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The structure of explanation of development as an unfolding of a
predetermined genetic program has powerful consequences for the- explanation of
the manifest variation among organisms. Although developmental biology is not
primarily concerned with variation, the existence of variation among individuals
enters into the program of investigation in a special way through the use of gene
mutations that have drastic effects on development, The standard method for
showing that a gene is important in, say, the devel'opment of wings in an insect, is
to find a mutation of the gene that prevents wings from being formed or, even

more interesting, that results in the formation of extra wings. The use of drastic

gene mutations as the primary tool of investigation is a form of reinforcing practice

that further convinces the biologist that any variation that is observed among

organisms must be the result of genetic differences. This reinforcement then

carries over into biological theory in general.

" 'While observations of the natural variation betwéen individuals are not taken’
into account in building the theory of development, the existence of such variation
is obvious to all. Especially in the human species this variation may have great
individual and social consequences, Differences in temperament, in the possession
of particular physical and mental abilities, in health and disease, in social power all
demand explanation. Up until the Second World War biologists, especially
geneticists, were for the most part biological determinists who ascribed” to genes
the chief causal influence in molding social, psychological, and cognitive differences
between individuals. Then, as the consequences of the biological theories of race
and character in hands of the National Socialists™ became widely known, there was
a general revulsion® against biological determinism and it was replaced by a
widespread environmentalist explanation of social facts, But this environmentalist
dominance was short-lived, and within twenty years of the end of the war, genetic
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explanations again came to dominate, in no small part because psychology and
sociology failed to produce a coherent predictive scheme for human psychic and
social development.

The reigning mode of explanation at present is genetic. Reinforced by the
observation that some human disorders result from mutation of clearly defined
genes, nearly all human variation is now ascribed to genetic differences. From the
undoubted fact that gene mutations like the Tay-Sachs® mutation or chromosomal
abnormalities like the extra chromosome®™ causing Down Syndrome*. are the
sources of pathological variation, human geneticists have assumed that heart’
disease, diabetes®, breast cancer, and bipolar syndrome™ must also be genetic
variants. The search for genetic variation underlying widespread human disease
conditions is a major preoccupation of medical research, a major consumer of
publicly funded research projects, and a major source of news articles on health.
Nor is it only pathological variation that is explained genetically. Variations in
sexual preference, in school performance, in social position are also seen as
consequences of genetic differences. If the development of an individual is the
unfolding of ¥ genetic program immanent® in'the fertilized™ egg, then variations in
the outcome of development must be consequences of variations in that program.

The trouble with the general scheme of explanation contained in the metaphor

(B
of development is that it is bad biclogy. If we had the complete DNA sequence of

an organism and unlimited computational power, we could not compute the
organism, because the organism does not compute itself from its genes. Any
computer that did as poor a job of computation as an organism does from its
genetic “program” would be immediately thrown into the trash and its
manufacturer would be sued by the purchaser. Of course it is true that lions look
different from lambs and chimps from humans because they have different genes,
and a satisfactory explanation for the differences between lions, lambs, chimps,
and us need not invoive other causal factors. But if we want to know why two
lambs are different from one another, a description of their genetic differences is
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insufficient and for some of their characteristics may even be irrelevant. Even a
_ 0
very faulty computer will be satisfactory if one is only interested in calculations to

an order of magnitude, but for accuracy to one decimal place® a different machine

is needed. There exists, and has existed for a long time, a large body of evidence -

that demonstrates that the onfogeny™ of an organism is the consequence of a
unique interaction between the genes it carries, the temporal sequence of external
environments through which it passes during its life, and random events of
molecular interactions within individual cells. It is these interactions that must be
incorporated into any proper account of how an organism is formed.

First, although internally fixed successive developmental stages are a common
featlre of development, they are not universal. A striking case is the life history
pattern of certain tropical rain forest vines® (see Figure 1), After the seed
germinates™ on the forest floor, the shoot® grows along the ground toward any
dark object, usually the trunk of a tree. At this stage the plant is positively
geotropic*® and negatively phototropic®. If it encounters a small log it grows over
it, putting out leaves (form Ty , but then continues to grow along the ground
without leaves (form Ts) . When it reaches a tree trunk it switches fo being
negatively geotropic and positively phototropic and begins to climb the trunk away
from the ground and toward the light (form Aa) . As it climbs higher more light
reaches its growing tip, and it begins to put out leaves of a particular shape at
characteristic intervals along its growing stem. As it grows higher and yet more
light falls on it the leaf shape and distance between leaves changes, and at a
sufficient light intensity it begins to form flowers. If a growing tip grows out along
a branch of the tree it becomes again posifively geotropic and negatively
phototropic, changes its leaf shape and spacing, and forms an aerial™ vine that
grows down toward the ground (form Ap) . When it reaches the ground it again
returns to the T's form until it encounters another tree, and there it may climb even
higher in form A4, as shown on the right in Figure 1. Each pattern of leaf shape,
leaf spacing, phototropism, and geotropism is dependent on the incident Ilight
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conditions, and there is no internally fixed order of stages. Even the description of
the stages is somewhat arbitrary, since the shape and spacing of leaves change
continuously as the stem ascends the tree trunk.

