmules (produced by such disturbed cells) were stored

only in the "male gland and enter its excretion, the seminal fluid,

and are thus transmitted to the egg by impregnation." Since most

characteristics of a species were stable they could be transmitted

asexually or through the ovum. According to this view "the female is

conservative, the male progressive. Adherence to type is brought

about through the female, and adaptation to conditions through the

male."
13

This form of pangenesis demanded only a limited number of gemmules.

Thus most of the difficulties listed above were eliminated. Galton's

experiments also ceased to be a problem because there was no reason

to expect that gemmules had been in the blood at the time the trans-

fusions were made. Furthermore, it was possible to test this theory

empirically. If a cross of two closely related species were made,

first mating "the male of one with the female of the other, and then

reverse the process, using the female of the first and the male of the

second, we should expect in most cases to find a difference in the

offspring." This experiment had been done thousands of times with

the predicted results in the crossings of horses with asses to pro-

duce mules.
14

13
American Naturalist, 11(1877):145, 146.

14
Ibid. p. 147.
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Brooks's mature exposition of this theory came in 1883 with his

book The Law of Heredity. A Study of the Cause of Variation, and the

Origin of Living Organisms. This work met with a mixed reception.

An anonymous reviewer in Science wrote "The whole work bears the

stamp of being merely an ingenious attempt to supplement Darwin's hy-

pothesis. . ." The reviewer found difficulty with the implication that

"each individual inherits all the characteristics of the species. . ."

Furthermore, "The evidence by which Professor Brooks endeavors to

support his hypothesis is by no means convincing: usually all that

can be said of it is, that it does not contradict the view."
15

In spite of the criticism, the reviewer went on to say:

Even if every single proposition of the hypothesis should
prove to be without foundation, and the hypothesis entirely
untenable, Professor Brooks must be credited with having
made a most important step in advance. Assuming that the
problem of heredity is at all capable of solution some
such preliminary clearing of the field is a necessity. 16

The need for an acceptable explanation of the phenomena of heredity

was seen as a pressing problem. Brooks's work was at last, an attempt

to clarify the issues.
17

The theory of Pangenesis, even though it explained the inheritance

of acquired characters was largely rejected by the American

15
(Baltimore: J. Murphy, 1883). For a more complete exposition of

Brooks's theory see Benson, "William Keith Brooks," p. 242f. and see
"A New Theory of Heredity," Science, 60(1884):388, 389.

16
"A New Theory of Heredity," p. 390.

17
Cf. "Brooks' Law of Heredity," American Naturalist, 17(1883):1262-

1265, in which the reviewer states: "Speculation in good hands has al-
ways been a fruitful source of discovery, and the simple endeavor to
discover the laws of heredity may at least lead to fresh fields of re-
search" (p. 1264).
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neo-Lamarckians. This appears to be surprising as one might think

an explanation of inheritance which accounted for a doctrine so central

to their theory would be welcomed. A categorical denial of a material

basis for the transmission of hereditary characters seems to account

for this rejection (cf. pp. 40, 41, above). In 1879 John A. Ryder

attacked Pangenesis as having been "found wanting" on the basis of

Galton's rabbit experiments. He advanced, instead, a theory of hered-

ity based on Ernst Haeckel's (1834-1919) hypothesis of the "Perigenesis

of the Plastidule," and Cope's ideas. While the "plastidule" of

Haeckel was also material, (being the basic molecule of protoplasm)

it was by molecular motion or vibration that characters were acquired

and transmitted, not by the molecule itself.
18

E.D. Cope also rejected the molecular transfer of characters.

He suggested:

The alternative hypothesis is, that the nervous energy
(neurism) which directs the active region to make or omit
to make a given movement, the result of which is to be
structural modification in the young, is impressed through
nervous channels, on the germ-cells of either sex. In
this case the transmission of particles of matter is not
necessary, as material connection through the nervous threads
already exists.

He went on to say, "It appears to me that we can more readily conceive

of the transmission of a resultant form of energy of this kind to

the germ-plasma than of material particles or gemmules."
19

Thus the

type of bathmism specific to the organism in question was transmitted

to the offspring. In this manner offspring maintained species

18
John A. Ryder, "The Gemmule vs. the Plastidule as the Ultimate

Physical Unit of Living Matter," American Naturalist, 13(1879):12-20.

19fl
On Inheritance," pp. 1068, 1069 (see chapt. one, footnote 51).
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continuity as well as inheriting the acquired (adaptive) characters

from the parent organism.

The theory of Pangenesis received little actual acceptance, as

such, but some it its ideas were to have a large influence. Brooks,

the major supporter and reviser of Pangenesis, later dropped the idea.

Perhaps this was because of his acceptance of Weismann. His last

known reference to gemmules "was in a session of the Morphological

Society in 1889."
20

Darwin's idea that material particles were the carriers of individu-

al hereditary qualities was adopted and used by both August Weismann

and Hugo de Vries in their own theories of heredity. Besides adopting

Darwin's material carrier for heredity characters Weismann and de Vries

followed him in another important respect. When Darwin formulated his

"provisional hypothesis" he was aware of the dictate of modern cell-

theory "omnis cellula e cellula." All cells are the offspring of

other cells. This explains Darwin's proposal that cells gave off

seeds of themselves (his gemmules) which became the corresponding cells

in the offspring. Like Darwin, Weismann and de Vries attempted to

conform to the findings of the cytologists in their own attempts to

explain heredity. For that reason, before turning to their ideas it

is necessary to review the state of knowledge in cytology during the

latter part of the nineteenth century.

Developments in Cytology: Toward a Nuclear Theory of Inheritance

The last three decades of the nineteenth century were an exciting

20
Benson, "William Keith Brooks," p. 254.
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time in the field of cytology. Even a cursory survey of the develop-

ments of that period would occupy another thesis. For that reason I

shall describe here only the discoveries directly applicable to a

theory of heredity with no intention of presenting a history of cyto-

logy. Edmund B. Wilson's (1856-1939) brilliant book The Cell in De-

velopment and Inheritance was published in 1896. Because it offers

a contemporary view of cytological findings as they relate to an under-

standing of heredity I have relied upon it heavily both for factual

material and for my understanding of how discoveries were interpreted

at the time.21

I shall begin with Rudolf Ludwig Carl Virchow (1821-1902) who

formulated the famous aphorism "omnis cellula e cellula." Virchow's

first statement that cells always are derived from other cells came

in 1855. His views were presented more completely in 1858 with the

publication of his Cellular pathologie. Here he explicitly said that

where a new cell has been produced, a cell must previously have been.
22

21
The interested reader is referred to a wealth of literature on

the history of cytology: Arthur Hughes, A History of Cytology (New York:
Abelard-Schuman, 1959) offers a comprehensive treatment of the history
of cytology. William Coleman, "Cell, Nucleus, and Inheritance: An His-
torical Study," Proceedings of the American Philosophical Society, 10:
124 -158 focusses totally on developments leading to the nuclear theory
of heredity. The late 19th century volume, Edmund B. Wilson, The Cell
in Development and Inheritance (New York: The Macmillian Company, 1896)
includes an historical sketch on pp. 1-12 and a wealth of bibliographical

material. Finally, R.H. Lock, Recent Progress in the Study of Variation,
Heredity and Evolution (London: Murray, 1906) gives a thorough but easy-
to-read update including early 20th century findings and their relation
to Mendel's laws in ch. 9, pp. 222-263.

22
"Wo eine Zelle entsteht, da muss eine Zelle vorausgegangen sein."

From Die Cellularpathologie in ihrer BegrUndung auf physiologische
and pathologische Gewebelehre (Berlin, 1858), p. 25; Quoted in Wilson,
The Cell, p. 45.
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This notion constituted an important breakthrough in understanding

heredity. Not only did whole organisms derive their being from pre-

vious ones, even at the cellular level each was derived from an im-

mediate predecessor. The cell was not only the basic unit of life,

it was the basic unit of heredity as well.

This was easy enough to understand in such organisms as ciliates.

But how could the incredible complexity of even the simplest metazoans

be thus explained? Sexual reproduction was especially mystifying in-

volving as it did the process of "fecundation" or fertilization. For

many years the spermatozoa themselves were seen as parasitic infusor-

ians in the male genital tract. Not until the 1840's and '50's was

it realized that they came into physical contact with the egg and

apparently actually entered it.
23

In 1873 Otto Butschli (1848-1920) observed two nuclei within a

newly fertilized nematode egg. Soon afterwards, Leopold Auerbach

(1828-1897), also working with nematodes, observed the two nuclei not

only to be present in the fertilized egg, but also to approach one

another and finally to fuse. The single nucleus which resulted then

disappeared and very quickly cleavage and the appearance of two new

nuclei, one in each blastomere, occurred.
24

Neither of these men

connected their observations with the sperm cell.

23
Cf. Hughes, A History of Cytology, p. 20, and for the whole

story see John Farley, Gametes and Spores: Ideas about Sexual Repro-
duction 1750-1914 (Baltimore: The Johns Hopkins University Press,
1982). The sperm were also thought only to provide a stirring motion
to the seminal fluid in order to maintain a proper mixture (see Coleman,
"Cell, Nucleus and Inheritance," p. 134). And see Wilson, The Cell,
pp. 130,131.

24
Cf. Coleman, "Cell, Nucleus and Inheritance," pp. 136, 137 and

Hughes, A History of Cytology, p. 61.



55

It remained, then, for Oscar Hertwig (1849-1922) to provide the

needed understanding. Working with the sea-urchin Toxopneustes

lividus, in 1875 he traced the fate of the sperm-cell, and thus dis-

covered that one of the nuclei observed in the fertilized egg was

derived from it. Equally important was his assertion that only one

sperm had appeared in the egg and thus only one was required for

normal fertilization.
25

This work provided not only the facts of fertilization, but also

a strong indication that something was very important about the nu-

cleus. Hertwig, in opposition to Auerbach's observation that the

newly formed nucleus of the zygote disappeared just prior to cleavage,

maintained there was no such disappearance. Thus for him the nuclei

were continuous, those from the parent germ cells fused to become the

first cleavage nucleus. And this, in turn, gave rise to all the nuclei

of the resulting individual from which arose new germ-cell nuclei to

perpetuate the process.

Hertwig was to find much opposition to his theory of fertilization.

But Hermann Fol (1845-1892), working with the common sea star Asterias

glacialis, was to provide independent confirmation of Hertwig's ob-

servations. Fol was the first actually to observe sperm entry into

the egg cell and he was thus able to confirm the continuity of the

nuclei involved. He also performed some remarkable polyspermic fer-

tilization experiments in which the resulting zygotes always turned

out abnormal. Thus there existed not only observational but experi-

mental data suggesting that normal fertilization consisted of the entry

25
See Wilson, The Cell, pp. 7, 132 and Coleman, "Cell, Nucleus

and Inheritance," pp. 136, 137.
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into the egg of one sperm cell and the subsequent fusion of the male

and female "pronuclei."
26

The nature of cell-division also was to unfold during these same

years as study of newly fertilized eggs continued. And as this pro-

cess became more clearly understood, more strong evidence was found

for the role of the nucleus. In the 1860's and early '70's, it was

known that cells did multiply and divide, but this process was thought

to be "direct." It consisted of "simple constriction and division

of the nucleus, and is completed by division of the cell-body and

membrane."
27

The process which we today call mitosis (first sug-

gested by Walter Flemming [1843-1905] in 1882) was not known before

the mid-1870's.

In 1875 Edouard van Beneden (1845-1910) observed nuclear divi-

sion in rabbit blastoderm. In 1876 the French cytologist, E.G.

Balbiani (1825-1899) described the process in the ovarian epithelium

of the grasshopper Stenobothrus. It was Flemming who was to emerge

as the leading figure in the study of cell-division in animals. In

1879 he described the fine details using the embryonic cells of the

newt Salamandra. Use of this material enabled him to resolve the pro-

cess sufficiently to see clearly the longitudinal division of the nu-

clear threads. In the same year Eduard Strasburger (1844-1912) studied

cell-division in the plant Tradescantia. Flemming published in 1882 a

synthesis of previous cytology including his own beautifully detailed

26
Cf. Wilson, The Cell, p. 130 and Coleman, "Cell, Nucleus and

Inheritance," pp. 138-139.

27
Wilson, The Cell, p. 46.
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work on cell-division in amphibians.
28

In it he was able to distinguish

nine phases in the mitotic cycle, including good descriptions of the

form and behavior of chromosomes during what we would today term pro-

phase.

The nuclear theory of heredity received its capstone with the

work of van Beneden in 1883. His use of Ascaris megalocephala (a

parasitic nematode) enabled him to analyze fertilization in much

greater detail than anyone had before. Normal cells in the variety

bivalens contain only four chromosomes and thus the germ cells con-

tain only two. Because of this simplicity, van Beneden was able to

show three things: 1) when the male and female pronuclei met in the

center of the egg, their substance did not blend or fuse. Rather,

each chromosome split lengthwise into equal halves and the daughter

chromosomes ("lainents chromatiques") were transported to the spindle-

poles. There they gave rise to the nuclei of the two-celled stage.

2) Because of this process, it was clear that each daughter cell re-

ceived equal amounts of paternal and maternal chromatin. Furthermore

the original number of chromosomes (four in this case) was restored.

3) Not only was there a continuity of nuclei, then, from generation

to generation, the chromatin elements themselves appeared to be de-

rived directly from preceding ones. "Every normal daughter cell

without exception was guaranteed a full set of the chromatic elements

delivered to the egg by the sperm and received as well a full set of

those contained by the ripe egg itself."
29

28
Zellsubstanz, Hern and Zellteilung (Leipzig, 1882).

29
Coleman, "Cell, Nucleus and Inheritance," p. 141. Cf. Wilson,

The Cell, pp. 132-135.
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As Wilson summarized:

These remarkable facts demonstrate the two germ-nuclei
to be in a morphologic sense precisely equivalent, and
they not only lend very strong support to Hertwig's
identification of the nucleus as the bearer of hereditary
qualities, but indicate further that these qualities must
be carried by the chromosomes; for their precise equiva-
lence in number, shape, and size is the physical correla-
tive of the fact that the two sexes play, on the whole,
equal parts in hereditary transmission. And thus we are
finally led to the view that chromatin is the physical
basis of inheritance, and that the smallest visible units
of structure by which inheritance is effected are to be
sought in the chromatin-granules or chromomeres.3°

These findings were confirmed in 1887 and 1888 by Hertwig's

student, Theodor Boveri (1862-1915) and by van Beneden himself. Other

workers quickly extended these results to other organisms. Wilson

listed some eight animals (in almost as many phyla) and the lily

and onion in plants for which similar results had been obtained.
31

Other evidence for this theory of heredity was to come from re-

generation experiments with unicellular organisms. In 1884 Moritz

Nussbaum (1850-1915) found that nucleated fragments of the

infusorian Oxytricha could regenerate the missing portions and become

a complete organism again. Enucleate fragments quickly perished.

Others who would do similar work (with the same results) included

Balbiani and Max Verworn (1862-1921).
32

One further development must be traced before proceeding to the

hereditary theories of Weismann and de Vries. This is the under-

standing of the process today known as meiosis, i.e. the "reduction

division" by which ripe gametes are formed. Using modern terminology,

30
Wilson, The Cell, p. 135.

31
Ibid.

32
Ibid., pp. 249, 250.
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the problem may be stated as follows: if a given organism has cells

normally containing 2n chromosomes, and if the fertilization process

is that of uniting gametes to restore the 2n number, how are the

gametes containing only n chromosomes formed?

A closely related problem had to do with the nature of the chroma-

tin itself: was everything needed for heredity present on each chrom-

osome or did normal development require a full complement of chromo-

somes? If the latter, how did the reduction-division ensure proper

distribution of the chromosomes in the gametes? These questions were

far from completely answered by the end of the nineteenth century.

They are, nevertheless, important to our thesis because Weismann,

especially, was much involved in the controversies surrounding them.

It was van Beneden's work with Ascaris which showed the germ

cells to contain only half the number of chromosomes characteristic

of body cells. Furthermore, he realized that it was as a result of

giving off the polar bodies that the number of chromosomes within

the egg nucleus was reduced. Two years prior to that, in 1881, E.L.

Mark (1847-1946) reviewed the literature and concluded that the polar

bodies were equivalent to cells which arose by a process of unequal

cell division.
33

Largely through the work of Boveri (1887-8) it was shown that

the process of "oogenesis" resulted in one ripe egg and three polar

bodies. Each of these contained one-half the normal number of chromo-

somes. Hertwig, in 1890, published similar results which showed the

33

p. 175.

Cf., Hughes, A History of Cytology, p. 68 and Wilson, The Cell,



60

same process occurred in spermatogenesis.
34

All four sperm cells thus

formed were, unlike the three polar bodies, functional.

Wilson wrote that this (and other work) was motivated largely by

the suggestion of Weismann that a reduction division was a "theo-

retical necessity." But Weismann's necessity was to reduce not only

the number of "ids" (as he called the visible hereditary units) but

also the number of types of ids. This the reduction division observed

could not do and it was around this issue that controversy revolved.

In 1896 it had to be said: "Until the contradiction is cleared up the

problem of reduction division remains unsolved."
35

I have described the developments in cytology as they related to

heredity in some detail in the preceding section because both Weismann

and de Vries based their theories on those findings. Indeed, Weismann

and his students contributed to that knowledge with their study of

polar-body formation. But more than that, they both attempted to ac-

count for the facts of heredity by use of the cytological phenomena

known to them. Thus only within the context of cytology can the real

importance of their work be seen. Let us, with that background, then,

turn to the theories of Weismann and de Vries.

Intracellular Pangenesis and the Germ-Plasm

The timing of the theories worked out by Weismann and de Vries

is such that the two are very interrelated. We have already seen that

Weismann's work was published as a series of essays beginning in 1881

34
Wilson, The Cell, pp. 175, 182.

35
August Weismann, "On the Number of Polar Bodies and their Sig-

nificance in Heredity," (1887) in Essays upon Heredity and Kindred
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and continuing through that entire decade. His completed theory was

published in 1892 as Der Keimplasma. The theory of de Vries was pub-

lished in his Intracellular Pangenesis which appeared in 1889.
36

Thus

de Vries assumed, and constantly referred to the work of Weismann.

Likewise, Weismann used ideas from de Vries. Yet these theories are

each unique and in some ways antithetical to each other. Merely for

convenience, then, I will discuss de Vries's theory first.

De Vries considered his theory to be derived from Darwin's theory

of Pangenesis. In the introduction to his volume he discussed Dar-

win's theory as his starting place. He divided Pangenesis into two

propositions:

1. In every germ-cell (egg-cell, pollen-grain, bud, etc.)
the individual hereditary qualities of the whole organism
are represented by definite material particles. These mul-
tiply by division and are transmitted during cell-division
from the mother-cell to the daughter-cells.

2. In addition, all the cells of the body, at different
stages of their development, throw off such particles; these
flow into the germ-cells, and transmit to them the qualities
of the organism, which they are possibly lacking.

The first of these propositions was considered to be "fundamental."

"Material bearers for the individual hereditary characters" was

Darwin's original contribution, de Vries thought, and to him it

was characteristic of Darwin's "modesty" that he presented the idea

as "a current opinion, and not as his own discovery.
"37

Biological Problems, 2nd ed. (Oxford: Clarendon Press, 1891), I, 375,
Cf. lson, The Cell, p. 185; quote from pp. 206, 207.

36
August Weismann, The Germ-Plasm: A Theory of Heredity, trans.

by W. Newton Parker and Harriet Ronnfeldt, 3rd. ed. (New York: Charles
Scribner's Sons, 1898); Hugo de Vries, Intracellular Pangenesis (Jena:
Gustav Fischer, 1889) trans. by C. Stuart Gager (Chicago: The Open
Court Publishing Co., 1910).

37
De Vries, Intracellular Pangenesis, pp. 5 and 62, 63.
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The second proposition, which he called the "transportation-

hypothesis," was necessitated only by "isolated groups of facts."

These included such notions as the heredity of acquired characters.

He considered it the "chief service of Weismann to have . . . shat-

tered the rather generally accepted doctrine of the heredity of ac-

quired characters." As for the other "facts," they had "gained

neither in number nor in trustworthiness during the twenty years

since the publication of Darwin's book."
38

What de Vries proposed to do, then, was to

work out the fundamental thought of pangenesis independently
of the transportation hypothesis, and to connect with it
the new facts which the doctrine of fertilization and the
anatomy of the cell have brought to light.

He considered it the most important finding of the cytologists that

"all the hereditary predispositions (Anlagen) of the organism must

be represented in the nucleus of the cell." His theory would be an

attempt to show how the "hereditary characters" were borne on "ma-

terial particles" and to explain why individual cells exhibited only

a few of the total number of characters present. Darwin's particles,

the "gemmules" had been assumed to travel from the cells throughout

the body to the germ-cells. De Vrie's particles would travel only

from the cell nucleus to its protoplasm. Thus his theory was that

of "intracellular pangenesis" and his particles "pangens."
39

De Vries began by establishing what he called "the mutual in-

dependence of hereditary characters." The theory of descent had

"shattered" the old notion of species as being fixed types. Thus it

38
Ibid., pp. 5, 6.

39
Ibid., pp. 6, 7.
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was possible to see specific characters as "composed of single factors

more or less independent of each other." This view offered tremen-

dous advantage to the biologist. Because of it, the complexity of a

species, and indeed of the "whole organic world" could be reduced to

"innumerable different combinations and permutations of relatively

few factors." And it was these factors, thus viewed, which "the

science of heredity" was to investigate.
40

To de Vries, these hereditary characters were "independent en-

tities." From the work of plant breeders he could show numerous ex-

amples to support this. The phenomenon known as atavism or rever-

sion was where this independence was "most beautifully shown." Ap-

parently qualities could be "transmitted through a long series of gen-

erations, from one generation to another."
41

While these characters were independent (and indeed could be

treated "as units with which we can experiment") they were also

"miscible in almost every proportion." Thus the hybrids of any given

pair of species would have "quite definite characteristics." But in

their offspring would be observed "an almost endless variation."

This came from the "mixing of the characteristics of the parents [the

original species] in a most varied manner."
42

How did de Vries propose that these "hereditary characters" were,

in fact, inherited? Firstly, they had to "be grounded in living mat-

ter." In order to account for the phenomena of heredity it was

40
Ibid., pp. 11, 13.

41
Ibid., pp. 20, 21 and 23.

42
Ibid., p. 27.
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necessary to "assume special particles for every hereditary character"

somehow "concealed in that living matter." These "units" he desig-

nated "pangens."
43

These pangens were thought to be "invisibly small," composed of

"innumerable" chemical molecules, capable of growth and multiplica-

tion, and able to distribute "themselves by means of ordinary cell-

division." Since the facts of fertilization had shown the nucleus

to be the "reservoirs of hereditary characters," all traits possessed

by an individual "must therefore be represented in the nuclei by their

respective pangens."
44

The "logical place" for storage of these characters was, accord-

ing to the latest findings of cytology, the "chromatic threads."

These threads, therefore, consisted of "pangens united into smaller

and larger groups," and showing "a distinct structure of special

particles strung together." The "longitudinal splitting" of the chrom-

osomes observed in cell-division he considered to be "the visible part

of the separation of the material factors into the two halves destined

for the two daughter cells." De Vries considered it necessary for

"The division of the nuclei . . . to take place in such a way that all

the different kinds of pangens are evenly distributed over the two

daughter-cells."
45

This theory explained the facts of development by suggesting the

pangens of the nucleus to be in an inactive state. At the proper

194.

201; p. 214.

43
Ibid., pp.

44
Ibid., p.

45
Ibid., pp.

193,

194.

200,



65

time those pangens necessary to accomplish the function of a given cell

passed from the nucleus into the cytoplasm and were there activated.

Thus, for example, the "producers of malic acid" in a cell, were

derived from the nucleus. "They are simply the active states of the

malic acid pangens that are inactive in the nucleus."
46

The facts of evolution were also explained: "Species have

gradually been evolved from simpler forms, and this has taken place

by the addition of more and more new characteristics to those already

existing." Accordingly phylogeny could be reduced to the problem

of determining which characters were younger in age, that is, more

recently added. The variability necessary to form new species arose

by the fact "that the pangens, in their division produce, as a rule,

two new pangens that are like the original one, but . . . exception-

ally these two new pangens may be dissimilar." Ordinary "fluctuat-

ing variability" he explained by the "varying numerical relation

of the individual kinds of pangens."
47

But for all the strengths of de Vries's formulation, there seems

to be one, built-in, almost overwhelming contradiction. To de Vries,

"All living protoplasm consists of pangens; they form the only liv-

ing elements of it."
48

The only difference to him between nucleus and

cytoplasm was that in the nucleus, pangens were dormant. In the cyto-

plasm they were active. "The function of the nucleus is transmission,

46
Ibid., p. 203.

47
Ibid., p. 13; p. 214.

48
Ibid., p. 195, (emphasis is de Vries's). cf. J. Heimans, "Hugo

de Vries and the Gene Theory," in Human Implications of Scientific Ad-
vance, p. 471.
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that of the cytoplasm, development." The same pangens accomplished

both. De Vries were perfectly willing to contradict all "former

theories" and the findings of cytology which had shown the nucleus to

be the "essential part of the cell" in completely determining the

functions of the cell.
49

I do not think this notion can be attributed merely to an over-

zealous application of Occam's Razor. To de Vries, the "organs"

[sic] of a fertilized egg-cell were "the same as those of the un-

fertilized." Thus, a young plant also inherited the chromatophores,

vacuoles, and other organelles, by division, from the original ones

contained in the egg. There was "an additional heredity outside the

nucelus" to be explained. For example, it was necessary to "assume

chlorophyll pangens in the nucleus, and special chlorophyll-forming

particles in the chromatophores," or identify them both as pangens.

To him the second assumption was "obviously the simpler one."
50

But de Vries was forced to come to this conclusion by the neces-

sity for an acceptable theory of heredity also to explain the facts

of development. Darwin had been forced to assume an "elective af-

finity" of the gemmules for those which represented the cell immediate-

ly preceding them in development (see p. 47, above). De Vries, with

20 more years' accumulation of facts to integrate, attributed to

the same material particle both the operation of the cell and the trans-

mission of heritable characters. Weismann, too, was to stumble on

this rock. The phenomena of heredity and those of development seemed

49
Ibid., p. 199.

50
Ibid., pp. 196, 197.
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inseparable to nineteenth-century theoreticians. Furthermore, while

in the twentieth century molecular genetics has shown the physical

basis for both sets of phenomena to be the same, what we today call

"gene expression" remains one of the most difficult problems of

biology.

In the final section of this chapter I shall present a more

complete analysis of the theory of de Vries and its impact. Before

doing so, let us look at Weismann's theory of heredity.

We have already discussed much of Weismann's theory in the sec-

tion on evolutionary ideas (see pp. 21-29, above). Let it be re-

called that Weismann's theory rested upon the idea of the "continuity

of the germ-plasm." As already noted, Weismann's mature theory was

presented in 1892 with the publication of The Germ-Plasm.

In the introduction to this book Weismann reviewed the cytological

evidence that the nucleus contains the "specific hereditary sub-

stance," and that this "substance corresponds to the 'chromosomes'."

Weismann believed that "as the thousands of cells which constitute an

organism possess very different properties, the chromatin which con-

trols them cannot be uniform; it must be different in each kind of

cell." In order to account for that difference, he hypothesized

that "Ontogeny, or the development of the individual, depends there-

fore on a series of gradual qualitative changes in the nuclear sub-

stance of the egg-cell." The nuclear substance controlling "any

particular cell" he called "idioplasm." The "germ-plasm" was the

totality of all the idioplasms and he termed it the "first ontogenetic



stage of the idioplasm of an animal or a plant. . . .

51
68

All living matter was composed of "biophors" which thus corres-

pond to de Vrie's pangens. Also, like the pangens, biophors were

thought to be "the bearers of the cell-qualities." Weismann stated

that his biophors differed from the pangens of de Vries only in that

the biophors were "constituents of higher units of the heredity sub-

stance." Each group of like cells in the body of an organism were

determined hereditarily by a "determining part" or "determinant."

These determinants were made up of a group of biophors.
52

Many types of cells in the body are formed repeatedly but can

vary (e.g. muscle-cells and nerve-cells). These cells were repre-

sented by very similar determinants "definitely localised" so as to

ensure that "they reach the right cell and the right position in the

course of ontogeny." These "groups of determinants" were the "ids"

(also called "ancestral germ-plasms") and an "idioplasm" was composed

of "several or many" of these ids. The specific structure into which

the ids were united was called the "idant." The idants were thought

to be the "nuclear-rods" or chromosomes. And, like the number of

chromosomes, the number of idants was "a definite one for each in-

dividual species."
53

Asexual reproduction (e.g. budding) required the hypothesis

that "certain cells and series of cells in the ectoderm are provided

with an accessory idioplasm, which contains all the determinants of

51
The Germ-Plasm, p. 23; p. 32, (emphasis is Weismann's); p. 35.

52
Ibid., p. 42, cf. pp. 57-59.

53
Cf. Ibid., pp. 61-63; p. 237; pp. 240, 241 and cf. p. 67.
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the species, and which is therefore a kind of germ-plasm. . ." (This

was necessary since any given cell contained only its own specific

idioplasm.) Sexual reproduction required no such post hoc hypothesis

since fertilization consisted of "the union of the nuclei of the two

sexual cells within the maternal germ-cell."
54

This process he called

"amphimixis."

Weismann argued that the total number of idants always remained

the same in each somatic cell in the body and thus it was necessary

that the number of idants in the sexual nuclei be only half that

found in the somatic cells. In order for this to be possible, half

the ids present in the cell were removed before the union of the

germ-cells in a process called the "reducing-division." By this pro-

cess and that of amphimixis the idants changed composition over gen-

erations and considerable variation resulted. Indeed, sexual repro-

duction "resulted in a greater degree of complication of the germ-

plasm, so that it is no longer composed of similar ids, but is

mainly made up of ids which are individually different from one

another." Hereditary phenomena such as reversion were to be explained

by this "complicated structure of the germ-plasm."
55

Let us further examine Weismann's reduction-division. We have

already seen that Weismann first suggested the necessity of such a

division in his 1887 essay "On the Number of Polar Bodies and their

Significance in Hereditary." This reduction division was necessary

to prevent "the excessive accumulation of different kinds of

54
Ibid., p. 150; p. 234.

55
Ibid., pp. 235, 236; pp. 238, 239; p. 240.
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hereditary tendencies or germ-plasms." It acted to "keep constant

the number of different kinds of idioplasm, of which the germ-plasm

is composed during the course of generations.
56

In 1892 Weismann called these ancestral germ-plasms "ids" and

lined them up on his idants. This implied a structural integrity

of the chromosomes which cytologists were not yet ready to grant.

