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Abstract Science textbooks and classes mostly emphasize what are considered by

today’s standards the ‘‘right’’ or ‘‘correct’’ interpretations of particular phenomena or

processes. When ‘‘incorrect’’ ideas of the past are mentioned at all, it is simply to point out

their errors, with little attention as to why the ideas were put forward in the first place, or

ever gained a following. A strong case can be made, however, for presenting contrasting or

even what are considered today ‘‘wrong’’ hypotheses as a way of not only emphasizing the

dynamic nature of science (which is punctuated throughout by controversies and con-

trasting views), but also as a way of helping students better understand the details and

workings of contemporary views. This article will illustrate these claims by examining the

work of embryologist-turned-geneticist Thomas Hunt Morgan in the early decades of the

twentieth century.

1 Introduction

The use of history and philosophy of science to teach science as a process of inquiry

embedded in a given cultural context, has received widespread attention in recent years by

historians and philosophers of science, as well as by science educators and scientists

themselves.1 The idea of teaching science as a process also appears in various forms in

current discussions and recommendations dealing with ‘‘science literacy’’ in the United

States (AAAS 1989; NRC 1996, 2012). While proponents of using history and philosophy

to teach science have recognized the various difficulties involved (Monk and Osborne

1977)—time taken away from covering standard content, lack of teacher-training and
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background, poor sense of strategy in using historical examples, among others—where it

has been tried, including my own experience in teaching introductory biology, it has added

new dimensions to students’ views of science. Historical and philosophical case studies can

help put a human face on abstract scientific ideas, help create interdisciplinary bridges to

other fields, and in many cases build students’ confidence in themselves by learning how

well-known figures of the past often struggled with the same concepts that students

themselves find difficult or perplexing.

One of the most important, but generally neglected, aspects of teaching about the

process of science is the role of error, or misconceptions in science—that is, the portrayal

of the ways scientists, especially well-known scientists, were often wrong even by the

standards of their day, but for very good reasons. Too frequently science is presented as a

steady march toward truth, with the figures we honor being the ones who ‘‘got it right’’,

while those who opposed them are dismissed as misguided or biased, and thus margin-

alized. Even those scientists who got it right (eventually) along the way sometimes held

‘‘wrong’’ ideas that are conveniently ignored or when discussed, presented a embarrass-

ments. In textbooks it is seldom noted that Isaac Newton wrote more on alchemy than on

dynamics, that the sixteenth-century astronomer Johannes Kepler was motivated as much

by a belief in Pythagorean numerology as by empirical data on the positions of Mars, or

that Darwin believed in forms of the inheritance of acquired characters. Yet, in teaching

science as a process there is much to be said for examining how and why particular

scientists came to hold what later came to be considered wrong ideas. Quite often these

ideas engendered controversies that if presented to students can be useful in clarifying what

are the truly critical issues involved with a particular concept or the different takes on the

proper methodology involved in a particular research program.

Presenting wrong or incomplete ideas humanizes the practice of science, since making

mistakes is a natural aspect of all human activity, and scientists are no exception. A

‘‘humanized’’ science becomes not only more real but less intimidating to students, who

otherwise come to think of scientists as super-human geniuses set apart from themselves.

For another, the discourse that arises from conflicting ideas or interpretations emphasizes

science as a dynamic process, one that never reaches final conclusions—a source of

potential excitement for students, since it indicates that there is much still to do. Yet

another reason for presenting alternative ideas is that it provides a context in which to

understand better how a given scientist (or even whole scientific community) comes to

hold a particular set of ideas. For example, a better understanding of Darwinian natural

selection can come from considering the problems that alternative views, such as macro-

mutationism as put forward in 1901–1903 by Dutch plant physiologist and breeder Hugo

de Vries (1848–1935), were intended to address. Understanding the claims, and the evi-

dence on which de Vries’ mutation theory was based can help students understand the

problems many people had (and still have) with wholly new species arising by the action of

selection on slight individual variations. Thus, alternative, or contrasting views can

highlight details of the more accepted theory that otherwise might be overlooked by

modern readers.

A final reason for emphasizing ‘‘wrong’’ ideas is that it can lead to an examination of

underlying assumptions or, indeed a whole philosophical outlook, on which contrasting

theories are based. Thus, comparing Jean Baptiste Lamarck’s theory of the inheritance of

acquired characteristics to contemporary Darwinian notions of the chance origin of vari-

ations can be used to emphasize the nature of randomness or probabilistic thinking (as

opposed to linear cause-and-effect thinking) on which not only Darwinian theory, but also

much of modern science, is based.
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Without minimizing the problems teachers face in using historical cases in the class-

room, I want to suggest that historians and philosophers of science can provide useful

materials, and suggestions for how to use them, that will make the enterprise more prac-

tical. At the end of this paper I will suggest some ways in which the example treated here,

can be implemented as a teaching tool.

The case on which this paper focuses—the way that ‘‘wrong’’ ideas can be useful in

illustrating aspects of the scientific process—is that of embryologist Thomas Hunt Morgan

(1866–1945). In the first decade of the twentieth century Morgan strongly opposed three of

the most prominent ideas of the day: Darwinian natural selection, the chromosome theory

of heredity, and the newly-rediscovered Mendelian genetics. Moreover, and quite

remarkably, he went on to change his mind on all three theories and developed a vibrant

research program that ultimately helped pave the way for the unification of genetics and

Darwinian evolution in what has been called ‘‘the evolutionary synthesis’’ of the 1930s.

Morgan’s is a rather unusual case in which a scientist makes an about-face on not one, but

three different theories in a relatively short period of time (between 1910 and 1915). The

reasons for earlier opposition, and later acceptance of all three theories emphasizes one of

the most important aspects of science as a process: its dynamic and non-dogmatic nature.

2 Background

Thomas Hunt Morgan was an enigmatic figure. William Bateson called him ‘‘utterly

without pretension’’—especially with regard to what he didn’t know—and Theodosius

Dobzhansky characterized him as a skeptic and iconoclast who liked to shock people with

strong statements but was ‘‘always a gentleman about it.’’ These are only two of the many

of Morgan’s personal characteristics, but they are particularly fitting for examining his

career in the study of heredity. How can we understand the paradoxical situation that

Morgan revised his positions on Darwinian natural selection, the chromosome and Men-

delian theories of heredity in just a few short years, going on to win the first Nobel Prize

given for work in genetics? This paper will demonstrate that although Morgan was, in

hindsight, wrong in his claims about all three theories prior to 1910, he had strong, cogent

reasons for his positions that reflected both his personal iconclasm and a thoroughly

unpretentious regard for his own ideas. Morgan was not alone in his ideas during the first

decade of the twentieth century, as there were numerous unanswered questions with regard

to Darwinism, the chromosome theory of heredity, and Mendelism, and even more so in

trying to relate them to each other. Morgan’s change of position grew out of his own work

with Drosophila, changing his focus from embryology to genetics between 1910 and 1915,

and his subsequent recognition that discrete Mendelian variations could provide the raw

material on which natural selection could act. His change of view also grew methodo-

logically out of his opposition to speculative approaches to biology while simultaneously

fulfilling his vision of a ‘‘new biology’’, one that was rigorous and experimental and could

stand on an equal footing with the physical sciences.

