ﬁl‘ Journal of the History of Biology32: 163-196, 1999. 163
i~ © 1999Kluwer Academic Publishers. Printed in the Netherlands.

Seeing Patterns: Models, Visual Evidence and Pictorial
Communication in the Work of Barbara McClintock 1!

CARLA KEIRNS

Department of History & Sociology of Science
University of Pennsylvania

Logan Hall, Suite 300, 249 S. #6Street
Philadelphia, PA 19104-6304, U.S.A.

Abstract. Barbara McClintock won the Nobel Prize in 1983 for her discovery of mobile
genetic elements. Her Nobel work began in 1944, and by 1950 McClintock began presenting
her work on “controlling elements.” McClintock performed her studies through the use of
controlled breeding experiments with known mutant stocks, and read the actiontmlling
elements (transposons) in visible patterns of pigment and starch distribution. Shectasght
colleagues to “read” the patterns in her maize kernels, “seeing” pigment and starch genes
turning on and off. McClintock illustrated her talks and papers on controlling elentent
transposons with photographs of the spotted and streaked maize kernels which were both her
evidence and the key to her explanations. Transposon action could be read in the patterns
by the initiated, but those without step by step instruction by McClintock or experience in
maize often found her presentations confusing. The photographs she displayed became both
McClintock’s means of communication, and a barrier to successful presentation of her results.
The photographs also had a second and more subtle effect. As images of patterns arrived at
through growth and development of the kernel, they highlight what McClintock believed to be
the developmental consequences of transposition, which in McClintock’s view was her central
contribution, over the mechanism of transposition, for which she was eventually recognized
by others. Scientific activities are extremely visual, both at the sites oftigatien and in
communication through drawings, photographs, and movies. Those visual messages deserve
greater scrutiny by historians of science.

Keywords: cytogenetics, diagrams, genetics, illustrations, McClintock, models, molecular
biology, photographs, twentieth-century, United States

...asingle colophotograph [was] more illuminating than all her papers
put togethef.

The discovery of mobile genetic elements by McClintock is of profound
importance for our understanding of the organization and function of
genes. She carried out this research alone and at a time when her con-
temporaries were not yet able to realize the generality and significance
of her findings. In this respect, there are several similarities between her
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situation and that of another great geneticist active 100 years ago, Gregor
Mendel, who, studying the garden pea, discovered other basic principles
of genetics®

In the announcement of her Nobel Prize, the Swedish Academy of Sciences
compared Barbara McClintock to Gregor Mendel. Like Mendel, McClintock

is portrayed as a forgotten genius, ignored by colleagues for decades until
her insights were uncovered by a new generation. Recent scholarship on
Mendel, however, challenges the myth of the martyr to science, suggesting
that Mendel's work was known among elite and scientific breeders like Karl
Nageli, that his paper was widely disseminated in breeding circles, and that
his work was rejected for its lack of relevance to contemporary scientific
guestions and for lack of confirmation of the pea findings in hawkweed — not
because the brilliant experimentalist published in the wrong jodrivathis
revised picture of the Austrian monk, he is indeed a great deal like Barbara
McClintock as her life and work are being reinterpreteBoth were well
known in their communities of naturalists and breeders and participated in
exchanges with leading figures. It was a change of questions, and the atten-
dant change in the form of the acceptable answers, that led to the rediscoveries
of both Mendel and McClintock.

In her book,A Feeling for the OrganisiEvelyn Fox Keller outlines Bar-
bara McClintock’s life in science and the difficulties she faced in the 1950s
and 1960s in communicating with the growing circle of molecular biologists
who met at Cold Spring Harbor every summer. Keller argues that transposi-
tion was rediscovered in the 1970s, with credit finally given to McClintock for
decades of researérCharacterizing the problem in linguistic and empathic
terms, Keller argues that McClintock’s “different language” and “feeling for
the organism” blocked communication between McClintock and this audi-
ence. Building on Keller's work, | argue that molecular biologists were not
McClintock’s natural community since they did not share her technique or
question. McClintock was concerned, fundamentally, with development and
gene regulation — issues that were not on the agenda of microbial geneti-
cists in the 1950s when she began presenting her work on transposition and
controlling elements.

Unlike Keller, | frame the problem of communication between McClin-
tock and the molecular biologists in the late 1960s, 1970s, and 1980s
primarily in terms of scientific communities, organisms, and use of visual
evidence. These three aspects illustrate that McClintock’s purported isolation
is a result of viewing her work only in comparison with molecular biology
— and of gauging the reception of her work only in that community — and
community boundaries are defined in part by organisms and visual traditions.
Most of the data that McClintock collected on her “controlling elements”
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Figure 1. Barbara McClintock in her Corn Fields, circa 1960. [Courtesy of the Libraryeftmerican Philosophical Society.]
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was never published, though brief analyses appeared ividadook of the
Carnegie Institution of WashingtdnVisual patterns in maize kernels were
crucial to McClintock’s analyses, and were the main form of illustration in
what she did publish, but the understanding of these patterns was confined to a
small community of initiates. In McClintock’s view, the particular suitability

of the photographs of kernels as illustrations had to do with their value in
illustrating developmental patterns — not the mechanism of transposition at
the level of the base pair.