But a reducing division had been discovered in the ripening gametes,

and it was understood that the number of chromosomes in the somatic

cells was restored by the joining of two such gametes in fertiliza-

tion. Cytologists such as Hertwig saw this as a reduction in the

quantity of chromatin whereas Weismann needed a qualitative reduction

as well.

To make matters difficult, what otherwise very competent micro-

scopists "saw" under their instruments depended largely on what they

thought was happening. This led to "one of the liveliest contro-

versies during the 1890's," one not settled until after the turn of

the century.
57

Weismann explained the continuity of species by supposing each

idant to contain all the specific characters. Otherwise some of them

could be lost in the reduction-division as he envisioned it. Individ-

ual characters were explained by the "competition" of the ids in the

germ-plasm.
58

The control of the cell was effected by the dominant

56u
Polar Bodies," p. 366.

57
Frederick B. Churchill, "Hertwig, Weismann, and the Meaning of

Reduction Division circa 1890," Isis, 61(1970):429-457, quote from
p. 431. This article discusses the controversy in much more detail.

58
The Germ-Plasm, p. 260.
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or successful ids.

Weismann's explanation of development seems curiously unconvinc-

ing. In the introduction to his Germ-Plasm Weismann postulated a

qualitative change in the nuclear substance as ontogeny progressed.

This was necessary because

As the thousands of cells which constitute an organism
possess very different properties, the chromatin which
controls them cannot be uniform; it must be different in
each kind of cell.

Thus he assumed "two kinds of nuclear division" to exist. One,

"homoeokinesis," consisted of a "perfectly uniform distribution" of

the nuclear material in each daughter cell. The other, "heterokin-

esis," led to a "heterogeneous grouping" of the nuclear constituents.
59

Weismann admitted that it was impossible to see any "definable

differences in the chromatin rods of two cells in the same animal."

Nevertheless, for him the conclusion was "inevitable that the chroma-

tin determining these hereditary tendencies is different in the

daughter cells."
60

This apparent disregard of empirical data for

theoretical considerations laid Weismann open to severe criticism.

And he almost seems not quite to have believed it himself, for he

was much more equivocal later in his book. He wrote, for example,

in a later discussion of ontogeny:". . . every cell in the entire

ontogeny is, according to our view, controlled by one kind of

determinant only, irrespective of the fact whether it also contains

59
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60
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other determinants in a latent condition or not. . ."
61

Another apparent contradiction to Weismann's heterokinesis theory

was his statement that there were many "homologous determinants and

ids" (i.e. those "which control homologous cells and groups of cells")

present in each cell. The resulting characteristics of a given cell

(and thus for an organism) were the result of "the struggle of all the

ids contained in the germ-plasm."
62

Not only did the stronger determinant control the cell, it also

deprived the "weaker of room and nourishment, prevents its multiplica-

tion, entirely destroys it, and even makes use of it as nourishment."

Thus, this "process of selection" could, in time, entirely alter the

composition of the germ-plasm. Here was Weismann as the ultra-selec-

tionist; even at the nuclear level survival-of-the-fittest reigned.

Furthermore, with this theory he could account for the fixation of

adaptive characters, the spread to other individuals of characters

upon which "selection is only beginning to act," and the gradual

elimination of "characters which are beginning to become useless."
63

But despite the pregnancy of some of Weismann's speculations,

his germ-selection theory offered little. Indeed, it undermined any

necessity for heterokinesis and one doubts that it was any more

amenable to experimental or observational verification.

As an explanation of cell-control, Weismann considered that

de Vries's

61
Ibid., p. 263. This comment seems to be a concession to the

position of de Vries.

62
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idea of the migration of minute, specific, vital particles
from the nucleus into the cell-body affords an extremely
happy solution of the apparently inexplicable manner in
which the cell is controlled by the nucleus. It, more-
over, fits in very well with my other view."

Of course the particles which Weismann meant were his own biophors.

But they were substantially the same as the pangens of de Vries, and

this notion was most convenient.

The theories of Weismann and de Vries had much in common. Both

of them relied upon material carriers for the hereditary characters

(i.e. both were particulate theories). Also, both consistently ad-

hered to the latest findings of cytology regarding fertilization and

cell-division. Thus, both placed their hereditary material in the

nucleus and identified it with the chromatin.

To both of them the independence of the hereditary characters

was foundational. If anything, Weismann was even more determined on

this point than was de Vries. Weismann was concerned about the "mis-

cibility" of de Vries's characters and insisted on the definite

"architecture of the germ-plasm." This was one of the most important

differences between the two theories. To Weismann, the complicated

morphological structures of higher organisms demanded "fixed group-

ings of pangenes." Their lack was, to him, "the weak point in his

[de Vries's] argument."
65

De Vries found fault with the separation of germ- and somato-

plasm. As a botanist, he found Weismann's formulation to be an

over-simplification and he meticulously traced plant

64
Ibid., pp. 46, 47.

65
See his discussion of this issue in Ibid., pp. 14-20.
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"cell-pedigrees" to prove his point. Nevertheless, he believed the

continuity of the germ-plasm to be essentially correct and proposed

the existence of "secondary germ-tracks" to explain the tremendous

regenerative and budding abilities found in plants.
66

Here de Vries

seemed to "out-Weismann" Weismann himself.

The crucial point of the argument was Weismann's willingness to

allow for the secondary provision of "germ-plasm in a latent condition"

to somatic cells "in those cases in which this arrangement was a

useful one." Thus there was no need for secondary germ-tracks and to

Weismann the problem was simply de Vries's confusion of "germ-cells

with the cells of the germ-track." These latter were, to Weismann,

somatic cells.
67

De Vries also apparently never accepted the idea of the "re-

duction-division." He referred to this in a paper called "Fertili-

zation and Hybridization" which was presented to the Dutch Society

of Science in Haarlem, May 16, 1903. He based his argument on the

alternation of generations found in plants. In the "leafy plants,"

he said, are always found "double nuclei, and in the prothallia al-

ways pronuclei." So constant was this difference "that one feels

almost inclined to call the pronuclei prothallial nuclei."
68

De Vries went on to say:

66
See Intracellular Pangenesis, pp. 79-92; pp. 93-101.

67
See Weismann's discussion of this problem in The Germ-Plasm,
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At the moment when the two pronuclei separate, single
nuclei appear in place of the double nuclei, and the
double number of nuclear threads is thereby reduced to a
single one. This process is usually called the numerical
reduction of the chromosomes; but this imposing name means
nothing but the separation of two nuclei which had so far
worked together for a period. It is like the parting of
two persons who have walked along together for a while,
and will be looking for other companionship presently.
And this they achieve by fertilization.69

Thus, unable to deny the reality of the phenomenon, de Vries still

denied its nature by giving it an entirely different theoretical value.

Evolution and Heredity: An Evaluation

As I close this section, two crucial questions must be asked:

1) what was the impact of the theories of heredity proposed by

Weismann and de Vries? and 2) what were the important questions re-

garding evolution and heredity as the nineteenth-century ended? Let

us consider them in order.

Certain of the concepts which Weismann and de Vries formulated,

or at least incorporated into their theories seem to have directly

contributed to a modern theory of heredity. These include the notion

of a material bearer of the hereditary qualities and their localiza-

tion in the chromatin of the nucleus. Their incorporation of these

ideas into a mechanistic explanation of the phenomena of heredity

stands as an important synthetic accomplishment.

De Vries's idea of a "unit-character" was to profoundly affect

the study of heredity. This led him to say "an altered numerical re-

lation of the pangens already present, and the formulation of new

69lntracellular Pangenesis, p. 237.



76

kinds of pangens must form the two main factors of variability." And

it was that idea which, according to de Vries, himself, was to serve

as the basis for his famous breeding experiments.
70

To de Vries,

the work of the cytologist and the "art of the breeder" were both

necessary. "And it is only through the co-operation of these two

great lines of human thought that we can succeed in establishing

the basis for a theory of heredity."
71

It was in 1900 that de Vries published his account of the "Men-

dalian" principles.
72

He was able to report crosses between 15

species-groups showing Mendelian segregation, all performed between

1890 and 1899. This amazing research program, involving as it did

thousands of plants, began as a means of understanding the hereditary

characters he had envisioned. The value of this concept seems al-

most inestimable.

70
Ibid., p. 74, see the footnote inserted by the translator. Cf.
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What then of the work of Weismann? His "continuity of the germ-

plasm" had revolutionized Darwinian evolution, precluding as it did,

the inheritance of acquired characters. But at the close of the

nineteenth century this was far from a settled issue. In the area of

heredity there were other contributions. His concern for the struc-

tural integrity of the hereditary units was a most valuable one. A

structural continuity of the chromosome was nearly impossible to ob-

serve as cells went through interphase and the chromatin seemingly

dissolved and disappeared. Yet to Weismann this was demanded by the

complex morphological groupings of features (for example facial ones

in humans) found in higher organisms. The location of a given char-

acter and its proximity to others was crucial and the hereditary

material must be so arranged as to account for the continuity ob-

served.

Perhaps Weismann's greater contribution is best summed up by

Osborn who wrote in 1895 "he has brought into the foreground the

relation between the hereditary mechanism and evolution."
73

Since

1881 Weismann had published and theorized. His work, and that of

his students, in cytology (on polar body formation) and his inte-

gration of the latest findings of that science into a discussion of

evolution and heredity was very influential. He had stood as the

champion of Darwinian evolution and of a material means of heredity

in endless public debate.

In 1908 Weismann was honored by the Royal Society with the Darwin

Medal. The applause of his scientific peers came because, as they

73
Hereditary Mechanism," p. 419, (see chapter 1, footnote 41).
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put it, "the fact remains that he has done more than any other man to

focus attention on the mechanism of inheritance."
74

This may have

been Weismann's most important contribution.

It appears to me that Weismann and de Vries were responsible for

the posing of questions about the phenomena of heredity in such a

way that experiment and observation could begin to answer them.

Neither of their theories, as such, was to emerge as a sufficient ex-

planation of heredity. But their questions engendered research

leading to better explanations, and their conceptualizations molded

the thinking of a whole generation of workers. If science was "ready"

for the Mendelian principles in 1900, Weismann and de Vries had helped

make it so.

From our vantage point we may look back at the last three

decades of the nineteenth century and think that great progress had

been made in understanding evolution and heredity. There is reason

to believe, however, that to one of that time, that wasn't necessarily

the case.

H.F. Osborn, an important neo-Lamarckian, wrote an article in

1895 in which he reviewed the findings of heredity and evolution

and suggested the questions of interest. This review article seems

to provide a fitting answer to our question. Osborn recognized the

service of Weismann in calling into question the inheritance of

acquired characters and in focussing attention on heredity and evolu-

tion. He considered the experimental base for believing that

74
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acquired characters were inherited to be weak. If progress was to

be made in the understanding of evolution a "straightforward con-

fession of the limits of our knowledge" was needed and a remedying

"of our present failure to base either Lamarckism or Neo-Darwinism

as universal principles upon induction."
75

Osborn considered "Darwin's 'Survival of the Fittest" to be

the only "absolutely demonstrated" factor in evolution. But it

could only preserve the fit and offered no satisfactory solution to

the origin of the necessary adaptive variation. He considered the

"Neo-Darwinian principles of the accumulation of adaptive variations

out of the fortuitous play around a mean of adaptive and inadaptive

characters" to be disproved. His own careful study "of the evolution

of the teeth and the skeleton" had convinced him that "the main trend

of evolution is direct and definite throughout . . ." Evolution followed

"certain unknown laws," it did not proceed "according to fortuity."
76

On the other hand, the question "of the transmission or non-

transmission of acquired variations . . . must be regarded by every

impartial observer as still an open one." Nevertheless, he considered

adaptation to be progressive and he felt that "If Lamarck's factor

is disproved . . . it leaves us in vacuo so far as a working hypo-

thesis is concerned."
77

Osborn was very clear that the great problem in assuming the

transmission of acquired characters was the lack of a "theory of

75
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76
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77
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Heredity" to account for it. Weismann's "continuity of the

germ-plasm" had seriously cast doubt that such characters could ob-

tain access to the germ-plasm. And the theorizing of Cope and others

regarding a means of accomplishing such seems to have left even one

of their own unconvinced.

For Osborn, Lamarckism couldn't withstand a rigorous exposition

of the known facts of heredity and Darwinism couldn't explain the ob-

vious directedness which he observed in nature. His conclusion was

this:

If acquired variations are transmitted, there must be,
therefore, some unknown principle in Heredity; if they
are not transmitted, there must be some unknown factor
in Evolution.78

Natural Selection seems to have been almost universally accepted as

a factor in evolution. But it was not sufficient to explain everything.

Then-current theories of heredity could not account for the transmission

of acquired characters. Yet many deemed that also to be necessary.

At the close of the nineteenth century these were the questions agitat-

ing the biological world.

My aim in this first section has been twofold: 1) to develop

a picture of nineteenth century speculations intended to explain the

phenomena of heredity and evolution, and 2) to show how the agitation

produced by these speculations resulted in a scientific climate in

which the discoveries first made by Mendel could find acceptance.

I have shown how the theory of descent (organic evolution) demanded

heritable variation. Thus theories of heredity abounded during this

time.

78
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I have also shown the tradition beginning with Darwin's thecry

of Pangenesis and running through the work of Weismann and de Vries.

Working with the principle of a material carrier of the hereditary

characters, Darwin's contribution, and the findings of the cytologists

regarding fertilization and cell-division, these men localized the

germ-plasm in the nucleus and even pointed to the chromosomes as

the likely carriers.

We have seen that it was de Vries, working within this tradition

and from assumptions generated by his own hereditary theory, whose

work led to rediscovery of the Mendelian principles. I am thus sug-

gesting that the whole grand edifice which Mendelian genetics was to

become was built on the foundation of this Darwinian-material

tradition.

The two simple principles (of dominance and independent assortment)

which de Vries brought forth were to profoundly affect the questions

which biologists asked and the research conducted to answer them.

In an attempt to assess the impact of the Mendelian research program

I have chosen to look at its effect on the life and work of one man:

William E. Castle. He was trained as a scientist during the 1890's,

that time of great and exciting agitation over the mechanisms of

heredity. At the outset of the twentieth century he was young and

ready to tackle new problems; and well-placed to do so.

In the second section of this thesis, then, we turn to the life

and work of William Castle.
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CHAPTER THREE

THE LIFE AND WORK OF WILLIAM ERNEST CASTLE

The difficulty of adequately assessing the value of the life and

work of a scientist is made very clear by the various opinions in

print regarding William Castle. One historian has dismissed Castle

(along with William Bateson) with these words: "Slowly, they have been

eased out of prominence in textbooks, in reviews, and in the ultimate

test of their utility for research -- in the bibliographic references

of the articles of subsequent generations."
1

Those paying him homage

on the occasion of his 87th birthday referred to him as the "Nestor

and intellectual grandfather of mammalian genetics."
2

His associates

at the University of California, Berkeley wrote of him:

Castle's papers provided solid information on specific
questions such as the inheritance of coat color dif-
ferences, the location of mammalian genes on linkage maps,
or the genetic basis of body size.

They further described him as "a tireless defender of Mendelism."
3

These various opinions all contain elements of truth, but over-

simplify the case because of their differing perspectives. William

Castle might best be viewed as a scientist involved in the emergence

1
Elof Axel Carlson, "The Gene: A Critical History (Philadelphia:

W.B. Saunders Company, 1966), p. 56.

2
Elizabeth S. Russell, "One Man's Influence: A Tribute to William

Ernest Castle," Journal of Heredity, 45(1954):210-213. See heading
under Castle's picture on p. 210.

3
C. Stern, K.B. DeOme, J.A. Jenkins, "William Ernest Castle 1867-

1962: Research Associate in Genetics in the Experiment Station." In
Memoriam, University of California, April 1964, pp. 11-13. Typewritten
copy in University Archives, Bancroft Library, University of California,
Berkeley.



83

of a new scientific discipline. During such a time there often is

"little agreement or comprehension of what are important problems,

what are valid facts, what are acceptable procedures or even whether

the whole enterprise is effective."
4

This sort of confusion character-

ized the early years of the science of genetics. And, viewing William

Castle within his framework allows his work to be seen as dealing

with the problems of his time. Thus he is freed from the (sometimes

harsh) judgments of a science that is established, its earlier con-

fusions a (forgotten and embarrassing) thing of the past.

The life of William Ernest Castle began on his father's farm near

Alexandria, Ohio, October 25, 1867. He was the fourth of the six

children born to William Augustus Castle and his wife Sarah.
5

An interest in biology began for Castle early in his childhood

for he remembered that

As a boy I was interested in outdoor life on the farm,
particularly the wild spring flowers blooming in the woods.
I gathered and put together the whitened skeletons of sheep
which died in the pastures and whose bones were cleaned up
by maggots, turkey-buzzards, and rains. I transplanted
seedling apple trees and grafted them to varieties of
apples growing on the place.6

This early experience of a young farm-boy might also be the foundation

4
Michael Worboys, "The Emergence of Tropical Medicine: a Study

in the Establishment of a Scientific Specialty," in: Perspectives on
the Emergence of Scientific Disciplines, ed: Gerard Lemaine, Roy
MacLeod, Michael Mulkay, Peter Weingart (Chicago: Aldine Publishing
Company, 1976), p. 76. See his discussion of this problem, pp. 76-78.
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graphy, ed. Charles Coulston Gillispie (New York: Charles Scribner's
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6
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for the great practical bent which much of Castle's work showed.

His attendance at Denison University (a Baptist college) in

Granville, Ohio started at the age of "15 or 16." As he remembered

it

the curriculum consisted chiefly of ancient languages,
and elementary mathematics; with elementary courses in
chemistry and physics, a glimpse at English and American
history and of course that of Greece and Rome. In the
senior year, logic, international law, ethics were dis-
cussed.'

Here he also received a "smattering" of biology from "a really com-

petent and inspiring personality, Clarence L. Herrick [1858-1904],"

who was the professor of geology and natural history at Denison.

It was apparently Herrick's ability to make "his subjects inter-

esting and alive and growing" which was to win Castle to the study of

biology as a profession. And it was also from Herrick that he re-

ceived his first understanding of "the inspiring concept of organic

evoluation, a la Darwin. . ." This was taught in spite of the "strong

theological opposition" voiced by the president of the college "in

the ethics course." Theology apparently won few converts, for as

Castle remembered it "the students all sided with Darwin and Herrick."
8

Castle was later to maintain a pro-Darwin position in the face of op-

position much less "friendly" than that at Denison.

At the age of 21 (in 1889) Castle recieved his B.A. degree and

accepted a position "teaching Latin in the college at Ottawa, Kansas,"

7
Ibid.

8
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Herrick, Pioneer Naturalist, Teacher, and Psychobiologist," Transactions
of the American Philosophical Society, 45(1955):1-85.
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(another Baptist college called Ottawa University).
9

Here, armed

with his "meager scholastic attainments and a continuing interest in

flowering plants" he was to work for three years.

The prairie of eastern Kansas presented a "flora largely new"

to Castle. Thus it was that, with his Gray's Manual, he often spent

his afternoons with a "collecting can, looking for unfamiliar speci-

mens. . ." This pleasant pastime led to Castle's first publication,

"A List of Flowering Plants and Ferns."
10

A certain Mrs. Ward, the wife of another faculty member, was

also "interested in botany." Castle recalled that she often sent

him "specimens for identification" by the hand of a young woman board-

ing in her home. Thus Castle met Clara Sears Bosworth whom he married

in the summer of 1896. This marriage was to end only upon the death

of Mrs. Castle in 1940.
11

Castle soon "aspired to know more about plants" and determined to

study at Harvard where a friend from college, H.L. Jones had preceded

him. "Jones was another of the men who got the biological spark

emitted by Herrick" and he "coached" Castle regarding his admittance

into Harvard.

In those days it was easy to get into Harvard if you
could convince the admission authorities that you had
"what it takes", [sic] regardless of the meagerness

9
Ibid., cf. L.C. Dunn, "William Ernest Castle. October 25, 1867 --

June 3, 1962," Biological Memoirs of the National Academy of Sciences,
38(1965):36.

10
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11
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of your previous attainments.
12

He was awarded "a dole of Price Greenleaf Aid for a year of study"

and admitted to the senior class in October of 1892. Because of the

"elective system than in full force" he was allowed to take the

courses he pleased. Thus, he took "all but the beginning" courses

in both botany and zoology and acted as "monitor in Dr. Mark's Zoology

1." Castle received his second A.B. in 1893 and because of his "good

grades" was awarded "an assistantship for the following year."

Charles Benedict Davenport (1866-1944) took over the Zoology 1

class that year and thus Castle came to be his laboratory assistant.
13

Castle completed his A.M. under Davenport in 1894, doing his research

on the acclimatization of tadpoles (Bufo lentiginosus) to high temper-

atures.
14

The zoology courses were found by Castle to be "better

organized" and thus more stimulating than those in botany at Harvard.

It was for that reason he became a zoologist rather than a botanist as

he had intended.

Castle went on to take his Ph.D. at Harvard in 1895 under Edward

Laurens Mark, Hersey Professor in Anatomy since 1886. Mark had re-

ceived his own doctorate under Karl Georg Friedrich Rudolf Leuckart

(1822-1898) in Leipzig. He then had gone for further study at Jena

under Ernst Heinrich Haeckel (1834-1919). Mark's background, then,

was in descriptive zoology and systematics. Prior to 1900 he was

12
Letter to Edward S. Castle.

13
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Entwickelungsmechanick der Organismen, 2(1895):227-249.
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involved in the elucidation of spermatogenesis and oogenesis. During

the time Castle studied with him he was involved in the translation

of two textbooks of embryology from the German.
15

It comes as no sur-

prise that Castle should have chosen to study the embryology of the

Ascidian Ciona intestinalis for his doctoral research.

A preliminary account of his findings was published by Castle in

1894.
16

I find this paper important because it seems to set the tone

for a very large portion of the work which was to follow. He had

found, through very careful cell-lineage work, results at odds with the

previous work done on Ascidians. And though the workers cited included

no lesser personage than van Beneden (among others), he did not hesi-

tate to take them to task:

This stage must have been derived from the preceding by
twelve cell divisions, six in each of the equivalent halves
of the egg. Of these six, three are clearly indicated by
spindles in the 32-cell stage. The other three were ap-
parently determined by conjecture, and it is my purpose to
show that by yielding themselves to conjecture in so small
a matter as these three cell divisions, the eminent authors
fell into an error which invalidates the most Wortant
conclusions of their otherwise excellent work.

The mistake found was in the orientation of the developing embryo by

these earlier workers. As a result they had arrived at conclusions as

to the origin of the endoderm and mesoderm which the facts could not

sustain.

15
E. Korschelt and K. Heider, Text-book of the Embryology of In-

vertebrates, trans. E.L. Mark (New York: The Macmillan Co., 1895-1900)
and Oscar Hertwig, Text-book of the Embryology of Man and Mammals, trans.
E.L. Mark from the 3rd German edition (New York: The Macmillan Co.,
1899).

16
W.E. Castle, "On the Cell Lineage of the Ascidian Egg. A Pre-

liminary Notice," Proceedings of the American Academy of Arts and
Sciences, 30(1894):200-217.

17
Ibid., pp.200, 201.
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In this paper Castle's own attention to detail and his quickness

to criticize any perceived carelessness on the part of others are

noteworthy. If any simple characterization of Castle's work for the

next 25 years may be made, it is to be found in those traits. And as

a result, he was often to be involved in controversy with others.

Castle went on to publish his thesis in 1896.
18

This was an

extremely detailed study of cell-lineages in the early embryology

of Ciona (a primitive chordate). His major conclusion, in contrast

to what had been determined by previous workers, was that "The meso-

derm of Ascidians is therefore derived in part from the primary ecto-

derm, and in part from the primary endoderm."
19

His very detailed ob-

servations of cell-division (necessitated by following cell-lineages)

convinced Castle that the chromatin was the material basis for heredity.

Along the way Castle had made another (and important) observation,

one so incidental to him that it wasn't even mentioned in his conclu-

sions. Previous to his work it had been noted that the hermaphroditic

Ascidians did not self-fertilize. The means by which this was pre-

vented was thought simply to be a different time of maturation of the

male and female gametes in a given individual. Castle showed that

fully viable gametes of both sexes were produced simultaneously by

individuals. Further, by artificial fertilization experiments he

found that only 7.7% of the eggs which had been self-fertilized

18
W.E. Castle, "The Early Embryology of Ciona Intestinalis, Flemm-

ing (L.)," Bulletin of the Museum of Comparative Zoology at Harvard
College, 27(1896):201-280 + 13 plates.

19
Ibid., p. 274.
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developed while 95% of cross-fertilized eggs developed.
20

Thus,

Castle concluded,

. . . in the case of Ciona, eggs are to a large extent
incapable of fertilization by sperm from the same in-
dividual as the eggs. Cross fertilization must, there-
fore, be the rule, and close fertilization the exception
under natural conditions. The rare occurrence of close
fertilization is probably due to a lack of mutual at-
traction between eggs and sperm produced by the same in-
dividual, an attraction invariably existing between the
eggs of one individual and the sperm of another, and
probably chemical in its nature. This case is paralleled
in certain flowering plants, whose pollen will not germin-
ate when placed on the stigma of the flower from which it
was taken, though on the stigma of other flowers of the
same species of plant it germinates readily.21

Castle was the first to show this phenomenon in the animals, yet the

paragraph just quoted (with his description of the experiments lead-

ing to that conclusion) comprises most of what he wrote on the matter.

But while Castle never followed up on this finding it was to in-

fluence his later ideas greatly.

Typically self-depreciating, Castle wrote:

That is how I earned a Harvard A.B. in 1893, A.M. in
1894, Ph.D. in 1895, although Heaven knows I was a very
poorly equipped and blundering biologist at that.22

Despite his "poor" equippage as a biologist he was immediately given

a position at the University of Wisconsin (1895-1896). The following

year he taught at Knox College, Galesburg, Illinois (1896-1897). And

in 1897 he was appointed instructor of biology at Harvard. Here he

was to remain until his retirement in 1936, becoming assistant

20
Ibid., pp. 206-208.

21

22

Ibid., p. 210.

Letter to Edward S. Castle.
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professor in 1903 and professor of biology in 1908.23

There is no published work by Castle between 1896 and 1900,

not surprising considering his marriage and the three moves made

during that period. In 1900 there were two publications, both coming

out of his selection of leeches as an organism for laboratory projects

for his students. The first of these was on metamerism (segmentation)

in leeches. In this paper he argued that while previous workers

had correctly determined the number of somites (segments) in the leech,

they had been incorrect in their assessment of the somite limits.

Castle suggested that somite limits should correspond with the limits

of the "neuromere; that is, a somite includes those annuli which

typically are innervated from the same nerve ganglion."
24

Once again

Castle's careful attention to detail had led him to a conclusion at

odds with that of "all students of leech metamerism" which had pre-

ceded him.

The fuller details of his studies of leeches were published later

the same year.
25

This paper is a very detailed systematic treatment

of six species of North American leeches. Included is a study of

their anatomy, morphology, life-cycles and inferred evolutionary re-

lationships (curiously absent is a study of their development), along

with his noting of some of the parasites which he had found in these

23
"Castle, William Ernest," in Dictionary of Scientific Biography,

p. 120.

24
W.E. Castle, "The Metamerism of the Hirudinea," Proceedings of

the American Academy of Arts and Sciences, 35(1900):283-303, quote
from 302.

25
W.E. Castle, "Some North American Fresh-Water Rhynchobdellidae,

and their Parasites," Bulletin of the Museum of Comparative Zoology at
Harvard College, 36(1900):15-64 + 8 plates.
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leeches. Here again is well illustrated Castle's observational prowess.

This careful attention to detail is pervasive in his work.

Castle became a scientist during the 1890's, a decade during

which, as we have seen, there was much agitation over questions of

heredity and evolution. His scientific heritage included the great

German systematics, anatomy and morphology tradition of Leuckart and

Haeckel through his major professor, E.L. Mark. And Mark had, himself,

been very involved in the cytological discoveries which made the pro-

cess of meiosis known (see above, p. 59). This tradition seems to

have been primarily observational, but keenly and very precisely so,

and this strong bias pervades Castle's work.

A study of Castle's later work reveals that he maintained the

strong Darwinian direction obtained from Clarence Herrick at Denison,

even though his was an unpopular position. He also shows a deep famil-

iarity with the work of Weismann and de Vries, and it seems likely

that this awareness was acquired as a student at Harvard. The rich-

ness of their work and the controversies it had generated was an im-

portant part of Castle's scientific heritage.

Castle also had been a student of C.B. Davenport at Harvard.

Thus, he was exposed to the techniques of experimental morphology.

Davenport was at Harvard until 1899, and their association was renewed

when Castle returned there in 1897. This association no doubt had

something to do with Castle's appointment as Research Associate of

the Carnegie Institute's Station for Experimental Evolution in 1904,

the year of its founding and of Davenport's appointment as its
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Director.
26 Much of Castle's research was to be funded by the Institute

until 1943.

We have seen that Castle acquired his love of nature as a farm-

boy roaming the woods and fields of Ohio. His strong practical bent

may have come from the same time, as he learned to graft apple-trees.

His scientific training had made of him a very critical and able ob-

server, and he had no reluctance about pointing out the mistakes (or

perceived ones, at least) of others. Castle had early acquired a

Darwinian outlook which was to persist and strongly influence his

science. Thus in 1900, William Castle was a zoologist with a wide

and strong background in embryology, morphology and systematics, with

some experimental experience and an interest in evolution. Further-

more, he was securely placed at Harvard. Having seen what Castle

was, we now turn to a look at what he was to become as a result of

the rediscovery of Mendel.