Morgan’s initial training in biology (1886–1891) was in morphology under William K.

Brooks (1848–1908) at Johns Hopkins University. The heart of morphology at the timewas

the use of features of embryological development to work out evolutionary (phylogenetic)

relationships. As imaginative and intriguing as it was, morphological concepts like Ernst

Haeckel’s biogenetic law could lead to a variety of different interpretations, none of which

could be tested rigorously. For example, in the latter part of the nineteenth century it was a

hotly debated topic whether the vertebrates originated from the annelids, arthropods or
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echinoderms (Bowler 1996).2 Like many of his contemporaries, Morgan became thoroughly

dissatisfied with morphological work because of its highly speculative nature, especially

after his visits to the Naples Zoological Station in the 1890s, when he became acquainted

with the new experimental work in embryology being carried out there by young and

enthusiastic workers like Hans Driesch (1866–1944). He formed a close friendship with

Driesch and soon became an avid supporter of experimental biology, where hypotheses

could be tested rigorously by interventions that controlled one variable at a time.

What Morgan did carry over from Brooks and the morphological tradition was a sense

of the interrelatedness of heredity, development and evolution. It was a characteristic of

most morphologists to insist that any theory had to account for all three phenomena—

hence, the grandiose, speculative systems of biological theorizers such as Ernst Haeckel

(1834–1919) and August Weismann (1834–1914), to which Morgan so objected. While

Morgan, the embryologist by major training, always thought of the three areas as inter-

connected, he was also pragmatic enough to realize that the tools to relate one to the other

were lacking, and that speculation in the absence of means of testing hypotheses was futile.

It was in this context that Morgan took his early positions against evolution by natural

selection, and the chromosome and Mendelism theories. For Morgan, all three theories

smacked too much of the old speculative morphology.

3 Morgan’s Opposition to Natural Selection, the Chromosome and Mendelian
Theories

3.1 Opposition to Darwinian Theory

In his book, Evolution and Adaptation of 1903 Morgan set forth his arguments against

Darwin’s theory of natural selection. It should be pointed out that Morgan accepted fully

the process of evolution—that is, descent with modification—it was the mechanism of

natural selection, acting on small, individual variations, that he thought could never give

rise to new species. Although Darwin relied on the analogy of artificial selection to natural

selection in order to emphasize the modifiability of species, it was well recognized that

after centuries of selection practical breeders had never produced a new ‘‘species.’’ As one

of many alternatives, in the early 1900s Morgan had become particularly enamored with

Hugo de Vries’ mutation theory, which claimed that new species were created in one

generation by large-scale changes, what we today might call ‘‘macromutations.’’ de Vries’

theory avoided the problem that Darwin’s slight individual variations would be

‘‘swamped’’ (and therefore lost) by interbreeding with the parental forms. Morgan was also

impressed with de Vries’ claim that because he worked in the greenhouse with mutated

forms of a model organism, the evening primrose (Oenothera), mutations could be studied

experimentally. As de Vries put it, for the first time ‘‘we may hope to realize the possibility

of elucidating, by experiment, the laws to which the origin of new species conform’’ (de

Vries 1903 I: viii).

Morgan found other problems with Darwin’s views. One was that for any trait to be

adaptive, it must be fully-formed. Partially-formed organs, like the vertebrate eye, would

2 The issue was resolved in favor of the echinoderms, on he grounds that their larval forms (called a
bipinnaria) were extremely similar to the larvae of the hemichordates (called a tornaria), an early ancestor of
the entire chordate group. The evidence for this conclusion is still indirect and circumstantial, and none of
the various hypotheses could be completely ruled out.
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have little or no adaptive value. Referring to one of his own areas of special interest—

regeneration—Morgan pointed out that a partially-regenerated limb would be of no use to

the organism; thus, how could the process have evolved in many small steps, none of

which would have had any adaptive value by itself. Morgan also felt that Darwin, and

especially his contemporary advocates, such as many morphologists, were too speculative

and abstract—‘‘philosophizers of nature’’, as he called them. Referring to August Weis-

mann’s concept of the germ plasm constructed as a hierarchy of abstract particles, idants,

ids, and biophors, Morgan claimed that Weismann ‘‘has piled one hypothesis on another as

though he could save the integrity of the theory of natural selection by adding new

speculative matter to it. The most unfortunate feature is that the new speculation is

skillfully removed from the field of verification…’’ (Morgan 1903: 165–166].

3.2 Opposition to the Chromosome Theory of Heredity

Morgan’s objections to the chromosome theory of heredity derived from the same general

aversion to speculative methods that drove his opposition to natural selection. While most

biologists recognized that the elaborate and regularized movements of chromosomes in

mitosis and meiosis signified something important, it was not at all clear what their

importance was. The most prevalent view was that they must have something to do with

heredity, but as late as 1909 Morgan was skeptical of this claim. He pointed out, for

example, that the rod-shaped chromosomes disappear from view during the interphase

between cell divisions. How, Morgan asked, could chromosomes be involved in the

hereditary continuity between cell generations if they disintegrated at the end of each

division cycle? How did we know they were reconstituted in the same arrangement the

next cycle? For all anyone knew their component parts, whatever they exactly were, could

be reassembled in a random configuration totally different from their arrangement in the

previous cell cycle.

Even more contradictory for Morgan was one of the most important examples at the

time, that of sex determination. By 1904 or 1905 Morgan’s department chairman at

Columbia, Edmund Beecher Wilson (1856–1938), and Morgan’s own former student at

Bryn Mawr, Nettie M. Stevens (1861–1912), had become convinced that the distribution of

one pair of chromosomes, the X, or accessory chromosome, was the causal factor asso-

ciated with sex determination. Morgan was, again, skeptical of this interpretation since he

thought it involved a contradiction: In most animals the male had one X while the female

had two; but in three groups—birds, butterflies and moths—it was just the reverse. How

could the same configuration of chromosomes determine maleness in one case and

femaleness in another? Methodologically, Morgan also saw explaining heredity by

localizing it in the chromosomes side-stepped the important question of development and

differentiation, which was a process. As just structures, chromosome explained nothing.

From Woods Hole in the summer of 1905, Morgan wrote to his friend Hans Driesch in

Naples that ‘‘Wilson is wild over chromosomes,’’ but ‘‘[I am] skeptical of this modern way

of referring everything to the chromosomes’’; latching onto chromosomes as an explana-

tion for heredity seemed to Morgan to be just a fad, and fads brought out his iconoclasm

with a vengeance (Allen 1978).