After Francois Jacob and Jacques Monod’s publication of the operon as a
simple regulatory system in 1961, when the growing community of molecular
biologists became more interested in gene regulation, they had a regulatory
model which had been articulated and illustrated at the level of the gene
rather than inferred from its phenotypic (and therefore partly developmental)
effects!® The question of whether regulatory mechanisms in more complex
organisms were different in kind or scale — more operons or another system
entirely — was left for later researchers. Jacob and Monod’s model, and other
schematic diagrams and models used in molecular biology, was easy to “see”
and comprehend asmechanismBy comparison, McClintock’s choice of
the kernels to illustrate hdheoreticalarguments in both papers and talks
emphasized the developmental arguments she was making, and followed a
visual tradition that, by the 1970s, likely made her work seem more obscure
and irrelevant rather than clearer and more convincing. Whether one was
interested in transposition or developmental control, McClintock’s methods
and level of explanation separated her from the molecular biologists. Her
use of visual evidence reified this separation, making communication with
molecular biologists even more difficult.

The Structure of Scientific Communities: Or Building an Audience

Barbara McClintock was well respected for her early cytogenetic studies.
Though she had problems securing a job, her experimental work earned the
respect of her peers and by 1945 both membership in the National Academy
of Sciences and the presidency of the Genetics Society of Améritae
unexpected appearance in 1944 of a number of spontaneously mutating genes
set her on a new line of research that led ultimately to transposition (1948)
and the Nobel Prize (19833. Transposition — the movement of a gene or
chromosomal element from one location on the chromosome to another — is
the discovery for which McClintock is famous. This work grew out of her
experiments on ring chromosomes, chromosome breakage and fusion, and
spontaneous mutatioA$\When researchers began to find moveable elements
in bacteria, yeast, and higher organisms, McClintock was retrospectively
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credited with the discovery of the general phenomenon of movement of DNA
native to the organism in question, whether as plasffidisinsposons, or by
other mean$® The fact that transposition was secondary to McClintock, for
whom it represented only a mechanism of developmental regulation, is less
well-known 16

McClintock, Models, and Molecular Biology
McClintock and the Molecular Biologists

The molecular biologists were not McClintock’s natural community — sharing
neither her organism nor cytogenetic techniques — nonetheless she was deter-
mined to gain their respect and following. McClintock’s repeated attempts
to convince or convert this subcommunity is one of the enduring paradoxes
of her career. Whether McClintock’s desire to engage with the molecular
community was a result of her respect for their intelligence, their proximity
to her laboratory during summer meetings at Cold Spring Harbor, or her hope
that they would extend her work into other organisms and to molecular-level
explanations, she continued to speak to — and increasingly about — this group
in the late 1960s, 1970s and 1980s. Her sense that they understood theo-
retical issues and by the 1970s were interested in gene regulation provides
a partial answeY’ The clash between McClintock and the molecular biolo-
gists provides a window into the relationship between the development and
perpetuation of conceptual models, scientific illustration and epistemé&logy.

When McClintock began to present her work on controlling elements in
1951, she faced an audience which included maize geneticists and many sci-
entists who had worked with maize some time during their careers, but few
of whom were working on development or regulatt8ms she continued
to present her work over the ensuing decades, the situation reversed. By the
1970s, maize had became a far less common organism for genetic studies,
and by the 1980s, complex developmental questions were beginning to be
addressed as new theories and molecular tools were develfbped.

McClintock’s project dealt with regulation and control in higher organ-
isms, for which transposition was simply one possible mechaffisfine
isolation of genetics from embryology (later called development) in the Mor-
gan school of the 1910s and 1920s, and many later attempts to bridge the
gap with hybrid work in “developmental genetics” has recently been the
subject of historical analysi. The direct effect of this split, solidified in
Morgan’s fly room, was ironically to make all of McClintock’s experimental
work possible. The Morgan group’s pioneering work linking cytology and
breeding analysis iBrosophilawas the counterpart to McClintock’s work in
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the 1920s linking cytology and breeding analysis in matZEhe productivity

of transmission genetics, freed in the 1920s from the traditional concerns of
evolution and development, allowed new understanding of heredity — pre-
cisely as McClintock was beginning her career in genetics. McClintock’s
control theory brought the problem of development back into her genetics,
giving it a complex, theoretical flavor.

“Seeing the Patterns”: McClintock’s Visual Style

In her discussion of McClintock’s career, Evelyn Fox Keller uses the linguis-
tic metaphor of a “different language” to explain the lack of communication
between McClintock and the molecular biologists. Keller shows that McClin-
tock’s genius lay partly in her observational skill. Understanding her work
required a bit of that same skill. As molecular biology matured, it devel-
oped its own, tightly stylized and schematic visual language — a language
McClintock read, but did not write. Writing at least two decades after the
visual language of molecular biology had matured, in their 1f@@8schrift

for McClintock, Nina Fedoroff and David Botstein explain that

... both Barbara’s contemporaries and those who came later often criti-
cized her sharply for what they saw as her unwillingness to communicate.
By this, they mostly meant she had not made cartoons to reify the genetic
abstractions from which she inferred the existence of controlling elements
that transpose from place to place in the genome. Indeed, although Bar-
bara often diagrammed chromosomes, she never drew cartoons, and she
readily admits frustration with her failure to communicate. [p. 2]

Such criticisms presume that the mechanism of transposition was the most
important message that McClintock had to communicate, and fail to address
the forms of illustration she did use in her papers and presentations.