William Castle: Mendelian Geneticist

I have already noted the rediscovery of Mendel in 1900 by de

Vries and, independently, by Carl Correns (1864-1933) and Erich von

26
E. Carlton MacDowell, "Charles Benedict Davenport, 1866-1944.

A Study of Conflicting Influences," Bios, 17(1946):24. Cf. L.C. Dunn,
"William Ernest Castle," p. 40. And see letter from W.E. Castle
to C.B. Davenport, Jan. 28, 1904, C.B. Davenport Papers, American

Philosophical Society Library, Philadelphia.
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Tschermak (1871-1962).
27

How exactly Castle first became aware of

these findings is not known.
28

It seems quite likely he read the

original rediscovery papers, but if he did not he certainly had access

to Davenport's review titled "Mendel's Law of Dichotomy in Hybrids"

published in 1901.
29

Castle recorded only that he was engaged in the

breeding of mice and guinea-pigs "before 1900 in a study of the pos-

sibility of influencing the sex ratio by selection." The rediscovery

of Mendel's results, according to Castle, "gave the question a new

aspect. Mendel's law applied clearly to discontinuous variation.

Sex in mammals is sharply discontinuous, so perhaps its inheritance

accords with Mendel's law."
30

Castle never published those early breeding data although he did

refer to them in a 1906 paper.
31

There is also a tantalizing statement,

probably alluding to some of this early work, in a 1912 essay. He

wrote:

27
Carl Correns, "G. Mendels Regel Uber das Verhalten der Nachkom-

menschaft der Rassenbastarde. Berichte der deutschen botanischen
Gesellschaft, 18(1900):158-168. E. von Tschermak, "Uber kUnstliche
Kreuzung bei Pisum sativum," Ibid., 18(1900):232-239. References and
partial translations appear in H.F. Roberts, Plant Hybridization Be-
fore Mendel (Princeton: Princeton University Press, 1929), pp. 320-358.
A complete translation of Correns's paper is found in Curt Stern and
Eva R. Sherwood, editors, The Origin of Genetics. A Mendel Source Book
(San Francisco: W.H. Freeman and Company, 1966), pp. 110-132.

28
Cf. L.C. Dunn, "William Ernest Castle," p. 39.

29
Biological Bulletin, 2(1901):307-310.

30
W.E. Castle, The Beginnings of Mendelism in America," in: Gen-

etics in the 20th Century. Essays on the Progress of Genetics During
its First 50 Years, ed. L.C. Dunn (New York: The Macmillan Company,
1951), pp.59-76. Quotation is taken from p. 68.

31
Castle, W.E., "Yellow Mice and Gametic Purity," Science, 24(1906):

275-281.
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Oftentimes I found an individual that produced more off-
spring of one sex than of the other, but this was probably
due merely to chance deviations from equality. I could get
no evidence that the condition was inherited, though the
experiment was continued through as many as seven gener-
ations, including several hundred offspring.32

Though Castle's attempts to modify sex ratios by selection ap-

parently failed, the breeding work he was conducting put him in a

unique position to appreciate Mendel. From that point on all of

Castle's publications dealt in some way with Mendelian genetics.

Furthermore, all of his experimental work from that time on, involved

the breeding strategy of Mendel. "The change in his research interests

and materials which occurred in 1901 seems to have been complete and

never to have reversed itself."
33

What happened to Castle was not unique. The rediscovery of Men-

del's work excited many young American scientists who, like Castle,

had been born in the 1860's and 1870's and were the first generation

of American-trained Ph.D.'s. A number of these men were to leave be-

hind their training in the classical fields of botany and zoology and

divert their interests and energies into the emerging science of gen-

etics. This first generation of Mendelians trained their own students

and by their work and influence created American genetics. But

Castle led them all as the first to devote himself exclusively to this

32
"Heredity and Sex," in Heredity and Eugenics. A Course of

Lectures Summarizing Recent Advances in Knowledge in Variation, Hered-
ity, and Evolution and its Relation to Plant, Animal, and Human Im-
provement and Welfare by William Ernest Castle, et al., 2nd ed. (Chi-
cago: The University of Chicago Press, 1913), pp.62-79. Quotation from
p. 63.

33
Dunn, "William Ernest Castle," p. 39.
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new field.
34

We might well ask what were the questions which after the redis-

covery of Mendel were needing to be answered? Some 50 years later

Castle remembered his own research to have been motivated by the fol-

lowing:

1. First came the problem, how extensive is the applicabil-
ity of Mendel's law? Does it apply to all discontinuous
variations? Does it apply to cases of intermediate or blend-
ing inheritance?

2. The assumed purity of the gametes produced by a hybird
after the association of contrasted characters in the same
zygote for many cell generations. Is it true?

3. The assumption that a character segregating as a unit
in hybridization cannot be modified by selection however
long and persistently continued. Is it true?

4. The conclusions of Weismann that germ cells and body
cells are distinct, germ cells alone being the vehicle
of heredity, and consequently that acquired characters
are not inherited. Is it true?35

During the first and second decades of the twentieth century these

questions dominated Castle's work. As we survey this work, however,

it should be remembered that the above list is retrospective. Castle

may have been ordering his life after the fact.

Another set of questions also appears to be of importance to

Castle and all the early Mendelians. These questions involve the

problem of evolution and they center around the source of variation,

its inheritance, and the role of selection. Castle, like Bateson,

thought Mendel's work offered "a way through" to an understanding of

evolution. As Castle put it, "from the philosophical standpoint

34
See the list given by Dunn, in ibid., p. 34.

35,,
Beginnings of Mendelism," p. 67.
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genetics is only a subdivision of evolution."
36

This underlying in-

terest in evolution is critical to an understanding of Castle's work.

In 1903 Castle published seven papers on Mendelian genetics.

Much of his scientific efforts thereafterwards dealt with problems

which he first addressed in these papers. For that reason I have

divided them into three topical categories which will also serve to

organize much of Castle's work until about 1920. After that time his

research interests were different from these earlier ones, and I shall

deal with that work separately toward the end of this chapter. It will

also be necessary to examine closely several very important contro-

versies in which Castle was involved during the first two decades of

the century. I shall present these in the next chapter.

The three topics arising out of his 1903 papers are as follows:

1) Expounding and popularizing Mendelian genetics; 2) the heredity of

sex; 3) heredity in small mammals. I will trace each of these three

topics in Castle's work as if they were independent of each other

though they are, inevitably, interrelated. Indeed, in some cases,

the same publication deals with more than one of the three. We shall

first turn to a survey of Castle's work as expounder of Mendelism.

William Castle: Expounder and Popularizer of Mendelism

The first of Castle's Mendelian publications appeared in January

of 1903. It was a review of the Mendelian "laws" and the presentation

36
See Bateson's entire statement above, p. 5. And see W.E.

Castle, Genetics and Eugenics. A Text-Book for Students of Biology
and a Reference Book for Animal and Plant Breeders (Cambridge: Har-
vard University Press, 1916), p. 4.
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of some confirmatory data from his own laboratory. In this paper Castle

divided the laws of Mendel into three sections. Number one was "The

law of dominance." This he explained as follows:

When mating occurs between two animals or plants differing
in some character, the offspring frequently all exhibit the
character of one parent only, in which case that character
is said to be "dominant." Thus, when white mice are crossed
with gray mice, all the offspring are gray, that color char-
acter being dominant. The character which is not seen in
the immediate offspring is called "recessive," for though
unseen it is still present in the young, as we shall see.

37
White, in the instance given, is the recessive character.

The second of Mendel's principles Castle chose to call "Peculiar

hybrid forms." These occurred because "The law of dominance is not

of universal applicability," and he enumerated three types of such

forms:

In many cases the cross-bred offspring possesses a character
intermediate between those of the parents. This Mendel
found to be true when varieties of peas differing in height
were crossed.

Again, the cross-breds may possess what appears to be
an intensification of the chapter of one parent, as when
crossing dwarf with tall peas the hybrid plant is taller
than either parent, . . .

Thirdly, the cross-bred may have a character entirely
different from that of either parent. Thus a cross between
spotted, black-and-white mice, and albino mice, produces
commonly mice entirely gray in color, like the house-mouse.

Castle explained these phenomena by stating that "the hybrid often

possesses a character of its own, instead of the pure character of

one parent, as is true in cases of complete dominance." There was

37"Mendel's Law of Heredity," Proceedings of the American Academy
of Arts and Sciences, 38(1903):533-548. (This paper was reprinted in
Science, 18(1903):396-406.) Quote from p. 535.

38
Ibid., p. 536.
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no way to predict what a hybrid's character might be, experimental de-

termination was necessary. But, this character was thought to be "al-

ways the same for the same cross," provided only that the parents

were "pure."

Castle's third point was what he called the "Purity of the germ-

cells:"

The great discovery of Mendel is that: The hybrid, whatever
its own character, produces ripe germ-cells which bear only
the pure character of one parent or the other. Thus, when
one parent has the character A, and the other the character
B, the hybrid will have the character AB, or in cases of sim-
ple dominance A(B) or B(A). [Castle's footnote: "The paren-
thesis is used to indicate a recessive character not visible
in the individual."]39

The germ cells of a hybrid would bear only one of the characters (A

or B) and both would be present in the germ cells in equal numbers.

"This perfectly simple principle is known as the law of 'segregation,'"

and might "prove as fundamental to a right understanding of the facts

of heredity" as was "the law of definite proportions in chemistry."
40

As a consequence of these "laws" one would expect the first hy-

brid generation to exhibit the trait of one or the other of the par-

ents (in the case of complete dominance). Otherwise some different

"hybrid character" would be manifest. But in the "second hybrid gen-

eration" the dominant and recessive characters would sort out. These

offspring would thus exhibit one or the other character and they would

do so in a definite numerical ratio: three dominants to one recessive.

The theoretical proportions expected were "A + 2A(B) + B." Here "A"

39
Ibid., p. 537.

40
Ibid., pp. 538, 539.
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stood for the homozygous or pure dominant form, "A(B)" for the hetero-

zygous (mixed dominant and recessive form, and "B" for the homozygous

recessive form. Thus "two out of three" of the apparently dominant

offspring were still hybrid in nature.
41

In the work with mice the ratio 3:1 had been found and the "white

offspring, when bred inter se," had proven to be pure recessives.

The gray mice had not yet been tested, but Castle was confident the

pure dominants would prove to be the "1 in 3" expected.
42

It was possible further to test "Mendel's hypothesis of the purity

of the germ-cells and of their production in equal numbers" by back-

crossing the first generation hybrid with the recessive parent. Be-

cause "The first generation hybrids will all be D(R)" ("D" here stands

for dominant and "R" for recessive) crossing them with a "recessive

parent will produce fifty per cent of pure recessive offspring and fifty

per cent of hybrids."
43

Castle went on to elaborate the results of a cross between parents

differing in two characters. He explained these in terms of the in-

creased difficulty of establishing a stable race in this circumstance.

Thus, out of every 16 offspring in the second hybrid generation one

could expect only one double recessive and that one alone could be

recognized as "stable" without further experiments. In his "Table

IV" Castle went on to enumerate the classes expected in hybrids differ-

ing in three, four, five and six characters. In the latter there

41
Ibid.

42
Ibid., p. 539.

43
Ibid.
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would be 64 visibly different classes of offspring and it would take

4096 second-generation offspring to allow for the production of at

least one individual in each class.
44

Thus it appears that in his first Mendelian explication Castle

accepted the idea of gamete purity and complete segregation. He was

later to argue against this at some length. Perhaps a hint of what

was to come can be seen in his idea of "Mosaic inheritance." Castle

explained this to be a "balanced relationship" between characters

"commonly related as dominant and recessive" but showing up in the

offspring in "patches" such as in piebald animals. Such relation-

ships, "once secured . . . often prove to possess great stability,

breeding true inter se." He had found this in spotted mice "which

usually produce a large majority of spotted offspring." This balance

was destroyed when spotted mice were crossed with white (recessive)

ones, for all the offspring were solid gray or black. In a footnote

he adds that in "observations made since the foregoing was written"

spotted mice had reappeared after disappearing for a generation. He

explained this by supposing a gamete containing the spotted combination

of balanced dominant and recessive was also formed in some cases.
45

It seems a little strange that from what he presented in his foot-

note he did not infer a factor for "spotted" which segregated in a

Mendelian fashion. But Castle was above all an observer of nature

and here was the first empirical evidence that traits might not always

completely separate. This, as will be seen, was to become a dominant

44
Ibid., pp. 540, 541.

45
Ibid., p. 542.
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theme in Castle's future work.

Castle found these results to be very practical: "The law of

Mendel reduces to an exact science the art of breeding in the case

most carefully studied by him, that of entire dominance."
46

The

application of Mendelian genetics to the "art of the breeder" became

an important aspect of Castle's work. He seems to have understood

the value of Mendel in this respect very early.

One other important thing must be noted in this paper. Here

Castle departed temporarily from his belief in Darwinian evolution.

He wrote:

Acceptance of Mendel's principles of heredity as correct
must lead one to regard discontinuous (or sport) variation
as of the highest importance in bringing about polymorphisT
of species and ultimately of the formation of new species. 47

Both de Vries and Bateson had emphasized discontinuous variation as

important in evolution. De Vries had, in fact, published his two-

volume Die Mutationstheorie in 1901 and 1903.
48

In this work de Vries

had relegated to natural selection a very minor place in evolution and

to the sudden appearance of large changes in the offspring of an or-

ganism a very large one.

Mendel's laws, stressing as they did the independent nature of

hereditary characters, seemed naturally to fit with this explanation

of evolution. Thus most of the early Mendelians were also "mutation-

ists" and for a short time Castle found this view acceptable. His

46
Ibid., p. 541.

47
Ibid., p. 545.

48
Hugo de Vries, Die Mutationstheorie (Leipzig, 1901-1903).
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own experiments with selection led him to change his mind within a

few years.
49

As we shall see, his later emphasis upon selection as

the operative force in evolution and in the production of variation

placed him at odds with most of the early Mendelians.

This first paper has been treated at some length in order to

show not only Castle's early understanding of Mendel but also the state

of some of his other ideas at that time. In November of the same year

Castle was again to expound Mendelism, comparing a Mendelian analysis

of Georg von Guaita's (dates unknown) data with a similar analysis

using Galton's "Law of Ancestral Heredity."
50

Von Guaita had crossed Japanese "waltzing" mice (these mice have

a defect causing them to spin or "dance" instead of proceeding normal-

ly) with an albino strain. He then had interbred the offspring for

seven generations (between the years 1896-1900) and recorded the color

patterns and followed the waltzing character. C.B. Davenport had,

in 1900, taken von Guaita's raw data and analyzed them using Galton's

"Law." Davenport found this "Law" to be inadequate to explain these

data. He concluded ". . . that Galton's Law of Inheritance holds only

with form units which are not very divergent from the type."
51

49
See William B. Provine, The Origin of Theoretical Population

Genetics (Chicago: University of Chicago Press, 1971), pp. 110-114
for an account of this change. See also W.E. Castle, "The Mutation
Theory of Organic Evolution, from the Standpoint of Animal Breeding,"
Science, 21(1905):521-525 for Castle's emphasis on mutation as the
means by which new races arise.

50
"The Laws of Heredity of Galton and Mendel, and Some Laws Gov-

erning Race Improvement by Selection," Proceedings of the American
Academy of Arts and Sciences, 39(1903):221-242.

51
C.B. Davenport, "Review of von Guaita's Experiments in Breeding

Mice," Biological Bulletin of the Marine Laboratory, Woods Holl,
2(1900):127.
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Castle took Davenport's analysis a step further. First he ex-

pounded Galton's "Law." Quoting Galton he wrote:

The two parents contribute between them, on
one-half, or (0.5) of the total heritage of
the four grandparents, one-quarter, or (0.5)
great grand-parents, one-eighth, or (0.5)3;
Thus the sum of the ancestral contributions
by the series [(0.5) + (0.5)2 + (0.5)3, etc.
equal to 1, accounts for the whole heritage.

the average
the offspring;
2; the eight
and so on.
is expressed
h which being

Castle went on to show Davenport's analysis to be in error because he

had excluded from the albino category those individuals also showing

the "dancing character." But, "the dancing character has nothing to

do with coat-color, and is inherited quite independently of it. Daven-

port's classification, accordingly, makes the category of albinos

appear smaller than it really is."
53

With this error corrected, the numbers of observed individuals in

the various categories were even more divergent from the number ex-

pected. Castle compared the new numbers for generations two to seven

in his "Table I." He concluded from this comparison that

some fundamental defect exists in the "law of ancestral
heredity," . . . It fails in the case just examined not
only to account for the observed result, but even to en-
able one to predict that result with any degree of accuracy,
and that too in the very category of cases which it was
originally formulated to cover, namely in color inheritance
among mammals.54

He considered this defect to be found in the fact that Galton's "Law"

52
Francis Galton, "The Average Contribution of each Several An-

cestor to the Total Heritage of the Offspring," Proceedings of the
Royal Society of London, 61(1897):402. Quoted in Castle, "The Laws
of Heredity of Galton and Mendel, and Some Laws Governing Race Im-
provement by Selection," pp. 223, 224.

53
"Laws of Heredity of Galton and Mendel," p. 225.

54
Table I in Ibid., p. 226. Quotation from pp. 226, 227.
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based all predictions as to the "character of the offspring solely upon

the character of the soma of the ancestors, . " But Mendel had

shown the individual to display "only a part" of the characteristics

which had been inherited, and which, in turn, its offspring might in-

herit.

Castle went on to outline the Mendelian laws in much the same

terms as he had in his earlier review. In his "Table II" he compared

the expected number of albino mice with the number obtained, gener-

ation-by-generation, and pair-by-pair. He found an almost exact agree-

ment in nearly every case. His conclusion: "The test is conclusive

in favor of Mendel's law and against the 'law of ancestral heredity,'

in the special case of albinism in mice."
55

Castle had, "Unlike Bateson, . . . lacked the good sense to avoid

a confrontation with the biometricians on their own ground."
56

The

result was predictable. Karl Pearson (1857-1936) replied in "scathing"

terms that "either Professor Castle is so ignorant that he does not

know that a coefficient of correlation cannot be a group frequency;

or, he has directly misquoted my memoirs because any form of argument

suffices for the audience he wishes to appeal to."
57

Unfortunately,

Castle was no mathematician; he had confused regression coefficients

with percentages. He later remembered that "Pearson was very unhappy

about this publication at the time, as shown in a later number of

55

56
Provine, The Origin of Theoretical Population Genetics, p. 109.

57"A Mendelian's View of the Law of Ancestral Inheritance," Bio-
metrika, 3(1904):110. Quoted in Provine, p. 110.

Table II in Ibid., p. 231. Quotation from p. 232.



105

Biometrica [sic]."
58

The two were never on friendly terms afterward.

In the last section of this paper Castle took on another of Gal-

ton and Pearson's associates, G. Udney Yule (1871-1951). Yule had

earlier attempted to reconcile Galton's "Law" with the Mendelian re-

sults in his 1902 paper, "Mendel's Laws and their Probable Relations

to Intra-Racial Heredity."
59

In this paper Yule had suggested that

Mendel's laws were a "special case" of the "Law of Ancestral Heredity."

While attempting to demonstrate this, Yule had "rightly" (accord-

ing to Castle) concluded that if one crossed a race of organisms

which were pure homozygous dominant with a race of pure homozygous

recessive, all the offspring would be heterozygous dominant. But

these offspring, if allowed to breed freely inter se with no selection

and with all individuals equally fertile, would produce in all follow-

ing generations three dominant individuals to one recessive. Thus

the proportion would remain in equilibrium.

Yule went on to suggest that if selection were carried out against

the recessive in each generation the proportion of dominants would

increase continually, tending toward the "limiting value of

.85355339 . . ." To Castle this conclusion was "absurd, as every

breeder knows." There was something wrong with Yule's figures, they

did not "accord with observation." He recalculated the result, using

Yule's original parameters, and showed that the actual limit was 1.00

(or 100% dominant individuals) and that in eight generations the

58
Letter from William E. Castle to Dr. C.C. Li, July 20, 1954.

William E. Castle papers, American Philosophical Society Library,
Philadelphia.

59
The New Phytologist, 1(1902):193-207; 222-237.
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proportion of dominant individuals in the population would be .984.
60

But Castle was interested in practical race improvement by breed-

ing and this led him to go another step. Thus Castle asked the

question what would happen if selection were relaxed? His conclusion

was:

In general, as soon as selection is arrested the race re-
mains stable at the purity then attained, provided of course
that one form is as fertile as the other, and subject to no
greater mortality. 61

Castle had extended Yule's idea of equilibrium in the proportion of

dominant and recessive characters in a population to the more general

rule that these proportions would remain in equilibrium at any numeri-

cal level provided there was no selection against one of the char-

acters.

Thus he had discovered an equilibrium law not only for the
1:2:1 ratio but for the infinitely large class of all ratios
resulting from selection against recessives. With this suc-
cessful defense of Mendelism against Yule's presumed position,
Castle returned to his breeding experiments, little aware of
the gold which he had found in the still undefined area of
population genetics.62

This was a non-mathematical expression of the so-called Hardy-Weinberg

Law, known as such to every beginning student of genetics, but not

associated with Castle until years after his death. He was evidently

60
Quoted by Castle, "Laws of Heredity of Galton and Mendel," p. 233;

and see Table III, p. 235.

61
Ibid., p. 237.

62
Curt Stern, "Mendel and Human Genetics," Proceedings of the

American Philosophical Society, 109(1965):216-226. Quoted in Clyde
Keeler, "Some Oddities in the Delayed Appreciation of 'Castle's Law,'"
The Journal of Heredity, 59(1968):110. See also C.C. Li, "Castle's
Early Work on Selection and Equilibrium," American Journal of Human
Genetics, 19(1967):70-74 for a more detailed analysis of Castle's
paper.
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too modest to assert his priority in this matter and even his own

students were not aware of it.
63

In 1905 Castle published yet another exposition of Mendelism,

this time with a decided practical intention, in the Proceedings of

the newly founded American Breeders' Association. Here Castle dis-

cussed "blending" inheritance, illustrating this with the cross of

the "lop-eared" with normal rabbits. He had observed that the dis-

tinct "ear characters" of the lop-eared variety "lost their identity

in the offspring." It was this "blended character" which was trans-

mitted to later generations rather than "the extreme conditions"

found in the original stock.
64

This type of inheritance had been the only type known, Castle

said, but recently "alternative inheritance" had been discovered.

This was well-illustrated in the cross of the "Belgian hare" with

the "albino rabbit." Castle used this cross to explain the Mendelian

laws. Up to this point he was thoroughly "orthodox" Mendelian; but

then came a major departure.

He began by suggesting that the unit characters are not entirely

independent.

The union of maternal and paternal substance in the germ-
cells of the cross-bred animal is evidently a fairly inti-
mate one, and the segregation which they undergo . . . is

63
Cf. letter from Dr. Sewall Wright to C.C. Li, Sept. 5, 1967,

William E. Castle Papers, American Philosophical Society Library, Phila-
delphia. For Wright's recent acknowledgement of Castle's contribution
see "The Shifting Balance Theory and Macroevolution," Annual Review
of Genetics, 16(1982):2,3.

64
"Recent Discoveries in Heredity and their Bearing on Animal

Breeding," Proceedings of the American Breeders' Association, 1(1905):
120-126. This paper also appeared in Popular Science Monthly, 67

(1905):193-208. My quotes and page numbers are from the latter. See

pp. 194, 195.
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more like cutting apart two kinds of differently colored
wax fused in adjacent layers of a common lump. Work care-
fully as we will, traces of one layer are almost certain
to be included in the other, so that while the strata re-
tain their identity, each is sliertly modified by this
previous union in a common lump.65

Castle had become convinced of this impurity of the gametes from his

work with guinea-pigs. When he crossed a long-haired variety with a

short-haired one some of the second generation offspring were inter-

mediate in hair length, most being either long- or short-haired as ex-

pected. Furthermore Castle had obtained spotted offspring from

crosses between albinos (which were of necessity pure homozygous re-

cessive for the albino character) and entirely pigmented animals.

These results were explained if the gametes did not segregate com-

pletely and it was this explanation which Castle adopted. This was

Castle's first statement of an idea which placed him in contention with

other Mendelians for many years.

He concluded the article with a word of caution to the breeder:

Since cross-breeding is likely to modify characters even
when these conform to the laws of alternative inheritance,
and is certain to modify them when they give blended inheri-
tance, it should be practised with extreme caution, and only
by the breeder who has a definite end in view and a fairly
clear idea of how he is going to attain it."

The optimism of Castle's 1903 realization of the practical benefits

of Mendelism was gone. Without total segregation all heredity was at

least partially blending, or thus, at least, he had observed.

By 1907 his enthusiasm for the practical uses of Mendeliam prin-

ciples had returned. His article on "The Production and Fixation of

65
Ibid., p. 205.

66
Ibid., p. 207.
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New Breeds" appeared in the same Proceedings and offered a method which

would revolutionize the breeding art.

We stand at the beginning of a new era in which breeding
will pass from the condition of an art into that of a science.
The difference will be that we shall know the reasons for
our procedure, whereas the breeder of the past did not.67

Castle had produced a race of "agouti" or wild type quinea-pigs

from a cross of black with red. ("In this type of coat, red pigment

alone is found in a conspicuous band near the tip of each hair,

while the rest of the hair bears black pigment." The result is a

grizzled coat appearance.)
68

The factor for agouti controlled the

distribution of the pigments and segregated independently of red of

black. It had been present in a latent state in the red parent, need-

ing the presence of black pigment also to be expressed.

When Castle crossed his red and black guinea-pigs all the off-

spring (F1) were agouti. But when he inter-bred these, nine out of

16 of their offspring (F2) were agouti, the rest being red or black.

In breeding tests of the F
2
agouti individuals Castle had found three

types and expected to find a fourth. The three already found were:

1) that which produced "three kinds of young, agouti, red, and black;"

2) that which produced "only agouti young and red young;" and 3) that

which produced "only agouti young and black young." He expected to

to find one producing "only agouti young . . . the fully fixed

67
Proceedings of the American Breeders' Association, 3(1907):34.

68
Ibid., p. 36. See

Induced by Cross-Breeding
also W.E. Castle, "On a Case of Reversion
and its Fixation," Science, 25(1907):151-153.
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agouti type.
u69

There were, on Castle's hypothesis, three independently segre-

gating factors involved in this cross, one each for red, black and

agouti. Thus by careful testing one could ascertain the genetic make-

up of individuals for these factors and by selective breeding obtain

the offspring desired.

This discovery explained the "origin of the various color varie-

ties of rodents." Wild guinea pigs (cavies) transmitted all three of

the factors involved.

By accident (mutation) a gamete has been formed which
lacked A [agouti]. When two such gametes come together
the result was a black individual, and this individual
would breed true. . . If by a further mutation B [black]
is lost, leaving R [red] alone, a red race is produced
which will breed true and will not give reversion on

70
crossing with blacks. Such are ordinary red guinea-pigs.

Such red guinea-pigs as he had used to produce the agouti offspring must

have lost the factor for black only. Albinos were formed by a mutation

in which none of these factors was lost. Rather another "factor nec-

essary for the production of pigment of any kind" was lost.

His discovery also shed light on evolution:

It has been observed that one mutation is often followed
by another. De Vries in his "Mutationstheorie" speaks re-
peatedly of periods of mutation. We can begin to see the
significance of this; given one mutation, we can produce
others. Suppose, for example, that we possess agouti and
ordinary red varieties only and desire black, we are not
compelled to await a mutation to product it; we can cross
red with agouti and obtain black in the second generation.

This was something which his own experiments had clearly demonstrated.

69
Ibid., p. 38. Castle did not say how he tested these guinea-

pigs; presumably he back-crossed the F2 agouti to the parental re-
cessives (red).

70
Ibid., p. 39.
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Mutation was not the only way new forms could be produced. But it

would not be so easy to produce a red variety from black and agouti.

One would either have to await a mutation "or to work by the slow

process of selection from continuous variations in the intensity of

blacks under cross-breeding with agoutis."
71

Thus Castle appears to

have already ceased to adhere to Mutation Theory and was giving to

selection at least an equal role.

By now he had also found a useful function for gametic contamin-

ation. The coat color brindle (for example), a condition of black

with red patches, was the result of contamination of the factor for

black with that for red. Such characters, if desirable to the breeder,

could be fixed if one obtained contaminated gametes by cross-breeding

and then produced a zygote homozygous for this contaminated factor by

selective breeding. Thus Castle explained his latest findings and their

usefulness to the breeder. Using Mendelian techniques a breeder could

produce and fix any new variety desired, provided only that the ma-

terial was available with which to begin the process.

Not until 1910 did Castle's work again appear in print in a popular

journal. His next such article was titled simply "Heredity."
72

He

began his discussion with the topic of eugenics and insisted on the

importance of a thorough understanding of heredity itself if the goal

of the eugenicists was to be obtained. He next discussed Weismann's

continuity of the germ-plasm as "of fundamental importance to a right

understanding of heredity." He pointed out that according to Weismann's

71
Ibid., p. 40.

72
Popular Science Monthly, 76(1910):417-428.
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formulation "acquired characters are not inherited."

Castle then explained how work recently completed by him and his

associate J. C. Phillips (1876-1938) had confirmed Weismann's conclu-

sions. Castle and Phillips had transplanted the ovaries from a black

guinea-pig aged one month into a five month old albino guinea-pig.

About six months later the albino female thus treated was mated with

an albino male (both homozygous recessive, apparently) and all the re-

sulting offspring were black like the female originally possessing

the ovaries.
73

This experiment gave conclusive evidence that there

was no influence on the germ-tissue by the maternal somatic-tissue.

Thus Weismann's principles had been shown to be correct.

In this paper Castle then discussed continuous or blending in-

heritance and discontinuous or Mendelian inheritance. Such character-

istics as size, he said, were inherited in the former way, color vari-

ations in the Mendelian fashion. But though these two types of in-

heritance might seem radically different, he concluded it was "possible

that they may, after all, prove to have a common basis. Blending

inheritance may possibly be only a complex sort of Mendelian inheri-

tance, in which many independent factors are simultaneously concerned."
74

In this article Castle appears to have been acquainting the gen-

eral reader with current work in Mendelian genetics. There seems no

longer to be a need for a review of the basic Mendelian principles, even

73
See W.E. Castle and John C. Philllips, "A Successful Ovarian

Transplantation in the Guinea-Pig, and its Bearing on Problems of Gen-
etics," Science, 30(1909):312-313.

74
p. 427.
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for this audience. And if there was, Castle could supply that as well.