3.3 Opposition to Mendelian Genetics

Again, in the same year that he attacked the chromosome theory Morgan also wrote a

blistering attack on the rapidly-developing field of Mendelian genetics (Morgan 1909). As
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the paper suggests, he found Mendelians, like the older morphologists, too prone to

unbridled speculation. For example, in order to explain variants in expected Mendelian

ratios (as in epistatic interactions), Mendelians simply invoked different numbers of fac-

tors: ‘‘If one factor will not explain the facts, then two are invoked; if two prove insuffi-

cient, three will sometimes work out…’’ (Morgan 1909: p. 365), ‘‘Superior jugglery’’ he

called it. He also argued that few traits seemed to show the purely dominant or recessive

condition called for by Mendelian theory. Most came in a large gradation of forms that

could not be fit neatly into such discrete categories.

Furthermore, Morgan noted, claiming that traits were determined by Mendelian ‘‘fac-

tors’’ smacked of the old embryological theory of preformation, which accounted for

development (including differentiation) by postulating a fully-formed, miniature individual

(a ‘‘homunculus’’) in either the egg or sperm, thus side-stepping the issue of how adult

traits really get formed.3 For Morgan the embryologist, Mendelian theory was only con-

cerned with transmission of hypothetical units from parent to offspring, and thus ignored

events after fertilization. ‘‘The egg,’’ Morgan wrote, ‘‘need not contain the characters of

the adult, nor need the sperm. Each contains a particular material which in the course of the

development produces [emphasis in original] in some unknown way the character of the

adult’’ (Morgan 1909: p. 367). Mendelian genetics, in his view, dismissed this problem

completely. This claim is, of course, true. Mendel’s original theory had nothing to say

about embryonic development, but rather was a theory to account for the distribution of

traits from one generation to the next during hybrid crosses. And finally, because at first

glance Mendel’s theory appeared to postulate abstract hereditary particles, it seemed to

Morgan to be just another in a long line of speculative theories of inheritance in the

nineteenth-century tradition of Darwin, Haeckel and Weismann (Kampourakis 2013).

Given these rather substantial arguments against natural selection, the chromosome and

Mendelian theories, what led to Morgan’s about-face on all three issues in a relatively short

period of time? His change of mind came about in a step-wise fashion: he first tentatively

accepted Wilson’s and Stevens’ chromosome interpretation of sex, followed by the

Mendelian inheritance of traits such as eye color, body color or wing shape. Finally, he put

the two ideas together to develop what later came to be known as the Mendelian-chro-

mosome theory of heredity. These steps led him to see the applicability of Mendelian

genetics to evolution, where the relatively small, though discrete, mutations observed in

the laboratory would provide the variability on which natural selection could act. It is a

particularly curious feature of this case that Morgan’s change of mind and his step-wise

conversion to new theoretical views, came as the result of his own work with the fruit fly,

Drosophila melanogaster.

4 Morgan. Drosophila and Mendelian Theory

4.1 The Introduction of Drosophila into the Laboratory and Morgan’s Changing Views

Morgan began breeding Drosophila in the laboratory in 1908, to see if he could induce de

Vries’ type of species-level mutations in animals. He had gotten the idea of using the small

fruit fly from reports coming out of the laboratory of William Earnest Castle (1867–1962)

3 Although by 1900 virtually all embryologists had renounced the earlier eighteenth century doctrine of
preformation, it still haunted the field as an old ghost that seemed all too ready to spring back to life if given
the opportunity.
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at Harvard, an early supporter of Mendelism. In 1908–1909 Morgan had put a student in

his experimental zoology course onto using Drosophila to test the neo-Lamarckian theory

of the inheritance of acquired characteristics, by raising the flies for 69 generations in the

dark. The experiment gave negative results: that is, the flies did not show any decrease in

size of function of their eyes as the neo-Lamarckian theory would have predicted. In the

process, however, Morgan became convinced that the flies were a great experimental

system, as they were easy to procure, cheap to raise and keep in the small confines of his

laboratory, and produced a new generation every 2–3 weeks. His initial aim in using

Drosophila was to find large-scale, macromutations in animals, similar to what de Vries

had found in plants. By mid-winter of 1909, however, he had not gotten any significant

results. At the time he told his friend and colleague, Ross G. Harrison (1870–1959) at Yale

that he was ready to give up (Harrison 1937). Then, in January, 1910, Morgan began to

encounter several mutant types—the most notable of which was Trident, a pigmented

pattern on the thorax in the shape of Neptune’s ‘‘trident’’ spear (Carlson 2004:

pp. 170–171). It appeared to be recessive when crossed with the wild type fly, but in the

second generation there were many variants, and it was difficult to establish a true-breeding

stock. Two more mutants occurred in the spring of 1910: Olive (in February) and Speck (in

March). But none of these seemed distinct or showed anything like the expected 3:1 or

9:3:3:1 Mendelian ratios, and confirmed his earlier view that Mendel’s discrete categories

of dominant and recessive were largely arbitrary.

Around this time (it cannot be documented precisely), Morgan also began to reconsider

his views on the chromosome theory. For one thing, Wilson’s and Stevens’ results clearly

showed there was some relationship between sex and chromosome configuration. The

relationship, though problematic as Morgan had already noted, was too regular to be mere

artifact. For another, cytological studies by botanists and zoologists between 1905 and

1908 had shown clearly that there really were two different classes of male gametes (pollen

or sperm), differentiated by whether they carried an accessory chromosome, the X, or its

peculiar homolog, the Y (or, in some species lack of Y). For most organisms, at any rate,

the male gamete appeared to be the sex determiner. This would also explain quite simply

the persistent 1:1 male–female ratio observed for most organisms. In a long review article

of 1910, ‘‘Chromosomes and Heredity’’, Morgan admitted that Wilsons’ and Stevens’ work

now seemed more credible, since it was supported by a wider variety of studies on other

organisms, including plants. The next step was a logical one: If at least one pair of

chromosomes could be associated with a specific hereditary trait—in this case sex—then

perhaps others could be as well. The sex determination work also fit well with Theodor

Boveri’s recently published idea of the ‘‘individuality of the chromosomes’’, namely that

each pair of chromosomes seemed to determine its own unique set of characters or pro-

cesses during development (Boveri 1907).4

4 Boveri’s experimental determination of the individuality idea was ingenious: By adding high concen-
trations of sperm to dishes of sea urchin eggs, he was able to produce zygotes that had been doubly-
fertilized. In these forms distribution of the chromosomes during mitosis was abnormal, with some blas-
tomeres lacking copies of one or another chromosome pair. Those cells, when isolated and allowed to
develop on their own produced varying kinds of abnormalities, depending on which chromosome pair was
missing. The regularity of association between a specific physical abnormality in the embryo and the loss of
a particular chromosome convinced Boveri that, in his own words, ‘‘not a definite number but a definite
combination of chromosomes [emphasis in original] is necessary for normal development, and this means
nothing other than that the individual chromosomes must possess different qualities’’ (Boveri 1902, as
translated and reprinted in Voeller (1968), p. 93).
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But then in May, 1910 Morgan found a white-eyed male fly in one of his culture bottles,

so he crossed it with a normal red-eyed female. The offspring were all red-eyed, suggesting

red was ‘‘dominant’’ over white. The male/female ratio was 1:1, as expected. But when he

crossed the F1s with each other, the F2 produced a ratio of 3 reds to one white, seemingly a

verification of the Mendelian ratio, but with the peculiar fact that the recessive category

was found only in males (Fig. 1). The fact that empirically eye color followed the expected