Differences between McClintock and molecular biologists in the use and
content of models, diagrams, and illustrations highlight the issue of devel-
opmental control theory and its concern with patterns of expression and
molecular biology’s concern with molecular mechanisms. A biologist who
studied McClintock’s work remarked that after learning to “see the patterns,”
“a single color photograph [was] more illuminating than all her papers put
together.24

McClintock illustrated the papers in her transposition and control work
with diagrams of chromosomes and images of maize kernels, following
the cytogenetic tradition of displaying the mutant under stidy broad
outline, the growth of cytology is tied to incremental improvements in labora-
tory microscopes, the dissemination of instruments, and numerous technical
improvements in microscopic technigtfeCytogenetics also owes a debt to
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the growth of the German dye industry in the late nineteenth century, whose
products gave us the name “chromosome” or “colored body” due to the fact
that these cellular structures selectively absorbed many of the newf‘dyes.
The precise history of chromosome spreads and karyotyping, which was and
remains a skilled empirical field, has not been written. It is clear, however,
that the generic problem of preparing cells to obtain a clear spread chromo-
somes of visible and distinct chromosomes had to be modified according
to the details of each organisth.Breeding experiments which compared
chromosome size, shape, and banding pattern in parents and offspring to
the traits expressed was the basis for the Morgan school’s claims about the
physical basis of heredifj. McClintock learned and developed techniques

of cytogenetics in maize starting in the early 1920s as a graduate student at
Cornell University. Shortly after Barbara McClintock completed her Ph.D.
at Cornell in 1927, she won the attention of geneticists worldwide with her
conclusive demonstration of the correlation between genetic crossing-over,
detected statistically, and physical crossing-over of chromosomes observed
under a microscope. This provided a key confirmation of the chromosomal
theory of heredity, a cornerstone of twentieth-century genétics.

Careful breeding experiments and cytological techniques permit observa-
tions of chromosomes, expressed and visible mutant traits (phenotypes), but
not — as molecular biologists would like — detailed articulation of molec-
ular mechanisms. Reconstructions and cinematic animations of cell division
(mitosis) and gamete production (meiosis) have been made for demonstration
purposes, but the destructive nature of most methods of karyotype preparation
make it impossible to follow the same cell through the process either in still
photographs or movies.

Figure 2, one of the illustrations to McClintock’s 19&bld Spring Har-
bor Symposiumpaper, shows the knot of chromosomes that the cytogeneticist
had to be able to interpret, recognizing individual chromosomes by size and
shape. In McClintock’s early maize work at Cornell, she pioneered the study
of maize chromosomes in the “pachytene” stage, the stage shown here. In the
pachytene stage, when crossing-over occurs in maize, chromosomes are con-
densed, but stretched out into linear chromatids for crossing-over. Pachytene
chromosomes are easier to identify than they are in other stages, but they are
also tangled together, so a discriminating eye and long experience are still
necessary to interpret the chromosome spreads. The line tracings beside the
photograph are camera lucida images, drawn from the microscopic images,
which permitted a clearer separation than seen in the photograph. McClin-
tock’s caption read in part, “In Figure 4, a brealoatoccurred in a premeiotic
mitosis. The acentric fragment, fros to the end of the arm, was lost to
the nucleus. Consequently, this segment is missing in the bivalentans-
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Figure 2. Maize chromosomes in pachytene stage from Barbara McClintock, “Chromosome
Organization and Genic Expressioi@odld Spring Harbor Symposium on Quantitative Biol-
ogy, 16 (1951), p. 18. [Courtesy Library of the American Philosophical Society and Cold
Spring Harbor Laboratory.]
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Figure 3. Chromosome map showirias movement from Barbara McClintock, “Mutable Loci

in Maize,” Carnegie Institution of Washington Year Bod®, (1949-50), p. 162; and Bar-
bara McClintock, “Chromosome Organization and Genic Expressioalti Spring Harbor
Symposium on Quantitative Biolggy6 (1951), p. 22. [Courtesy Library of the American
Philosophical Society, Cold Spring Harbor Laboratory Press, and the Carnegie Institution of
Washington.]

position had caused chromosome breakage and loss of the loose end of the
chromosome. Figure 3 displays a schematic chromosome map in what had
become the conventional form for presenting the relative order and position of
genes on a chromosome, with distances determined by frequency of crossing-
over in breeding experiment$.The genes are indicated by the letters next

to the chromosomes, and the change in the sequence of genes is the key
observation. McClintock explained that these were “diagrams illustrating the
constitution of two chromosomes 9, each of which carries a duplicated seg-
ment (heavy line). A transposition @s accompanied the formation of the
duplication in each casé® McClintock had been able to use what were by
the 1940s standard conventions of chromosome mapping to show breakage
of chromosomes and migration of trais.