In 1911 he published his first book, Heredity in Relation to Evolution

and Animal Breeding, explicitly aimed at an audience of generally edu-

cated people, not professional biologists.
75

This book began with a general discussion of the Mendelian results

using his own work with guinea-pigs to illustrate his points. Through-

out the book Castle used his work for examples as much as possible,

including his ovarian transplants, and many experiments on coat-color

inheritance in small mammals. A reader with a general interest in

heredity but not much background in biology could still derive benefit

from this book today. But it offers little more of interest to this

discussion. (See below where I have analysed the last chapter on

Sex Determination in more detail.)

On February 25, 1911, Castle delivered the Harvey lecture, a

series founded for the purpose of "diffusing knowledge of the medical

sciences" to the public. His topic was "The Nature of Unit Characters."

In this lecture he briefly surveyed the facts of Mendelian inheritance,

using his own work on coat-color as an example. He mentioned briefly

the idea that blending inheritance might actually be Mendelian inheri-

tance involving multiple factors. It is of some interest that in this

lecture Castle mentioned his idea "that Mendelizing characters can be

modified by selection, though this idea is vigorously combated by

76
many Mendelians, . . .

He went on to present as evidence of this his own selection work

75
(New York and London: D. Appleton and Company, 1911).

76
Harvey Lectures, 6(1910-1911):90-101. Quote from p. 97.
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in developing a polydactylous race of guinea-pigs.
77

More importantly

he presented averages from the first eight generations of his selection

experiments with hooded rats (see below, chapter four for details),

which he had been conducting since 1907. Selection in opposite

directions (for quantity of pigmentation) was producing two distinct

races of rats, and "as of yet there is no indication that a limit to

the effect of selection has been reached."
78

Castle concluded this lecture with a strong statement in favor

of Darwinian evolution, as opposed to Mutation Theory. "Mutation,

then, is true," he wrote, "but it is a half-truth; selection is the

other, and equally important half of the truth of evolution as Dar-

win saw it and as we see it."7 9 The need to expound and defend Men-

delism was no longer as pressing. Most of the conflicts were internal,

(such as the one over selection vs. mutation) and Castle was deeply

involved in these. But in this lecture he was bringing the conflict

to the public.

Castle continued for the rest of his life to make the results of

his science available to the practical breeder. The very next year,

in 1912, he wrote an article for the American Breeders Magazine.
80

In his later years (after about 1940) most of his published work of

77
Cf. W.E. Castle, "The Origin of a Polydactylous Race of Guinea -

Pigs, Carnegie Institute of Washington Publications, No. 49 (Washington,
D.C., 1906), pp. 17-29.

78,,
The Nature of Unit Characters," p. 101.

79
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80
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ers Magazine, 3(1912):270-282.
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nearly 50 titles dealt with practical subjects in some way. He pub-

lished, during those years before his death in 1962, some 15 articles

on color inheritance in horses, a number of articles on mink breeding,

and miscellaneous articles on dogs and chinchilla.

Castle also published a textbook in 1916 which went through four

editions. This book included a thorough treatment of evolution (in-

cluding a discussion of Darwin, Weismann, and de Vries) as well as of

genetics. A complete review of this text is beyond the scope of this

thesis. It is to be noted, however, that Castle was up to date in

all areas of plant and animal genetics and the findings then known were

present in his text. In the first two editions Castle even included

an appendix containing a translation of the entire 1865 paper of

Mendel.
81

As complete as Castle's text appears to be, it is important to

notice that his students got this information routinely. He said:

"The book on genetics is substantially my classroom lectures of

the past few years."
82

It is difficult to imagine any one person

doing more to promulgate scientific information in a general way

than did William Castle. In the popular press, to the practical

breeders, and to his students he tirelessly set forth Mendelian

genetics.

81
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Hybridization," in Ibid., pp. 281-321. Originally "Versuche caber
Pflanzen-Hybriden," Verhandlungen des naturforschenden Vereines
in Brunn, 4(1865), Abhandlungen, pp. 3-47.

82
Letter from W.E. Castle to C.B. Davenport, May 24, 1916, C.B.

Davenport papers, American Philosophical Society Library, Philadel-
phia.



116

William Castle and the Heredity of Sex

Castle's second paper of 1903 was titled "The Heredity of Sex."

In it he proposed that sex was inherited in a Mendelian fashion. Dur-

ing the 1890's it had been thought that sex was determined largely

by environmental constraints. E.B. Wilson wrote in 1896 "the de-

termination of sex is not by inheritance, but by the combined effect

of external conditions." Some doubts had begun to arise about this

theory, the work of L. Cu6not (1866-1951) in France clearing the way

for the discovery by C.E. McClung (1870-1946) of the "accessory chrom-

osome" in grasshoppers, which, he speculated, might be the determiner

of the male sex. It was Castle, however, who first worked out a

Mendelian theory of sex heredity even though he cited Bateson as the

originator of this idea.
83

The suggestion was made by Castle that

Sex in dioecious animals and plants is inherited in
accordance with Mendel's law; that is, in accordance with
the principles of dominance and segregation. The ordin-
ary dioecious individual is a sex-hybrid or "heterozygote"
(Bateson), in which the characters of both sexes are pre-
sent, one dominant, the other recessive. In the male,
the female character is recessive, and conversely in the
female, the male character; but each sex transmits the
characters of both.

Hermaphrodites he explained by the idea of a "sex-mosaic." In true

hermaphrodites "the characters of both sexes exist fully developed

side by side, as do the gray and the white coat-colors in spotted

83
W.E. Castle, "The Heredity of Sex," Bulletin of the Museum of

Comparative Zoology at Harvard College, 40(1903):187-218, see p. 191;
E.B. Wilson, The Cell in Development and Inheritance, p. 109; C.E.
McClung, "The Accessory Chromosome -- Sex Determinant?," Biological
Bulletin, 3(1902):43-84; and see John Farley, Gametes and Spores:
Ideas about Sexual Reproduction 1750-1914 (Baltimore: The Johns Hop-
kins Press, 1982), pp. 209-234 for a detailed treatment of the problem
of sex-determination during the first decade of the 20th century.
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mice." Castle considered the difference between dioecious and herma-

phroditic organisms to be "precisely parallel" to the difference be-

tween a "spotted and a normal hybrid mouse."
84

Because there was a character for maleness and one for femaleness,

these had to segregate independently in the gametes. Thus, half the

gametes produced by either sex would contain a female character, the

other half a male one. This led to the need to suppose that fertili-

zation could only occur by the joining of opposites. But Castle saw

no real difficulty with this since he had discovered something very

similar in the fertilization of Ciona some years earlier. "Selective

fertilization" was not an impossibility.
85

There were problems in this theory which Castle's critics were

quick to note. For example, if every individual was a sex-mosaic,

containing a character for both maleness and femaleness, what de-

termined which one became dominant and was expressed? Castle really

still had not explained how sex was determined in a given individual.
86

The problem of sex-determination continued to interest Castle

for many years. And as a result of his early paper he was apparently

perceived as an expert on the matter. His last published article on

the subject appeared in the popular Scientific Monthly in 1938. But

all of Castle's writing on this subject consisted either of criticism

or commentary on the work of others; aside from the early selection

experiments already mentioned, he did no original work on the

84
Heredity of Sex," pp. 193, 194; emphasis in Castle's.

85
Ibid., p. 195, 196.

86
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inheritance of sex. In 1904, for example, Castle wrote an article

critical of a recently suggested theory, explaining sex-inheritance

in parthenogenetic organisms like the honey-bee.
87

It is instructive to follow the development of Castle's thinking

on sex-determination since it was all derived from the work of others

and thus reflective of the developments in the area. In 1909 he

published "A Mendelian View of Sex-Heredity." In this article he at-

tempted to reconcile Wilson's notion that sex, as such, was not in-

herited, with the Mendelian argument of Correns and Bateson. Wilson

was explicitly opposed to a Mendelian explanation of sex-inheritance.

He believed the difference in male and female to be a quantitative

one; females possessed two X-chromosomes, males only one. Correns

and Bateson held that the female organism was "a homozygous recessive

(99) and the male a heterozygous dominant (d9).
u88

Castle here renounced his earlier view of male and female as

"antagonistic members of a Mendelian pair." This idea was "inadmis-

sible in the light of our present knowledge." But he agreed with

the view of Correns and Bateson, questioning "only the supposed

recessive nature of the female sex-character." He also found Wilson's

view helpful, indeed it could account for Correns's findings. But

Bateson and his associates had reported work on (what we today call)

a sex-linked character in the moth Abraxis. Wilson's hypothesis led

to expected results in the crosses made which were the reverse of

87
"Sex and Genes," Scientific Monthly, 46(1938):344-350; see

"Sex Determination in Bees and Ants," Science, 19(1904):389-392.

88
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those actually obtained.
89

There was merit in both views to Castle and he sought to reconcile

the two with the "more general assumption that the female possesses

one more X-element than the male." On this view there were two

types of cases. Corren's and Wilson's examples resulted from a homozy-

gous female (XX). In this case

the female is a homozygous dominant, not, as Correns sup-
posed, recessive; whereas the male is a heterozygous dom-
inant, pure recessives being unknown.

In the case reported by Bateson the "differential factor" was possessed

by the egg only ("X = 9, no-X = a "). Thus the female was thought to

be "a heterozygous dominant, the male a pure recessive; homozygous

dominants" were unknown.
90

In 1910 Castle defended the Mendelian view of sex-heredity against

a set of experiments done by an Italian worker, Achille Russo (1886-

7).
91

Russo had attempted to modify sex ratios in rabbits by feeding

lecithin to the females. He claimed to have increased the number

of female offspring by about 15%. He further claimed to have produced

from lecithin-fed rabbits offspring which had coloring like their

recessive mothers. This he thought showed an increased maternal in-

fluence due to better nutrition.

According to Castle:

89
Ibid., p. 395; p. 396; p. 398. This was because Wilson had been
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The nearly unanimous verdict has been that sex-determination
is a matter of gametic differentiation, and that the sex of a
developing organism is not influenced by conditions of
nutrition either applied to it directly or brought to bear
upon the mother.92

He went on to point out that Russo had selected from his work only

those examples which best demonstrated his case. Nowhere had he

published all of his data. From what had been published, however,

it was apparent that no significant deviation from the "expected

Mendelian result . . . if no lecithin treatment were involved, . . ."

had been found. Generally, Russo's work was "wholly uncritical."

Controls had not been used, the bucks used to sire the offspring

had not been kept track of adequately, conclusions had been drawn which

no person with a knowledge of Mendel would have drawn. Castle was

sure "the reader will agree with me that the evidence is more than

equivocal and that the vitiation is of reasoning not of inheritance."
93

The last chapter of Castle's 1911 book was devoted entirely to

"Heredity and Sex." He approached the subject from the practical

standpoint of the breeder. It would be of "great economic value" to

be able to control the "sex of offspring." But, there was little

which could be done by control of the environment or the selection

of breeding stock which would have any effect. "Everything points to

the conclusion that sex rests in the last analysis upon gametic dif-

"94
ferentiation, . . .

Included here is a discussion of sex determination in parthenogenetic

92
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93
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organisms such as the honey-bee and rotifers. He explains that in bees

females come from fertilized eggs containing 2N chromosomes. Males

come from unfertilized eggs containing only N chromosomes. In rotifers,

this reduction of chromosome number in males "is partial only."

Here "only 1 or 2 chromosomes" are "eliminated in maturation." He

concludes that in parthenogenetic organisms females always have "the

greater chromatin content."
95

In non-parthenogenetic forms females also have 2N chromosomes

but males have 2N-1. Here Castle refers to Wilson's work with the

squash-bug, Anasa tristis. "N in this species = 11; 2N = 22, the

female; 2N-1 = 21, the male." But, he notes that "experimental evi-

dence" indicates that those relations were in some cases reversed.

Castle no longer refers to dominance, but in this reversed case the

females are "heterozygous" and the males "homozygous." He uses

barring in Plymouth Rock chickens as his example of this and his

explanation is still that which he proposed in 1909. Females have

one X-chromosome, males none. There is now a name for the inheritance

of traits (like barring in Plymouth Rock chickens) associated with

sex. He calls this "sex-limited" inheritance.
96

Castle also goes on to discuss sex-linkage in Drosophila using

the results of T.H. Morgan (1866-1945). In this discussion there is

no mention of a Y-chromosome although he is clear that females have

two X-chromosomes and males only one. The traits used to illustrate

his point are white-eyed and long-winged. Castle further points out

95
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96
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that the inheritance of color-blindness in humans is similar in char-

acter. The chapter ends with a note of regret:

If, as has been suggested, the determination of sex in
general depends upon the inheritance of a Mendelian factor
differentiating the sexes, it is highly improbable that the
breeder will ever be able to control sex.

But at least this knowledge would "save time from useless attempts at

controlling what is uncontrollable . . . "
97

In 1912 a collection of lectures was published to which Castle

contributed two.
98

One of these was the chapter "Heredity and Sex,"

unchanged, from his 1911 volume. But by 1916, when his text-book

Genetics and Eugenics appeared, his discussion of sex-inheritance was

very different. What Castle had covered in one chapter in 1911 re-

quired three chapters to deal with now. His discussion of the materi-

al was much more theoretical and sophisticated as well. This was

partially due to the difference in the audience for which the book was

intended (it was to be a "text-book for students of biology"). It

also reflected, however, the greater knowledge available in the field.

Castle's first chapter on this subject dealt with sex-linked in-

heritance in Drosophila. (Here "sex-linked" is the term he used.)

In this chapter he reproduced the maps of the four linkage groups

which Morgan and his students had produced. It is interesting that

in Castle's discussions and in his diagrams he made no mention of the

Y-chromosome, discussing linkage and sex-inheritance only in terms of

the X-chromosome. Yet by May of 1916 Morgan had published his Sex-linked

97
Ibid., pp. 180, 181.
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Castle, et. al., Heredity and Eugenics, pp. 39-79.
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Inheritance in Drosophila. In this paper he had discussed the Y-chrom-

osome, normal males being designated as XY, and non-disjunction with

its results had been described. But Castle's book had already gone

to press and he had not been able to see this new work prior to its

publication.
99

In the next chapter sex-linked inheritance in the "Drosophila type"

was compared with that in the "poultry type." Again Castle used

the case of the barred Plymouth Rock chicken as his main example.

But now he noted that "this condition is found in moths" as well as

in "domestic fowls, pigeons, ducks and canaries." Castle no longer

used his earlier theory to explain this type of sex-inheritance. In-

stead he proposed that "these curious facts, which have been repeated-

ly verified, suggest the occurrence of a vehicle of inheritance which

is duplex in males but simplex in females." What the mechanism was

for this was not yet known. "No chromosome has been found which has

a distribution of this sort in fowls, . . . "
100

In the third chapter, simply titled "Sex Determination," Castle

took an entirely different approach than he had previously. By 1916

it was possible for Castle to discuss sex-determination in terms of

the hormonal effects upon the organism. It was "now generally accepted

99
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Publication, No. 237 (Washington, D.C., 1916), pp. 8, 9; non-disjunction
is the failure of the X- and Y-chromosomes to segregate in gamete forma-
tion. This leads to XXY females when a normal X egg is fertilized by
an XY sperm cell. Such females then produce XY eggs causing the produc-
tion of XYY males when such an egg is fertilized by a normal Y sperm
cell. In a letter from C.B. Davenport to W.E. Castle, May 20, 1916,
Davenport wished him "good luck" on his forthcoming book on Genetics. C.B.
Davenport papers, American Philosophical Society Library, Philadelphia.

100
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that a factor concerned in sex determination is in all the higher ani-

mals and plants inherited in accordance with Mendel's law." With that

settled the focus of research had switched. In one type of experiment

upon which Castle commented, immature mammals were castrated and ovaries

surgically implanted in the treated individual. Remarkable changes

occurred in these animals as a result. Both morphologically and be-

haviorally such animals were more like females than males.
101

In his general discussion on chromosomes number and sex-determin-

ation, Castle mentioned a recent discovery of "Wilson and his pupils:"

. . . in species in which the female contains two X-chromo-
somes and the male one such chromosome, a new chromosome may
appear in the male, a so-called Y-chromosome, which the fe-
male does not normally possess.

Regardless of whether a Y-chromosome was present or not the "known

facts" supported "the idea that the female has a greater chromatin

content than the male . . ." And somehow, perhaps independently of

this greater chromatin content, perhaps not, females had "greater

anabolic activity in reproduction, producing macro-gametes, gametes

stored with food." Thus Castle was willing to conclude that "the es-

sential thing in sex determination is probably not so much the possession

of some particular sort of material as the attainment of a particular

grade of anabolic capacity, . . ." Maleness and femaleness could be

reduced finally to "merely different grades of one and the same form

H102
or reproductive activity.

It is curious to me that while Castle discussed the Y-chromosome

he did not mention it in his chapter on "Sex-Linked Inheritance in

101
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Drosophila." He used two diagrams, showing the inheritance of white-eye

in Drosophila, to illustrate. One showed a white-eye male crossed

with a red-eyed (wild-type) female. The second showed the reciprocal

cross. Both showed the male as X0 in chromosome make-up.
103

This book was revised three times. In the second edition (1920)

Castle changed his discussion of sex-determination very little. Nor

did he change his diagrams. In the third edition (1924), he included

a whole new chapter on "Chromosomes and Sex" in which there was a

chart of different types of organisms and their sex-determining chromo-

some make-up. Drosophila are therein listed with females described

as "XX" and males as "XY." Yet in the chapter on sex-linkage he still

used the same diagrams. In the last edition (1930) there is still a

chapter on sex-linkage in Drosophila and the diagrams still appear

there, unchanged, the male chromosome make-up described as X0.
104

In

light of Castle's well-developed critical faculties this seems a most

puzzling oversight, one for which I have no explanation.

In 1921 Castle responded to the recent discovery of an apparently

Y-carried trait in the fish Lebistes. A race had been found in which

the males had a conspicuous black spot on their dorsal fins which was

transmitted only to their male offspring when they were crossed with

another race lacking this spot.
105
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and 219.
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Castle was particularly interested in this finding because of

his own suggestion in 1909 "that the Y-chromosome afforded a suitable

vehicle for transmitting the secondary sex characters of males." No

evidence had, up until then, been found that this might be the case.

But the finding of a trait apparently thus transmitted gave hope

that "the Y-chromosome may contain the clew to the explanation of that

other and very different type of sex-linked inheritance found in

Abraxas and subsequently found to occur also in poultry."
106

It was possible to explain this type of inheritance if one hy-

pothesized that the female had an X-Y chromosome combination and the

male Y-Y. Castle suggested (referring back to his 1909 paper) that

if the female "bore one X, the male no X," it would be possible for

a Y-chromosome to appear and if non-disjunction occurred it could lead

to a Y-Y male. This Y-Y male might prove "to have greater survival

value than the male which contained no Y or only a single Y."

If this happened, the race would become permanently, female
X-Y, male Y-Y, which in so far as Y is concerned is exactly
the condition demanded in the poultry type of sex-linked in-
heritance for a carrier of sex-linked characters.1°7

Thus, Castle went on to speculate, the evolution of the entire ar-

ray of different types of sex-inheritance could be explained. Once

an X was present as a female determiner, the X-X female could easily

arise by non-disjunction and so the X-0 male. If once a Y arose as

the synaptic mate to the X-chromosome, the X-Y female and Y-Y male

106
Ibid., p. 340. Cf. "A Mendelian View of Sex-Heredity," p. 399,

"I would offer the suggestion that we have a mechanism suitable for
the transmission of characters exclusively male in the Y-element
described by Wilson, . . ."

107
"A New Type of Inheritance," pp. 341, 342.
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could likewise arise.
108

Further developments regarding Y-chromosome inheritance soon

made their appearance. In 1921 a brief note appeared in the Journal

of Heredity on the "Inheritance of Webbed Toes" in humans. A trait

of webbing between the toes in a family was traced for four generations

and it was found to be inherited only by the males of the family.

Castle responded with a letter to Science in which he suggested this

to be a Y-linked trait in humans.
109

The data on webbed toes and Castle's comments regarding them ap-

parently touched off the interest of others. By 1923, when Castle pub-

lished a second note on webbed toes, seven different pedigrees had

been presented. Nor was there agreement among the data. Out of 65

cases of the transmission of webbed toes only 41 were from father to

son as was demanded by the Y-chromosome transmission theory. Castle

proposed that the "character depends on the transmission of a dominant

gene located in one of the ordinary chromosomes . . . However,"

he noted further,

the Schofield genealogy, if correctly reported, suggests
very strongly Y-chromosome transmission, since the character
passes from father to son, but not from father to daughter,
northrough the daughter to the grandsons, as in X-chromosome
transmission.

It seemed likely this was a different case than that of "the other

families mentioned" he concluded.
110
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Castle's interest in the riddle of sexuality led him, in 1930,

to write a speculative paper on "The Significance of Sexuality." In

it he proposed a sort of general theory of how sexuality might have

arisen and why it had flourished in an evolutionary sense. He be-

gan by citing his own discovery of selective fertilization in Ciona

and his work with inbreeding of Drosophila. In the course of these

experiments he had observed the phenomenon of hybrid vigor. This fact,

he suggested, might offer "a clue to the advantage which sexual re-

production has over asexual." He was sure "there must . . . be some

good and sufficient reasons why sexuality ever made its appearance,

111
. . .

The origin of sexuality may have been "as an emergency measure"

Castle speculated.

Two cells threatened with extinction unite, merge their

resources. The resultant zygote has twice as great a bulk,
twice as much nuclear material and twice as much plasma. . . .

The union of two individuals of the same species of
one-celled organism, however it came about in the first place,
developed into a regularly repeated and orderly process which
has become all but universa1.112

As must be the case for all new processes, this "sexual union" must

have been advantageous "to survive and become more prevalent."

When, then, was the advantage? Sexual union, thought Castle,

111
"The Significance of Sexuality," American Naturalist, 64(1930):

483; and see W.E. Castle, et. al., "The Effects of Inbreeding, Cross-
Breeding, and Selection upon the Fertility and Variability of Drosophila,"
Proceedings of the American Academy of Arts and Sciences, 41(1906):729-
786. This was the first breeding work done with Drosophila. That Castle
and his students did not find a mutation as Morgan later did may be be-
cause they were studying fertility as a function of inbreeding. Seren-
dipity seems to play a large role in science.

112
"The Significance of Sexuality," p. 484.
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was a "constant source of genetic variability. . . . If only as many

as four gene differences occurred between the parent gametes, the

chances are only one in sixteen that a parental combination would re-

cur." And such differences between parents were ordinarily "enormously

more complex than this."
113

Thus, for Castle:

Herein then lies the major advantage of sexuality, as we
see it. It furnished an unfailing source of genetic vari-
ability. Natural selection acting upon this variable materi-
al conserves and perpetuates those gene combinations which
have survival value and eliminates inferior sorts.

And along with that advantage came the incidental one of "the superior

vigor of the heterozygous or crossbred state."
114

Castle's hypothesis

at least partially answered the question of the source of variability.

His work on various hereditary questions had contributed substantially

to that other difficult question of how such variability was inherited.

But there was another important facet to the sexuality question.

By 1930 it had become apparent that lethal genes were "very common."

They probably were "originating all the time." And the work of H.J.

Muller (1890-1967) and others who were increasing mutation rates by

the use of various forms of radiation had resulted mostly in the pro-

duction of lethal mutations. According to Castle, it was sexuality

that allowed "the race to go on and even prosper notwithstanding the

presence of lethal mutations." Recombination due to sexual reproduc-

tion kept the lethal mutation from becoming homozygous. As long as

that was avoided, "any number" of such mutations could "be present

113
Ibid., p. 486.

114
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without harmful effects. . ." It was this problem of producing a

homozygous condition of lethal or otherwise deterimental genes which

explained the harmful effects of inbreeding. Thus sexuality offered

a three-fold advantage: The diploid condition which made it possible

that a lethal gene would be "offset" by its non-lethal counterpart;

the "superior vigor" of the heterozygous condition; and most important,

the production of genetic variation. Sexuality was, according to

Castle, very important in the evolutionary scheme of things.
115

Wilson had put forward the idea that the difference between the

sexes was a quantitative one earlier in the century (see above, p.118).

To this idea Castle, as we have seen, gave credence and sought to

reconcile it with a Mendelian approach to explain the actual facts of

sex-inheritance. (The reader will recall from the discussion above,

p.124, Castle's idea that maleness and femaleness were but differing

"grades of one and the same form of reproductive activity.")

In work done with the "gipsy moth" (Lymantria) since about 1911

Richard B. Goldschmidt (1878-1958) had established a quantitative

theory to explain sexuality. He found that when different geographical

races of Lymantria were crossed the result included individuals which

he termed "intersexes." In some crosses all the offspring were of a

single sex. Goldschmidt explained these results with the idea that

115
Ibid., pp. 493, 494. Castle's speculations would still be

viewed with some favor, but the question of why sexual reproduction ex-
ists is far from a settled issue. In modern terms the problem involves
the "cost of producing males" which reduces the reproductive capacity
of a female by 50%. Thus while it undoubtedly introduces a source of
variability into a population, and thus increases the fitness of the
population, sex reduces individual fitness. Or so it appears. For a
recent comprehensive treatment of the problem see John Maynard Smith,
The Evolution of Sex (Cambridge: Cambridge University Press, 1978).
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sex-determining genes had a different potency or strength which varied

from race to race.
116

Calvin Bridges (1889-1938) had arrived at similar, but better

developed, conclusions in his work with Drosophila. Bridges had

found in working with haploid and polyploid individuals that the X-

chromosome has a female influence and the autosomes a male influence.

The X-chromosome influence was superior to that of the autosomes in

the same number. Thus a normal female was 2X2A, and triploid (3X3A)

and tetraploid (4X4A) individuals were likewise female. But a normal

male was XY2A, the two sets of autosomes having more weight than the

one X-chromosome. It was also found that a 2X3A individual was an

intersex, expressing both male and female characters.
117

Thus sex

actually was determined by the balancing of chromosomal influences.

Castle proposed that Goldschmidt's idea of separate sex-causing

genes was "superfluous," their reality having never been demonstrated

anyway. Instead, Castle suggested a "quantitative theory of sex" which

would make such genes unnecessary and at the same time unify the two

types of sex-determination involved (XX = female, XY = male as in

Drosophila, and XY = female, XX = male as in moths and birds). Accord-

ing to this theory "sex differences are merely plus and minus vari-

ations in a single scale of gradations in sexual character." 118
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The female trait (carried by the X-chromosome) Castle designated

as plus and the male as minus. Thus he could explain the "two funda-

mentally different types of sex determination" known as follows:

I. In Drosophila and man, . . . the sex tendency of X
is weak in comparison with that of Y (and associated auto-
somes) so that an individual containing both is a male, XY.
It takes a double dose of X (with a plus tendency to off-
set the influence of Y and associated autosomes (having a
minus tendency). Normal females indeed contain no Y and
are XX in formula, . . . Hence 2X > Y, the net outcome of

such a comtination being a female.

II. In birds and moths . . . the plus sex tendency of
X is strong in relation to the minus sex tendency of the
Y chromosome (and associated autosomes). Thus an XY in-
dividual is a female because here X > Y. Males do not
contain a X chromosome in birds and moths but are YY in
formula.119

It was further possible to explain haploid males as containing one weak

X and one set of autosomes. The females in groups (such as the hy-

menoptera) which produced haploid males were normally diploid, of

formula 2X2A.

Castle had put forth a unifying theory of sex determination.

There were internal conflicts in his formulation (for example his

explanation of haploid males did not reconcile with his statement

that "X = 1.5A" in quantity of influence).
120

There also were facts

which would yet arise needing to be fitted into his scheme of things.

Nor should it be forgotten that it was the brilliant work of Bridges

(largely) which made such a theory possible. Nevertheless Castle's

in this article. Goldschmidt had used the XX terminology in his work
with moths. Sometimes this type of sex-determination is formulated
as ZW = female and ZZ = male. See Castle, "Quantitative Theory of Sex,"
p. 784.

119
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120
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formulation was a remarkable achievement.

He was to add further to his theory in 1934 with a paper on the

"Possible Cytoplasmic as Well as Chromosomal Control of Sex in Hap-

loid Males."
121

A problem had been shown to exist in his theory

because under inbreeding a certain parasitic wasp sometimes produced

diploid males which could be either XX2A or YY2A in chromosome formula

(normal males were either XA or YA). The females were of the moth

type with a chromosome formula of XY2A. This diploid male phenomenon

could be accounted for, Castle suggested, if one adopted the recent

conclusion of Goldschmidt that the cytoplasm itself exerted an in-

fluence in "gene-controlled heredity." Thus the addition of cyto-

plasmic influence contributed, in this case, to the balance needed

for the male sex to be expressed. Femaleness required the presence

of "dissimilar sex chromosomes" and thus was explainable because the

"heterozygote has sufficient 'hybrid vigor' to allow the female sex

tendency to come to expression" despite cytoplasmic influence in the

male direction.
122

There was no explanation in Castle's formulation of just what

this supposed cytoplasmic influence consisted. Goldschmidt had found

cytoplasmic influence on gene action in controlling certain traits.

But he was not certain that this influence was purely cytoplasmic,

or, itself under the control of genes. He had particularly assigned

a role to this type of influence in sex determination in Lymantria.

121
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At least Castle was not extrapolating too far for his idea to be

legitimate. In any case, the idea was a useful addition to Castle's

theory, getting him around (as it did) what would otherwise have been

a thorny problem.

Castle seems to have commented in print on only one other set of

findings in the area of sex determination. This was a paper appearing

in 1936 regarding experimental work in tropical fishes. Castle's in-

tention was to simplify another's findings, but his simplification con-

sisted only in the substitution of his own YX, YY terminology for the

Abraxas-type of sex-chromosome makeup.

The fish in question, Platypoecilus, had two different species

(P. variatus and P. maculatus). P. variatus had the "Drosophila type

of sex determination" and P. maculatus "the poultry type." It was

possible to cross these species, and in so doing to be crossing the

two different types of sex determining chromosomes. When a maculatus

male (YY) was crossed with a variatus female (XX) the offspring were

all XY and all male. This result showed "that when the two types of

sex-determination come into conflict, Y (the male influence) is domin-

ant over X (the female influence) as in Drosophila, . . ." The re-

ciprocal cross of the variatus male (XY) with the maculatus female (XY)

produced XY males, YY males, XX females, and an XY intersex individual.