Mendelian ratios so closely, led Morgan to embrace, at least tentatively, the Mendelian

scheme. At the same time, E.B. Wilson had unequivocally supported a link between the

chromosomes and Mendelian factors. Thus, Morgan was encountering increasing evidence

that chromosomes and Mendelian factors might both be involved in inheritance. In June,

then, he sent off the now-famous paper that was published in Science, July 22, 1910 on

‘‘Sex-limited Inheritance in Drosophila’’.

There are two interesting features of this paper that indicate how Morgan was still

hesitant about relating Mendelian factors directly to chromosomes. The first is the title: the

term ‘‘sex-limited’’ specifically suggested that white eye was associated with or limited

mostly to maleness, but mechanism for how that occurred was not clear. The term ‘‘sex-

linked’’ would later be substituted for ‘‘sex-limited’’ when Morgan came to accept the

possibility that eye color (and other traits) might be physically linked together on the

X-chromosome. Second, at this time Morgan’s way of representing the genotypes of the

parents and offspring of his crosses reveals his continuing reluctance to locate the eye color

factor physicallyon the X-chromosome. Using a now-outdated notation, he represented the

factor for eye color (W for white and R for red) and sex by a X chromosome (XX for

Fig. 1 Morgan’s early representation (1913) of his first crosses with the white eyed male and red-eyed
female Drosophila. The X- or accessory chromosome is shown as solid (for red eyes) and white (for white
eyes). At this time it was not clear that male Drosophila have a Y-chromosome, so the male chromosome
configuration is given as XO. On the bottom row, the homozygous and heterozygous females are represented
by a single phenotype in the left-most drawing. (Morgan 1913: p. 19)
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females, and X for males),5 he treated eye color and sex as separate traits that assorted

independently. He represented the results of his first F1 and F2 crosses in the following

way:

WX—W (White male) 9 RX—RX (Red female)

F1 RWXX (50 %) RWX (50 %)

(Red females) (Red males)

And the second cross of the F1s as:

RWXX 9 RWX

Gametes: RX WX RX W

F2 RRXX (25 %) (Red
female)

RWXX (25 %) (Red
female)

RWX (25 %) (Red
male)

WWX (25 %) (White
male)

Thus, there were two genotypic categories of red-eyed females: one that was homo-

zygous (RR) and one that was heterozygous (RW); but there were two genotypic and

phenotypic categories of males: red-eyed males that were heterozygous (RW) and white-

eyed males that were homozygous (WW). Now, Morgan was faced with a dilemma, which

he duly acknowledged: ‘‘In order to obtain these results it is necessary to assume… that

when the two classes of the spermatozoa are formed in the F1 red male (RWX), R and X go

together—otherwise the results would not follow (with the symbolism here used) [emphasis

added].’’ By the last statement Morgan suggests that R and X always go together as long as

the eye color factor and the X-chromosome are treated as independent entities. Perhaps he

was already thinking of other ways of representing the crosses, but for the moment he

maintained the above notation and treated eye-color and sex as independently assorting

factors.

Admitting that R and X go together created a problem for Morgan: on the one hand why

would these two necessarily always segregate together in the F1 red male. And, conversely,

why would W and X never segregate together? Morgan was clearly uncomfortable with

this assumption because it seemed ad hoc: it was invented to explain why he got no white-

eyed females in the F2. In 1910 Wilson had even suggested to Morgan that the simplest

interpretation would be to assume that the factor for eye color was physically linked to the

X-chromosome. But Morgan thought this idea was still too speculative. He was beginning

to change his mind but at this point he could not go all the way.

More mutants began to turn up in the cultures that summer. Several appeared to be

‘‘sex-limited’’ like white eye: rudimentary wing, miniature wing, and yellow body color,

the latter discovered by his illustrator and assistant, Edith Wallace (1881–1964). Finding

additional sex-limited traits made Wilson’s suggestion the most parsimonious explanation:

for all these traits to mysteriously, and independently, segregate with the X-chromosome

5 At the time it was not clear that Drosophila males has a Y-chromosome; in many groups of insects males
are XO, while females are XX, and this was thought to be the situation in Drosophila as well (see Fig. 1 for
Morgan’s early representation of his sex-linked crosses in 1913). By 1915 it was clear male Drosophila did
in fact have a Y-chromosome and should be represented as XY.
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seemed difficult to imagine. If, on the other hand, they were physically part of the

X-chromosome, it would explain automatically how they related to sex. Thus was born the

idea in Morgan’s mind of physical linkage of multiple Mendelian factors on a chromo-

some. So, by 1915 Morgan had developed the idea of sex-linkage and by extension, to

linkage in general, allowing him to represent his white-eye crosses in a new way (Fig. 2),

with the eye-color factor shown not merely segregating with, but as physically part of, the

Fig. 2 Morgan’s representation of sex-linked inheritance in Drosophila, from the 1915 volume, The
Mechanism of Mendelian Heredity, co-authored with three of his students, A.H. Sturtevant, H.J. Muller and
C.B. Bridges. In this diagram, in contrast to the previous one, eye color is directly associated with the
physical structure of the X-chromosome. Solid black chromosomes carry the red-eye factor, while solid
white chromosomes carry the white-eye factor. The Y-chromosome, whose presence had been confirmed by
this time, is indicated by the letter Y, and the curved upper end. (Morgan et al. 1915: p. 17)
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X-chromosome (and by now the Y-chromosome was recognized and given its rightful

place in Drosophila spermatogenesis).