McClintock presented some of the developmental patterns which had ini-
tially drawn her attention, and which suggested developmental changes to her
for others to inspect. In Figure 4, one can see the dark wedge of stained cells
against the background of light-colored cells. This kernel, McClintoe¥s
mutation, was stained with an iodine-potassium iodide (I-KI) solution which
reacts with starch to produce the dark patches visible in the kernel. Know-
ing that the kernel grows out from the center, McClintock concluded from
the background that the kernel was programmed at fertilization to produce
relatively little starch, and therefore absorb little 1-KI stdiThen at some
early stage in the development of the kernel, a transposition event occurred in
one cell turning on the gene for starch, and all subsequent divisions from that
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Figure 4. Kernel showing one early and many late transposition events from Bavtzahn-

tock, “The Control of Gene Action in MaizeBrookhaven Symposia in Biologi8 (1965),

p. 167; and Barbara McClintock, “Development of the Maize Endosperm as Revealed by
Clones,” inThe Clonal Basis of Development, 36th Symposium of the Society for Developmen-
tal Biology(June 1977) (New York: Academic Press, 1978), p. 229. [Courtesy of the Library of
the American Philosophical Society, Brookhaven National Laboratory, and Academic Press,
Inc.]

lineage took up the I-KI stain, producing the darkened wedge. In 1965, when
McClintock first published this image, the caption read, in part: “Reactivation
of the inactiveAc occurred in an individual cell early in endosperm develop-
ment. Response of the operator element at tfie*ocus to this reactivation
produced the area in the aleurone layer that exhibits many pigmented spots,
each spot arising from an individual response of the operéftdidte both
McClintock’s explanation of the v-shaped section as a question of develop-
mental timing — theAc transposon moved early in this lineage, and with it
the character for starch production — and her use of the “operator” language
from Jacob and Monod. When McClintock republished this image in 1978,
the caption read in part,

From the ear parent the kernel receizeth3in chromosome 3 an@x-m7
in chromosome 9 whose associatéd [transposon] had am compo-
nent [starch gene] that initially was completely silemt.a cell, early
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Figure 5. Kernels showing late transposition events. Barbara McClintock, “Development of
the Maize Endosperm as Revealed by Clones,The Clonal Basis of Development, 36th
Symposium of the Society for Developmental Biol@iyne 1977) (New York: Academic
Press, 1978), p. 232. [Courtesy of the Library of the American Philosophical Society and
Academic Press, Inc.]
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in endosperm developmetitt became capable of actind.he V-shaped
sector within the endosperm composed of a dark and some lightly stained
cells represents the progeny of this cell as does the area with dark spots
of anthocyanin pigment in the outermost layer of the endosperm (the
aleurone layer) [emphasis addéd].

Kernels like Figure 5, showing more diffuse spots made visible with I-KI
stain further from the center of the kernel represent transposition events in
the starch gene later in the development of the kernel than that in Figure 4.
McClintock explained that:

The aleurone layer of the kernel in Figure 7 [in Figure 5] has many closely
spaced spots of anthocyanin, and these represent mutations at the locus of
c-mb5. ... The evident mutations areasged as individual cells or arranged

in small clones. This pattern suggests that mutations were not occurring
in the leading cambium-like layer of cells, but rather in the cells of the
layers just below it that also undergo some divisighs.

That is to say, the transposition events that led to small, widely dispersed
darkly staining spots occurred late in the development of the kernel and inde-
pendently in many different cells. To explain the larger and more concentrated
dark patches in her Figure 8 [in Figure 5], McClintock explained, “It is evi-
dent in this instance that mutationsvat-m8occurred in cells of the leading
cambium-like layer as well as in some cells of the underlying lay&3he
nextimage (Figure 6), showing darkly staining cells interrupted by wedges of
lightly-pigmented (unstained) cells, demonstrates that the gene can be turned
off as well as on. McClintock told her readers to “note focal location, close
to the crown of the kernel, from which diverge two large sectors composed
of deeply stained cells and two composed of near colorless cells, and from
which all other rows of cells likewise divergé® Developmental patterns
were crucial to McClintock’s analysis. They were also dependent on a knowl-
edge of maize development to interpret. Then, even if they were understood,
the link to genetic mechanisms was through classical breeding, analysis of
mutants, and mapping of traits onto chromosomes. The pictures do not speak
for itself, but instead stands for the systematically created mutant stocks, the
careful breeding experiments, and the staining and other techniques necessary
to render both chromosomes and developmental patterns visible.
McClintock’s explanations relied upon the display of patterns. Images
of kernels in papers and public presentations visualized the phenomena she
described; patterns in her pictures were the realized evidence for transposition
and gene control in development themselves. But McClintock did not draw a
mechanism for transposition or a version of the operon at the level of the gene
—the molecular mechanisms of transposition and development in maize were
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Figure 6 Kernels showing late (a) and early (b) transposition events. Barbardimita¢k, “Development of the
Maize Endosperm as Revealed by ClonesTire Clonal Basis of Development, 36th Symposium of the Society
for Developmental Biolog{dune 1977), (New York: Academic Press, 1978), p. 225. [Courtesy of the Library of
the American Philosophical Society and Academic Press, Inc.]
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unknown. Lacking visual productions that were recognizable to molecular
biologists, who could not make an independent judgment of patterns and
their likely meaning because of their lack of familiarity with maize and its
developmental pathways, her work was much less illuminating to those who
could not “see the patterns.”

The Molecular Alternative

While McClintock continued through the 1970s to present her data primarily
in the form of photographs, molecular biologists developed a new visual lan-
guage. Molecular models to illustrate molecular structures, and “cartoons” to
illustrate mechanisms and genetic structures became crucial to both hypothe-
sis generation and dissemination of results in the molecular comnftirisy.

in chemistry, a convention had to be established for illustrating and discussing
genetic structures at the molecular letieMolecular scale made interven-

ing representations inevitable. Since human beings cannot discern structures
smaller than the wavelength of visible light with their own eyes or with light
microscopes, tools such as the electron microscope and X-ray diffraction, as
well as older methods of chemical analysis, have been necessary to analyze
structures of molecular scale. Conventions to represent these structures then
become necessary. After all, there is no such thing as “what it really looks
like” for structures smaller than the smallest wavelength of visible ftght.