(The chromosomal makeup could precisely be determined by the presence

of a marker for striping on the Y-chromosome of the variatus male.)

This was precisely what Castle's theory would have predicted (though

he did not say so) and the backcross of the males from the first cross

with females of both species confirmed the result. Females with

both XX and XY chromosomal content as well as males with both YY and
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and XY chromosomes were produced. (Again, this could be ascertained

because of the presence of color markers on the Y-chromosome.) Castle's

contribution was the reinterpretation of these data using his termin-

ology and the suggestion that: "When the two systems are brought into

competition, Y is dominant over X as in Drosophila, this being thus

indicated as the more primitive system.-
"123

Castle did not note the

confirmatory nature of these data for his theory, though it seems

notable. Perhaps because of Bridges and others this "balance theory"

was so well established there was no need to say more than the data

themselves did.

In 1938 Castle's last paper on sex determination was published

in The Scientific Monthly.
124

There is nothing new in this paper,

though the recent work on the fishes figured priminently in it. Main-

ly it was a (somewhat rambling) recounting of some of the prominent

facts of sexuality for the interested layperson. Little more need be

said regarding it here.

I have paid a good deal of attention to Castle's work on sex de-

termination for two reasons. Firstly, this work shows Castle's ability

to keep up with a body of literature, related to his own research pro-

gram, but distinctly outside of it. Not only was he apparently aware

of developments in this area, he was able to comment on the work of

others with understanding and intelligence. Which brings me to my

123
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second point: Castle's writings on sex determination were all

derivative in that he based them on the research of others. Yet

despite that fact, he contributed substantially to a theory of sex

determination. His Mendelian interpretation of 1903 had a large im-

pact on E.B. Wilson (and thus on the cytological study of sex determin-

ation in the United States). Wilson accepted the Mendelian segregation

idea (with reservation) and Castle's selective fertilization hypothesis.

Later Wilson moved away from the Mendelian interpretation, adopting a

quantitative explanation.
125

It was Castle who first attempted to

synthesize Wilson's new findings with the Mendelian explanation in

1909.

We have also seen that Castle was one of the first to note the

possibility of Y-chromosome inheritance in humans. His work on the

significance of sexuality, in evolutionary terms, was a remarkable con-

tribution. And he made a substantial attempt at reconciling the work

of Goldschmidt and Bridges and formulating a synthetic theory which

accounted for both sets of phenomena. His theory was able to stand

up quite well to the experimental work with fishes which allowed

the two types of sex determining chromosomes to come together in a

single cross. Castle's kind of "on the sidelines" speculation seems

to have been invaluable in the development of an understanding of

sex determination.

William E. Castle: Mammalian Geneticist

In the years immediately following the rediscovery of Mendel in

125
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1900, the question of how widely applicable the principles of dominance

and segregation were was most important. Mendel had worked with peas

and his three rediscoverers had, likewise, all worked with plant mater-

ial. Thus a question of immediate interest was: Did the Mendelian

principles apply to animals? Bateson in England, already at work

breeding poultry since 1898, took up the question and expanded his

experiments to include mice, rabbits, peas and canaries. Cuenot be-

gan working with mice in France, and Castle, already breeding small

rodents in his laboratory for other purposes, used the material at

hand to start his own Mendelian experiments in the fall of 1900. Thus

he was among the first to begin explicitly Mendelian experiments with

animals.

Castle was to continue his work with small mammals for the rest

of his career with only one brief foray into Drosophila breeding.

His work may be conveniently divided into two periods: From 1900

to approximately 1915, during which time he was concerned mostly

with the inheritance of coat color and texture; and his later work

extending into the 1950's. What separates these two time periods

in his work is the very different questions being asked. In the early

period Castle's work centered on the inheritance of external morpho-

logical characters. The question of importance, at least initially,

was were such characters inherited in a Mendelian fashion? (It appears

that the complexities of the inheritance of such characters made

this a very interesting puzzle for Castle to work out, even apart from

such larger theoretical concerns.)

By the middle of the second decade of the twentieth century very

different questions were becoming prominent in genetics. As early as
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1902 Bateson had postulated that apparently continuous characters,

such as size, might actually be the result of the operation of more

than one unit-character, each inherited according to the Mendelian

laws. By 1909 this hypothesis had been shown by H. Nilsson-Ehle

(1873-1949) to explain the inheritance of red color of wheat grains.

The results of Nillson-Ehle's work showed three gene pairs to be acting.

This theory was proposed in the United States by Edward M. East

(1879-1938), Castle's associate at the Bussey Institute since 1909,

and verified by experimental work with maize which East published with

H.K. Hayes (1884-?) in 1911. Castle published (in collaboration with

three of his students) his first complete reporting of experiments

with the inheritance of size in rabbits in 1909. He could only con-

clude at that time that such inheritance was "blending in character.

Neither dominance nor segregation in the Mendelian sense are recog-

nizable."
126

This question of size inheritance was to occupy Castle

for many years thereafterwards.

Castle also became very interested in the problem of linkage

around 1915. His first publication on the subject (also the first on

linkage in mammals) was with his student, Sewall Wright (b.I889) in
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William Bateson and E.R. Saunders, Experimental Studies in the

Physiology of Heredity, Reports to the Evolution Committee of the
royal Society, Report I (London, 1902). Cf. Castle's citing of this
in "Mendel's Law of Heredity," pp. 545, 546. See. L.C. Dunn, A Short

History of Genetics. The Development of Some of the Main Lines of
Thought: 1864-1939 (New York: McGraw-Hill Book Company, 1965), p. 100
for an account of Nilsson-Ehle's work. And see Edward M. East, "A
Mendelian Interpretation of Variation that is Apparently Continuous,"
American Naturalist, 44(1910):65-82. Edward M. East and H.K. Hayes,
"Inheritance in Maize," Conneticut Agriculture Experimental Station
Bulletin, 167(1911):1 -141. W.E. Castle, et. al., Studies of Inheri-
tance in Rabbits, Carnegie Institution of Washington Publications,
No. 114 (Washington, D.C., 1909), p. 37.
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that year.
127

Castle later became involved in a conflict with the

Morgan group at Columbia over the linearity of the chromosomes in

1919, (see below, chapter 4) and was to work on linkage in rabbits,

rats and mice for the next 35 years.

Beyond the brief description just given of Castle's later work

on size inheritance and linkage, it will not be discussed further.

This work has little pertinence to this thesis because it involved

the working out of details, the theory and techniques of which were

already well-developed and widely accepted. The earlier work on coat-

color, etc., is of interest not because of the specifics of color-in-

heritance. Rather, it is interesting because it was that work which

extended the application of Mendelism and which led Castle to theoreti-

cal formulations very much at odds with those accepted by"orthodox"

Mendelians.

In April or 1903 Castle published, along with Glover M. Allen

(1879-1942), his first paper on coat-color in small mammals. In it

they presented "a preliminary statement of certain results of breeding

experiments with mice, guinea-pigs, and rabbits, . . ." The results

of their work showed albinism to be "inherited in conformity with Men-

del's law of heredity, and that it is, in the terminology of that law,

a recessive character." Furthermore, in a quick survey of the then

available literature, they concluded "that in organisms in general,

albinism behaves as a recessive character in heredity."
128

127"
Two Color Mutations of Rats which Show Partial Coupling,"

Science, 42(1915):193-195.

128"
The Heredity of Albinism," Proceedings of the American Academy

of Arts and Sciences, 38(1903):601-622; see p. 606.
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Castle and Allen went on to criticize some of the conclusions

reached by A.D. Darbishire (1879-1915) based on experiments done at

Cambridge as suggested by his major professor, W.F.R. Weldon (1860-

1906). Welson had taken issue with the Mendelian principles of

dominance and segregation. There was a "fundamental mistake" in "all

work based upon Mendel's method." Weldon thought that a prediction

of the results of a cross based simply on dominance and independent

segregation was useless since it neglected the "ancestry" of the in-

dividual being crossed.
129

Thus Weldon directed Darbishire to repeat the work of von Guaita

(see above, p.102), crossing albino with Japanese Waltzing mice. The

waltzing strain was spotted, white with fawn, in coloration. Dar-

bishire's hybrids were of several color types: Some were spotted

white with gray, some almost entirely gray, some gray with white bel-

lies, and some fawn-colored all over except the belly. Out of 48 off-

spring not one was albino. Yet, because some were partially white,

Darbishire concluded that there were "31 cases at least out of 48 in

which albinism is not recessive."
130

Castle and Allen expressed amazement at his conclusion:

It is hard to imagine a plainer case of Mendelian domin-
ance than this, -- a spotted mouse is bred to a white mouse;
the offspring are all spotted, none white. The spotted char-
acter is plainly dominant, the white recessive! What would
Darbishire require to satisfy him that the case is a Mendelian
one?

129
See A.D. Darbishire, "Note on the Results of Crossing Japanese

Waltzing Mice with European Albino Races," Biometrika, 2(1902):101.
And see W.F.R. Weldon, "Mendel's Laws of Alternative Inheritance in
Peas," Ibid., 1(1902):252.

130Darbishire, "On Crossing Waltzing Mice with Albino Races," p.

103.
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Spotted mice were "mosaics" in which both the "dominant and recessive

characters" were found; and in which the "law of dominance" was "sus-

pended." But cross-breeding should serve "to bring it again into

operation in the next generation."
131

Thus they were confident, "from our own experiments and those of

von Guaita," that when Darbishire produced his "second generation of

hybrids . . . approximately one in four" would be albino. This as-

sertion proved true even before their paper could be published. In

a footnote they acknowledged Darbishire's newly published finding of

13 albinos out of 66 young, somewhat less than the "16.5" expected,

but for such a small sample a good approximation. This was Castle's

first involvement with the debate between Bateson and Weldon, for

it was out of Bateson's criticism of Darbishire's experiments that

the fireworks came.
132

While Castle thought Darbishire's interpretation of his results

to be "clearly unsound, he has made an observation of great importance,

both theoretical and practical." The results of Darbishire confirmed

those of Castle and Allen. They had found two different types of

"mosaic" (i.e. spotted) individuals. "Pure mosaics" formed "only

mosaic gametes" and when crossed with albinos produced only "hybrid

mosaics." Hybrid mosaics, when crossed with albinos, produced mosaic

and albino offspring in equal numbers. When bred together, such

131
Castle and Allen, "The Heredity of Albinism," p. 608.

132
Ibid., p. 612. Cf. A.D. Darbishire, "Second Report on the Re-

sults of Crossing Japanese Waltzing Mice with European Albino Races,"
Biometrika, 2(1903):173. For complete account of this controversy see
P. Froggart and N.C. Nevin, "The 'Law of Ancestral Heredity' and the
Mendelian-Ancestrian Controversy in England, 1889-1906," Journal of Medi-
cal Genetics, 8(1971):1-36; and see Provine, The Origins of Theoretical
Population Genetics, pp. 75-89.



142

hybrid mosaics produced pure mosaics, hybrid mosaics, and albinos.

"Theoretically these three classes of offspring should be numerically

as 1:2:1."
133

This discovery was of "no small importance."

[It] lends strong support to the Mendelian hypothesis of
essential gametic purity. It shows that alternative par-
ental characters, when united in fertilization, do not
mix, but that each retains its own identity and subse-
quently separates from the other when gametes are formed.

134

Nevertheless, the strong statement just quoted notwithstanding, there

already was recognition that a mosaic gamete, that is a gamete hybrid

for a dominant and a recessive character, constituted some kind of

deviation from the doctrine of purity of the gametes; even if such a

mosaic bred true. Thus Castle and Allen concluded that "construed

in the strictest sense, the doctrine of gametic purity is untenable."
135

This finding modified "essentially the Mendelian doctrine of gametic

purity as commonly understood, yet without denying the soundness of

that doctrine at core.-
"1 36

Even this modified adherence to orthodoxy

was not to last.

I have already discussed Castle's 1905 popular paper dealing with

the issue of gametic purity. As noted, by that time he had discarded

this notion almost entirely. The data upon which Castle had based

his conclusion were published in full in 1905 and 1906. By this time

work in Castle's lab had led to the finding of not only the mosaic

(spotted ) albino/pigmented individuals, but also the apparent

133"
The Heredity of Albinism," p. 611.

134
Ibid., p. 612.

135
Ibid., p. 618.

136
Ibid., p. 618.
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blending of rough-coat with smooth in crosses. This produced "curious

modifications of the rough character or . . . smooth individuals bear-

ing the merest trace of the rough character." In crosses between

long- and short-haired guinea-pigs the gametes had been modified

similarly, and a race with intermediate hair-length had been produced.

From these various examples of gametes modified by cross-breeding

Castle and Forbes concluded "that gametic purity is not absolute,

even in sharply alternative inheritance."
137

In 1906 an article titled "Yellow Mice and Gametic Purity" was

published by Castle. He presented some data on yellow mice which

confirmed Cuenot's findings that yellow was dominant to black which

was dominant to chocolate in mice. Castle was interested in this since

in guinea-pigs and rabbits yellow was recessive to other pigments.

He had no data to confirm Cu6;not's hypothesis that yellow did not

appear in a homozygous state because of the "infertility" of the union

of yellow with yellow. Castle went on to discuss problems with the

idea put forward by Cuenot and Bateson that the recessive condition

was simply the lack of the "factor" producing the dominant one. Not

only did the data not support such a hypothesis, Castle did not like

the term "factor" either. Facts like the black feathers found on white-

plumaged poultry, and other such, were not sufficiently explained by

137
See above, p. 83; and see W.E. Castle, Heredity of Coat Char-

acters in Guinea-Pigs and Rabbits, Carnegie Institution of Washington,
Publication No. 23 (Washington, D.C., 1906); and W.E. Castle and Alex
Forbes, Heredity of Hair-Length in Guinea-Pigs and its Bearing on the
Theory of Pure Gametes, Ibid., Publication No. 49 (Washington, D.C.,
1906), pp. 1-14; quote from p. 13.
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the "hypothesis of two or more factors separately heritable."
138

Rather, it was necessary to "recognize, along with the fundamental

principle of unit characters in heredity, the fact that characters

may exist in varying states of activity." Castle concluded with a

defense of his impurity of the gametes idea:

. . . the theoretical 'purity of gametes' of Mendelian in-
heritance does not exist. No more does the purity of fac-
tors exist. . . .

To sum the matter up, it is certain that unit characters
exist, but it is equally certain that the units are capable
of modification; . . . factors of characters certainly exist,
when characters are demonstrably complex and result from the
coexistence of two or more simpler ones, . . . But let us
in no case introduce more factors into our hypotheses than
can be shown actually to exist.139

Only four months later (in January of 1907) Castle was apparently

thinking differently. The finding of Cuenot and Bateson "that cer-

tain characters are produced only when two or more separately herit-

able factors are present together" was "perhaps the most important ex-

tension which has been made of the law of heredity originally dis-

covered by Gregor Mendel . . ." Castle had found in crossing a race

of red guinea-pig with a black race a reversion to the wild-type agouti

coloration. This he explained by a multi-factorial hypothesis. A

factor for red, black, and agouti all had to be present for the agouti

coloration to be expressed. Also in this paper, Castle suggested for

the first time that selection could alter a character.
140

This idea,

too, was to set him apart from his peers.

138
W.E. Castle. "Yellow Mice and Gametic Purity," Science, 24(1906):

277, 278.

139
Ibid., pp. 279, 280.

140,
'On a Case of Reversion Induced by Cross-Breeding and its Fix-

ation." Science, 25(1907):151; p. 153 and cf. pp. 109-111 above.
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Thus, by 1907, Castle had departed from his fellow Mendelians on

two important points. It was possible to alter the Mendelian unit

characters by cross-breeding, according to Castle. And selection

was an operative force in evolution, capable even of modifying the unit

characters. With these ideas Castle would launch a very extensive

breeding program to determine the effects of selection. (These ex-

periments will be discussed in detail in the next chapter.)

During the next ten years Castle and his students continued the

study of coat-color, etc., in small mammals. By 1916, when Castle

published his textbook, he was able to describe 10 pairs of genes

governing coat color, texture, the extent of pigmentation and eye

color in small mammals. Virtually all of these had come out of work

in his laboratories.
141

In 1940 Castle published his Mammalian Gen-

etics as "a summary of present knowledge of the genetics of mammals."142

In this book were included the results of his earlier work as well as

many newer findings regarding linkage in mammals, etc. Thus while

some of Castle's interpretations of his earlier findings were not ad-

equate to explain the phenomena involved, his findings themselves were

of permanent value.

In closing this chapter on Castle's life and work, it is necessary

to examine his influence upon the science of genetics in other ways.

Castle was not only a research scientist, he was a teacher, an editor,

and a man. Let us look, then, at some of his other activities.

141
Genetics and Eugenics, pp. 122-129.

142
(Cambridge: Harvard University Press, 1940), p. vii.



146

William Castle: Teacher of Genetics

We must return briefly to the 1890's and recall that after William

Castle received his doctorate at Harvard in 1895 he spent the next

two years teaching at the University of Wisconsin and Knox College.

He returned to Harvard in 1897 as an instructor in biology. In 1900,

as a result of C.B. Davenport's appointment to a position at the Uni-

versity of Chicago, Castle got his first opportunity to teach advanced

classes at Harvard. As he remembered it later, "I asked Professor

Mark to let me undertake the job, and he, I suspect with some reluct-

ance, consented." About that time Castle wrote to Davenport "the work

which you regretfully lay down, I with some hesitation, and much fear

and trembling, but gladly take up." He went on to describe to Dr.

Davenport some lectures he was "working up" on "the determination of

sex and sexual reproduction in animals, a matter in which I have

become considerably interested."
143

Despite Castle's modesty his pro-

fessional peers must have thought him able, for he was made a member

of the editorial board of the Journal of Experimental Zoology at its

founding in 1903.

Between 1903 and 1908 Castle had little opportunity to direct

the research of graduate students. As he remembered it, this was due

to the policy which required "all graduate students in the department

of Zoology working for a Ph D

direction of Professor E.L.

work of only two candidates

to do their thesis work under the

Mark." Thus Castle "supervised the thesis

for the doctorate," although he was

143
The Beginnings of Mendelism in America," p. 67. Letter from

W.E. Castle to C.B. Davenport, Oct. 19, 1900, Davenport Papers.
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assisted by several coworkers.
144

But Castle's "primary influence as a teacher was on graduate stu-

dents," and his opportunity to direct such research came in 1908.

"The Bussey Institution," he wrote,

is about to go out of business as an undergraduate school
of agriculture and a proposition is under consideration to
turn some of its resources (unfortunately not large) toward
biological investigations, indirectly, if not directly ap-

plicable to agriculture.145

The "proposition" was approved and the Bussey Institution for Applied

Biology was born, becoming the graduate school of biology at Harvard.

Castle was soon joined at the Bussey by E.M. East as plant geneticist

in 1909. Between 1909 and 1936, when the Bussey was closed and re-

placed by facilities on the Harvard campus, Castle and East supervised

forty doctoral candidates. Castle was, himself, directly responsible

for twenty of these who did their work in mammalian genetics. Appar-

ently, however, the division between who worked with whom was not that

clearly drawn except on one's thesis itself. Thus it might be very

difficult to disentangle the threads of influence which both Castle

and East had on all the students of the Institution.
146

Some of the students supervised by Castle were: John A. Detlef-

son (1883-1957), Edwin C. MacDowell (1887- ?), Clarence C. Little

(1888-1971), Leslie C. Dunn (1893-1974), Sewall Wright, Laurence H.

Snyder (b. 1901) and Clyde E. Keeler (b. 1900).
147

It would be

144fl
The Beginnings of Mendelism in America," p. 67.

145
Cf. Dunn, "William Ernest Castle," p. 51, and see letter from

W.E. Castle to C.B. Davenport, Feb. 10, 1908, Davenport Papers.

146
Cf. Dunn, "William Ernest Castle," p. 53.

147
For a complete list see ibid., pp. 52, 53.
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difficult to overestimate Castle's influence on genetics through these

and many others of his "pupils." In a tribute especially prepared

for Dr. Castle by the staff of the Roscoe B. Jackson Memorial Laboratory

was included a "Castle Family Tree." On this "tree" were included 17

of his students with some of theirs, the total including 45 names.

Besides those were listed another 16 persons who had worked with Castle

at the Bussey, but who had not done their doctoral work under his

supervision.
148

L.C. Dunn attributed Castle's success as a teacher to "the human

qualities which guided his scientific life." He was possessed of an

enthusiasm which was "quiet and firm and controlled, but never con-

cealed." He also was described as "unfailingly" courteous and

patient. 149

The loyalty which Castle had to his students is also notable, and

is partially an explanation for his ability to attract so many.

While Castle himself appears never to have kept extensive files of

correspondence, some to whom he wrote did. Thus, in his correspondence

with C.B. Davenport, there are several instances of his seeking support

for the research of one of his students, or a forum for publication,

°I even a research position. And, such was his influence that he

often was successful. 150 It appears that Castle had influence and was

not reluctant to use it for his students.

Another trait by which Castle may be characterized was his modesty.

148_-Kussell, "One Man's Influence," p. 212.

149Dunn, "William Ernest Castle, p. 55.

150See for example the letter from W.E. Castle to C.B. Davenport,
Feb. 26, 1904 regarding the work of G.M. Allen and Davenport's reply
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We have already noted his non-assertion of priority in the discovery

of the "Hardy-Weinberg" law (see above, pp. 106, 107). And it was

typical of Castle to describe himself as a "junior member" of the

team (in which he included E.B. Wilson and T.H. Morgan) investigating

the great questions of heredity and evolution at the turn of the cen-

151
tury. But this modesty translated into a most desirable attitude

toward his students:

Except in his lectures he did not give the impression of
being a conscious teacher. Rather he behaved with students
as a fellow-investigator; and the memory of him which his
former students probably treasure most is that of being
treated, even as beginners, as responsible persons and as
intellectual equals.152

Thus Castle came to be remembered (and lauded) by his students as "a

wonderfully sincere, helpful, and encouraging man whose career has

provided a firm foundation for the establishment of the whole science

of mammalian genetics."
153

The esteem in which Castle's students held him appears to have

been shared by the scientific community at large. He became a member

of the American Philosophical Society in 1910, and was elected to the

National Academy of Sciences in 1915. The honorary degrees of Sc.D.,

dated Feb. 29, 1904, in which he writes ". . . his thesis should
appear as a Publication of the Carnegie Institution." See also the
letter from W.E. Castle to C.B. Davenport, May 26, 1904, and Davenport's
reply dated May 28; also letter from W.E. Castle to C.B. Davenport,
Sept. 2, 1909; and letter from W.E. Castle to C.B. Davenport, July 31,
1911.

151"The Part of Mammalian Genetics in Founging the Jackson Mem-
orial Laboratory," Journal of the National Cancer Institute, 15(1954):
595-606.

152
Dunn, William Ernest Castle," p. 56.

153Russell, "One Man's Influence," p. 213.
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from the University of Wisconsin, and the LL.D., from Denison Univer-

sity were conferred upon him in 1921.

His influence on the development of the science of genetics also

was felt in the development of societies and journals for its dissem-

ination. Castle was a founding member of the American Breeder's

Association and at its demise was influential in the inauguration of

the Journal of Heredity in 1913 and vice-president of the sponsoring

organization, the American Genetic Association. In 1916, Castle

helped found the journal Genetics and remained on its editorial board

until his death.
154

Upon his retirement from Harvard in 1936, Castle was appointed a

Research Associate of the University of California, Berkeley, where

he continued his research program. This position was offered Castle

with the provision of "adequate facilities" in which to carry on his

work, but with no funding. This he continued to receive from the

Carnegie Institution.
155

His relationship with the University of

California solved for Castle the problem of what he would do with his

uncompleted projects. "I have just been advised," he wrote, "this

last week, that the Bussey will be closed up July 1st and so my ex-

perimental work must come to an abrupt termination. "156

But the University of California came through and built for Castle

154Dunn, "William Ernest Castle," p. 62.

155
See letter from W.E. Castle to Dean C.B. Hutchison [College of

Agriculture, U.C. Berkeley], June 26, 1936 and Hutchison's reply to
Castle dated July 6, 1936, President's Files, University Archives, Ban-
croft Library, U.C. Berkeley.

156
Letter from W.E. Castle to L.C. Dunn, Feb. 20, 1936, quoted

in Dunn, "William Ernest Castle," p. 54.
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a special building for the breeding of rabbits and another, heated

one, for mice. Thus he was able to continue his experiments. I can

find no record that Castle did any teaching while at Berkeley, al-

though Dean Hutchison had invited him to participate in seminars and

it seems almost certain he must have done so.

On June 3, 1962, at the age of 94, Castle died.

His Berkeley colleagues and the graduate students enjoyed
his friendly and cheerful presence and admired the youth-
ful vigor with which he carried on his work -- and walked
up to the top floor of Hilgard Hall or the Life Science
Building.

Possessed of wonderful health and vigor, Castle was "cultivating his

garden in Berkeley until a few days before his death."
157

We have seen that Castle developed an interest in biology as a

child; an interest which was to grow from his association with Herrick

at Denison and his own love of botanising. He received his graduate

training at Harvard under C.B. Davenport and E.L. Mark. Thus Castle

was strongly oriented by his background to the observational, descrip-

tive approach to science which permeated his work later.

Upon the rediscovery of Mendel in 1900, Castle was in an excellent

position to begin hybridization work with the mice he already was breed-

ing. He thus became one of the first to do Mendelian experiments with

animal material. And he went on to become a proliferous supporter

and defender of Mendelism. His work with small mammals continued dur-

ing his entire career, and we have seen, it along with that of his

students, provided much of the basis for mammalian genetics.

157
See his obituary, "Dr. William Castle, Geneticist, Was 94," The

New York Times, Tuesday, June 5, 1962, p. 41; C. Stern, et. al., "Wil-
liam Ernest Castle. Research Associate," p. 2; Dunn, "William Ernest

Castle," p. 62.
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But we also have ssen that Castle departed from most of his Men-

delian peers by his theorizing of incomplete segregation and contam-

ination of the gametes by crossing. He also departed from the usual

by stoutly definding selection, a view most Mendelians did not hold.

In the next chapter we shall see the controversial results of these

positions.

Castle's role in the development of the modern ideas regarding

sex-determination has been analyzed in some detail. We have seen

that he was the first to work out a Mendelian theory for sex and he

continued for 35 years actively to enter into discussions on this topic.

Thus, while doing no research in the area himself, Castle contributed

substantially to a general theory of sex-determination. And his specu-

lations regarding the role of sex in evolution are most interesting.

In the concluding section of this chapter I have suggested that

Castle strongly influenced the development of American genetics as the

graduate advisor of some twenty men. These people were an important

portion of the second generation of American geneticists; some of them

becoming very influential in their own right.

Thus we have seen that Castle's career was both altered and re-

shaped by the Mendelian program. In turn his own work was a shaping

influence in the development of the science of genetics. But despite

his honors, his amazing scientific output, and his students, Castle

is little remembered today. It is not uncommon to encounter geneticists

who know nothing of him and the textbooks mention him not at all. In

the next chapter it is my intention to explore Castle's most important

controversies, his "wrong" positions, and seek some clues to the reason

for this strange historical fate.
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CHAPTER FOUR

WILLIAM CASTLE: CONTROVERSIAL GENETICIST

AND DARWINIAN EVOLUTIONIST

In 1919 an article appeared in The American Naturalist with the

innocuous-sounding title "Piebald Rats and Selection, a Correction."
1

But beneath that innocence was the culmination of some 12 years' breed-

ing experiments involving nearly 50,000 rats. With the last "crucial"

experiment completed and the last data in, the mistake was uncovered

for all to see. William Castle's long-cherished (and dearly-defended)

hypothesis for the explanation for his selection results had proven

inadequate. And as it died, so did one of the most important and long-

lived of genetics' early controversies.

The story of this controversy has been told and retold, and many

of the pertinent facts are already in print.
2

Yet, valuable though

these accounts are, both have left out important aspects of the story.

As a result Castle's role in it has been oversimplified and misunder-

stood. Thus there is reason for retelling. I intend to show Castle's

experimental results, what he interpreted them to mean, and how and

why his interpretation differed from that of other Mendelians regard-

ing his experiments. Along the way I will show the reasons for Castle's

"wrong" interpretation to be much more complex than has previously been

suggested. And as a consequence of this conclusion, the suggestion

1
W.E. Castle, "Piebald Rats and Selection, a Correction," The

American Naturalist, 53(1919):370-375.

2
See Elof Axel Carlson, The Gene: A Critical History (Philadelphia:

W.B. Saunders Company, 1966), pp. 23-57; and William B. Provine, The
Origins of Theoretical Population Genetics (Chicago: University of Chica-
go Press, 1971), pp. 108-129.
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will be made that while Castle does, indeed, appear to have misunder-

stood the genetic basis for the results he obtained, the fundamental

cause which he proposed for them was correct. Thus, while "wrong,"

Castle clarified a question most important to the emerging science

of genetics.

In a later section of this chapter another controversy in which

Castle became embroiled will be discussed, this one over the linearity

of the chromosome. Once again, as we shall see, the explanation of

certain experimental results put forth by Castle differed sharply from

that of his colleagues. And once again, we find his explanation coming

up lacking, and him publicly acknowledging this to be so. But again

I shall suggest that Castle had rendered an important service to his

science by calling into question a tenet which seems to have been ac-

cepted a priori by even its main proponents. Having been called into

question by Castle, the assumption that the chromosome was a linear

arrangement of genes was put on a solid base of data which showed the

necessity of that hypothesis. Thus Castle, again "wrong" in his an-

swer, had asked a very important question. Let us turn to an examin-

ation of these two controversies.

Castle's "Hooded Rat" Experiments

The selection experiments of William Castle were very much a

part of the web of confusion and controversy regarding heredity and

evolution during the first decade of the twentieth century. To begin

the decade, "Mendel's Laws" were discovered; to many this extraordin-

ary event provided the key to unlock nature's deepest secrets. But

the discrete or "discontinuous" nature of the Mendelian unit characters
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fit nicely a saltation model of evolution. Bateson had, in 1894, pub-

lished a massive collection of examples of discontinuous variation and

was convinced that this study was the approach needed to understand

the proceeding of evolution.
3

The quickness with which Bateson be-

came a confirmed Mendelian may largely be due to this pre-existing

bias.