4.2 Additional Data: The Discovery of Linkage and Crossing-over

Now that he accepted both the Mendelian and chromosome theories and their physical

relationship to one another, Morgan faced another problem that animal and plant breeders,

including Darwin, had long recognized. On occasion the association or linkage of two traits

appeared to be disrupted, or broken, and the traits would not appear together in the

offspring but would be recombined (AB and ab combinations would occasionally produce

Ab and aB). In 1906 William Bateson (1861–1926) in England had published a report on

this problem in their experiments with sweet peas (Bateson 1906). Flower color (blue, B is

dominant over red, b) and pollen shape (long, L is dominant over round, l) appeared to be

linked, so that in crosses between homozygous blue-long and homozygous red-round

plants, the F1 would all be phenotypically blue-long (like the one original parent), but they

would be hybrids or heterozygotes (BbLl). When the heterozygous F1s were crossed most

of the F2s (87.4 %) were like the original grandparental types, that is blue-long and red-

round, but a small percentage (12.6 %) were recombinants, that is, blue-round and red-

long. Bateson, like Morgan, was also skeptical of claims about chromosomes, and had

provided a rather complex explanation known as ‘‘attraction and repulsion’’ to account for

these phenomena. Traits inherited together a large percentage of the time were said to have

attractions between their Mendelian factors, while they could also show various degrees of

repulsion from their association and produce the recombinant groups. In the sweet pea

example, pollen shape and flower color would be said to show a strong degree of attraction

and a relatively weak degree of repulsion. Such ratios were a characteristic, in Bateson’s

view, of every linked genetic combination. But even Bateson had to admit this was a purely

hypothetical explanation, and he later abandoned it (for another equally hypothetical

explanation, what he called the ‘‘reduplication hypothesis’’). Morgan found both Bateson’s

ideas complex and lacking in any empirical support.6

At that point, Wilson then provided another key element to the story: he called Mor-

gan’s attention to an article published in 1909 by a Belgian cytologist, Frans Alfons

Janssens (1865–1924), which showed in graphic detail the intertwining of homologous

chromosomes at prophase of meiosis (Fig. 3). To Morgan, Janssens’ drawings suggested

that in unwinding, the chromosomes (which are duplicated and referred to as chromatids)

might break and homologous ends reattach, providing an explanation for the uncoupling

and recombination of factors on the same chromosome (Fig. 4). He also soon realized that

the further two Mendelian factors were apart on a chromosome, the more frequently breaks

could occur somewhere between them; this in turn would be reflected in a greater per-cent

of the offspring showing the recombinant phenotype. Here was a mechanical explanation

that could be based on the empirical observations accumulated in the preceding 20 years

about chromosomes and their movements. One did not have to invent fanciful attractions

and repulsions: both linkage and recombination could be explained by the same mecha-

nism that is also consonant with what was known about chromosome structure and

function. It was this joining of two lines of evidence—cytological and breeding data—that

became known by 1915 as the ‘‘Mendelian-chromosome theory of inheritance.’’

6 For a more detailed discussion of Bateson’s attraction and repulsion hypothesis, see Moore (1963:
pp. 89–92.)
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At this point, realizing he could not keep up with the rapidly expanding Drosophila

work, Morgan began to bring talented undergraduate, and later graduate, students into his

laboratory—the three most well-known being Alfred H. Sturtevant (1891–1971), Calvin B.

Bridges (1889–1938) and Hermann J. Muller (1890–1968). Morgan relied more and more

on them to pursue the day-to-day work and develop all the implications of the now-

combined Mendelian and chromosome paradigm. For example, in 1911 while discussing

with Sturtevant the idea of the relationship between cross-over frequency and distance

apart of two genes on a chromosome the idea of genetic mapping was born. Sturtevant

recalled that he was so intrigued by the idea that he went home that same night and,

neglecting his other homework, produced the first chromosome map: 6 sex-linked genes on

the X-chromosome (Sturtevant 1965: 47). Thus began the rapid expansion of the mapping

work that would lead eventually to the localizing of hundreds of genes on the four chro-

mosome pairs of Drosophila melanogaster.

5 The ‘‘Fly Room’’ and Articulation of the Mendelian-Chromosome Paradigm

Morgan’s students formed an enthusiastic group that pursued the mapping work and began

to elaborate a whole series of genetic principles that expanded and articulated the basic

Mendelian model, that is, extended it to a variety of other related problems, such as the

Fig. 3 Chromosomes (actually chromatids in tetrad formation after duplication of each original
homologous pair) in various stages of chiasmata, as depicted in the 1909 paper by Belgian cytologist,
F.A. Janssens. Where the chromatids cross over each other, Janssens claimed that they could break and
rejoin with a homologous partner, producing a chromatid made up of complementary parts of the original
maternal and paternal chromosome. Chromosomes 1 and 2 are from the salamander Triton, while 3–36 are
from another salamander, Batracoseps (After Janssens, published in Morgan 1913: p. 93)
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effects of gene–gene interactions (epistasis), the multiple effects of single genes (pleiot-

ropy), chromosomal mutations (inversions, translocations), the chromosomal mechanism

of sex determination (carried out by Bridges), the existence of multiple alleles at the same

locus (Sturtevant) and ultimately, the induction of mutations (Muller). The many problems

that the Mendelian-chromosome theory, and the associated methodology of chromosome

mapping opened up, made the field of genetics one of the most important cutting-edge

areas of biology in the first three decades of the twentieth century.

The Drosophila work also represented one of the early examples of the laboratory team

in modern biology. Sociologically, it had an interesting history. In the period 1911–1915

the group worked as a unit, with little hint of some of the inter-personal rivalries that were

to surface later. They enjoyed lab parties and informal ‘‘lab meetings’’ at the MBL in the

summers (Fig. 5). Indeed, they were among the first to promote, by example, a new style of

scientific activity, the group approach. In the nineteenth century and early part of the

twentieth century, scientific research in biology was pursued largely by individuals, even

when they were part of larger group such as Hans Spemann’s Zoological Institute at the

University of Freiburg. Papers and monographs were written by a single investigator while

multi-authored works were a rarity. So, too, was the informality with which Morgan

collaborated with his younger associates. In the more structured, formal style that domi-

nated most European laboratories, where a strict hierarchy between the lab or institute

director, lesser faculty and graduate students was the rule, the Morgan lab group functioned

in a more free-flowing way. Although historian Robert Kohler has noted that there was an

unstated recognition that Morgan was ‘‘the boss’’, this distinction appears to have been

more clear-cut in the later years, especially after the group moved in 1928 to Caltech at the

time Morgan established the Division of Biology (Kohler 1994). Kohler refers to this

Fig. 4 Diagram representing crossing-over between homologous chromosomes (more accurately, chro-
matids) as visualized by Morgan et al. 1915. a and d each show whole chromatids exchanging
complementary parts; b and c show the chromosomes composed of individual genes. Black represents the
member of the homologous pair from one parent, white represents the chromatid from the other parent.
(Morgan et al. 1915: p. 60)
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relationship as the ‘‘moral economy’’ of the lab group experience, in which a whole series

of unstated but understood conditions existed, from who could and could not criticize

Morgan to who shared credit with whom, or how and under what circumstances the group

shared cultures of flies with other laboratories. In the beginning years of 1910–1915,

however, the mood and working relationships appear to have been more open and free,

driven by the excitement of the work in what was a new and rapidly-developing field.