The visual language of molecular biology resulted from a blending of the
representational traditions of chemistry through biochemistry and microbiol-
ogy through cytogenetics. Physicists and chemists had played a central role
in the introduction of new instruments, simplification of experimental sys-
tems, and the search for universal laws that had been part of the program of
molecular biology since the 1930s. Following physicist Erwin Schrédinger’s
call to search for new physical laws in biology, and foundation officer Warren
Weaver’s vision of a biological science transformed by instruments and meth-
ods from the physical sciences, many chemists and physicists, some of whom
were already working on biological molecules or structures, came together in
the 1930s and 1940s to try to articulate biological structures and mechanisms
at the molecular levef

The boundaries between biochemistry, biophysics, and protein chemistry
— with which molecular biology shared tools and techniques — were per-
haps more permeable to both personnel and techniques than were those
with classical genetics. A series of discoveries in biochemistry and bio-
physics was rebuilding the concept of the gene and the basis of genetics
at the level of molecules. This work was dependent upon classical genet-
ics for theoretical foundations and on chemistry and physics for methods
and instruments. Beadle and Tatum’s “one gene, one enzyme” hypothesis
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(1941), Oswald T. Avery’s 1944 demonstration that DNA — not protein —
was the hereditary material, Watson and Crick’s 1953 publication of the
double-helix structure for DNA, ribonucleic acid (RNA) and its role as inter-
mediary between DNA and proteins (1958), provided a vision of genes as
a series of base pairs at the molecular 1€vdh the 1960s the molecular
understanding was further refined by Jacob and Monod'’s (1961) the model of
gene regulation and Marshall W. Nirenberg’s elucidation of the genetic code
(1966)46 When plasmids (replicating circles of DNA separate from the chro-
mosome), restriction enzymes (which cut DNA at specified base-sequences),
and recombinant DNA (segments cut with restriction enzymes and “pasted”
with ligase enzymes to form new and “artificial” sequences) completed the
revolution in the early 1970s, molecular biology was a science that analyzed
and manipulated genetic material chemically at the molecular level rather
than manipulation by breeding and evaluation of phenotype.

Much like a microscopist who has to adjust her thinking and find the
object of interest again when changing from a lower to a higher-power micro-
scope objective, the turn to molecular methods which analyzed genes at the
molecular level permitted gene action to be studied at a new level of expla-
nation — and adjustments would have to be made to both theory and method
to coordinate the classical and molecular views of transposition, gene con-
trol, and development. At the Brookhaven Symposium on gene control in
1965, McClintock was asked about the molecular mechanisms underlying her
developmental patterns. McClintock’s response highlights the difference in
levels of analysis and explanation between her work and that of the molecular
biologists:

| believe that we are not yet ready to construct any model at the molecular
level to account for the modes of operation of the gene-control systems
that have been discussed. We are still too ignorant of the composition,
at the molecular level, of chromosomes in higher organisms and also of
the various types of gene-control mechanisms that may operate in these
organisms. In view of our ignorance, | believe it would not be profitable
to attempt to construct a model at the molecular 1€%el.

Even her critics might agree with McClintock here.

“Good to Think With” or Final Products: Models, Line Drawings,
Photographs, and the Approximation of Reality

Molecular biologists, like many other scientific communities, used represen-
tations in multiple ways. The most interesting of these uses was as hypothesis
generators — tools that were “good to think with.” The three distinct uses of
visual representations in genetics and molecular biology: (1) as evidence; (2)
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as hypothesis generators — use of molecular models to construct hypothetical
structures is in this vein; (3) purely instructional or designed for dissemi-
nation and communication. Particular diagrams can transcend the categories
in both directions. An image may be reproduced from laboratory notebook
to research publication to textbook, but images or models may be useful in
hypothesis formulation or in discussing material among scientists in the same
laboratory. Molecular models and diagrams of mechanisms are partially a
tradition borrowed from chemistry, the diagrams simultaneously represented
summaries of data and hypotheses about mechanism.

The visual conventions of molecular biology, in fact, have two distinct
lineages: one from the physical sciences — formulae and structural theory of
molecules from chemistry and schematic mechanisms from physics; the other
in cytology and microphotography through cytogenetics and microbidfogy.
The fusion of these two traditions was not complete, and individuals and
subgroups generally maintained visual standards more closely allied with
their disciplinary origins. Thus McClintock was closer to the traditions of
cytology in which one drew what one saw, and Max Delbriick, Salvador
Luria, James D. Watson, Francis H. Crick, and other founders of molecular
biology, following the chemical and physical traditions, drew what they could
infer or reconstruct. Each tradition, though, depended upon a complex set of
standardized tools, experimental practices, and visual conventions to see and
describe the invisible structures and processes.