It might be that such switching among growth patterns under the influence of
environment would be possible only in plants, because they have embryonic™ tissue
at their growing points throughout their entire lives. However, the same
phenomenon can be seen in the regulation of differentiation in insects. The wing of
a moth develops from a lump of tissue, the wing imaginal disc¥, during the
development of the adult inside the pupal® case. The wing imaginal discs are
generally considered to be independent of the discs that develop into the head or
legs or abdomen™ or genitalia®, Nevertheless, if a wing disc is wounded, the
development of all parts of the organism ceases while the wound in the wing disc is
repaired, and then development of the whole organism resumes.-

Second, the organism is not specified by its genes, but is a unique outcome of
an ontogenic process that is gonting‘ent on the sequence of environments in which it
occurs. This can be illustrated by the famous experiments of Jens Clausen, David

~Keck, and ‘William Heisey on plants from different environments, These

experiments took advantage of the fact that in some plants it is easy to clone®
genetically identical individuals by the simple probess of cutting a plant into pieces,
each one of which will grow into a new complete individual. A sample of the plant
Achillea millefolium™ was taken and each plant was cut into three pieces. One
piece was planted at a low elevation, 30 meters aBove sea level, one at an
intermediate elevation in the foothills of tﬁe Sierra Nevada mountains at 1,400
meters, and one at a high elevation, 3, 050 meters, in the mountains. The three
plants that grew from the three pieces of the original plant are then genetic clones
of each other developing in three different environments. The result of the
experiment for seven different plants is shown in Figure 2.

The seven different geneti¢ strains that were sampled are shown horizontally,
arranged in order of how well they grew at the lowest elevation. The three plants
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in a vertical row are the plants that grew from the three cloned pieces from a
single plant in the three different environments, We see immediately that it is not
possible to predict the order of growth in the medium or high elevation from the
order at the lowest elevation. The plant that grew best at the lowest elevation also
had the best growth at the highest elevation, but at the medium elevation it was
the poorest plant and failed to flower. The second-best-growing plant at high
elevation was next to the worst at low elevation and in the middle of the growth
range at intermediate elevation. In general, there is no way of predicting the
growth order from one environment to another, There is no correlation of growth
pattern from one environment to another. It is not possible to ask the question,
‘“Which genotype® caused the best growth,” without specifying the environment in
which the growth occurred. Even averaging over the environments is not very
informative. Genotype 5 (average=2bcm) and genotype 7 (average=18cm) grew
more poorly on the average over the environments, but the averages of the other
five genotypes were indistinguishable (32—33cm), even though each grew very
differently in each environment. It is important to note that Figure 2 does not
portray an extreme example. The expefiments involved many sich comparisons,
and all showed similar results.

The experiment in Figure 2 can be represented in a graphical form that
summarizes the results. In Figure 3 plant height for each genotype is plotted
against the elevation at which it grew. Such graphs, giving the phenotype (physical
properties) of organisms of a particular genotype as a function of the environment,
are called norms of reaction. A norm of reaction is the mapping of environment
into phenotype that is characteristic of a particular genetic constitution. So a
genotype does not specify a unique outcome of development; rather it specifies a
norm of reaction, a pattern of different developmental outcomes in different
environments. The norms of reaction in Figure 3 are typical of what is seen in
such experiments. There are occasional genotypes like genotype 7 whose norm of
reaction lies helow others in all environiments, But most genotypes have norms of
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reaction with complex patterns that cross each other in unpredictable ways. The
norm of reaction for genotype 3 decreases monotonically™ with increasing altitude.
Genotype 4 has a maximum at the intermediate altitude while genotype 1 shows a
very pronounced minimum at this altitude.

Results like these are not peculiar to Achillea or to plants. Figure 4 shows a
similar experiment in the fruit fly, Drosophila melanogaster®*, It has so far not been
possible to clone Drosophila in order to make a large number of individuals of
identical genotype, but by genetically marking their chromosomes and making
specially designed crosses between marked strains it is possible to produce very
large numbers of individuals whose genotype is identical for large sections of the
genome. Different genetic strains isolated from natural populations of Drosophile
can then be compared in different environments., Figure 4 shows the survivorship®

from egg to adult of various genotypes taken from a population of Drosophila when

the immature stages develop at different temperatures. D

The importance of taking into account the norm of reaction of a genotype is
well recognized in plant breeding. New commercial varieties of cultivated plants,
for-example new maize™ hybrids; are tested for yield in several vears and on farms
from different areas in the region where the crop will be grown. Varieties are
chosen for release to farmers partly on the basis of their average productivity over
years and locations, but also for their uniformity of production over time and space.
A hybrid that shows a high average because it is highly superior in a particular
year or location, but that otherwise gives a somewhat lower yield than other
varieties, will not be selected for release. Seed companies are concerned less with
average yield than with reliability of that yield in varying environments, because it
is on that basis that farmers will choose the seed to purchase. As a consequence
of this policy of plant breeding, there has been an evolution of the norms of

(EY
reaction of commercial hybrid maize to become flatter and flatter, responding less

and less to changes in environment. Figure 5 shows a comparison of the norms of

reaction of a maize hybrid of the 1940s (Variety 1) and a commercial hybrid from
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the 1960s (Variety 2}, determined in an experiment that compared these different
genotypes in a common set of years and locations. In faet, in the best environment
the old hybrids were better than the newer ones, but they were more sensitive to
different environments and so were replaced by the less environmentally sensitive

genotypes.
(Richard Lewontin 3 “The Triple Helix” Harvard University Press J1 0 —ERiZs)
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Figure 1. Changes in the morphology™ of the tropical vine Syngonium* as it grows.
Ty and Ts are terrestrial patterns, A, is the pattern as it ascends a tree, Ap is

the pattern when it is descending from a branch toward the ground.
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Figure 2. Growth of clones of seven genetically different plants of Achillea grown

at three different elevations,
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Figure 3. A graphical representation of the heights of the seven plants shown in

Figure 2, at the three different elevations.
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Figure 4, The viability of ten different genotypes of Drosophila when tested at

three different temperatures.
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Figure 5. The yield of seed from a maize hybrid used in the United States in the
1940s (Variety 1) and a commercial hybrid of the 1960s (Variety 2) when
tested in different years and different localities that were rated according to

environmental quality.
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