In 1915 the fruits of the group’s work saw its first full-scale summary in the book that has

become a classic, The Mechanism of Mendelian Heredity, co-authored by Morgan, Sturte-

vant, Bridges and Muller. This, book, simply written and well-illustrated, was translated into

various languages and brought to the attention of the world the accomplishments of the new

work in genetics. It stressed the material—non-abstract, non-speculative—basis of Men-

delism as residing in the chromosomes, which were visualized as a liner array of factors for

different traits (the term ‘‘gene’’, introduced by Wilhelm Johannsen in 1909, would

increasingly replace ‘‘factor’’ in the liturgy of genetics after 1915). Realizing that there was

still a good deal of skepticism in the biological community about the hereditary character of

chromosomes, in the carefully worded introduction to the book, the authors state:

Why then, we are often asked, do you drag in the chromosomes? Our answer is that since the
chromosomes provide exactly the kind of mechanism that the Mendelian laws call for; and since
there is an ever-increasing body of information that points clearly to the chromosomes as the bearers
of the Mendelian factors, it would be folly to close one’s eyes to so patent a relation. Moreover, as
biologists we are interested in heredity not primarily as a mathematical formulation [abstract

Fig. 5 Morgan and several members of his group discussing results in the summer of 1919 at the Marine
Biological Laboratory in Woods Hole, Massachusetts. From left, clockwise: Morgan, Bridges, Franz
Schrader, Ernest Everett Just, Sturtevant, and an unidentified figure (to Morgan’s right). Such gatherings
indicate not only the collaborative nature of the early Drosophila work but also the degree of informality
that Morgan introduced into the laboratory’s procedures. (Photo from Isabel Morgan Mountain)
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Mendelian symbols], but rather as a problem concerning the cell, the egg and the sperm.’’ (Morgan
et al. 1915: viii–ix).

Philosophically, Morgan’s strong empiricism and his commitment to concrete materi-

alistic, as opposed to abstract and theoretical, explanations had brought him full circle in

his views on both chromosomes and Mendelism. As the mapping work continued, the

relationship between Mendelian factors and chromosomes became more and more clear.

For Drosophila, there emerged four linkage groups, equal to the number of chromosome

pairs and, more telling, roughly equivalent in number of factors to the physical size of each

chromosome pair (Fig. 6). Indeed, this relationship appears to have been the single most

convincing argument to many skeptics that genes really were physical parts of chrom-

somes. By the later 1920s and ‘30s similar linkage groups had been established for maize

(corn) by Rollins A. Emerson (1873–1947) and his group at Cornell, and for mice by

Castle and his group at Harvard. The Mendelian-chromosome theory had become well-

established as the basis for classical genetics in the whole first half of the twentieth century.

5.1 The Bearing of the Drosophila Work on Morgan’s View of Darwinian Evolution

At about the time that The Mechanism of Mendelian Heredity was published, Morgan made

his third about-face and came to accept natural selection, acting on small, but discrete

Mendelian variations as the basis for a revived Darwinian view of evolution. In his book, A

Critique of the Theory of Evolution (1916), Morgan noted that discrete mutations, as well

as a graded series of variations produced by the interaction of genes (what was called

quantitative inheritance), were sources of the slight individual differences on which natural

selection could act (Morgan 1916: pp. 85–87). Natural selection was not the creative force

Darwin may have imagined, but Mendelian variations were, with selection then sorting out

the more adaptive from the less adaptive variants. Muller claimed some years later that he

and the others in the lab continually argued with Morgan over the issue of evolution, until

Morgan at last came around and admitted that Mendelian variations could provide the raw

material for evolution (Allen 1968: pp. 135–137). Though not formulated in the mathe-

matical terms to be introduced later by architects of the evolutionary synthesis such as

Ronald A. Fisher (1890–1962) or Sewall Wright (1889–1988), Morgan’s view was similar

to theirs in seeing selection acting on small, but discrete genetic variations, whose numbers

could be increased or decreased from one generation to the next.

Mendelian breeding experiments could also help distinguish between environmentally-

induced variations (which Morgan and others knew were not inherited yet were often

identified with Darwin’s ‘‘slight individual’’ or ‘‘fluctuating’’ variations), and true genetic

variations that were inherited. The mutants that had been turning up in the Drosophila

cultures were just these kinds of inherited variations. It was not necessary to rely on large-

scale mutations that produced a new species in one step; the accumulation of numerous

Mendelian mutations by selection could lead to a new species over long periods of time.

This realization removed the last roadblock in Morgan’s thinking about the role of natural

selection: by itself selection could do nothing unless it had new variations with which to

work.7 Once he saw this point Morgan had no difficulty with the Darwinian theory,

7 Ironically, one aspect of the Mendelian-chromosome paradigm that Morgan himself never fully seemed to
appreciate was that chromosomal variations (translocations, inversions, deletions) and phenomena such as
position effect (where the phenotypic expression of a gene or gene complex is altered by its position on the
chromosome) were also rich sources of variation in addition to point mutations. That point was emphasized
by a later generation of cytologists led by Cyril D. Darlington in Britain, among others (Harman 2004).
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Fig. 6 Early (1915) depiction of the chromosome maps of the four linkage groups in Drosophila. The
chromosomes are shown in order from left I (the X-chromosome), II, III and IV. That the number of linkage
groups as determined by breeding results was the same as the number of cytologically observed
chromosome groups was highly convincing evidence, even for the most skeptical critic, that Mendel’s
factors really existed as physical components of the chromosomes. (From Morgan et al. 1915: Frontispiece)
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especially regarding his earlier objections to the lack of importance of selection (Morgan

1916, 1932).

6 Philosophical Aspects of Morgan’s Conversion to the Mendelian-Chromosome
Theory of Heredity

The Mendelian-chromosome theory has been described by philosophers Lindley Darden

and Nancy Maull as an ‘‘interfield theory’’. By this, they mean it is the result of the fusion

of two independent lines of investigation, in this case Mendelian breeding practices and

cytology, each with its own approach and methodology, but leading to similar conclusions.

The strength of interfield theories lies in their independent derivation, yet their similar

conclusions. That the hypothesized segregation of Mendel’s factors was visible in the

observed separation of homologous chromatids at metaphase of meiosis, seemed too

obvious to overlook—and indeed several cytologists had remarked on the similarity in the

very early years after Mendel’s rediscovery.8 For many biologists, Morgan included,

providing a concrete, material basis for Mendel’s otherwise seemingly abstract, hypo-

thetical particles (in the old, nineteenth-century sense), was a major factor in the accep-

tance of the Mendelian-chromosome theory.