The two-volume work of de Vries, Die Mutationstheorie, appeared

in 1901-1903.
4

In this he presented the finding of a plant (an

Evening Primrose, Oenothera Lamarckiana) which appeared to be putting

off seed which, when germinated, resulted in offspring totally dif-

ferent in appearance from the parent. Here also were given the results

of hybridization experiments performed with these offspring.

De Vries actually named a number of these as new species and concluded

that he had found evolution occuring before his very eyes. He called

the process by which these new species arose "mutatation," and based

upon this mechanism, he proposed a new theory of evolution. This

theory appeared to resolve the question of a source for heritable

variation (Weismann having called into serious question the effects

of use and disuse). Mutation Theory also fit nicely with Bateson's

notions of discontinuous variation which had drawn attention to dis-

continuity in species. Furthermore, with the results of his

3
William Bateson, Materials for the Study of Variation, Treated

with Especial Regard to Discontinuity in the Origin of Species (London:
Macmillan, Inc., 1894).

4
Hugo de Vries, Die Mutationstheorie (Lepizig, 1901-1903), 2 vols.

For a detailed discussion of this theory and the reasons for its wide-
spread acceptance see Garland E. Allen, "Hugo de Vries and the Reception
of the 'Mutation Theory'," Journal of the History of Biology, 2(1969):55-
87. This article suggests a number of the questions which de Vries
seemed to answer.
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experiments and observations, it appeared that de Vries had put the

study of evolution on an experimental basis. And with the Mendelian

effects of segregation and dominance (which de Vries also had intro-

duced) his theory seemed, for many, to answer a number of questions

which remained unanswered as the twentieth century began (see my dis-

cussion at the end of chapter two, above). It is no wonder, then,

that many biologists and virtually all Mendelians were convinced that

evolution took place in leaps, not by the slow accretion of small

changes as Darwin had proposed. So much for the dictum natura non

facit saltum.

The work of Wilhelm Johannsen (1857-1927) with "pure lines of

beans, published in 1903, seemed only to confirm de Vries.
5

Johannsen

had graded his beans by the length and weight of the seeds, then had

planted these graded seeds and extracted a pure line from each by

self-fertilizing them. He found that the offspring within each of

these pure lines continued to vary in both weight and length of seed,

the means of these characters corresponding closely to their value

in the original parents. But when Johannsen attempted to alter the

means of seed length and weight within his pure lines by selection,

he met with failure. His beans continued to show variation about the

same mean. This evidence led to the conclusion that selection could

only segregate the pure lines existing in any population of organisms.

Once a pure line was established, further selection could have no effect.

5
Wilhelm Johannsen, Erblichkeit in Populationen and in reinen

Linien. Ein Beitrag zur Beleuchtung schwebender Selektionsfragen (Jena:
Gustav Fishcher, 1903). A translation of the summary and discussion ap-
pears in Classic Papers in Genetics, ed. James A. Peters (Englewood
Cliffs: Prentice-Hall, Inc., 1959), pp. 20-26.
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As a result of the evidence presented by de Vries and Johannsen

and the growing awareness of the widespread applicability of the

Mendelian principles, the importance of natural selection in evolution

was obscured for many. Even William Castle, as we have seen, was con-

vinced of de Vries's proposed mechanism for a time.

But Castle changed his mind and his reasons for doing so came from

the results of his breeding experiments. In the last chapter I showed

how his ideas on the stability of the unit characters changed. One

possible mechanism for the alteration of a character was contamination

in the crossing process (see above, p.108). Another mechanism for

the change of a unit character became apparent in the results of sel-

ection work completed in his laboratory by Hansford MacCurdy (1867-

1937) in 1906. Selecting for increased and decreased pigmentation

(i.e. dorsal stripe size) in a race of hooded rats for five generations,

Castle and MacCurdy had been able to achieve definite changes in both

directions.

They were convinced that selection had changed the Mendelian char-

acter for hoodedness. They furthermore explicitly challenged de Vries's

Mutation Theory:

According to de Vries, if we rightly understand him, selection
is not a factor in the production of new species, but only in
their perpetuation, since it determines merely what species
shall survive; according to the Darwinian view, new species
arise through the direct agency of selection, which leads to
the cumulation of fluctuating variations of a particular sort.

Their experiments, Castle and MacCurdy concluded, gave evidence for

"the Darwinian view rather than that of de Vries."
6

6
W.E. Castle and Hansford MacCurdy, Selection and Cross-Breeding

in Relation to the Inheritance of Coat-Pigments and Coat-Patterns in
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The battle-lines had been drawn. Castle had challenged the sta-

bility of the unit characters and had revived Darwinian evolution in

a single breath. Considering it "theoretically important to ascertain

whether any permanent advance can be made by selection of fluctuating

variation," Castle began a larger set of selection experiments along

with his associates, John C. Phillips, in 1907.
7

By 1909 Castle was able to report:

Selection experiments for modification of Mendelian color
characters by processes other than mutation are being con-
tinued with apparent success. Evidence for the existence
of Mendelian units is not thereby weakened, but the fact is
shown that these units are modifiable. . . . It has been
shown that by selection the extent of the pigmented areas
on piebald rats may be gradually and permanently altered.

Castle and Phillips had managed to isolate "two races of hooded rats"

in which the extent of pigmentation no longer intergraded. One series

was selected for decreased pigmentation, the other for increased pig-

mentation.
8

By 1910 Castle's experiments had grown enormously. He reported

in that year some tentative conclusions:

Certain color-patterns of rats behave as alternative
Mendelian unit-characters in heredity. They are in re-
ality however quantitative variations in amount of pigmen-
tation, and are subject to individual variation, and we

Rats and Guinea Pigs, Carnegie Institution of Washington Publica-
tions, No. 70 (Washington, D.C., 1907), pp. 2-4. Cf. Provine, Origins
of Population Genetics, pp. 112-113.

7
Report to President R.S. Woodward, Carnegie Institution of Washing-

ton, D.C. by W.E. Castle, Sept. 25, 1908, copy in the Davenport Papers,
American Philosophical Society Library, Philadelphia.

8
Report to President R.S. Woodward, Carnegie Institution of Wash-

ington, D.C. by W.E. Castle, Sept. 25, 1908, copy in the Davenport
Papers, American Philosophical Society Library, Philadelphia.
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believe also to modification by selection. These in
brief are the conclusions which are tentatively held as
a result of studying 10,000 pedigreed rats.

But Castle felt it necessary "to double this number before venturing

to draw final conclusions in a matter theoretically of much importance"

because the prevailing "current opinions" were largely against this

view.
9

In 1911 Castle began to make some of his data available to the

public. In the Harvey Lecture for February of that year he gave the

averages of his results for the first eight generations of selection

in both the "plus" (i.e. increased pigmentation) and "minus" series.

Based upon a total of nearly 9,000 individuals the average grade of

the pigmentation in offspring of the plus series had increased from

2.50 to 3.30. (These numbers come from Castle's sytem of grading

the extent of pigmentation; plus four was totally black on the dorsal

side of the animal and plus six was black all over. A grade of zero

was a normal hooded rat and in the minus series a minus 2.5 was an

individual having only its head from the muzzle to approximately

the ears pigmented.)

In the minus series, the average grade had been decreased from

a -1.00 to -1.78 in the eight generations of selection. It further

had been observed that "the amount of variability of the offspring

is not materially affected by the selection, but the average about

which variation occurs is steadily changed, as are also the limits

of the range of variation." No indication had been found "that a limit

9
Report of Progress Under Grant No. 562 to President R.S. Wood-

ward, Carnegie Institution of Washington, September 1, 1910, copy in
Davenport Papers.
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to the effects of selection" had been reached. Thus, "from the evi-

dence in hand" Castle concluded, "Darwin was right in assigning great

importance to selection in evolution . . ."
10

The opposition had, meanwhile, not been sitting idly by. H.S.

Jennings (1868-1947) had undertaken a massive set of experiments with

Paramecium, reported in 1908 and summarized in 1909. He isolated

eight races from a single stock, these ranging in average length from

"45 pm to 206 pm." These "pure lines" of paramecia were raised for

"hundreds of generations." He found that within each race variation

in length fluctuated about the mean length for the race. But in no

case was he able, by selection, to increase the mean length within a

given race. It did not matter which extreme he selected, "the series

produced by the largest individual is exactly like that produced by

the smallest, or by any other." Jennings thus concluded, "Systematic

and continued selection is without effect in a pure race, and in a

mixture of races its effect consists in isolating the existing

races, not in producing anything new. "11 Thus the work of Jennings

with an organism entirely different from Johannsen's beans seemed

strongly to confirm Johannsen's findings.

10,
'The Nature of Unit Characters," The Harvey Lectures, 6(1911):

100, 101.

11
See H.S. Jennings, "Heredity, Variation and Evolution in Pro-

tozoa, II. Heredity and Variation of Size and Form in Paramecium, with
Studies of Growth, Environmental Action and Selection," Proceedings of
the American Philosophical Society, 47(1908):393-546 and "Heredity and
Variation in the Simplest Organisms," The American Naturalist, 43(1909):
321-337. My quotations are from the latter, pp. 327 and 337, respec-
tively.
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In 1909 Johannsen published his famous Elemente der exakten

Erblichkeitslehre.
12

Here the distinction between the "phenotype"

and the "genotype" was first made. The phenotype was supposed to be

the "statistically derived type," the "appearance type" or the "mea-

surable reality." What was meant by genotype in 1909 is unclear, but

by 1911, he called it "the sum total of all the 'genes' in a gamete

or in a zygote. "13 (The word "gene" also was proposed by Johannsen,

derived from de Vries' term "pangen," but with no theory associated

with it.) Having made the distinction between genotype and phenotype,

Johannsen could define his conception of heredity: "Heredity may then

be defined as the presence of identical genes in ancestors and descend-

ants."
14

At first glance it may appear as if nobody could take issue

with such a definition. Yet, linked with Mutation Theory, as it was,

this conception was highly antagonistic to Darwinian evolution.

Johannsen believed, for example, that "Lamarckism and selection-

ism are certainly at bottom the same thing: the belief in personal

12
Wilhelm Johannsen, Elemente der exakten Erblichkeitslehre

(Jena, 1909).

13
"Darum kOnnte man den statistisch hervortretenden Typus passend,

als Erscheinungstypus bezeichnen, oder, kiirz und klar, als Phaenotypus
(von phain-omai, zu erscheinen). Solche Typen sind an und fur sich
messbare Realitaten," ibid., p. 23, quoted in Johann Henrik Wanscher,
"The History of Wilhelm Johannsen's Genetical Terms and Concepts from
the Period 1903-1926," Centaurus, 19(1975):142. See also Wilhelm
Johannsen, "The Genotype Conception of Heredity;' American Naturalist,
45(1911):132-133. There is some controversy in the literature regard-
ing the meaning of Johannsen's terms; cf. Frederick B. Churchill, "Wil-
liam Johannsen and the Genotype Concept," Journal of the History of
Biology, 7(1974):12, 13 with Wanscher, p. 146; and see Nils Roll-Hansen,
"The Genotype Theory of Wilhelm Johannsen and its Relation to Plant
Breeding and the Study of Evolution," Centaurus, 22(1978):224-227.

14,,
The Genotype Conception of Heredity," p. 159.
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qualities being 'transmitted' to the offspring."
15

And, he went on to

say:

The genotype-conception supported by the great stock
of experiments as to pure line work, Mendelism and mutations
does not consider personal adaptation as a factor of any
genetic importance. Phrases as "characters, won by adap-
tation and having successively been hereditarily fixed,"
are without meaning from our point of veiw. Hence much
talk of adaptive characters successively gained seems to
us an idle matter.16

Rather, the evolutionary conception of de Vries was the acceptable

one. "Natura facit saltus," Johannsen wrote. In his conclusions he

had the highest praise for de Vries's "famous book 'Die Muta-

tionstheorie'." It was "rich as well in positive indications as in

ingenious views, [and] has been the mediator for the new and the old

era in genetics. This monumental work is a landmark in the progress

of our science."
17

It comes as no great surprise, then, that in 1912 Castle rejected

this "genotype-conception" of heredity. By this time he was able

to report the results of selection of 11 generations totalling more

than 17,000 offspring. The average grade of the offspring had been

increased to 3.76 in the plus series and reduced to -2.16 in the minus

series. Nor was there any reason to suspect the limits had been reached

in the alteration still possible by means of selection.

Thus Castle could say:

Selection consequently is not a mere agency for the sorting

15
Ibid., p. 141.

16
Ibid., p. 158.

17
Ibid., p. 159.
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out of unit variation (factors or genes); it is a creative
agency by means of which unit characters can be modified
and variation can be given a particular direction, the
only limits to its action being physiological limits.

In his own work he had "not limited" his study to "merely one sort of

unit-character." And he had "yet to meet with a unit-character which

is not both variable and modifiable."
18

It was necessary, in light of his findings, for Castle to

regard as unsubstantiated the genotype conception of
heredity in which unit-characters are regarded as in-
destructible and unmodifiable entities. Organisms are
not devoid of variability; neither are the unit-char-
acters which they manifest devoid of variability, nor
yet is the germinal basis of such unit-characters devoid
of variability.

This was a very important question both theoretically and practically.

"If unit-characters are immutable, then straight selection is a waste

of time, and the only procedure for the breeder well worth while is

to hybridize and thus seek new combinations of unit-characters." On

the other hand, "If . . . unit-characters are modifiable, then selection

is of value not only in the isolation of particular combinations of

units, but also in the improvement of the units themselves."
19

"Mendel's law" was able to stand the "test of practice." But it

was very important that it not be misinterpreted or misapplied. The

evidence was "insufficient . . . that unit-characters possess an im-

mutability which organisms do not possess." Thus, Castle concluded,

"Let us proceed with enthusiasm, but with caution, noting well our

18
W.E. Castle, "Biological Principles of Animal Breeding," The

American Breeders Magazine, 3(1912):278, 279.

19
Ibid., p. 280.
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landmarks."
20

By September of 1913 Castle and Phillips were ready to present

their complete data. They had "raised and studied" more than 20,000

rats by that time. The results which they had obtained, they believed

had "an important bearing on the question of the efficacy of mass

selection."

The tendency has been, largely on theoretical grounds, to
discredit selection as an agency in evolution, in favor of
mutation. Our results indicate that selection is in animal
breeding a more important agency than mutation, partly be-
cause it is controllable and so its results are more certain
and partly because it may even determine the occurrence of
mutations of a particular sort.21

Thus in February of 1914 appeared "Piebald Rats and Selection,"

the presentation of some six years work involving more than 25,000

rats.
22

By this time they had been selecting for a total of 13 gen-

erations. In their introduction, Castle and Phillips discussed the

question they were seeking to answer. Previous work published by

Castle had suggested that when characters are crossed they do not al-

ways emerge exactly the same in appearance under continued breeding.

Thus the "gametes are not 'pure" as many Mendelians supposed. Un-

able to deny Castle's results, they had proposed yet another theory

"in order to save the substance" of their purity idea. "The real

20
Ibid. p. 281.

21
Report of W.E. Castle to President R.S. Woodward of the Carnegie

Institution of Washington, September 1, 1913, copy in Davenport Papers.

22
W.E. Castle and John C. Phillips, Piebald Rats and Selection: An

Experimental Test of the Effectiveness of Selection and of the Theory
of Gametic Purity in Mendelian Crosses, Carnegie Institution of Washing-
ton-Publications, No. 195 (Washington, D.C., 1914).
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unchanging thing is now called the 'genotype,' its appearance the

'phenotype'."

In this genotype theory we are dealing only with a new
and more refined aspect of the "theory of pure gametes."
It is not a necessary part of mendelism, not even an origin-
al part; but it is very important for us to know whether it
is true or not. For if it is true, selection unattended by
hybridization is largely a waste of time, as De Vries and
Johannsen have maintained.23

Castle and Phillips believed their work to show otherwise.

During their six years of work, Castle and Phillips had com-

pleted a number of experiments. First, of course, was their actual

selection work. Beginning with a few pairs, selected from their stock

of hooded rats for greatest and least extent of pigmentation, they had

continued to, generation by generation, select the individuals showing

the greatest extremes in either direction for breeding together. No-

where do they say the exact number of rats with which the breeding was

begun, but in the plus series the total of offspring for the first gen -.

eration was 150. And in another place (a response to critics of their

work) Castle said that "the entire stock is descended from a very few

individuals (less than a dozen) . . ."
24

In the plus series, the extent of pigmentation had been increased

from an average grade of 2.51 in the first generation of offspring,

to an average grade of 4.22 in the thirteenth generation. These re-

sults were based on a total of 8,941 individuals. In the minus series

the extent of pigmentation had been reduced so that the average grade

23
Ibid., p. 5.

24
W.E. Castle, "Variation and Selection; a Reply," Zeitschrift

fur Induktive Abstammungs- and Vererbungslehre, 12(1914):258.
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of the first generation of offspring (55 in number) had been -1.46.

In the thirteentn generation of offspring the average grade was

-2.50. The total number reported for the 13 generations was 11,704

individuals.
25

Further findings included: (1) Variability (as measured by the

standard deviation) had decreased in both parents and offspring as

selection had progressed. (2) The correlation between parents and

offspring was in all cases positive, "That is, the higher-grade parents

have higher-grade offspring and vice versa." (3) There was a tendency

for the average grade of the offspring to be lower than that of the

parents (that is, the offspring regressed). (4) With selection this

regression had diminished showing that "the advance made by the parents

is retained by their offspring."

They further had found that "the regression is uniformly toward

the mean of the race and changes its direction when that mean changes

its position with reference to a particular grade of parents." For

example, in generation four, the mean grade of the offspring of parents

of mean grade 3.75 was 2.75. This was an average of a whole grade

less than the parents, but was very close to the 2.73 mean grade of

the offspring of all the parents in that generation. By the twelfth

generation the mean grade of the offspring of all parents was 3.94,

and that of parents of grade 3.75 was 3.83. Thus the regression was

in any case toward the racial average.
26

As a test of the permanence of the effects selection was having

25
See Castle and Phillips, "Piebald Rats and Selection," Table 1,

p. 32; Tables 13 and 14, p. 37; Table 16, p. 38; Tables 28 and 29, p. 43.

26
See Ibid., pp. 10-13 for their summaries of these results.
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on their races of rats, Castle and Phillips had also tried return sel-

ection experiments. One such experiment, begun with individuals of

generation six in the minus series, had resulted in increasing the

mean from -1.56 to -0.39 in six successive selections. Very similar

results were obtained in experiments with the plus series. Thus

Castle and Phillips concluded that selection was "immediately effective

whether plus or minus in character, and whether or not preceded by

selection in the same direction or in an opposite direction." One

could "obtain continuous and progressive departure from the normal in

either a plus or a minus direction" by continuous selection "in the

desired direction."
27

To further test the "permanency of the modification effected by

selection," Castle and Phillips had crossed individuals from both the

plus and minus series with both wild and "Irish" rats (both coat con-

ditions dominant to hoodedness) and extracted the hooded character in

the F2. In both sets of crosses, the same result had been obtained:

the extracted hooded character derived from the minus series had been

increased in the extent of pigmentation, that from the plus series

decreased. "In other words," such crosses had undone "the work of

selection to some extent." But was this evidence "that the condition

created by selection was in reality an unstable one?" This they

were unwilling to concede.
28

Castle and Phillips had gone on to attempt the production of a

plus series from the extracted hooded offspring derived from the cross

27
Ibid., pp. 13-16.

28
Ibid., pp. 16-20.
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of an individual of the minus series with a wild rat. The original

hooded female ancestor had been of grade -1.87 and when crossed with

a wild male, the extracted F
2
hooded offspring had ranged in grade

from -1.50 to 3.50 with an average grade of 0.31. The grade 3.50

male was mated with female F
2
offspring of grade 1.50 from the same

cross. Thus the average parental grade was 2.50 and the 34 offspring

produced had an average grade of 2.06. Five more generations of

selection had been completed in this series, and the mean grade of the

parents had been increased from 2.50 to 3.08; that of the offspring

from 2.06 to 2.67. This result compared very favorably with the re-

sults for the first six generations of the general plus series, and

had the advantage of the entire race being derived from a single

hooded individual.
29

Thus even with a much smaller, and probably

more homozygous race, selection appeared capable of producing results

very similar to those obtained in the larger experiment.

In the interest of completeness, crosses of the minus series

with the plus series also had been made in generations six and ten.

In both cases, the F
1
offspring had been approximately intermediate

in grade between the two parents, but more variable than the offspring

of the same generation within each series. The F
2

offspring showed

even greater variability and a tendency to breed true; i.e. the off-

spring of F1 individuals of "high grade produce {d] offspring of higher

grade than . . . their low-grade brothers and sisters." This positive

correlation was the same as had been "observed in both uncrossed

29
Ibid., pp. 20, 21.

30
Ibid., p. 22.
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races.
30

One other particularly important result was reported by Castle

and Phillips. "In the tenth generation of the plus selection series

there appeared two individuals, a male and a female, of considerably

higher grade than any previously recorded in this series." The male

was of grade 5.50 and the female of grade 5.75. Thus they were very

nearly entirely pigmented, while the average grade of the offspring

in that generation was only 3.88.
31

These individuals were called

by Castle and Phillips "mutants," but they had no wish "then or now

to commit ourselves to any particular theory as to their nature or

origin." These two "mutants" had the same father and different

mothers, thus they were apparently heterozygous for the mutant char-

acter, deriving it from the father.

When these individuals were paired their offspring were of two

distinctly different grades. Ten of sixteen were like the parents,

with a mean grade of 5.60, the other six had a mean grade of 3.87.

This clearly showed the new mutant character to be dominant to the

hooded character and transmitted in half the gametes of each parent.

The expected result of this cross, then, was 12 mutant-type and four

normal hooded-type offspring out of the 16 obtained.

To further verify this, the mutant male was crossed with females

of the minus series and a similar result obtained. The offspring were

of two distinctly different series, the lower one consisting of 35

individuals of average grade -0.49. The upper series contained 31

30
Ibid., p. 22.

31
Ibid., p. 25 and see Table 10, p. 36.
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individuals of average grade 4.43.
32

The expected result would have

been 33 individuals of each type.

It is important to note that the mutant group derived from

crosses with the minus series averaged a whole grade lower than similar

offspring of the mutant male paired with his half-sister. Furthermore,

F
2

offspring of the mutant-minus cross gave increased variability in

both the lower and mutant series, and mutant grades continued to be

lower. "This result shows us that the cross with the minus race does

affect permanently the mutant character, lowering its grade even in

"
homozygous mutants extracted from the cross.-

33

The explanation given by Castle and Phillips for this result is

most interesting and I quote it here in full:

That the variability of the mutants is unaffected by a
cross with the plus race, but that it is increased by a
cross with the minus race, and that, further, the mean of
the mutants is affected little or none by a cross with the
plus race, but that it is lowered by a cross with the minus
race -- these several facts are all conformable with the
hypothesis that the change in variability due either to
crossing or to selection results from modifying factors
which, as they are independent of the main factor concerned,
are probably transmitted in a different part or component
of the germ-cell than that factor. For if the mutant and
the plus race are alike as regards the modifiers, but dif-
fer only in the main factor, then no change in variability
should result from intercrossing them, but only alterna-
tive conditions as regards the main factor. This is the
observed result. But if the mutant and the minus race dif-
fer not only in the main factor, but also in modifiers
which are independent of it, then, when they are crossed,
we may expect that through independent segregation of main
factor and modifiers the extracted minus race will be raised
in grade, while the extracted mutants are lowered, and both

32
Ibid., pp. 26, 27.

33
Ibid., p. 29.
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will become more variable. This also is the observed re-
sult.34

Here it is asserted that a "modifying factor" hypothesis predicts their

observed results.

They went on to point out that the crosses involving the mutant with

the minus series had led to greater variability in both the F1 and F
2

than that observed in the races as a whole. This fact they explained

similarly:

Interpreted on a Mendelian basis, this means that the mutant
and plus races on the one hand and the minus race on the
other differ by more than a single factor. If they differed
by only a single factor, then crosses between them should
bring no increase of variability, either in F1 or F2.
This appears to be true as regards the mutant and plus races
when crossed with each other. But if the races crossed dif-
fer by more than one factor, and if, further, neither
parent is homozygous as regards the factors in which they
differ, then we may expect an increase in variability in
F1 and in F2. This is exactly what we observe when the
minus race is crossed with either the plus race or its
derivative, the mutant race.35

Once again Castle and Phillips had shown their results to confirm a

multiple factor explanation.

But, it did appear that the mutant race had arisen from the plus

race "by a single large plus variation." That fact did not preclude

the possibility of "small variations" in the "same cell component"

(as between the minus and mutant races). But Castle and Phillips

were quite sure that selection had influenced the appearance and di-

rection of the mutation. And if by selection one could "increase at

will the 'modifiers' which make the pigmentation more extensive,"

then certainly their mutant was evidence that the unit-character for

34
Ibid.

35
Ibid., p. 30.
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the hooded condition itself could be changed by the same means.
36

In the discussion of their general results, Castle and Phillips

had admitted, likewise, the possibility of a multiple-factor or modifier

gene explanation. Castle was quite familiar with this theory, for his

colleague at the Bussey Institution, E.M. East, had proposed it to

explain his own findings with endosperm coloration in maize. And

Herman Nilsson-Ehle earlier had proposed a multiple-factor hypothesis

to explain his findings with oats and wheat (see above, p. 138.).

But while admitting the possibility, Castle and Phillips were not at

all sure this hypothesis could explain all their results.

In their minds the multiple-factor hypothesis was closely allied

with genotype thoery. And if this "genotype" conception of heredity

was correct, and the "Mendelian factors" were "fixed and unchangeable,"

selection could do nothing "but secure homozygous conditions as re-

gards the presence or absence of these modifiers." When homozygosity

had been achieved, selection would be able to do nothing else. But

their races were still progressing and there was no indication "ob-

servable that selection will become ineffective before an all-black

rat is obtained in the plus series and an all-white in the minus

series." They also were quite sure their "mutant" race was evidence

that the hooded character had, itself, been changed by selection.

It was for this reason they were willing to adopt only "tentatively"

the "hypothesis that modifying factors exist[ed] independent of the

single factor for hooded pattern." It also was "probable that what

we call the unit-character for hooded pattern" was "itself variable,"

36
Ibid., p. 31.
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they insisted.-
37

Thus we see that in 1914, Dr. Castle was not opposed to the multiple-

factor explanation for his results. Indeed, as early as 1907, he

had proposed that such an hypothesis explained the heredity of agouti

coloration in guinea-pigs (see above p. 144). And he had shown how

well this view explained the results observed with the mutant race.

But Castle also was very sure that unit characters were alterable

and that selection was "an agency of real creative power, able to

modify unit characters indefinitely so long as physiological limitations

are not reached." It was on this point that Castle remained adamant.

Castle's reservations regarding the modifier hypothesis continued

to grow as borne out by two articles appearing shortly after his and

Phillips's "Piebald Rats and Selection."38 By May of 1915, he had be-

come quite skeptical. This hypothesis accounted "for the facts fully

if certain basic assumptions are allowed, about which, however, I

am growing more skeptical the more closely I examine them," Castle

wrote. He then quoted his student, E.C. MacDowell as having said ap-

provingly about this hypothesis: "It goes hand in hand with the mutation

and pure-line doctrines of De Vries and Johannsen." But if these ideas

were not acceptable, Castle went on, the multiple factor hypothesis

was "left without adequate basis."

If the multiple factor hypothesis must stand or fall with
the pure-line doctrine, I for one can not accept it, for

37
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the foundations of the pureline doctrine appear to me
very insecure.39

Thus Castle moved toward a full rejection of the modifier hypothesis

because of its link to the Mutation and Pure-Line theories.

H.J. Buller only intensified this antagonism by publishing in Sep-

tember of 1914 his criticism of Castle and Phillips's work.
40

Their

conclusion that the modifier hypothesis did not fully explain their

results and that the factor for hoodedness had itself been modified

was unacceptable to Muller.

A conclusion so radical and so opposed to previous work
should not be accepted, however, as long as it remains at
all reasonably possible to use instead an explanation in har-
mony with the results of Johannsen and other investigators.

To Muller, Johannsens' work had "proved the constancy of a great many

gene 'at one blow' -- namely, of all the genes appreciably concerned

in seed size."
41

Muller's own work (with Drosophila) likewise pointed "to the con-

clusion that the vast majority of genes" were "extremely constant,"

in no known case do the variations of a gene among, let us
say, several thousand immediate decendants of the individual
possessing it, form a probability curve, as neo-Darwinians
might perhaps suppose, nor even are any cases known where
genes can undergo frequent changes that may vary at all in
kind or amount or occur successively.

Thus, to Muller, Castle's and Phillips's conclusions were entirely

unwarranted and he proposed to offer an explanation which did not

"require the assumption that a gene or genes involved change

39
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comparatively frequently and successively, but which assumes a sorting

out of numerous factors."
42

It was possible to explain the results reported by Castle and

Phillips by the multiple-factor hypothesis if it was assumed that "The

strain of hooded rats . . . [used] was probably a hybrid between two

races of rather remote relationship." It was further to be assumed

that the character for "hoodedness" was in the class of characters "in-

fluenced by relatively many genes," and that "the ancestral hooded rats

used by Castle and Phillips were the descendents of a cross involving

many genes for that character."
43

Thus such a cross would result in

various combinations of these "many genes" appearing as "a large num-

ber of overlapping phenotypes among the progeny." And the more factors

"for which a population is heterogeneous" that were involved, the greater

the number of different "grades of intensity" were possible. "The number

of generations during which effective selection" was possible depended

"on the number of factors concerned," as well as the "rigor of selection"

and the amount of inbreeding used.

Muller criticized Castle and Phillips for apparently making no

attempt at brother-sister inbreeding (they had reported none). Had they

done so, homozygosity would have been increased much more rapidly.

The fact that the individuals they had mated were often more distantly

related than brother-sister tended to "keep the strain heterozygous"

and often resulted in "steps backwards" so far as homozygosity was con-

cerned. This explained, he thought, the slow, "but long-continued and

42
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eventually large effect of selection in Castle and Phillips's experi-

ments . . .