Chemists had moved from an understanding of nomenclature and formulas
as convention (useful fictions for thinking and communication) to formulas as
hypothesesbout chemical valence and three-dimensional structure or actual
microstructure during the nineteenth and early twentieth centtftidhe
epistemological debates between chemical formulas as summaries of exper-
imental data and as diagrams of some real microstructure were fierce, with
the atomists arguing for a structural reality to the atom, and the anti-atomists
arguing that the evidence for such a claim was weak. Mid-nineteenth century
atomists finally claimed agnosticism on the question of microstructure of the
atom, a bit like McClintock did on the mechanism of transposition, concen-
trating instead on the value of their notation in expressing and predicting
the results of experimentd. The concept of the atom formed a valuable
idea around which to organize experimental data, even though its literal
existence was in question. Similarly, the idea of the transposon explained
experimental results which were otherwise difficult to account for, even if its
exact mechanism could not be explained yet. The formal end of the debate
between the atomists and the anti-atomists came much later, ending in the
early twentieth century with victory for the realists over the skeptids. the
end, the chemical substansasthe structural formul&® With the movement
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of chemists, physicists, and their instruments into biology, and the extension
of the cytological tradition, the progression from notation as summary of data
to formulas and diagrams as representations of actual microstructure became
possible in biology.

Through the 1950s and 1960s, molecular biologists became ever more
interested in models to illustrate the mechanisms and molecular structures
they were elucidating, and following the visual traditions of chemistry, results
were more and more frequently demonstrated with schematic diagrams rather
than photographs or naturalistic images. Though we usually understand pho-
tographs to be more objective than drawings, in which details have been
selected by the drafter, a photograph always has a photographer — who
chooses which images to record on film and which to display or further
disseminate, thereby selecting the most important details no less than the
sketch artisb* The methods for crossing, selecting mutants, and prepar-
ing both karyotypes for the analysis of chromosomes and stained kernels
which rendered developmental patterns visible constitute a complex system
of experimental practice which highlights certain details at the expense of
others. Those patterns represent a construction of scientific evidence different
from diagrams of molecular mechanisms, but equally complex. Also, the high
level of detall itself is both an analytical and aesthetic choice.

Different uses of visual representations can conflict, and the lines between
them can blur. When do images cease being data and begin being hypothe-
ses? When do they shift from hypothesis to assumption? Ambiguity may be
necessary — even productive — but the possibility of reifying assumptions and
data together in a seamless package is a risk. Schematic images began as
necessary tools for illustrating phenomena too small to be photographed. But
they fit well with the strongly reductionist tradition of molecular biology.
Soon “cartoons” became indispensible tools for molecular biologists. Young
scientists trained in this tradition — those who came up in the 1970s and after
— learned not only to see but to think in cartoons.

Rollin D. Hotchkiss, in his introduction to the second edition of Evelyn
Fox Keller's biography of McClintock touches on the problem McClintock
had in communicating with molecular biologists: “Characteristically, her
descriptions remained verbal; | do not recall her ever stopping to draw for
us a sketch or diagram of what she was talking about. Small wonder that
most of us were ill prepared — and, | think, too lazy — to work hard enough to
master the data as it poured forf.Hotchkiss implies that McClintock did
not think to draw them a sketch or diagram because she didn’t want to stop to
explain it. The mechanistic diagram of transposition that Hotchkiss and many
of his colleagues hoped for was secondary for McClintock. To her, controlling
development was the most important purpose served by transposition.
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Figure 7. Kernel from McClintock compared to “cartoon” of transposon from Heinz Saedler
and Peter Starlinger, “Twenty-Five Years of Transposable Element Research in Kalthg in
Dynamic Genome: Barbara McClintock’s Ideas in the Century of GenetttsNina Fedoroff

and David Botstein (Cold Spring Harbor, NY: Cold Spring Harbor Laboratory P1&€2),

p. 256. [Courtesy Heinz Saedler, Peter Starlinger, and Cold Spring Harbor Laboratory Press.
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Figure 7 shows the translation of McClintock’s controlling elements into
conformation with the visual language of molecular biology. This comparison
cannot represent what McClintock should have done in the 1960s, since this
diagram — showing details of gene structure — could not have been drawn
until the 1980s. Instead, it demonstrates the translation and reinterpretation of
McClintock’s work starting in the 1970s. Translation required both a zoom-
ing in from the chromosomal level to the DNA level of explanation (like
switching to a higher-powered microscope objective), but, more importantly,
an emphasis of mechanism over pattern. Like many translations, the new
language alters the meaning. The kernel displays a developmental pattern —
the diagram a simple movement of a gene.

The greater ease that visitors to McClintock’s laboratory experienced in
understanding her work is explained by a variety of factors. Naturally, one
is that those likely to visit, and then to write about it, are generally self-
selected fans. A second explanation is found in the personal attention given
a single visitor and the interactive exchange permitted in that setting. The
last is a more theoretical point about static (two-dimensional) illustration
of four-dimensional phenomena. lllustration of movement, growth, develop-
ment, and other forms of change over time (four-dimensional phenomena)
present special problems for illustration in two dimensions, problems partic-
ularly common in geology and embryologfyMcClintock understood that,
and her descriptions of the point of origin of new pigment spots in Figures 4—6
highlight her understanding of the time-axis represented by growth and visi-
ble through the outward expansion of patterns in kernels over time. How well
her illustrations conveyed that to readers and listeners would have depended
on the background and experience of each audience member. An alternative
approach to change over time is found in cinematic representation change
over time, a difficult proposition with living organisms, and almost impos-
sible with destructive analysis techniques which prevent one from following
the same individual (kernel in her case) through the process under study.