Another feature of the Mendelian-chromosome theory that was particularly important

for Morgan (and others) was that it provided a superb example of how biology could

become a rigorous, experimental science like physics and chemistry. The Mendelian-

chromosome theory was philosophically rooted, like nineteenth-century physics and

chemistry, in the mechanistic materialist tradition that dominated much of science since the

seventeenth century. In the mechanistic tradition, individual components in any complex

process are treated as separate parts that can be studied in isolation, independent of the

other parts with which they interact. Indeed, the mechanistic approach is based on the

analytical method of breaking complex processes, down into their component parts so the

properties of each part can be investigated without the confounding disturbances from

other parts. This is basically the reductionist, or what philosophers of science call

‘‘methodological reductionist’’ tradition, grounded in the assumption that once all prop-

erties of each component in a system are known, it is possible to begin to understand the

system in its totality. The Mendelian-chromosome theory provided for Morgan and others

an ideal example of this ‘‘vision’’ for biology. It reduced the hereditary process to its

component parts (chromosomes and genes), it was experimentally-based, quantitative, and

led to predictions that could be tested. It was thus based on a very different methodology

from that of the nineteenth-century morphologists, which was non-experimental, non-

quantitative and speculative. The Mendelian-chromosome theory helped Morgan and other

younger biologists put biology on a more rigorous basis akin to the physical sciences.

A question arises as to how, in his transition from critic to supporter of Mendelian

genetics, Morgan came to think about the nature of genes, that is, what they actually were

and how they functioned. Did he think of them as actual material entities, and if so, was

this strong materialist position a necessary consequence of accepting the Mendelian-

8 These include Walter S. Sutton (1877–1916), a student of E.B. Wilson’s at Columbia. He started work on
the cytology of spermatogenesis in the grasshopper, Brachystola magna for his master’s thesis at the
University of Kansas, and completed the study while working under Wilson; his significant paper postu-
lating the relationship between Mendelian segregation and meiosis was published in 1903 in the Biological
Bulletin of the Marine Biological Laboratory in Woods Hole (Vol 4, pp 231–151). Wilson, followjjng
Sutton, was noted above as supporting this interpretation.
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chromosome theory? In other words, what was Morgan’s philosophical stance on the

nature and reality of genes? Geneticist and historian Raphael Falk has referred to the gene

concept being an idea in tension through much of the early twentieth century over just this

issue—how necessary is it to be committed to a materialist, even reductionist view of the

gene to carry out rigorous genetic experiments (Falk 2000)? As Falk and numerous other

writers have shown, early twentieth-century geneticists ranged across the spectrum on this

issue: from those who thought of Mendelism as merely a notational system with no

commitment to the necessary reality of genes (Wilhelm Johannsen, Edward M. East) to

those who were committed to a hard-core materialist view that genes were particulate

entities with specific dimensions and chemical properties (H.J. Muller). It would seem safe

to say that on an everyday level in the laboratory Morgan found it useful to think of genes

as discrete entities that occupied specific positions along the length of the chromosome.

However, that did not necessarily require a formal commitment to ontological statements

about the ‘‘reality’’ or specific material properties of genes. Morgan was notorious for his

skepticism about the value of large philosophical debates, and remained adept at side-

stepping them most of the time However, he did address directly the question of the

material nature of genes and chromosomes. As late as his Nobel Prize speech in 19349

Morgan posed the question:

What are genes? Now that we locate them in the chromosomes are we justified in regarding them as
material units’ as chemical bodies of a higher order than molecules? Frankly, these are questions with
which the working geneticist has not much to concern himself, except now and then to speculate as to
the nature of the postulated elements. There is no consensus of opinion among geneticists as to what
the genes are—whether they are real or purely fictitious—because at the level at which the genetic
experiments lie, it does not make the slightest difference whether the gene is a material particle. In
either case, the unit is associated with a specific chromosome, and can be localized there by purely
genetic analysis. (Morgan 1935, pp. 7–8).

Several points arise from this statement. The first is that it is clear Morgan thought the

chromosomes were material entities—they were visible, they could be stained, their

movements and changes in structure (through deletions, inversions, and their recombina-

tion during synapsis) could all be observed directly. Their material existence was not a

matter of inference or speculation. And that was important for Morgan (and his followers),

in order to ground genetics in the real world of biology, explicitly in the cell as the unit of

structure, function and reproduction. The chromosome theory planted genetics directly in

the materialist tradition of the physics and chemistry of the day, most of which clearly

sought explanations in terms of material entities such as atoms or molecules.10

Second, by contrast, Morgan recognized that genes could not be seen, but their exis-

tence could be inferred through genetic analysis (recombination data combined with

cytological observation) so they could be treated as if they occupied a specific locus on a

specific chromosome. They could also be inferred to be discrete units, analogous to the

atoms of physics and chemistry (see footnote 8), because they were identified with discrete

physical traits of the organism. However, neither the material reality nor the discreteness of

genes was a necessary assumption to use a gene concept to carry out the experimental

9 Morgan was awarded the prize in the fall of 1933, but said he could not attend the official ceremony
because of the pressure and timing of his work, so traveled to Stockholm to receive the award in June, 1934.
His Nobel speech was reprinted the next year in the Scientific Monthly (Morgan 1935).
10 Toward the end of the nineteenth and in the early twentieth century a movement founded and propagated
by physicist Ernst Mach (1838–1916), known as empirio-criticism, argued that science should be limited to
statements derived from experience (defined by our sensations) and should avoid positing metaphysical
entities, such as atoms, whose existence could only be inferred and not observed directly.
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work. Morgan’s stated position above was what philosophers of science have referred to as

‘‘instrumentalist’’ or ‘‘operationalist’’—that is, the gene could be described as a discrete

unit of heredity by the observations and techniques used to investigate it, such as breeding

experiments, recombination ratios, construction of genetic maps and correlating them with

chromosomal maps, but for the science to progress it was unnecessary to know what a gene

really was, or its material composition. What was important to Morgan was that the

Mendelian-chromosome theory was internally rigorous and logically consistent, and was

grounded in the observable reality of cell structure and function. I have no doubt that

personally, Morgan probably did think genes were real material entities; indeed, he thought

one of the most important lines of evidence his group produced was to correlate genetic

maps with the cytological observation of defects in the chromosome where a given gene

was said to be localized.11 He argued vehemently for the discreteness of Mendelian genes

against the claim by German geneticist Richard Goldschmidt (1878–1958) that the chro-

mosome as a whole function as the unit of heredity, not individual genes. And finally, in

his lab at Caltech he supported the work of Boris Ephrussi and George Beadle on the

genetic control of biochemical reactions in eye-pigment synthesis in Drosophila eye buds

(work that led just a few years later to Beadle and Edward L. Tatum’s more extensive work

on the fungus Neurospora that led to the one-gene-one-enzyme hypothesis. What he saw

was that genetic work could proceed apace regardless of one’s commitment to more

abstract philosophical considerations about the material nature of the genes themselves.

7 Conclusion

7.1 Summary

This article has attempted to demonstrate several features of science as a process that I

hope can be useful in teaching biology in a more realistic way—that is, as it is actually

practiced rather than as an example of some idealized ‘‘scientific method.’’ In this par-

ticular case I have emphasized several features illustrated in the early work of Thomas

Hunt Morgan between around 1900–1916: (1) The importance in the development of any

science of what are (by later, if not contemporary criteria) considered to be wrong turns or

mistaken ideas and the value of teaching these to students; (2) That science is a social

process occurring in a particular socio-economic context at a particular time and place.