.44

The return selection reported by Castle and Phillips also was

explainable on the modifying gene hypothesis. Muller explained that

because, even after a number of generations of selection, there was

still heterozygosity in the strains of rats for the modifying genes,

there also was still "a good chance for recombination and an alter-

ation in the race could therefore be produced by further selection or

by return selection."
45

Having thus soundly criticized the explanation of their results

offered by Castle and Phillips, as well as their scientific technique,

Muller closed his article with an attack of a different nature. The

hypothesis proposed by Castle and Phillips must have been made "in a

spirit of mysticism," Muller said. And regarding their suggesting

"that the genes may undergo contamination," he wrote:

To thus suppose that independent genes fuse or induce
changes in one another, merely because they happen to pro-
duce similar end effects upon the organism, and in spite of
the fact that they usually lie in different chromosomes and
are apt to differ from each other as much as do other genes,
is utterly teleological"

It seems that better words hardly could have been chosen to arouse

Castle's anger, if that was his intent. But Muller's statements also

serve to indicate the hardening of the two sides taking place in their

opposition to each other.

A reply was not long in coming. The January American Naturalist

44
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carried Castle's article (written the previous October), "Mr. Muller

on the Constancy of Mendelian Factors." Muller's rejection of the

hypothesis that "the chief genetic factor concerned may be undergoing

quantitative variations" was unwarranted, Castle wrote. "Appeal to

the work of Johannsen with bean-size to show that our conclusions con-

cerning color pattern in rats are incorrect is illogical because the

cases are not parallel." According to Castle, Johannsen's work involved

"blending inheritance" and no "unit-character, either constant or in-

constant, [had] been shown to exist."
47

Muller's statement that there was no known case where the "vari-

ations of a gene" formed a "probability curve" (see above p. 174) was

quite a safe one, Castle said, since "no one . . . claims ever to have

seen a 'gene' or to have measured it." But if for gene was substituted

"visible character" there was none known which was not "quantitatively

variable."

Castle adduced as evidence some work being done in his own lab

on the wing-length of Drosophila. He had been "kindly supplied" by

Professor Morgan with a culture of "vestigial" flies. The wing-length

of 166 of these had been measured. Most of them were between 30 and

44 "ocular micrometer units" in length, the entire series varying be-

tween 25 and 69 units and forming "a pretty good probability curve."

Castle than asked:

Does the "gene" vary or are we dealing also with additional
modifying "genes"? We are confronted here with the same
problem as in the case of the rats.

His rat experiments had shown "even to Mr. Muller's satisfaction" that

47
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the variations observed were "in part due to genetic causes. . ."

Could it safely be assumed, Castle asked, that the variation in wing-

length was only "phenotypic" in the absence "of all experiment?"48

The "fundamental" nature of Muller's "constancy of factors" was

open to serious question, Castle thought. When did such a principle

become "fundamental," by whom was it "established," and "on what evi-

dence?" One could look in vain for such a "principle" outside of

Johannsen's" 'Exakten Erblichkeitslehre' (or its imitations)."

and when we inquire as to the experimental basis of the prin-
ciples in question we are met with the satisfied reply,
"Johannsen's beans." What a slender basis and what and [sic]
absurd one from which to derive the "fundamental principle"
that Mendelian factors are constant! Yet to date this case,
which admittedly involves no clear Mendelian factor, is the
only evidence worth mentioning in favor of the constancy of
Mendelian factors! Do biologists take themselves seriously
when they reason thus? Certainly no one else will long take
them seriously.49

The criticisms which Muller had made regarding the origin of

Castle's hooded rats and the lack of brother-sister inbreeding were

also unwarranted, Castle wrote. Full pedigrees of all the rats were

available for study "at any time" to anyone interested in doing so.

Referring to the results of selection among the rats extracted from

a cross of a hooded with a wild rat (see above, p. 168), Castle asserted

that very close inbreeding had been rigidly adhered to for eight gen-

erations and 804 offspring had been thus produced. Furthermore,

this series had been entirely derived from "a single hooded individual!"

Yet this series had shown "a remarkably close parallel, generation by

48
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generation, to the progress of selection in our plus series as a whole."

Thus, as far as Castle was concerned, the modifier hypothesis alone

was not adequate to explain the results he and Phillips had obtained.

In December of 1915 Castle published the results of four more gen-

erations of selection with his rats. At the same time he severely

criticized Raymond Pearl's (1879-1940) work with Barred Plymouth Rock

chickens.5° Pearl had selected for increased winter egg production in

these fowl and had concluded that his results did not

afford one iota of evidence that through the process of sel-
ection the hereditary determiners of fecundity either have
been or can be changed. All that the selection has done,
so far as we have any evidence, is to change the constitution
of the population in respect of fecundity genotypes. There
is no evidence that the genotypes themselves have been
changed.51

Pearl concluded, furthermore, that "a careful study" of the work of

Castle and Phillips had left him "with the feeling" that their experi-

ments likewise proved no more than had his: "namely that the composition

of a population may be altered by selection."
52

Castle was less than happy at having his work lumped with Pearl's.

The character for which Pearl had selected was "very poor material on

which to base an experimental test" of the effects of "mass selection."

It could not be tested in males at all, since they laid no eggs. Further-

more, as Pearl had himself pointed out, it was particularly susceptible

to influence by the environment. Castle did not think Pearl had shown

50
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this character to be due to a Mendelizing factor. And since Pearl

had reported only whether a pullet had "laid more or less than 30

eggs in its first winter," it was impossible for any one else to "form

an intelligent opinion as to whether Mendelian factors are involved." 53

It appeared to Castle that any differences observed by Pearl could

be largely attributed to "the better environment and lessened com-

petition" resulting from the selection experiment itself. Furthermore,

since the gains made were only during the period from 1908 to 1915 it

appeared that only three selections could have been made involving a

total of 1,655 individuals. This was not at all comparable to his

own work, Castle thought.
54

By this time seventeen generations of selection had been completed

by Castle involving 33,249 individuals. In the plus series (reporting

only for sixteen generations) the mean grade of all offspring had been

increased to 4.13. In the minus series, the mean grade of all offspring

had been reduced to -2.70.
55

While Pearl had found no individual of

greater fecundity as a result of selection than the best hens of the

flock before selection had been begun, Castle's entire plus series had

been altered so that "no individual" fell within "the original range

of variation."
56

And while in 1914 Castle and Phillips had been "conservative about

asserting a change in a single Mendelian unit-character" to be the

53
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explanation of their results, that was no longer necessary.

All the evidence we have thus far obtained indicates that
outside modifiers will not account for the changes observed
in the hooded pattern, itself a clear Mendelian unit. We
are forced to conclude that this unit itself changes under
repeated selection in the direction of the selection; some-
times abruptly, as in the case of our "mutant" race, a
highly stable plus variation; but much oftener gradually,
as has occurred continuously in both the plus and the minus
series.57

Castle's new-found certainty was based on solid experimental evi-

dence. Rats from the plus series of average grade 3.45 had been crossed

with wild rats and the hooded character recovered in the F2. The

average grade of the 75 hooded individuals thus produced had been 2.89.

Castle reasoned that if he crossed those rats with wild ones and again

extracted hoodedness in a second F
2
generation, he should obtain rats

of even lower grade if the modifier hypothesis was correct. (In other

words the effects of selection should be "undone" and "ultimately the

extracted hooded race should return completely to its original modal

state, the zero grade.")

But in this second cross Castle obtained 265 hooded offspring

with a mean grade of 3.33. The second F
2
had regressed back nearly

to the mean of the original animals (3.45) used to begin the experiment.

For Castle this result was clearly indicative of

. . . the untenable character of our provisional hypothesis
to explain the altered grade of hooded rats under selection
and crossing, by invoking the action of independent modifying
Mendelian factors. . . . It seems rather that the hooded char-
acter, which is a mosaic or balanced condition of pigmented
and unpigmented areas, is slightly unstable. It oscillates
regularly about a mean condition or grade, these oscillations
being not phenotypic merely but in part genotypic so that

57
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selection brought to bear upon them is immediately and con-
tinuously effective.58

Thus, for Castle, the experiment had vindicated his viewpoint.

There was no more ground for the "assumption that the germ-plasm never

changes" than there had been "for the idea of the unchangableness of

species, . . . Large germinal changes ('mutations') sometimes" oc-

curred. Why should not "minor germinal changes?" Castle was sure his

work had established both "their existence and their importance in

evolution."
59

Early in 1916 Pearl had the opportunity to defend himself against

Castle's "vigorous attack" on his work. Having defended both his

methodology and conclusions against Castle's "damning indictment,"

Pearl concluded his defense by getting to the real issue as he saw it:

The whole fact of the matter is that the assertion that
selection per se causes changes in the germ plasm, is a
wholly new addition to the classic Darwinian selection theory,
tacked on quite inadvertently, I believe, by some of the modern
exponents of that theory.

In fact, Pearl pointed out, one of Darwin's chief problems with his

theory had been the lack of knowledge regarding the cause of the

"variations which selection preserved." And if selection was not the

cause of new variation, all it could do was "to change the germinal

constitution of a race or population by preserving those individuals

in which new variations have appeared, and multiplying them." Pearl

had indeed found the real issue: Darwin had never said natural sel-

ection could cause variation, only that it accumulated adaptive vari-

ation. That was the creative force of natural selection. Yet Castle

58
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seems to have been asserting more. He may best be understood as react-

ing to the host of writers that had claimed natural selection acted

only as a "sieve which weeded out the unfit."
60

In his selection

experiments something had happened, and it appeared to be a change

in the unit-character for hoodednes. Furthermore selection appeared

to have caused it. Castle's argument was for the efficacy of sel-

ection, however mistakenly he phrased it at this point.

Castle replied in the April American Naturalist. He did not claim,

he said, to know whether the relationship between variation and sel-

ection involved "causation." That was "a question for the logicians

and methodologists, of whom I am not one. As to the fact our rat ex-

periments leave no doubt."
61

He went on to point out some of the numerous examples of improve-

ment of wild stock accomplished by the artificial selection of the

breeder.

It is impossible to escape the impression that our improved
domestic varieties are not mere factorial recombinations de-
rived from wild species, but that they have been forced up
to a higher standard by repeated selection; . . . Thus it is
no accident that the meat and milk and wool producing capacity
of our domestic animals far exceeds that of any wild ancestral
species. The standard in each case has been raised and it
has not been raised by a single lucky accident (the mutation
view), but by a series of slow advances each impossible until
a previous advance had been made.

If all this was so, it was not necessary to "quibble about 'causation,'

but we may assure ourselves that if we wish to attain a distant goal,

60
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the first thing to do is to make for intermediate points."
62

Castle's

argument was practical and empirical in nature. He had seen what sel-

ection could do and he was not to be dissuaded by a priori assumptions

and the multiplication of theories.

Later that year Castle published the entirety of his data for the

first seventeen generations of selection.
63

But we have already seen

the main results and his conclusions; it is not necessary to enter

into more detail here.

In December of 1916 E.C. MacDowell published an extended criti-

cism of the conclusions of Castle and Phillips. In many pages, what

he essentially did was to show that there had been both a decrease in

variability and in the rate of advancement during the course of selec-

tion.
64

These findings suggested to MacDowell an increase in the

homozygosity of modifier genes, rather than Castle's interpretation.

But MacDowell did not mention the latest publication of Castle's data,

nor did he acknowledge the new experimental crosses which had been made.

Castle replied with an article consisting largely of extensive

quotes from his Carnegie Institution publication of 1916. These included

most of the sections on the extracted crosses and the further crosses

in the mutant race. Castle concluded that this new evidence had led

him to "reject the hypothesis formerly held tentatively that modifying

62
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factors were largely concerned in changes produced in the hooded pat-

tern of rats under repeated selection." There was only one "consistent

interpretation" of these facts for Castle:

that a single variable genetic factor was concerned in the
original hooded race, that a changed condition of this same
factor was produced in the minus race, and another changed
condition in the plus race, and a third appeared in the mu-
tant race. All are allelomorphs of each other, and of the
non-hooded or self condition found in wild rats, yet all
tend to modify each other in crosses. The character has a
high degree of genetic stability, yet is subject to contin-
uous genetic fluctuation.65

Castle's thinking had crystallized and he had produced a coherent,

internally consistent hypothesis to explain his results. It was now

possible to make observations which would settle the issue.

While Castle had been tending his rats and battling his critics,

problems had begun to develop in the "pure-line" camp. Firstly, Gary

N. Calkins (1869-1943) and Louis H. Gregory (1880-1954) had found ap-

parently heritable variations in both size and conjugating ability in

pure lines of Paramecium caudatum. Castle had been pleased by these

findings and cited them as affording "material for selection to act

upon with effectiveness, even within the supposed pure line."
66

But

Jennings later pointed out that Calkins and Gregory had not taken the

precautions necessary to keep the "culture medium uniform." Thus

the variation they had observed could be attributed to that omission.
67
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While these findings had begun to cast doubt on pure-line theory,

it was the work of Jennings himself which led many to alter their

opinion. Jennings did extensive work with a shelled rhizopid,

Difflugia corona, in which he selected within pure lines for spine

number. His extensive results in one family, involving 34 successive

fission generations and nearly 5,000 individuals all descended from a

single parent cell, showed conclusively that selection was effective

in a "pure-line." The differences obtained in the two strains (selected

for high and low number of spines) remained intact even after relaxing

selection for 76 days (or about 11 fission generations). Thus Jennings,

whose work with paramecia had been so important in bolstering

Johannsen's findings, came into Castle's camp.
68

This appears greatly

to have strengthened Castle's position regarding selection.

Mutation Theory also was encountering difficulty largely due to

the work of B.M. David (1867-1953) and R.R. Gates (1882-1962) between

1909 and 1916. Summing up these findings in his textbook of 1916,

Castle wrote:

Oenothera Lamarckiana is best interpreted as an impure or
hybrid species which only breeds true in a relatively high
degree because of extensive sterility, which eliminates large
numbers of gametes and zygotes that differ form the germinal
cells which reproduce the Lamarckiana type. The "mutants"
come from occasional seeds of different types that survive
the heavy mortality which renders sixty per cent or more
of the seeds infertile and about fifty per cent of the pollen
grains abortive. If this is the correct explanation of the
peculiar breeding behavior of Lamarckiana, this plant is very
far from being representative of a pure species, as De Vries
assumed it to be, and is hardly suitable for experiments

68
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designed to give evidence of mutation.
69

Thus the alliance of Mutation Theory, Pure-Line Theory and Mendelism

against which Castle had been fighting was on the wane. This had

come about partially because of the agitation caused by Castle, but

was also happening because the Pure-Line and Mutation theories were

themselves problematic.

We have seen that initially Castle was not opposed to a modifying

gene (multiple factor) hypothesis for the explanation of his results.

But he rejected it, at least early on, because it was allied to the

genotype theory of heredity which appeared to deny the efficacy of

selection. The hypothesis upon which he finally settled appeared (to

him) to be built upon and demanded by his results. But as many of

his former opponents began to accept selection as an important force

in evolution the battleground shifted. No longer was selection the

issue, but rather the mechanism or basis for the observed results of

selection.

The state of the conflict was well summarized by Castle in a paper

presented to the Washington Academy of Sciences in April of 1917.

Castle began by noting the "disrespect" which "Darwinian selection" re-

ceived from most biologists. But, he pointed out, it wasn't really

selection which was under attack, but rather "one of Darwin's views as

to the nature of variability." Darwin had recognized two types of

variability. These were variations "which are purely quantitative"

69
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or"fluctuations," and those called by Darwin "sports" but known since

De Vries as "mutations." The real question, according to Castle, was

the place of fluctuating variability in evolution. "Darwin assigned

to the selection of fluctuations a major part in evolution, De Vries

assigned to it a minor part, and Johannsen allows it no part in

evolution."
70

Castle did not find Johannsen's differentiation of genotype from

phenotype particularly helpful. Since it was possible to distinguish

between them only by "actual experiment," the terms "genotype" and

phenotype" were only "a new set of synonyms for inherited and non-

inherited, a thing for which there is no urgent need." The "apparently

contradictory views held at present concerning selection" were largely

the result of confusion resulting from attempts to "combine the classif-

ications of variations" made "by Darwin, by De Vries, and by Johannsen."

Castle believed there really was "no diversity of view concerning sel-

ection but only concerning the nature of the material that it acts

upon (viz., variations)."
71

Further confusion had entered because Morgan had found simple

unit-character changes in Drosophila and called such changes "muta-

tions." But it was obvious that "Morgan's use of the term mutation

is very different from that of De Vries, its originator." Further-

more, Morgan had attempted to combine his conception of mutation with

70
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Johannsen's genotype conception. The result was that Morgan regarded

"unit-character variations as the only kind of genotypic variations

and these as fluctuating (if at all) only through the interaction of

other unit-characters, each one by itself being incapable of fluctua-

tion."
72

It must be noted that Morgan's formulation was based upon data in

Drosophila obtained with the use of keen analytical tools which

he and his students had developed. With these tools they had identi-

fied whole series of mutations in a single character like eye color.

They could identify the locus responsible for the observed change in

character and its location on the chromosome. Furthermore, they could

do the same with modifier genes and identify their specific effects.

The choice of the term "mutation" may have been confusing, but the

theoretical construct was very firmly based. And while Morgan's

methods may appear sterile compared to Castle's rich breeding tradition,

when similar analytical methodology was applied to test Castle's hy-

pothesis, its observational basis was proven inadequate.

Thus by 1917, the lines were clearly drawn. Castle thought his

results best explainable on the hypothesis that the unit character for

hoodedness fluctuated in both negative and positive directions and

selection in either direction allowed those fluctuations to be added

to each other. The alternative view was that the apparent fluctuations

came about as a result of independent modifiers which interacted with

the character for hoodedness. Castle was sure that his results and

those of animal and plant breeders in improving stock showed his

72
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view to be correct. In that sense, then, it was proper to say that

selection was the "cause of further variation in the direction of sel-

ection and so an agency in the progressive evolution of a new type."
73

The evidence necessary to show which view best explained Castle's

data was soon forthcoming. The "crucial experiment," suggested by

"Dr. Sewall Wright," involved extraction of the hooded character from

crosses with wild rats in the minus series (as had already been be-

gun in the plus series). The reasoning involved was as follows:

It was believed that if multiple modifying genes were in-
volved, repeated crossing with a pure third race would
tend to remove these, in which case the extracted hooded
character being deprived of its plus modifiers would be
substantially identical with the hooded character de-
prived of its minus modifiers, as seen respectively in
hooded recessives derived from the plus and from the minus
crosses.74

Having already extracted the plus series hooded character twice in

crosses with wild rats, yet a third extraction was completed. The

third cross resulted in the mean grade of the offspring dropping from

3.34 (in the second F2) to 3.04 in the third F2.

Similar crosses of rats from the minus series had, after some

unspecified difficulties, gotten underway. The results were decisive.

Beginning with animals of the 16th generation of average grade -2.63,

three crosses had been made. In the first, 121 hooded offspring had

been obtained in the F
2
with a mean grade of -0.38. When these were

crossed with wild rats and a new F
2

generation obtained, 49 hooded in-

dividuals had resulted. Their mean grade had risen to 1.01. When

these were crossed for yet a third time with the wild strain and yet

73
See Castle's discussion in ibid., pp. 378-386.

74
Castle, "Piebald Rats and Selection, a Correction," p. 370.
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a third time the hooded recessive was extracted, 104 hooded individuals

were obtained with an average grade of 2.55.
75

And one family in

this group, consisting of fourteen "thrice extracted hooded indi-

viduals" had an average grade of 3.05.

Thus it appeared to Castle

that three or at most four crosses with a wild race suf-
fices to obliterate all the racial differences which had
been induced by ten generations of selection in the case
of the plus race and sixteen generations in the case of
the minus race.

"It thus becomes clear" he went on, "that the changes which had oc-

curred in the hooded character as a result of selection were detachable

changes and are probably in nature independently inherited modifying

factors." While he and Phillips had offered this as a possible ex-

planation for their results in 1914, Castle had "not been satisfied

with this conclusion in advance of a really crucial experiment."

But, he believed that had "now been performed."
76

Apology for his "obtuseness in not reaching a similar conclusion

sooner" would be in order, Castle thought, if he did not recall with

such "satisfaction how much clearer the role of selection now stands

revealed than it did when these experiments were begun." What Castle

had fought against was the misapplication of Johannsen's conclusions

which should logically have been limited "to such organisms as he

studied." But geneticists had "straightway extended" this doctrine

"to selection of every sort and he was treated as a traitor to Mendel-

ism who saw any utility in selection.

75
See Tables I and II in ibid., p. 372.

76
Ibid., p. 373.
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But, Castle went on, "the situation is wholly different to-day.-
77

That selection was "an effective agency in producing racial changes"

was no longer questioned as it had been "ten years ago."

The only question now at issue is whether the single gene
is changeable. I am inclined to think . . . that while
single genes do occasionally change producing multiple
allelomorphs, a much more common occurrence is change
in visible characters through modifying factors.78

Castle had acquiesced. His critics had been correct, and his own ex-

periment had proven it. But while it was he who gracefully acknowledged

"wrong," it appears to me that it was Castle who had won; his battle

had been for a place in evolutionary theory for selection. That very

few would any longer have denied.

The question must be asked, why had Castle made such a mistake?

I will discuss this question in some detail in the next chapter, but

I would like to clarify two points now. One historian has placed his

account of Castle's selection experiments in the context of what he

called "The Unit Character Fallacy," and its "Demise."
79

According

to this author, Castle's mistake resulted entirely from his confusion

of the external manifestation of a character and its internal cause.

That this is partially true is unquestionable. There was confusion

over the idea of the unit-character and Castle shared in it, as his

own words show:

By unit-character was understood (1) any visible character of
an organism which behaves as an indivisible unit in Mendelian

77
Ibid., p. 374.

78
Ibid., pp. 374, 375.

79
See Carlson, A Critical History of the Gene, pp. 23-38.
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inheritance and (2) by implication, that thing in the germ-
cell which produces the visible character.8°

And this confusion may indeed have contributed to Castle's early con-

clusion that unit-characters were modifiable as he observed visible

characters being apparently changed in crosses. But it is clear that

the controversy over modifiers vs. changed genes was not based on this

confusion.

Selection was observed to change a visible character in rats.

This visible change was evidence that something was happening in the

germ-plasm; with that everyone agreed. But was this something the sort-

ing out (or increasing of homozygosity) of certain modifying genes,

or a change in the gene for hoodedness itself? That was the question.

And since the visible change was the only evidence for either hypoth-

esis, either was plausible. To which hypothesis one adhered depended

upon other considerations; these mostly involved one's opinion of Mu-

tation Theory, the Pure-Line or Genotype conception of heredity and

selection itself.

Since Castle believed in the efficacy of selection (in more than

one way, as I shall show), and had little regard for the views of

de Vries or Johannsen, it was good science to choose the simplest ex-

planation possible. Thus he chose the explanation that a single gene

had been changed. By no means was this choice the result of a simple

confusion, however.

The second question needing clarification is what did Castle at-

tribute to selection? The answer seems to involve two different things.

80
See. W.E. Castle, "Piebald Rats and the Theory of Genes," Pro-

ceedings of the National Academy of Sciences, 5(1919):127.
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One was the "cumulation of fluctuating variations" in the Darwinian

sense. But Castle also appears to have attributed to selection the

modification of the Mendelian unit-characters (see, for example, pp.

159 and 163 above). This is perhaps most obvious in his assertion

that "It seems . . . quite improbable that the plus mutation could

have arisen in the minus selection series." And his further statement

that "the repeated selection which was practised had something to do

with inducing this change in the plus direction."
81

It is difficult to explain Castle's clear statements otherwise,

yet it is difficult to explain what he meant by them as well. He does

not offer a mechanism for the modification of the germ-plasm by sel-

ection. But he does assert that it happens. I believe his critics

understood him this way also, and further that some of the severe

statements made about his conclusions stemmed from that understanding.

Muller's use of the words "mysticism" and "teleogical," though hardly

merited, are at least explicable if that is how he understood Castle.

(It is pertinent to point out that Pearl, too, accused Castle of "mysti-

cism.") To his critics it appeared that Castle was arguing that the

physical act of selecting individuals for mating had somehow changed

the germ plasm. How else could selection be said to "cause" variation?

But by the time Castle had formulated a really clear hypothesis

to explain his results (see above, p. 149), he seems also to have sorted

out his confusion on selection. From then on selection was thought by

him to be causative only in the sense that it accumulated variations

in the direction of the selecting agency's choice. For example, as

81
Castle and Phillips, Piebald Rats and Selection, p. 31.
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selection was practised in a population of rats for increased pigmen-

tation, each generation could display an incrementally larger amount

of pigment as a result of the additive effects of selection on pre-

vious generations. Thus Castle's work seems to have been instrumental

in clarifying the role of selection for him as well as for others. In

fulfilling that special need, these experiments seem outstanding in

their historical importance. In the conclusion of this chapter I turn

now to Castle's conflict over the linearity of the chromosome.

Castle and the Linearity of the Chromosome

The words of William Castle, read before the National Academy of

Sciences on November 18, 1918, must have been (at least) a surprise

to those assembled. He had begun his paper discreetly enough: "Every

biologist is familiar with the remarkable discoveries of Morgan and

his associates concerning the germ-cells of Drosophila." Reviewing

the facts of "linked inheritance" Castle had gone on to iterate Mor-

gan's explanation of these facts: "what binds or links two characters

together is the fact that their genes lie in the same body within the

cell-nucleus. Such bodies he supposes are the chromosomes." With

this supposition Castle had no argument, "the evidence for this con-

clusion is very strong," he said. But Morgan had further suggested

the genes within a given linkage system to "have a very definite and

constant relation to each other. He supposes their arrangement to be

linear."

It was here that Castle wished to take issue with Morgan.

That the arrangement of the genes within a linkage system is
strictly linear seems for a variety of reasons doubtful. It
is doubtful, for example, whether an elaborate organic molecule
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ever has a simple stringlike form. Let us, therefore, examine
briefly the evidence for or against the idea of linear arrange-
ment of the genes.82

Genes "lying in the same chromosome" could be closely linked or less

so, depending on their distance from each other. Morgan had proposed

that a measure of the distance between two genes was "the percentage

of cross-overs between them."

This term, cross-over, Castle went on to explain as follows:

If two genes, A and B, enter a cross in the same gamete and
emerge from it in different gametes, one of them has evi-
dently crossed-over from the chromosome in which it lay to
the mate of that chromosome (all chromosomes being paired
prior to the formation of gametes). Likewise if the two
genes, A and B, having entered a cross separately (being
contributed by different parents), later emerge from the
cross together, it is evident that one of them has again
crossed-over so as to lie in the same chromosome as the
other.

One could determine the distance between genes by their "readiness" to

cross-over because "the percentage of cross-overs between genes" was

"proportional to the distance between them." These assumptions were

a useful hypothesis because one could predict cross-over values from

a knowledge of other such values "with a fairly good degree of ac-

curacy.
n83

But Castle had found what he perceived to be a serious flaw in

this argument as he had perused Morgan's data.

If the arrangement of the genes is strictly linear, so
that A, B, C, etc., lie in a straight line, then it should
be possible to infer the distance AC, if the distances AB
and BC are known, since AC = AB + BC.

But in fact this almost was never the case, especially between "genes

82
W.E. Castle, "Is the Arrangement of the Genes in the Chromosome

Linear?," Proceedings of the National Academy of Sciences, 5(1919):25, 26.

83
Ibid., p. 26.
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remote from each other." Their distances apart as determined experi-

mentally were shorter than the addition of distances for genes inter-

mediate between them indicated they should be. To explain this Morgan

had adopted "subsidiary hypotheses" such as "interference, double

crossing over, etc."
84

The data upon which Castle based his criticisms were taken from

the 1916 publication of Morgan and Calvin B. Bridges (1889-1938) pre-

senting a map of the X-chromosome in Drosophila. Included on this

map were 29 mutations known to be located there with their relative

distances from each other.
85

It important to recognize that this paper

presented a composite of all the experimental crosses made with these

various mutations over the four years since the first one had been

discovered.
86

Thus the data presented were not all from a single

experiment.

The data of Morgan and Bridges were used by Castle to construct

a "graphic representation of the relationships" between the genes with-

out the assumption of linearity. "Small rings of wire" represented

the gene loci, the connections between them were indicated by pieces

of wire. The length of the wire in inches was the cross-over

84
Ibid.
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T.H. Morgan and C.B. Bridges, Sex-Linked Inheritance in Droso-

phila, Carnegie Institution of Washington Publication No. 237 (Washing-
ton, 1916), see Diagram I, p. 22.
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definitive version is found in Garland E. Allen, Thomas Hunt Morgan.
The Man and His Science (Princeton: Princeton University Press, 1978),
pp. 148-179.



198

percentage between the two loci, as reported by Morgan and Bridges.

Thus "between white and vermillion the cross-over percentage is 30.5.

Accordingly the connecting wire in this case is made 30.5 inches

long." The resulting reconstruction appeared (to Castle) "in the

form of a roughly crescentic plate longer than it is wide, and wider

than it is thick."
87

It was open to question whether his model represented "the actual

shape of the chromosome" or was "only a symbolical representation of

molecular forces." What was important was that it was a "truthful

representation of actual relationships." Because of it, Morgan's

theory had to "be somewhat modified." The linearity of the chromosome

was not acceptable "without proof, which at present is lacking." And

without that assumption, Morgan's "other secondary assumptions" were

"likewise unproved" and "superfluous."

Not content with this attack, another paper was communicated by

Castle to the Academy in December. Having shown that the "arrangement

of the genes in the sex-chromosome of Drosophila ampelophila is probably

not linear" he now had built a model of eight sex-linked characters

in Drosophila virilis.
88

A serious criticism of Morgan's system for Castle was the neces-

sity of a linkage group being longer than 50 map units when all the

distances observed were added. The particular chromosome in question,

when represented as linear, was more than 80 units long; but the

87
Castle, "Is the Arrangement Linear," p. 28.

88
W.E. Castle, "The Linkage System of Eight Sex-Linked Characters

of Drosophila Virilis (Data of Metz)," Proceedings of the National
Academy of Sciences, 5(1919):32-36.
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longest distance between any two genes determined experimentally

had been 47.3 units. A positive feature of Castle's model was the

elimination of the paradox created by a chromosome more than 50

units long when the "maximum possible cross-over percentage" was

50.