Through their interaction with McClintock in the laboratory, visitors had
an interactive, time-bound experience that assisted them in seeing the element
of change over time in McClintock’s developmental view. Her photographs
of developmental patterns showed change over time implicitly, but one had
to be primed in maize development to see it. Time-lapse photography and
cinematography have been used by other investigators to show time-bound
processes like growth and development, demanding less imagination from the
audience, but presenting sometimes insuperable technical barriers to inves-
tigators seeking to create films. The cinematic work of Etienne-Jules Marey
was influential in bringing time-lapse photography and microcinematography
into the study of growth and movement in biology. Marey’s photographs of
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movement were also an inspiration for cubism — a more symbolic representa-
tion of movement. Historian James Strick’s work on Adrianus Pijper presents
an analysis of the use of cinematography in the study of movement, and
his challenge to the destructive and static methods of electron microscopy
in studying movemerit’

On a scale of exposure from passive to active, those who listened to a
talk or read a paper, and saw the static images, were at a disadvantage when
compared to those who visited the laboratory. Another group also found
McClintock’s work more comprehensible than molecular biologists — maize
geneticists and cytogeneticists who shared her methods, organism, or both. It
is perhaps trivial to remark that sharing techniques makes it easier to share
results because some of the layers of interpretation required to understand the
images were already shared — explanations of maize development, cytological
techniques, or other aspects of the experimental practice form part of a com-
mon vocabulary — and maize workers share a kind of language through their
experimental practicg® Organisms and the experimental techniques that are
linked to them become the basis of shared skills, vocabulary, and experience.
Transposition was first replicated by maize geneti&idts.

If the molecular biologists of the 1970s could not understand McClintock,
as many said they could not, their lack of familiarity with maize genetics
may have been part of the reason. The index to James D. Watson’s 1965
edition of The Molecular Biology of the Genists 25 separate entries and
numerous subheadings fBscherichia coli but none for maize or cof.In
a letter to McClintock in 1965, maize geneticist M.G. Neuffer explained his
attempts to translate her control work: “You recognized immediately the over
simplification in my description of the control systems. | had intended it to be
as simple as possible because | find so many good biologists who have great
difficulty comprehending these systeni$¥When Jacob and Monod first pub-
lished the operon model, McClintock published a review comparing her work
to theirs®? In an extended correspondence with Ernst Caspari, who attempted
to convince McClintock to write another review, McClintock and Caspari
discussed the challenge of communicating her work. In their view, there were
two groups: maize geneticists, who often understood transposition and her
work in maize, but did not “quite see all the implicatior{$”and molecular
biologists, who understood the theoretical aspects of gene regulation, but had
difficulty integrating her work into what they knew abdgt coli, plasmids,
and mutagenic bacteriophagésvicClintock confided to Caspari that: I sus-
pect that geneticists, embryologists, and molecular biologists have not known
how to incorporate the maize evidence into their thought systhikR.S.
Fincham, later in 1973, tried to convince McClintock that her work was
slowly becoming more integrated into the mainstream of genetic research,
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tried to explain the “blindness” of his colleagues, but counseled patience:
“Something that can't be fitted into any existing framework of knowledge
and ideas tends to get pushed out of mind, even if it isn’'t actually disbelieved
.... I think the maize phenomena are poger so difficult to comprehend in
principle, though of course obtaining evidence on detailed molecular mech-
anisms is a more formidable challenge than it is in a simpler prokaryotic
system.®®

Maize, after all, was a terrible organism for early molecular biology. Maize
had a long generation cycle, was difficult to manipulate biochemically during
its growth, had a complex genetic organization, and had intricate develop-
mental patterns. In short — almost everything about maize made it hopelessly
complex for molecular manipulation in the 1960s. These characteristics of
the organism ensured that McClintock’s audiences in maize and molecular
biology would not overlap until decades later.

Simplicity and Universal Mechanisms Versus Complexity and Orchestrated
Systems

The simplicity of bacterial genetics offered a major theoretical advantage for
molecular biology. It enabled workers to feel they were discovering funda-
mental properties of genes, enzymes, and cellular structures. The simpler the
system in which a given gene or enzyme could be found, the more likely
that molecule was fundamental to all life. This sort of universal mechanism
suited the converted physicists who dominated the earliest stages of molecu-
lar biology. Universalism was bolstered when molecular biologists branched
out into other model organisms such as yeast and animal viruses. A basic
principle of evolutionary biology states that the simplest explanation for a
shared trait is that it was present in a common ancestor. The more species that
share the trait, the more likely that trait evolved once and is now universal.
By the 1970s universalism was both an analytical tool and an aesthetic of the
maturing molecular biology.

McClintock’s 1960s and 1970s reviews, papers, and talks explicitly com-
paring her work on maize controlling elements to the rising concern in
molecular biology over gene regulation was an effort to enlist molecular
biologists in her program of developmental geneticklcClintock hoped to
convince her colleagues to expand their interest from transmission genetics
to development, and to help them to understand that the genome is not static,
but a dynamic “tool” crucial to the adaptation of the organism. The patterns
and developmental effects were the important issue to McClintock, and the
articulation at the level of the gene that would have made McClintock’s work
more easily comparable to Jacob and Monod’s operon or other molecular
mechanisms could not be done with cytogenetic techniques and had not yet
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been done in maize. Nina Fedoroff, among others, would be responsible
for articulating the molecular mechanisms of transposition in maize, in the
1980s¢®8

McClintock argued repeatedly that the operon did not explain everything
about gene regulation, a charge her colleagues in molecular biology could not
deny®® But for the molecular biologists, if the operon was a universal mech-
anism, it had brought them one step closer to the secret of life — simplicity
itself. McClintock’s vision of life was in layers of complexity, so even if the
operon were present in every organism, it did not begin to explain evolution,
development, or organismal complexity.