Scientists often have a variety of agendas in pursuing their work besides simply ‘‘getting at

the truth.’’ Morgan was no exception to either of these aspects of scientific practice.

With regard to the first point, we have seen that on a conceptual level, Morgan had been

wrong in his initial evaluation of natural selection, the chromosome theory of heredity, and

Mendel’s model of hereditary transmission. But he had substantial reasons. For many of

Morgan’s generation Darwin’s model of selection acting on slight individual variations did

not seem able to make the transition between one species boundary and other: after all,

practical breeders, on whose work Darwin relied heavily, had never produced a new

11 In 1929 and 1930 T.S. Painter in the United States, studying the giant salivary gland chromosomes of
Drosophila, showed that with proper staining techniques, the fine-structure of the chromosomes could be
observed in great detail. While this did not allow for the identification of actual genes, it did allow for the
close correlation of genetics maps (based on breeding ratios) with cytological maps (based on observing
variations in chromosome structure). For example, if a hybrid cross was expected to show the dominant trait,
but shoed the recessive instead, and observation of the respective chromosomes indicated a deletion of a
particular segment, the locus for that gene (and its alleles) could be pinpointed to that region.
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species simply by selecting small differences within a population or breed. Morgan’s own

work with Drosophila suggested that small, but discrete (non-blending) Mendelian variants

could supply the raw material that Darwin’s selection theory required. Similarly, at first,

both the Mendelian and chromosome theories appeared to Morgan not only to reflect back

to earlier, discarded views of embryonic preformation, but they also sidestepped the most

interesting question, which for Morgan the embryologist was how do characters (traits) get

formed during embryonic development? This question is still very much at the forefront of

biology today, and forms the centerpiece in the new area of evolutionary developmental

biology (evo-devo). It might be useful for current students to see both why embryonic

development remains an important question for the fields of genetics and evolution, but

also how, pragmatically, Morgan could put it aside to focus on the transmission process

alone, for which he had experimental tools at hand.

With regard to the second point, Morgan was one of the leaders among younger biol-

ogists in the first decade of the twentieth century who sought to take biology out of the

speculative realm of morphology and place it on the same solid footing as physics and

chemistry. His early objections to Mendelism, the chromosome theory and Darwinian

natural selection were based on his ideas for promoting a new kind of biology: one in

which experimentation and quantitative methods had primacy of place, and where

hypotheses could be framed and tested rigorously—that is, accepted or rejected with a

reasonable degree of certainty. Philosophically, this agenda was in line with the materialist,

even reductionist approach that characterized much of the physical sciences at the time.

In historical context, it is important to keep in mind that Morgan entered biology at the

time the field was beginning to professionalize—that is, biologists were beginning to

organize professional societies, journals, and expand jobs in universities and in the growing

number of research institutes (Maienschein 1991).12 Morgan was one of the promoters of

the goal of a professionalized form of biology in full alignment with the physical sciences.

This was the vision he put into practical form in his own laboratory at Columbia University

and into institutional form in establishing the Division of Biology at the California Institute

of Technology (Caltech) in 1928. In promoting this vision it is not insignificant that he

insisted that the new Biology Laboratory at Caltech, should be connected directly to the

chemistry building. Morgan’s rather explicit materialism and his mechanistic inclinations

were part and parcel of his time and place in the historical development of biology as he

and others sought to give it a legitimate seat at the table dominated up until then by the

physical sciences.

7.2 Implications for Teaching

In conclusion, how, then, can the episode outlined above be used in any practical sense in

teaching biology in general and genetics and evolution in particular? There are several

levels, and the story need not encompass all the aspects laid out in this paper to be useful in

one situation or another. On the simplest level it can be used just to point out that good

scientists admit they are wrong and can change their minds—this is, in fact, one of the

12 A number of such institutes were emerging at the time: the prototype was the Naples Zoological Station
in Italy (founded 1874–76), followed by the Marine Biological Station in Woods Hole, Massachusetts
(1888), the numerous laboratories established by the Carnegie Institution of Washington (starting in 1902),
the Rockefeller Institute (1901), and the many state and United States Department of Agriculture Experi-
ment Stations founded from the 1880s onward. These institutions not only indicated the rising stature of
biology but in a very real sense provided increasing opportunities for employment or at least access to
research facilities over extended periods of time (see Maienschein 1991: pp. 3–4).
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strengths of science as a human activity. On a more sophisticated level, this case can be

used to enhance understanding of any of the three theories discussed here by laying out his

various objections and having students try to provide an answer based on their current

understanding of the topic. Obviously, this approach would be particularly applicable in

teaching evolution, and would no doubt engender much discussion, but it could be applied

to the Mendelian and chromosome theories as well. It would underscore the idea of how we

know what we know. Confronting objections to theories can help students come to a deeper

understanding of what we think we know today.

Another useful teaching tool derived from this case study might be to pose the question:

What is a gene? How does the Mendelian gene map onto the gene emerging since the

advent of molecular genetics? This could provide a good opportunity to introduce students

to the changing concept of the gene, from Mendelian factors to the one-gene-one-enzyme,

one-gene-one polypeptide, and finally the molecular structure of the gene: is a gene jut the

coding region of DNA (exons), or exons and introns and control elements combined? I

have also found that students have a particularly difficult time understanding how genetic

maps are related to chromosome maps, so a discussion of the methodology and techniques

used by the Morgan group to carry this out for Drosophila could help them get a better

grasp on not only the process, but the importance in Morgan’s (or their own) thinking about

the reality, or material nature, of the gene. And finally, for the philosophically inclined,

Morgan’s case can raise the question of how valid is it in science to postulate the existence

of unseen entities to explain observable phenomena (like genes as explanations for phe-

notypic ratios, or atoms for explaining combining proportions in chemistry)?

It is clear that introducing case histories, or aspects of history and philosophy into

biology courses requires time, which means that something else has to be eliminated from

the curriculum. If history is to be used it has to be, like the science itself, done correctly

and clearly. But if we are serious about increasing science literacy, that is, teaching science

as a process of how we know what we know, then sacrificing time spent on adding a few

more facts to the student’s store of information, could ultimately have a big pay-off. To this

end, it would be ideal if more historical and philosophical case studies could be introduced

into teacher education courses. Historians and philosophers of science can provide a real

service to pedagogy by drawing up practical, and usable studies that will give teachers the

tools they can use in the classroom.

What I have tried to show with this example is that science is a fluid enterprise, having no

one rigidly-defined method or approach. It is, as one commentator remarked, ‘‘doing one’s

damndest with no holds barred.’’ If it can be presented to students as a dynamic process where

being wrong can be as productive as being right, we can go a long way toward increasing

excitement about, and greater proficiency in, science for future generations.
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