With his model it was possible also to predict by direct measure-

ment the distances between genes which had not been ascertained by

experiment. This Castle did for three pairs in a footnote at the

end of his brief article. The "cross-over percentage between magenta

and hairy will be about 4 or 5" he predicted; that for the "frayed-

forked" pair would lie "between 39 and 41" and for the "frayed-glazed"

pair it would be "between 43 and 46." These predictions were, of

course, subject to the need that the "relations [for the known gene

distances] have been determined with sufficient accuracy."
89

Castle had questioned a fundamental hypothesis in the rapidly

expanding chromosome theory of inheritance which Morgan and his

students (now mature Ph.D. researchers themselves) had formulated.

It is very curious to me that he challenged this group at this time.

In only two months he was to present his "recantation" to the Academy

on his hooded rat selection experiments.
90

He must already have known

the results he was about to publish. Morgan's prestige was in its

ascendancy and to challenge him, if proven wrong, would be suicidal.

Yet Castle, if you will, threw down the gauntlet.

89
Castle's model is diagrammed in ibid., pp. 34 and 35; his foot-

note from which I have quoted appears on p. 36.

90
This was communicated February 26, 1919 and appeared in the

April Proceedings. See footnote 80, above.
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What followed was something of a rout as not only Morgan, but

Bridges and Alfred H. Sturtevant (1891-1970) took up the challenge.

They communicated a paper to the Academy in April of 1919.
91

Their

reply was almost stark in its simplicity. Castle had proposed a

three-dimensional chromosome model, giving as his only reason his

doubt that "an elaborate organic molecule ever has a simple string-

like form." But, his suggestion that "chromosomes are organic molecules"

was

probably not intended to be taken seriously. The further
argument, that organic molecules probably never have a
simple string-like form, is scarcely to the point, for
chromosomes do have a thread-like form.92

As for Castle's use of their data, "these data" were from "sev-

eral different sources." And they had frequently pointed out "that

crossover values are subject to variation, due to genetic factors,

to environmental causes, or to differential viability." In one of the

specific cases Castle had criticized, for example, "strictly comparable

data can be obtained only from experiments in which all three loci

are followed at the same time." The summary given by Morgan and Bridges

had not included such an experiment for those loci.

The loci used by Castle for illustration were "yellow," "white,"

and "bifid." The values from Morgan and Bridges for crossovers between

these genes were: yellow-white, 1.1; white-bifid, 5.3; yellow-bifid,

5.5. Castle had pointed out that "no one of the three values is either

the sum or the difference of the other two." But, Sturtevant, Bridges

91
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and Morgan pointed out, other data were in print for those same three

loci in "papers which were known to Castle." In those crosses, the

distances reported had been: yellow-white, 1.2; white-bifid, 3.5; and

yellow-bifid, 4.7. These crossover values were "strictly comparable

with each other."
93

These distances, and others very similar to them, for loci in-

volving "only short distances" constituted a very good argument for

the linearity of the chromosome. The relationships between the three

loci given could be represented only by a straight line because the

"sum of the smaller values" was "exactly equal to the larger one."

And since there was a whole series of such, made up of "successive

overlapping sections" each of which was linear like the three given,

"the whole X-chromosome must be represented as a straight line."

Castle's argument against map distances greater than fifty con-

stituted a "curious syllogism" to Sturtevant and his associates. It

depended entirely on his definition of linkage as being "less than

50% crossovers." The reason crossover values significantly greater

that fifty had "never been found" was the "frequency of double cross-

overs." They could see "no a priori reason to suppose that crossover

values greater than fifty are impossible."
94

By closer examination of Castle's model and the data upon which

it was based, it was possible for Sturtevant, Bridges and Morgan

to correct the values for several loci. (Some of the corrections in-

volved mistakes reported by Morgan and Bridges.) When this was done,

93
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the three dimensional figure of Castle could be reduced to "a curved

line lying in one plane."

A careful examination of the data thus shows that a single
plane suffices for the representation of the loci dealt with
by Castle. Within this plane the positions of the remaining
loci fall, in Castle's figure, roughly into a single curved
line. . . . The arrangement of the genes is thus approxi-
mately linear, but the line is curved instead of straight.95

And the only reason for the apparent curvature was "the phenomenon

of double crossing over." This could lead to a given locus appear-

ing to be "in two positions at the same time" when data from crosses

involving only a short section were compared with data from crosses

involving a longer one.

Castle had taken the non-additive nature of the data from cross-

over experiments and made too much of it. The model which the Morgan

school had developed was too well established to be seriously challenged.

What Castle had accomplished was a close look at the data on the part

of Morgan, Bridges and Sturtevant, and the correction of some mistakes

which had been made. But I can find no evidence that anyone besides

Castle seriously questioned the basic premise that the chromosome was

linear. At least after his challenge it could no longer be merely

assumed.

The arguments presented by Sturtevant, Bridges and Morgan were

not convincing to Castle, and once again he went into print over the

issue. In a paper communicated to the National Academy in August of

1919, Castle reviewed his reasons for doubting the hypothesis of

linearity. He then invited "Morgan and his associates" to give

"serious" consideration to his likening of the chromosome to an organic

95
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molecule.
96

The main point upon which Morgan and his associates had dwelt

in their defense was the reliability of the data which Castle had

used in constructing his model. These data were from Table 65 in

Morgan and Bridges's 1916 publication. They had based their own

chromosome map upon it, and Castle had shown "conclusively" from the

same data that "the arrangement of the genes can not possibly be

linear."

No alternative is therefore left to Morgan and his associ-
ates except either to repudiate their Diagram I [a map of
the X-chromosome] or to repudiate the data on which that
diagram was ostensibly based. They choose the latter
alternative.97

The only data Morgan was now willing to use was that based on the

"simultaneous observation of all three loci" in question. To Castle

this had eliminated some difficulties only to introduce others.

In their correction of the white-yellow-bifid group data, for

example, Morgan and his associates had neglected the "doctrine of in-

terference" (i.e. when a crossover occurred in a given region of a

chromosome the likelihood of another occurring in the same region was

reduced). By neglecting this principle, according to Castle, the dis-

tance between yellow and bifid (4.7) was too small. If corrected for

interference, the larger crossover value resulting "would again put

the three genes out of line."
98

96
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As far as Castle was concerned these authors had "failed . . . to

establish their linear theory in the case of the three genes yellow,

white and bifid." They also had needed to suppress "nearly 90% of

the authoritative observations" on the loci to revise their numbers.

Besides, from their Table 65, Castle had obtained other crossover

values for the yellow, white and bifid loci and other genes (namely,

vermilion, miniature, rudimentary and forked). These other crosses

provided "independent evidence" that it was impossible for bifid,

yellow and white to "lie in a line."

The fact that Morgan and his associates thought it possible for

"cross-over values greater than 50%" to occur amazed Castle.

For my part, I can not conceive of a mechanism which would
tie two genes together in such a way that they will sub-
sequently separate from each other oftener than they will
remain together, yet this is what the idea of cross-overs
in excess of 50 per cent amounts to.99

They had contended this possibility because of the summation of shorter

distances necessitated by their linear hypothesis.

In his conclusion Castle again sniped at the double crossover idea.

If three genes were not imagined to lie "in a straight line" this no-

tion had "no meaning." Thus it was a "secondary hypothesis needed

to help out the hypothesis of linear arrangement . . . [and] it can

not be cited as proof of that hypothesis, which must stand or fall on

its own merits." Castle admitted that there was no "a priori" reason

"why two or more breaks should not occur simultaneously in different

parts of a linkage system, whether linear or nonlinear." But at the

same time, there was "no evidence" that the separation of a gene from

99
Ibid., p. 505.
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two others had to come about by "two independent breaks." That view

was necessary only because of the "linear hypothesis."
100

Thus in the second round, Castle looked somewhat better. He had

caught Morgan and his group dissembling over data which they had re-

ported originally. And Castle's application of Occam's Razor was

logically unassailable; he had no need for "secondary" hypotheses when

his method was applied. (This seems very typical of a Castle argu-

ment.) Yet it also must be noted that small differences in data

values (whether the correct number was 4.7 or 5.3, for example) had

obscured for Castle the larger theoretical concerns involved. In

that respect this controversy is very much like the one over the hooded

rats. It seems Castle's empirical strength was often a theoretical

liability.

There is little else to tell. Castle changed his mind and it

appears he did so from further study of his own model. Two more link-

age systems were so constructed, this time of eleven genes on the sec-

ond chromosome of Drosophila, and of eight genes on the third chromo-

some. These were reported early in 1920 in a paper communicated to

the National Academy in December of 1919.
101

In studying these models, Castle had found that (as Morgan and

his group had predicted) they could be reduced to a "curved line

lying in one plane." And once it was granted "that the arrangement"

was "in any sense linear" it had also to be granted "that double and

10
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101
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triple" crossovers were "likely to occur." He further found that "if

all wires over 40 inches long [those likely to represent map-distances

greater than fifty] were cut, the system would straighten out so as

to approach a linear arrangement." Thus Castle "withdrew" his "of-

jection" to double crossovers, and concluded that this finding "strong-

ly supports the linear hypothesis."
102

Once again Castle's capitulation was complete. Once again Castle's

explanation had been inadequate to really account for all the phenomena

involved. It is not really clear what had led him to question the

linearity of the chromosomes, although he had, by 1915 begun to be in-

terested in linkage.
103

In any case, much of Castle's later work was

on linkage groups in mammals. Thus, if nothing else, this controversy

probably was necessary for Castle to have obtained the "orthodox" theo-

retical framework for his continued work with linkage.
104

But I believe a far more important result came of Castle's contro-

versy. Shortly after his retraction paper in 1920, Muller's answer

to Castle's challenge appeared in The American Naturalist. A detailed

analysis of this brilliant paper is hardly necessary here. What is

of importance is to note that Muller examined very carefully the as-

sumptions behind Castle's model and the linear hypothesis. In doing

102
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have chosen carefully the work "orthodox" because the question

of whether Castle's linkage work could have been conducted using his
model of the chromosome seems pertinent. Would different questions
have been asked and different methodologies used to answer them? Is

there any way to discern whether a theory acceptable to the majority
of involved scientists and seemingly explanatory for the known "facts,"
describes an objective nature?
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so he showed that the linear model explained the observed phenomena

better than did Castle's model. The facts, Muller concluded, were

quite in accord with ideas of a spatial, physical linear
arrangement, their interpretation on the latter basis being
natural and obvious.

The idea that the genes are bound together in line, in
order of their linkage, by material, solid connections thus
remains as the only interpretation which fits the genetic
findings. . . it would indeed be rash to adopt a different
theory without most cogent evidence of a startling new
character.105

Thus Castle's challenge had forced a critical evaluation of the data

and the theory. No longer would the "linear hypothesis" be assumed

a priori, it now had been refined by controversy and had emerged as

the most consistent explanation of the facts.

As suggested earlier, Castle's place in history has been somewhat

tenuous, despite all the trappings of success during his heyday. The

"wrongness" of his positions in these critical controversies suggests

it has been easy, even desirable, to forget him as a vigorous, prestig-

ious science has turned away from its youthful follies. But it appears

that Castle's hooded rats and his "rat-trap" chromosome models served

that youthful science well. In my concluding remarks I shall offer

a few reflections on the interactions of a scientist and his science.

105
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retraction paper, but it was not published until afterwards. The
order of Carlson's narrative makes it appear that Muller's paper
came first and maybe influenced Castle's change of opinion. There
is nothing in Castle's paper to support such an inference.
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CHAPTER FIVE

SOME CONCLUSIONS REGARDING

A SCIENTIST AND HIS SCIENCE

The work of William Castle, as has been seen, lends itself well

to a distinction between those aspects which dealt with the clarifi-

cation of theoretical concerns and his later work, largely involved

with the extension of already well-established concepts. As a con-

sequence of his theoretical work, we have seen Castle intimately in-

volved with a number of the controversies which loom so large in the

early history of genetics. And we have seen him typically on the

wrong side of such conflicts.

For example, Castle was wrong in his proposal that sex was de-

termined by the segregation of a pair of Mendelian factors. He was

wrong in his notion that unit characters could be contaminated by

association with others in crosses uniting the two. He was wrong in

his view that selection could modify the unit characters and that his

experimental results could thus be explained. Finally, he was wrong

in supposing the spatial arrangement of genes in the chromosomes to

be non-linear. But as a result of each of these mistakes, the con-

cepts or processes involved were clarified and the factual and theo-

retical domains of genetics extended.

Then there is that portion of Castle's work, after 1920, which

largely was involved with extending knowledge of specific linkage

groups, etc., in small mammals. It is tempting to see this work as
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less important, almost as "hack" work, and thus valuable only if one

is concerned with a very specific question with which he happened to

deal.

The characterization of Castle's work which I have just sugges-

ted explains his relative historical obscurity. It is fascinating

to me, for example, that one of Castle's graduate students could

have written a history of genetics in which only a few paragraphs

appear regarding Castle's work.
1

Scientific figures are well-

remembered when they contribute a concept or discovery of value in

the currently accepted theoretical construct of the science. Thus

Mendel's name appears in every textbook of biology and genetics with

no regard for the actual obscurity which characterized his findings

at the time they were made. By contrast, Castle's work was very

prominent in his time, but he made no "important" discoveries. And,

while his work served to focus the attention of the genetics communi-

ty upon important issues, his own conclusions were in disagreement

with the consensus reached by the community. Important though the

role of catalyst might be, it is historically less concrete than that

of discoverer. And thus much easier to forget.

The view of Castle's work which I have suggested in the pre-

ceding paragraphs is somewhat over-simplified, but it serves to

bring into focus two important questions. Firstly, why was Castle

most generally on the wrong side of the controversies in which he

was involved? Secondly, why did Castle largely cease to be at the

1
L.C. Dunn, A Short History of Genetics. The Development of Some

of the Main Lines of Thought: 1864-1939 (New York: McGraw-Hill Book
Company, 1965).
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theoretical forefront of his discipline after about 1920? I will

address these questions in the order I have asked them.

The suggestion of an answer to my first question may be found,

I think, by looking at the kind of evidence Castle used in answering

his critics and in forming his ideas. Castle's approach to science

was largely empirical. He had seen, for example, individuals with

hair of intermediate length produced by crosses of guinea-pigs having

long hair with short-haired individuals. He had seen black-and-white

spotted offspring from crosses of white mice with black ones. With

no knowledge of modifying genetic interaction and only a very limited

knowledge of the factors for coat characteristics, the conclusion

that the unit characters could be contaminated by close association

with others was not unwarranted. Indeed, one of the most important

problems facing the early Mendelians was the need to assess how far

the principles of dominance and segregation applied. If Castle had

found cases where the segregation of unit characters was incomplete

it was a very important finding.

But, if by a misapplication of Occam's Razor, Castle was

attempting to avoid subsidiary hypotheses and opted for the simplest

explanation, that's another matter. Offspring intermediate in

character between the parents had been produced, the external charac-

ter had obviously been changed, thus the internal determiner of that

character had been changed. This appears to be impeccable logic and

good science. But it was the wrong answer. Of course, it is easy,

knowing the "right" answer, to sit back and take potshots. But I

must fault Castle for not taking greater pains to fit his empirical

findings into the Mendelian scheme before adopting a radically
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different hypothesis rather than after other findings forced him to.

I believe very much the same argument holds true for Castle's

other wrong positions. In explaining his selection results he insis-

ted for years that the selection had modified the factor for hooded-

ness. But as Pearl so aptly pointed out, this was a subsidiary hypo-

thesis to Darwin's theory of natural selection. Castle was right in

asserting that his races of rats had been altered by selection. And

he was right in pointing out the amazing results achieved in changing

domestic plants and animals by the practical breeders. Cows pro-

duced more milk, sheep more wool, beets more sugar, maize more and

sweeter kernels, and so on, all because of rigorously applied artifi-

cial selection. But Castle's explanation of how these results had

come about was a radical addition to the Darwinian explanation.

The same tendency to oversimplify, making little attempt to recon-

cile the (apparently) contradictory data with the "orthodox" explana-

tion, shows up in Castle's single factor hypothesis (to explain the

hooded rat experiments) and his contention against the linearity of

the chromosomes. In the first case the modifying gene hypothesis

had been shown by Castle himself to best explain the results (see

above, p. 170). In the second situation, he pitted his model against

the linear one of Morgan and his group because of minor (and easily

reconcilable), but real, discrepancies in the data. But his model

explained the discrepant data in a simpler way; indeed they no

longer were discrepant in his model. That was good enough for

Castle.

Thus a strong empirical bias (and the resultant need to make

the hypothesis follow from the data rather than seeking to explain
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the data by the hypothesis) is an important component of Castle's

science. This bias is well illustrated in the following words

(written at the height of his selection controversy):

Of course you don't expect me, in matters scientific to
accept any view except as I am convinced of the soundness
of the evidence on which it rests. One can't trust even
his own views, much less another's. We want incontrovert-
ible facts, no matter whose views they favor.2

The combination of that factor with his tendency to simplify things,

goes a long way toward explaining Castle's mistakes. 3
For all of

his great knowledge, and his years at Harvard and Berkeley, it appears

he never got very far from his uncomplicated, practical farm-boy

roots.

In answering the second question I must first point out that, as

stated, it is intrinsically unfair. By 1920 Castle was in his fifties

and it would have been most unusual for him to have completely altered

his research program at that point. Yet that is probably the only

way he really could have stayed at the leading edge of genetics. By

that time genetics was a well-subdivided discipline and Castle did

continue to deal with the knotty problems of linkage in mammals. He

was, then, adding knowledge to his own area of genetics. It is note-

worthy, also, that Castle continued to attract and produce very fine

graduate students, and some of them did, indeed, advance the science

of genetics.

2
Letter from W.E. Castle to C.B. Davenport, March 19, 1918,

Davenport Papers.

3
See Dunn's characterization of this tendency in "William Ernest

Castle: October 25, 1867 -- June 3, 1962," Biographical Memoirs of
the National Academy of Sciences, 38(1965):61, 62.
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But with those disclaimers the question still stands, and I have

not asked it idly. History seems to judge people in such terms, and

Castle hasn't fared very well in her gentle hands. In order to

answer such a question, however, it is necessary to digress briefly

and consider the nature of the science of genetics.

A useful distinction has been made between three types of scien-

tific specialties. A specialty may be "technique- or methods-based"

in which case the solidarity of the community involved in such a

specialty is based on a shared method, technique, or scientific

gadgetry. A second type of specialty is "theory-based," a specialty

in which its practitioners derive their commonality from a "shared

formalism." Lastly there is the "subject-matter" specialty, one

"prepared to use a variety of techniques and theories" to deal with

the common problem.
4

Genetics, I would like to suggest (without any intention of

arguing for universal application of these distinctions), appears to

be a specialty of the "subject-matter" variety. It did not spring,

full-grown, from the head of Mendel. Important concepts and a

methodology extremely useful in tackling the questions of heredity

were provided by the rediscovery of Mendel's work. But equally

necessary were the powerful cytogenetic tools forged by T.H. Morgan

and his students in cooperation with E.B. Wilson at Columbia between

4
John Law, "The Development of Specialties in Science: the Case

of X-ray Protein Crystallography," in Perspectives on the Emergence
of Scientific Disciplines, ed. Gerard Lemaine, et. al. (The Hague:
Mouton & Co., 1976), p. 147.
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1910 and 1915.
5

It was the combination of the "art of the breeder"

and the science of the cytologist (as called for by de Vries more

than twenty years earlier [see above, p. 76]) which established the

solidly mechanistic-material basis for heredity.

Nor have geneticists been reticent to borrow both techniques

and theories from widely divergent areas of science in the continuing

expansion of a knowledge of heredity. Some of the directions genetics

would take were perceived already as early as 1922 when H.J. Muller

penned the following: "Must we geneticists become bacteriologists,

physiological chemists and physicists, simultaneously with being

zoologists and botanists? Let us hope so."
6

Such a list, extended

to include all the directions genetics has since taken, would be

endless.

The specialty which we call genetics continues to seek answers

for the questions of heredity. But it does not proceed via one

methodology nor are its central theoretical constructs derived from

any one source (such as breeding or cytology). I would suggest, then,

that Mendelian breeding techniques reached the end of their usefulness

for extending the theoretical domain of genetics very early on in its

history. Castle, remaining committed to those techniques (while

using them to answer very different questions after 1920 than the

ones dealt with earlier), was still breeding rats and mice when the

5
For a succinct review of this cooperation, see Garland E. Allen,

"The Rise and Spread of the Classical School of Heredity, 1910-1930;
Development and Influence of the Mendelian Chromosome Theory," in The
Sciences in the American Context: New Perspectives, ed. Nathan Rein-
gold (Washington: Smithsonian Institution Press, 1979), pp. 210-216.

6
H.J. Muller, "Variation Due to Change in the Individual Gene,"

The American Naturalist, 56(1922):49, 50.



215

major focus of geneticists' attention was on the molecular level.

Thus he was limited by a commitment to a methodology which was, it-

self, of limited utility. It was impossible for Castle, given this

commitment, to remain at the forefront of genetics.

Before passing to other considerations it seems that it would

be instructive to compare briefly Castle's work with that of T.H.

Morgan.
7

The scientific training of these men has certain similari-

ties. Both received their Ph.D. degrees in the United States, Castle

at Harvard, Morgan at Johns Hopkins. Morgan studied under William

Keith Brooks, doing his work in the descriptive morphology of

Pycnogonids (a marine invertebrate). Thus these men shared a rigor-

ous, but largely descriptive observational scientific background.

Despite that, Sturtevant characterized the background of both men

as "experimental embryology."8

After leaving Johns Hopkins, however, Morgan took a position at

Bryn Mawr in 1891. There he worked very closely with the experimen-

tal physiologist Jacques Loeb (1859-1924) who joined the faculty of

Bryn Mawr the same year. Morgan also spent considerable time at

the Naples Station where he worked (and formed a strong friendship)

with Hans Driesch (1867-1941). There Morgan came under the sway of

Entwickelungsmechanik as formulated by Wilhelm Roux (1850-1924). As

7I have derived my information on Morgan from Garland E. Allen's
definitive Thomas Hunt Morgan. The Man and His Science (Princeton:
Princeton University Press, 1978) and from his excellent article,
"The Rise and Spread of the Classical School of Heredity," cited
above, footnote 5.

8
Alfred H. Sturtevant, "The Early Mendelians," Proceedings of

the American Philosophical Society, 109(1965):204.
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a result of these experiences, Morgan became deeply committed to

placing biology on an experimental basis. But not just any type of

experiment was involved, he learned and came to practice Roux's

methodology of doing experiments designed specifically to test an

hypothesis. Thus Morgan's claim to the title "experimental embryol-

ogist" is far more compelling than Castle's.

With this background we can turn to a comparison of the experi-

mental methodologies used by these two men. The real strength of

Roux's method (which Morgan had imbibed deeply) was in what he called

"causal analysis." This "consisted of more than the employment of

an experiment, for it entailed the prior mental analysis of develop-

ment into factors, which could be isolated by the experimenter."
9

Morgan's ability to adapt and use the analytical experiment for the

elucidation of hereditary problems stands as a brilliant contribution.

By contrast Castle's experimental method was an extension of his

earlier descriptive and observational methods; a sort of "let's see

what will happen if I . . ." approach.
10

This, of course, was direct-

ly an outgrowth of his background and training, but was related also

to his use of the Mendelian breeding techniques with which he began

and ended his career as a geneticist. It is worth recalling, in this

9
Frederick B. Churchill, "Chabry, Roux, and the Experimental

Method in Nineteenth-Century Embryology," in Foundations of Scientific
Method: The Nineteenth Century, ed. Ronald N. Giere and Richard S.
Westfall (Bloomington: Indiana University Press, 1973), p. 175. This
article contains a detailed analysis of the background and development
of Roux's Entwickelungsmechanik.

10
I am indebted to Churchill's penetrating analysis of this dis-

tinction in ibid., see especially p. 179.
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connection, that it was Sewall Wright who suggested the crucial ex-

periment used (as it turned out) to verify the modifying gene hypo-

thesis and end the selection controversy. This distinction is an

important adjunct to the answers already suggested to my earlier

questions.

Morgan was a late-comer to the Mendelian scene, beginning his

work with Drosophila around 1909. But with his powerful experimental

method he managed, in the next few years, to extend hereditary know-

ledge amazingly. While Morgan went on to win the Nobel Prize in 1933

for his work in genetics, Castle retired in relative obscurity a few

years later. And we might finally note that Morgan had the good

sense to die in 1945 while Castle lived another seventeen years. It

is much easier to develop and promulgate a myth when its object is

no longer around to defend himself.

I would like to turn now to a different sort of question, one

which I think has general application. Why did Castle leave his

career as a zoologist behind to become a Mendelian geneticist? This

question has no definite answer, but is of interest because Castle

was one of many from widely different backgrounds who did similarly.

It is first necessary to recall that Castle's Ph.D. was obtained

for work in the embryology of the ascidian Ciona. Yet he never did

any follow-up on that work, or, for that matter, any other embryology

at all of which there is any record. Perhaps he simply didn't care

for the tedious hours spent peering through a microscope. But there

is evidence that this field was already much-worked. The opening

sentences of Castle's thesis, published in 1896, were:
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So long ago as 1866, Kowalevsky wrote, "Die Entwick-
lungsgeschichte der Ascidien wurde schon vielfach studirt."
If this statement was true then, it is doubly so now, for
the literature of the subject has since that time multi-
plied many fold.11

Thus thirty years later Castle was knowingly engaged in a long-since

oft-repeated study. One wonders if his major professor had not exer-

cised undue influence in the choice of Castle's thesis topic.

This strongly suggests that to have continued in such a field

might have been a dead end for a rising young scientist. And it is

a noteworthy fact that Mendelian genetics offered, at least for

Castle, an open career door. It was an exciting new area of study

for those who could see its implications and utility, and Castle

seems to have seen both. With the possibility for the improvement of

agricultural stock, and the implication for the study of evolution,

Mendelism offered a promising likelihood of being a good way for a

young scientist to advance his career. This it certainly did for

Castle. Within twelve years of his arrival at Harvard he was a full

professor and had his own research institution.

I would offer yet a third factor in Castle's adoption of the

Mendelian program for a career; this one the most important, I be-

lieve. Castle referred to his area of study around 1900 as "experi-

mental evolution" and his class at Harvard was taught under that

title. His lectures continued to center around evolution even

after his acceptance of Mendelism, the facts of genetics always

11
W.E. Castle, "The Early Embryology of Ciona Intestinalis, Flem-

ming (L.)," Bulletin of the Museum of Comparative Zoology at Harvard
College, 27(1896):203, 204. The German translates as "The developmen-
tal history [i.e. embryology] of the ascidians has already been re-
peatedly studied."
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placed in that context. (It is possible to know this because his

1916 textbook Genetics and Eugenics was made up largely of his lec-

tures [see above, p.115]). He immediately saw in Mendelism implica-

tions for understanding evolution as is evidenced from this statement

from his first Mendelian paper:

Acceptance of Mendel's principles of heredity as correct
must lead one to regard discontinuous (or sport) variation
as of the highest importance in bringing about polymorphism
of species and ultimately of the formation of new species.12

While Castle later changed his mind regarding discontinuous variation,

genetics was always to him "only a subdivision of evolution" (see

above, p. 96).

We have seen, likewise, that a large portion of Castle's work in-

volved evolutionary questions. His ovarian transplant experiments

were decisive on the question of the isolation of the germ-plasm. He

spent twelve years studying the effects of selection. His writings

on sex determination include much regarding the implications of sexual-

ity for evolution as well as the evolution of sex and the various

means by which it is determined. In short, it is likely that Castle

contributed more to the study of evolution than to genetics. And

almost surely his most pressing reason for taking up Mendelism was

because he saw it as crucial to an understanding of the process of

evolution.

Not only was Castle's life devoted to an attempt to elucidate

evolution, he was, for much of his life, a Darwinian. Thus he almost

certainly was the first American scientist to combine Mendelism with

12
W.E. Castle, "Mendel's Law of Heredity," Proceedings of the

American Academy of Arts and Sciences, 38(1903):545, emphasis added.
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Darwinism.
13

It is interesting to speculate how much greater his

influence might have been in the interest of Darwinian evolution had

he not adopted the notion that selection could directly modify the

factors of heredity. This unfortunate hypothesis seems quite likely

to have put some off who might otherwise have taken more seriously

the effects of selection which Castle's experiments showed.

In any case, Castle's hooded rat experiments (as I have already

shown) were very instrumental in clarifying the effects of selection.

By demonstrating beyond any doubt the efficacy of selection, Castle's

experiments also were influential in bringing many into the Darwinian

fold. Thus William E. Castle stands as a very important milepost on

the road to the modern synthetic view of evolution.

Future work in the history of genetics and evolution will, I

think, continue to bear out their strong interaction. In the first

section of the present study I have shown the nature of this inter-

action during the last two decades of the nineteenth century. I

also have suggested that out of the debates and theorizings which

characterize thinking on evolution and heredity during that time came

the stimulus which made possible the reception of Mendel in 1900.

This study, then, calls for the view that Mendelian genetics was the

culmination of a tradition, not a revolutionary approach to the

13I say American because there is evidence in his excellent book
of 1906 that the British R.H. Lock (1879-1915) may have been a
Darwinian, even though he was very much influenced by Bateson. See

R.H. Lock, Recent Progress in the Study of Variation, Heredity and
Evolution (London: Murray, 1906). Lock is given credit for indi-
rectly influencing Morgan's "conversion" to Mendelism. See Carlson,

The Gene, p. 90.
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problems of heredity and evolution.

The focus of attention on those decades also has provided a

backdrop against which the emergent Mendelian geneticist may be seen

clearly. His concepts were those of Darwin, Weismann, de Vries,

etc., not of Mendel and Morgan. Thus, in the life of William

Castle we have seen the impact of the Mendelian research program.

In his work we have seen the groping toward an understanding of

what lay beneath the phenomena of segregation and dominance. He was

a product of his time, with many unknowns as his heritage. But he

wielded the tools provided by Mendel in his search for answers, and

he became a shaper of the future as well. He pioneered mammalian

genetics and his work on selection clarified its nature and power.

I will conclude with Castle's own appraisal of his life's work,

written in a letter to L.C. Dunn regarding his collected papers: "I

realize that they represent awkward attempts by trial and error to

develop a sound theory of genetics, but by such efforts, science pro-

gresses.
u14

It would be difficult to formulate a more honest appraisal

of the science of William Castle; or better to describe the tortuous

path by which any science proceeds.

14
W.E. Castle to L.C. Dunn, June 10, 1961. Quoted in Dunn,

"William Ernest Castle," p. 61.
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