McClintock sought a new synthesis. By 1980 McClintock rejected the uni-
versalizing tendency of models and diagrassshey were used in molecular
biology. She felt that the search for universal mechanisms in molecular biol-
ogy and genetics was limiting scientific imagination. McClintock explained
that: “l think once you realize that there is not just one kind of mechanism,
there are various ways in which a particular problem is solved by organisms,
and anything you think of you will find. There’s no question about that. Any
kind of strange situation you will find, because it's thefeThe molecular
mechanisms of molecular biology were important to McClintock because she
felt that they would be the basis of a new science of cytology and of a new
genetics. She hoped to apply that new science to the problem of evolution,
and development was the key. In a 1980 interview McClintock discussed the
“knitters” who are able to work within a sense of “the now,” but who are
unable to move beyond that understanding, to see their tacit assumptions, and
to view matters with a fresh eye:

It's not just one change, two changes [evolution]; it's innumerable
changes. And they all have to be integrated. The consequences of this —
the whole period of evolution as considered earlier and the attempts here
for instance to have the department — it was all right for the thinking of
the time, but really had not been, | think, carefully analyzed. It had been
over enthusiastic. Just like DNA. People thought the type of controls that
Jacob and Monod came out with — that everything was salvedt’s so
blinding. And this is what | fear all the time, that people just go on. The
thing they do as a consequence lots is what | call knitting. There were
loads and loads of knitters. They give us loads and loads of information.
They just knit, knit —which is necessary. And I'm glad they get this enthu-
siasm that they have, because they think they have half solved something
very definite. They have given the needed information with which to make
the next steps. If you don'’t get caught in the times and trying to explain
everything on what | call the “now basis,” on the basis of what we know
now, | believe that that isn’t the way to solve things. The way to solve
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things is to have anything that you see change your thoughts in such a
way that you take a new direction and you allow yourself to take a new
direction, because you see something that doesn’t belong to th&now.

Visual Evidence in Science and the History of Science

The history of science, like most fields of history, has been shy of exploring
material and visual culture in favor of the seemingly less problematic textual
records’® Yet the wider issues of modeling, representation, visual commu-
nication, and scientific illustrations have recently begun to receive attention.
Recent interest in natural history and medical museums like that in Renato
Mazzolini's 1993 edited volume complements work in history of science and
sociology of science on visual language and pictorial represent4tisoi-
entists, who for centuries had been forced to develop methods for illustrating
the natural world, have faced the problem of conveying visual information
to each other. Art historian William Ivins has argued that woodcuts, engrav-
ing, and other means of reproducing pictorial images were the basis of the
Renaissance, Scientific Revolution, and Industrial Revolufidtistories of
scientific illustration and advice manuals written to teach young scientists the
conventions and techniques of illustration stand as testaments to the impor-
tance of illustration in conveying crucial information in scientific texts, and
of the role of changing technologies of visual reproduction in determining
the form of those illustration€. The importance of illustration in teaching,
learning, and communicating scientific knowledge means that visual materi-
als were produced in great quantity, and survive in museums, archives, and
libraries. More study is needed, however, in how they were and are used, and
even historians whose subject is not an obviously “visual” topic will likely
find these images and objects valuable. Those interested in reconstructing
practice (scientific, medical, or technological) will find them essential. How
images were used — as evidence, as aids to hypothesis generation or as illus-
tration for dissemination — may present important clues to historians trying
to understand the picture or model at hamdi the theory or practice it was
intended to bolster.

Mechanisms, Patterns, and Theories

In McClintock’s case, studying her visual evidence highlights the importance
of pattern, complexity, and development in her work. Bringing development
to the forefront of her work clarifies her vision of developmental timing and
gene regulation. Divergent visual traditions help to explain why McClintock
and the growing community of molecular biologists in the 1970s and 1980s
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had such difficulty understanding each other, and the required vocabulary for
reading her visual language explains why those who knew her well and vis-
ited her laboratory found her illustrations more informative than did casual
observers. Even if McClintock could have drawn cartoons of the mecha-
nism of transposition — which was not known — that was hardly the only
obstacle to the acceptance of her theories about transposition and develop-
ment. Naturally, the images can only tell part of the story, but one that has
been less discussed than the clear conceptual problems transpositior’posed.
The images highlight something else important, the patterns. McClintock’s
emphasis on development, her agnosticism about the mechanism of transpo-
sition, and the secondary place of the mechanism in her work is apparent in
her choice of images.

Conclusion

In McClintock’s case the structured lack of communication grew out of
moral, epistemological, and pragmatic factors. Organisms, schematic mod-
els, and the relevance of development to transmission genetics stood between
McClintock and the colleagues who later said they always believed her, even
when they didn’t understand hé&r.Claims that “| always knew she would
make good” are suspect, particularly when applied retrospectively to a Nobel
laureate. Ultimately, the acceptance and integration of McClintock’s work in
the scientific mainstream in the 1960s and 1970s was due to confirmation
of transposition in other organisms, notably B coli, and to the crucial
importance of moveable DNA to the problem of drug resistance in bacferia.

If McClintock’s Nobel Prize was based on the public health importance of
her work, as is suggested in the Nobel Prize announcement, it was its extrap-
olation to bacteria and drug resistance that drew attention to her work in
maize. The problems of development that had so fascinated McClintock, and
inspired her work on transposition, remained opaque to most geneticists as
late as the 1980s.
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